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Preface

The Group IVA elements represent the most dramatic transition from non-metallic
(carbon), to metal-like (silicon and germanium), to metallic (tin and lead) of any
family. Organosilicon polymers are the most widely used metal-like materials and
organotin compounds are the most frequently employed organometallic materials.
Polysiloxanes are widely utilized as biomaterials while organotin compounds are
widely employed because of their bioactivity. Polysilanes, polygermanes, and poly-
stannanes are being increasingly investigated because of their unique conducting pro-
perties. This volume contains comprehensive review chapters covering germanium,
tin, and lead polymers as well as reviews that illustrate the breadth of materials
offered by polymers containing Group IVA metals and metal-like elements. Material
referring to Group IVA containing polymers, including silicon, was previously
covered in Volume 1 of this series. A future volume will focus on silicon-containing
macromolecules.
Alaa S. Abd-El-Aziz
Charles E. Carraher, Jr.
Charles U. Pittman, Jr.
Martel Zeldin
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Series Preface

Most traditional macromolecules are composed of less than 10 elements (mainly C, H,
N, O, S, P, Cl, F), whereas metal and semi-metal-containing polymers allow properties
that can be gained through the inclusion of nearly 100 additional elements.
Macromolecules containing metal and metal-like elements are widespread in nature
with metalloenzymes supplying a number of essential physiological functions including
respiration, photosynthesis, energy transfer, and metal ion storage.

Polysiloxanes (silicones) are one of the most studied classes of polymers. They
exhibit a variety of useful properties not common to non-metal-containing macro-
molecules. They are characterized by combinations of chemical, mechanical, electrical,
and other properties that, when taken together, are not found in any other commercially
available class of materials. The initial footprints on the moon were made by poly-
siloxanes. Polysiloxanes are currently sold as high-performance caulks, lubricants,
antifoaming agents, window gaskets, O-rings, contact lens, and numerous and variable
human biological implants and prosthetics, to mention just a few of their applications.

The variety of macromolecules containing metal and metal-like elements is
extremely large, not only because of the larger number of metallic and metalloid
elements, but also because of the diversity of available oxidation states, the use of
combinations of different metals, the ability to include a plethora of organic moieties,
and so on. The appearance of new macromolecules containing metal and metal-like
elements has been enormous since the early 1950s, with the number increasing
explosively since the early 1990s. These new macromolecules represent marriages
among many disciplines, including chemistry, biochemistry, materials science, engin-
eering, biomedical science, and physics. These materials also form bridges between
ceramics, organic, inorganic, natural and synthetic, alloys, and metallic materials. As
a result, new materials with specially designated properties have been made as com-
posites, single- and multiple-site catalysts, biologically active/inert materials, smart
materials, nanomaterials, and materials with superior conducting, nonlinear optical,
tensile strength, flame retardant, chemical inertness, superior solvent resistance,
thermal stability, solvent resistant, and other properties.

There also exist a variety of syntheses, stabilities, and characteristics, which
are unique to each particular material. Further, macromolecules containing metal
and metal-like elements can be produced in a variety of geometries, including linear,
two-dimensional, three-dimensional, dendritic, and star arrays.

In this book series, macromolecules containing metal and metal-like elements
will be defined as large structures where the metal and metalloid atoms are (largely)
covalently bonded into the macromolecular network within or pendant to the polymer

xvii
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backbone. This includes various coordination polymers where combinations of ionic,
sigma-, and pi-bonding interactions are present. Organometallic macromolecules are
materials that contain both organic and metal components. For the purposes of this
series, we will define metal-like elements to include both the metalloids as well as
materials that are metal-like in at least one important physical characteristic such as
electrical conductance. Thus the term includes macromolecules containing boron,
silicon, germanium, arsenic, and antimony as well as materials such as poly(sulfur
nitride), conducting carbon nanotubes, polyphosphazenes, and polyacetylenes.

The metal and metalloid-containing macromolecules that are covered in this
series will be essential materials for the twenty-first century. The first volume is an
overview of the discovery and development of these substances. Succeeding volumes
will focus on thematic reviews of areas included within the scope of metallic and
metalloid-containing macromolecules.

Alaa S. Abd-El-Aziz
Charles E. Carraher, Jr.
Charles U. Pittman, Jr.
John E. Sheats

Martel Zeldin
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2 Overview-Group IVA Polymers

I. INTRODUCTION

The chemistry of Group IVA (Group 14) organometallic monomeric'~!7 and
polymeric'®2* species has been described in great detail. Reaction mechanisms for
these elements have also been described.'?

The trend in chemical Group IVA behavior from nonmetallic to metallic ele-
ments is clearly evident in Group IV.> Carbon is non-metallic. Silicon and germa-
nium are metalloids, and their monomers and polymers represent bridges in behavior
between those of metallic tin and lead and those of non-metallic carbon. While this
trend from non-metallic to metallic behavior is significant from the lighter to the
heavier elements in this family, there is probably no more dramatic change than that
between carbon and silicon. Generally, carbon is unable to expand its valence shell
beyond the octet; however, the other elements in the family are know to experience
hypervalency, presumably owing to the availability of valence shell d orbitals in Si
and Ge and d and f orbitals for Sn and Pb, which are able to accept electrons from
nucleophiles.

Significantly, the tendency toward catenation decreases precipitously from
carbon to lead, which is evidenced by the existence of an enormous number of
linear and branched polyalkanes, numerous polysilanes, some polygermanes, a few
polystannanes, and no polyplumbanes. This behavior has been explained partially in
terms of the decreasing strength of the catenated bond: i.e., C—C=347kJ/mol,
Si—-Si=220kJ/mol, Ge-Ge=170kJ/mol, and Sn—Sn=150kJ/mol, and other thermo-
dynamic and kinetic considerations. Furthermore, the strength of single bonds
between the Group IV and the other elements also decreases from the lighter to the
heavier elements (Table 1), which to some extent parallels the covalent character of
these bonds.

While most of the compounds of the Group IV elements are tetravalent, the
trend toward divalency increases with atomic number. For example, stable C(II)
compounds are unknown; however, Moser et al.?® have recently prepared and iden-
tified a stable divalent silicon species, 1. This subject has been reviewed.?’

Table 1 Electronegativities, Covalent Radii, and Some Mean Bond Energies® (kJ/mol) for
Group IV Elements

Element C Si Ge Sn Pb
Electronegativity (Pauling) 2.54 1.90 2.01 1.96 2.33
Covalent Radius, nm 0.077 0.117 0.122 0.141 0.154
M-H 412 318 310 300 —
M-C 347 301 242 — —
M-CI 338 401 339 314 —
M-Br 276 310 280 270 —
M-I 238 230 210 190 —
M-0O 360 466 — 540 —

@ Mean bond energies are taken from several sources.”
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There is a difference between coordination number and oxidation number. For
example, the general tendency is for tin in organotin compounds to have a formal
oxidation number of 4. Nevertheless, it is common for inorganic and organotin com-
pounds to have coordination numbers of 4, 5, and 6, with 4 and 6 prevailing.
Furthermore, Sn(IV) compounds are more apt to form cations through ionization.
Another trend for Sn(IV) compounds is their tendency in the solid state to form
supramolecules in which the connective lengths between various units approximate
internal covalent bonds, which qualify them as covalently bonded species that form
linear, two-, and three-dimensional arrays. A similar tendency has been observed for
the other non-carbon Group IV elements with an order Pb > Sn > Ge > Si that is
related, at least in part, to the larger atoms being more capable of attracting neigh-
boring atoms over a longer distance.'™

While carbon readily forms (p-p) ®© multiple bonds with itself and other ele-
ments, this phenomenon is not achieved with the other Group IV elements beyond
silicon. However, (d-p) © bonding does appear to occur for Si, Ge, and Sn. Thus
for polymers such as polysiloxanes and polysilazanes unshared electrons on oxy-
gen or nitrogen appear to “backbond” to the 3d orbitals of silicon. This multiple
bond character in Si—O and Si—N may play a significant role in the thermodynamic
stability of these species. The use of vacant d orbitals is also indicated by some sub-
stitution reactions involving nucleophilic attack on tetrahedral metal atoms sites.
For Si and Ge, reaction mechanisms analogous to the dissociative (e.g., Sy1) mech-
anisms in carbon compounds do not seem to occur readily. Rather, many Group IV
organometals and organometalloids undergo substitution reactions via the associa-
tive pathway, which involves the formation of, for example, a five-coordinate tran-
sition state.!? This subject has been recently reviewed by Eaborn.?” In general, most
experimental and theoretical data are consistent with an order of availability of
outer d orbitals of Pb > Sn > Ge > Si so that the larger metals are more apt to form
5- or 6-membered complexes (or transition states) as a prelude to associative inter-
changes.!™

Hydrolysis of various silicon and germanium halides forms the synthetic basis
for the formation of well-defined polysiloxanes and polygermoxanes. Most organolead
halides are insoluble in water and are not as susceptible to hydrolysis. Organotin
halides are often resistant to hydrolysis because of their general hydrophobic nature.
Thus dibutyltin dichloride can be set in boiling water for hours with little indication
that hydrolysis; however, hydrolysis does occur on addition of a wetting solvent such
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as dimethyl sulfoxide (DMSO) or acetone. In such reactions, compounds with amaz-
ing structural diversity have been identified and characterized.?®

II. GROUP IV POLYMERS

The order of commercial importance of Group IV metal-containing polymers
is Si > Sn > Ge > Pb.!82* Although by number there are more organotin compounds
used industrially, polysiloxanes represent the largest bulk use and net worldwide
sales for organometallic polymers. Lead-containing polymers rank last in the Group
IV series, owing to the lack of solubility of suitable monomers and, of course, their
toxicity.

A general introduction of silicon-, germanium-, tin- and lead-containing poly-
mers is presented in Chapter 6 of Volume 1 in this series.!” A more extensive treat-
ment of organogermanium, organotin, and organolead polymers is presented in this
volume in Chapter 9, Chapter 10, and Chapter 11, respectively. The remainder of this
volume (Chapters 2—8) focuses attention of special aspects and new developments in
silicon-containing polymers.

Specifically, Chapter 2, by Zheng et al., is a discussion of the design and synthe-
sis of a variety of soluble and thermally stable hyperbranched poly(silylenearylene)s
via catalytic alkyne polycyclotrimerization reaction. Organosilicon hyperbranched
polymers are promising candidates as functional ceramics, degradable templates,
and high-temperature elastomers. The particular poly(silylenearylene)s prepared
and discussed by the authors not only exhibit efficient photoluminescence
with high quantum yields (~98%) but also display significant non-linear optical
properties. In Chapter 3, Lam et al. discuss the synthesis, photoluminescence
(aggregation-induced emission in poor solvents), and fabrication of light-emitting
diodes of silole-containing conjugated polymers. In Chapter 4, Rosenberg provides
a review of the synthesis, characterization, and study of the metal sequestering-
ability of silica-polyamine composites. These materials can be used for metal ion
recovery and remediation. Rosenberg evaluates these new composite materials in
metal recovery from acid mine drainage, solvent extraction raffinates, and acid ore
leaches.

Chapter 5 is a review of polyhedral oligomeric silsesquioxanes (POSS), hybrid
POSS-organic copolymers, and POSS resin nanocomposites. Although silsesquiox-
anes have been known since the 1960s, only recently, through controlled synthesis
and purification, have their structure and unique properties been determined and
their useful applications been explored. This chapter is complemented by a discus-
sion of the synthesis and properties of silica- and silsesquioxanes-containing poly-
mer nanohybrids in Chapter 6. Chapter 7 involves a review of the preparation and
characterization of siloxane-based polyviologens, polyurethanes, and divinylben-
zene elastomers.

In Chapter 8, Patwardhan and Carlson delve into the use of proteins extracted
from plants, such diatoms, grasses, and sponges, for the in vitro precipitation of
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silica from silica precursors (e.g., tetraalkoxysilanes). Thus the extracted proteins
serve as catalysts, templates, and/or scaffolds for the bioinspired synthesis of silica
networks. The resulting spherical and non-spherical micro- and nano-size bioin-
spired silicas are compared using, for example, SEM techniques.
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I. INTRODUCTION

Hyperbranched polymers have attracted much attention because of their ease
of synthesis by one-pot experimental procedures as well as their unique properties
such as high solubility and excellent processibility.!~> Organosilicon hyperbranched
polymers are organic—inorganic molecular hybrids and are promising candidates
for functional ceramics, degradable templates, and high-temperature elas-
tomers.® The hyperbranched silicon-containing polymers are usually prepared by
hydrosilylation of AB, monomers, where A and B represent functional groups of
silane (Si—H) and olefin (-(CH=CH,) or acetylene (—-C=CH), respectively, with n
being =2.

Our research group has been working on the designs and syntheses of
hyperbranched polymers via alkyne polycyclotrimerizations. Through systematic
investigations we have developed effective catalyst systems and optimized reaction
conditions for the alkyne polycyclotrimerizations.!®!* A large variety of functional
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hyperbranched polyarylenes has been prepared by the homopolycyclotrimerizations
of diynes as well as their copolycyclotrimerizations with monoynes.!>-?* These poly-
mers are completely soluble in common solvents and are thermally very stable (up
to ~500°C) and exhibit efficient photoluminescence (quantum yield up to 98%) and
optical nonlinearity (strongly attenuating intense laser pulses).'®2° In this chapter,
we report on the syntheses of hyperbranched poly(silylenearylene)s by the homo-
polycyclotrimerizations of silylenediynes (Fig. 1). Their thermal and optical proper-
ties are also presented.

Ris‘l R4
HozopsliOCECH
4 Ry R
""\'\l N ,L\ -
_ P

Ry R, Rs R4 monomer polymer|

CHzCHz H H 1 hb-P1
Ph CH3 H H 2 hb-P2
Ph Ph H H 3 hb-P3
CH3 CH3CH, H 4 hb-P4
CHy CHyCH,CH; 5 hb-P5
R4
ed
Z

Figure 1 Syntheses of hyperbranched poly(silylenearylene)s.
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II. RESULTS AND DISCUSSION

A. Monomer Synthesis

We prepared five monomers (1-5), taking the synthetic routes illustrated in
Figure 2. Silylenediyne monomers 1-3 are prepared by palladium-catalyzed cou-
pling of 1,4-dibromobenzene with trimethylsilylacetylene, followed by lithiation
with n-butyllithium, silylation with dichlorosilanes and base-catalyzed cleavage of
acetylenic trimethylsilyl group. Silylenediynes 4 and 5 are prepared by similar reac-
tions, using substituted 1,4-dibromobenzenes as starting materials.

1,4-Dibromobenzene has two bromo groups with equal chemical reactivity. Its
coupling with (CH3);SiC=CH produces 33% of monosilylated compound 6 and
a similar amount of disilylated derivative 1,4-bis(2-trimethylsilylethynyl)benzene.
Lithiation of 6 by n-butyllithium gives 1-trimethylsilylethynyl-4-lithiobenzene,
which is allowed to react in situ with dichlorodimethylsilane or dichloromethyl-
phenylsilane to give 7 (78%) or 8 (69%) in high yield, although the reaction with
dichloro-diphenylsilane gives 9 in a low yield (27%). The final products, i.e., mono-
mers 1-3, are isolated in yields of 52-86%. Monomers 1 and 3 are white powders,
while 2 is a light yellow liquid. Monomers 4 and 5 are synthesized in an analogous

(CH3)3Si—C=CH

BrOBr

1. n-BuLi, THF, -78°C
(CH3)3Si—CEC—QBr _
Pd(PPhg),Cl,, Cul, PPhg, EtsN 2. RyR,SiCl,

6,33%
'?1 1. KOH, methanol F|{1
(CH3)3Si—CEC—©—SI|—©—C—C —Si(CHg)g ————————— EC—@—SIi—O—CECH
IS 2. H/H,0 Bo
Ri=CHg, Ro=CHs 7,78% Ry=CHg, Rp=CHs 1,86%
Ph CH; 8, 69% Ph CHy 2, 72%
Ph Ph 9 27% Ph Ph  3,52%
R3 R3
(CH3)3Si—C=CH 1. n-BuLi, THF, -78°C
Br Br (CHa)3Si—C=C Br—  »
Pd(PPhg)sCla, Cul, PPhg, EtsN 2. (CH3)»SiCly

Ry

"
(CHg)3Si—C=C $
CH3
Ra

R3=CH3, Ry=H
CH3

12, 75%
CHs 13,69%

Ry
Rg=CHg, Ra=H 10, 60%
CHs CHy 11,36%
1. KOH, methanol ?H3
C=C-Si(CHyly —— HCc=C s
2. H*/H,0 CH3
Ra
3=CHj3, Ry=H 4, 80%
CHs CHs 5,91%

Figure 2 Syntheses of silylenediynes.
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manner from 2,5-dibromotoluene and 1,4-dibromo-2,5-dimethylbenzene, respec-
tively. Whereas the yield of 11 (36%) is similar to that of 6, the yield of 10 is much
higher (60%). The steric hinder of the ortho methyl group may have helped increase
the amount of monocoupling of one of the two bromo groups with (CH;);SiC=CH.
The desired final products (4 and 5) are isolated in yields of =80%. Monomers 4
and 5 are white and yellowish powders, respectively. All the monomers (1-5) are
characterized by spectroscopic methods, from which satisfactory analysis data are
obtained (see “IV. Experimental Section” for details).

B. Polymerization Behaviors

Table 1 summaries the results of polymerizations of 1 by different catalysts.
[Tr(cod)Cl],—PhsP fails to catalyze the polymerization of 1. NbBr5 polymerizes 1 in
a sluggish way, giving a polymer of a low molecular weight (M, 9400) in a low
yield (11%). TaBr; effectively catalyzes the polymerization of 1: A polymer with
a high molecular weight (48,600) is produced in a high yield (61%; Table 1, entry
4). The polymer is completely soluble in such common organic solvent as tetrahy-
drofuran (THF), toluene, dichloromethane, and chloroform. The concentration of
monomer greatly affects its polymerization. When the concentration of monomer
decreased from 0.1 to 0.03 M, only a trace amount of polymer is obtained (Table 1,
entry 3). Increasing the catalyst concentration boosts the polymer yield to 100% but
the polymer solubility is worsened (Table 1, entry 5). Addition of Ph,Sn as a cocat-
alyst has little influence on the polymerization of 1 (Table 1, entry 6). At low
monomer and catalyst concentrations, CoCp(CO), does not yield any polymeric
products. At higher concentrations, however, CoCp(CO), changes to an effective

Table 1 Polymerization of Bis(4-ethynylphenyl)dimethylsilane (1)

Entry [Catalyst] [M], Time Yield
Number Catalyst mM) M) () (%) S Mg M, /M
1 [Ir(cod)Cl],-Ph;P 100 0.20 6 0
2 NbBrs 5.0 0.10 6 11 A 9,400 1.7
3 TaBrs 5.0 0.03 6 Trace
4 TaBrs 5.0 0.10 6 61 \ 48,600 3.2
5 TaBrs 10.0 0.10 18 100 A
6 TaBrs-Ph,Sn¢ 50  0.10 6 69 N 35500 2.7
7 CoCp(CO),-hv 50  0.10 6 0
8 CoCp(CO),-hv 15.0 0.50 24 28 Y 11,800 1.4
9 CoCp(CO),-hv 306 058 24 28 N 5600 34
10 CoCp(CO),-hv 150 050 24 11 v 8100 18

@ Carried out under nitrogen; solvent: toluene (entries 1-9), THF (entry 10); temperature: ~23°C
(room temperature; entries 1-6), 65°C (entries 7—10).

b Solubility (S) tested in common organic solvents, such as THF, toluene, dichloromethane, and chlo-
roform; symbols: ¥ =completely soluble, A=partially soluble.

¢ Measured by gel permeation chromatography (GPC) in THF on the basis of a polystyrene calibration.

4 The molar ratio of TaBrs to PhySn is 1.0.
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catalyst with the aid of UV radiation. The yield of polymer is 28% and its molecular
weight is 11,800 (Table 1, entry 8). The molecular weight of the polymer decreases
with a further increase in catalyst concentration. Solvent exerts some influences on
the polymerization of 1. When THE, instead of toluene, is used as polymerization
solvent, the yield and molecular weight of the polymer are both decreased (Table 1,
entry 10).

The polymerizations of monomers 2—5 were also investigated under different
conditions, and the results are summarized in Table 2. TaBr; and CoCp(CO),-hv
effectively catalyze the polymerization of 2 (Table 2, entries 1, 2, 4, and 5). When
the concentration of TaBrs is increased from 5.0 to 10.0 mM, the yield and molec-
ular weight of polymer 2b-P2 are obviously increased (Table 2, entries 1 and 2).
NbCls polymerizes 2 to give a partially soluble polymer in 78% yield. Solvent has
some effects on the polymerization of 2 catalyzed by CoCp(CO),-hv. The reaction
carried out in toluene gives a polymer with a higher molecular weight in a higher
yield, compared to that conducted in THF (Table 2, entries 4 and 5). The polymer-
ization of monomer 3 produces high molecular weight polymer Ab-P3 (M, >
15,000) in the presence of TaBrs (Table 2, entries 6 and 7). The increase of TaBr;
concentration from 5.0 to 10.0mM increases the yield of the polymer from 17%
to 62%.

The polymerization of monomers 4 and 5 are carried out in the presence of
TaBrs, NbBrs, and CoCp(CO),-#v. The yield and molecular weight of polymer /45-P4

Table 2 Polymerization of Silylenediynes 2—5¢

Entry [Catalyst] [M], Yield

Number Monomer  Catalyst (mM) M) (%) S° M MM
1 2 TaBrs 5.0 0.10 31 W 5,700 1.6
2 2 TaBr; 10.0 0.10 80 V42200 3.5
3 2 NbCls 5.0 0.10 78 A
4 2 CoCp(CO)-hv 150 050 9 N 3500 14
5 2 CoCp(CO)-hv 150 050 27 < 8300 1.8
6 3 TaBr; 5.0 0.10 17 N 15,700 1.3
7 3 TaBr; 10.0 0.10 62 N 23,500 1.5
8 4 TaBrs 2.5 010 72 37825 38
9 4 TaBr; 5.0 0.10 99 v 39,200 34

10 4 TaBrs 10.0 0.10 94 A

11 4 NbBr; 10.0 0.20  Trace

12 4 CoCp(CO)-hv 150 050 16 N 4800 2.7

13 5 TaBr; 2.5 0.10 6 7,000 2.0

14 5 TaBr; 5.0 0.10 39 N 15,100 2.2

15 5 TaBr; 10.0 0.10 55 A

¢ Carried out under nitrogen in toluene except for entry 4 (THF). For entries 1-3, 6-11, and 1315, at
room temperature for 6 h; for entries 4, 5, and 12, at 65°C for 24 h.

b Solubility (S) tested in common organic solvents such as THF, toluene, dichloromethane, and chlo-
roform; symbols: Y =completely soluble, A= partially soluble.

¢ Measured by GPC in THF on the basis of a polystyrene calibration.
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obtained from the TaBrs-catalyzed polymerization under catalyst concentration of 2.5
and 5.0mM are both high (Table 2, entries 8 and 9). Further increasing the catalyst
concentration to 10.0mM results in the formation of a partially soluble polymer
(Table 2, entry 10). When NbBrs is used as the catalyst, only a trace amount of poly-
mer is obtained. The polymerization of 4 catalyzed by CoCp(CO),-kv produces a low
molecular weight polymer (4800) in a low yield (16%). Monomer 5 is polymerized in
the presence of TaBrs (Table 2, entries 13—15). The resultant polymers are completely
soluble when the catalyst concentrations are =5.0 mM.

C. Structural Characterizations

The polymers are fully characterized by standard spectroscopic methods,
including IR and 'H, '3C and ?°Si NMR. All the polymers give satisfactory spectro-
scopic data corresponding to their expected macromolecular structures (see “IV
Experimental Section” for details). An example of the IR spectrum of 4#b-P1 is given
in Figure 3. The spectrum of its monomer (1) is also shown in the same figure for
comparison. The strong band associated with =C-H stretching is observed at
3271cm™ in the spectrum of the monomer. This absorption band becomes weaker
in the spectrum of its polymer, indicating that most of the triple bonds have been
consumed by the polymerization reaction. Meanwhile, the absorption band of the
aromatic -C=C~ skeleton at 1595cm™" becomes stronger in the spectrum of the
polymer, indicating that new aromatic rings have formed during the polymerization
reaction.

:

4000 3000 2000 1500 1000 500
Wavenumber (cm™)

Figure 3 IR spectra of (A) monomer 1 and (B) its polymer 4b-P1 (sample taken from Table 1,
entry 4).
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Figure 4 shows the 'H NMR spectra of #h-P1 and its monomer (1). The reso-
nance peak at 6 3.18 assigned to =C—H group of 1 becomes weaker in the spectrum
of hb-P1, indicating that a large amount of triple bond has been consumed by the
polymerization, with some triple bonds left in the polymer. The resonance peaks
in the spectral region of aromatic protons become broader and intensified in the
spectrum of polymer. The '*C NMR spectra of the polymer and its monomer
are shown in Figure 5. The resonance peaks of the triple bonds at 6 83.8 and 78.1
obviously become weaker and new peaks appear at the aromatic carbon resonance
region in the spectrum of the polymer. This result is consistent with those of
IR and '"H NMR analyses, indicating that many triple bonds have been transformed
and some small amounts of the triple bonds are left after the polymerization
reaction.

c
%\/CHS
_Si
CH3
c
b
— (l:H3 b a
\ 7 ,
Y
b| CH ¢
8 si

c
b (o]
b b
a C‘)H3 a
CHs
a
A : L

L ) B
8 6 4 2 0

Chemical shift (ppm)

Figure 4 '"H NMR spectra of dichlomethane-d, solutions of (A) polymer 4b-P1 (sample
taken from Table 1, entry 4) and (B) its monomer 1. The solvent peaks are marked with
asterisks (*).
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Figure 5 '3C NMR spectra of dichlomethane-d, solutions of (A) monomer 1 and (B) its
polymer ib-P1 (sample taken from Table 1, entry 4). The solvent peaks are marked with
asterisks (*).

29Si NMR spectrum of the polymer offers more information about its struc-
ture. As can be seen from Figure 6, monomer 1 shows one peak resonating at § —
7.26, which disappears in the spectrum of polymer ib-P1. Two broad peaks at &
—7.54 and —7.83 are observed in the spectrum of the polymer. Based on the results
of IR and NMR, it is certain that the chemical environments of the silicon atoms
have been changed after the polymerization.

All the above spectroscopic data suggest that new aromatic rings have been
formed during the polymerization reaction. The resonance signals of the newly
formed aromatic rings in the IR and NMR spectra are, however, overlapped and dis-
turbed by those of the “old” phenyl groups originally existing in the monomer struc-
ture. To provide more evidence for the formation of new aromatic rings in the
polymer and to make the polymer structure clearer, we designed and conducted some
model reactions. One is the reaction of phenylacetylene (14), a monoyne, catalyzed
by TaBrs by the similar procedures used in the polymerizations of diynes 1-5
(Fig. 7). No high molecular weight polymers are precipitated when the reaction
mixture is dropped into a large amount of methanol, unambiguously ruling out the
possibility that the diynes may be polymerized by a metathesis mechanism in the
presence of TaBr; catalyst.

The reaction products are purified by silica chromatography using hexane as
eluent. The 'H (Fig. 8C) and '*C NMR spectra (Fig. 9C) prove that the products
are a mixture of 1,2,4- and 1,3,5-triphenylbenzenes (15). Recrystallizations of the
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Chemical shift (ppm)

Figure 6 *°Si NMR spectra of dichlomethane-d, solutions of (A) polymer /b-P1 (sample
taken from Table 1, entry 4) and (B) its monomer 1.

products from ethanol and a mixture of ethanol/hexane give pure isomers of 1,3,5-
15 and 1,2,4-15, respectively. Their 'H and '*C NMR spectra are shown in panels D
and £ of Figures 8 and 9. These results verify that the TaBrs-catalyzed polymeriza-
tion has transformed three triple bonds into one phenylene ring through a
cyclotrimerization mechanism. From the 'H NMR spectra of the mixture of 1,3,5-15
and 1,2,4-15, the molar ratio of 1,3,5-15 to 1,2,4-15 can be calculated according to
equation 1. The calculated molar ratio of 1,3,5-15 to 1,2,4-15 is 1.0:2.0.

Niss AJ3 104

(D

g

where N, , 4, is the number of 1,2,4-trisubstituted phenylene units; , 5 5, the number
of 1,3,5-trisubstituted phenylene units; A, the integrated area of resonance peak k;
and 4, the integrated area of resonance peak g.
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14 1,3,5-15
Overall isolation yield: 85 wt %

1,3,5:1,2,4 = 1.0:2.0 (by mole)

Steric structures of 1,3,5-15 and 1,2,4-15

Figure 7 Cyclotrimerization of phenylacetylene (14) catalyzed by TaBrs and the stereo-
chemical structures of 1,3,5- and 1,2,4- isomers of the resultant cyclic products of
triphenylbenzenes (15).

Another model reaction we designed and conducted is the decomposition of
the polymers. Strong protonic acids such as CF;COOH, HCIO,, and H,SO, are
known to cleave Si—C bond.?'"? When a mixture of 4b-P1 and CF;COOH is heated
at 60°C for 48 h, the polymer is decomposed, giving 71% yield of 15 (Fig. 10 and
Table 3, entry 1). The identity of the major decomposition product of 15 is con-
firmed by IR, NMR, and mass spectroscopic analyses, examples of whose 'H and
13C NMR spectra are given in Figures 84 and 94, respectively. These results further
confirm that new phenylene rings have been formed in the TaBrs-catalyzed poly-
merization of diyne 1. Together with the results of model reaction of phenylacety-
lene cyclotrimerization, it can be concluded that diyne 1 has undergone alkyne
polycyclotrimerization to give poly(silylenephenylene) in the presence of TaBrs.

Like in the case of cyclotrimerization of the monoyne (phenylacetylene),
the diyne polycyclotrimerizations should give rise to the formation of 1,3,5- and
1,2,4-substituted phenylene structures in the polymers. This is confirmed by the
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E g k
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£
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Figure 8 '"H NMR spectra of (A) desilylated product of completely soluble polymer 4b-P1
(sample taken from Table 1, entry 4), (B) desilylated product of partially soluble polymer
hb-P1 (sample taken from Table 1, entry 5), (C) mixture of model compounds 15 (Fig. 7),
(D) pure isomer 1,3,5-15, and (E) pure isomer 1,2,4-15.

degraded products of the polymer, which are consisted of stereoisomers of 1,3,5-
and 1,2,4-triphenylbenzenes. Because most of the polymer had been decomposed in
the presence of CF;COOH, the contents of the 1,3,5- and 1,2,4-triphenylbenzenes
represent those of 1,3,5- and 1,2,4-substituted phenylene structures in the polymer.
From the '"H NMR spectrum of the decomposition product of the soluble /b-P1
(Fig. 54), the contents of 1,3,5- and 1,2,4-triphenylbenzenes are calculated from
equation 1. The molar ratio of 1,3,5- to 1,2,4-triphenylbenzenes is estimated to be
1.0:2.2. So the molar ratio of the newly formed 1,3,5- to 1,2,4-trisubstituted pheny-
lene structures should be ~1.0:2.2 in hb-P1. The partially soluble #6-P1 (Table 1,
entry 5 and Table 3, entry 2) is also decomposed, and the degradation product 15 is
isolated in 72% yield, the 'H and '3C NMR spectra of which are shown in Figures
5B and 6B. The calculated molar ratio of 1,3,5- to 1,2,4-triphenylbenzenes is
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Figure 9 '3C NMR spectra of (A) desilylated product of completely soluble polymer /b-P1
(sample taken from Table 1, entry 4), (B) desilylated product of partially soluble polymer
hb-P1 (sample taken from Table 1, entry 5), (C) mixture of model compounds 15 (Fig. 7),
(D) pure isomer 1,3,5-15, and (E) pure isomer 1,2,4-15.

/ CF,COOH z

\ /iw—>m \ 7 O
)

m 1,3,5-15 and 1,2,4-15

Total isolation yield = 71%, 1,3,5:1,2,4 = 1.0:2.2 (by mole)

Figure 10 Decomposition of 46-P1 (samples taken from Table 1, entry 4) by acid-catalyzed
desilylation.
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Table 3 Desilylation of Hyperbranched Poly(silylenearylene)s Catalyzed by CF;COOH*
Yield of 15 (%)”

Entry

Number  Polymer W, (mg) W;s(mg) W, (mg) Total 1,2,4- 1,3,5-
1 hb-P1(cs) 70.0 29.5 17.0 71 49 22

2 hb-P1(ps) 125.8 50.4 36.5 72 50 22

¢ ¢s, completely soluble; ps, partially soluble. Solubility of the polymer tested in common solvents
such as THF, toluene, dichloromethane, and chloroform. W, initial weight of polymer used for desilyla-
tion; W5, weight of desilylated product of 15; W, weight of oligomeric residue.

b Calculated by the following equation:

WIS — WISXMru
Wo= W, X Mys Wo=W) X M5

ru

Yield =

where M., and M5 are molar masses of the repeat unit of 2h-P1 (390.6) and model compound 15 (306.4),
respectively.

1.0:2.3. The molar ratio of the newly formed 1,3,5- to 1,2,4-trisubstituted phenylene
structures in the partially soluble #5-P1 should thus be ~1.0:2.3, which is close to
that in the soluble #h-P1.

From the above results, it becomes clear that the diynes have undergone
polycyclotrimerizations to produce hyperbranched polymers. The polymer may
thus contain three different units—namely, dendritic, linear, and terminal units
(Fig. 11). Clearly the proton number of the newly formed phenyl ring is 3 for all
three different units. The proton numbers of the triple bonds left are 0, 1, and 2 for
the dendritic, linear, and terminal units, respectively. Assuming that the numbers
of the dendritic, linear, and terminal units are Np, Ny, and Ny, the total proton
number of the newly formed phenyls (Npy) is 3Np+3N +3Nr, and that of the
triple bonds left (Nc=cy) is Np+2Ny. If no side reaction occurs in the polycy-
clotrimerization, it is easily understandable that the number of the dendritic units
is equal to that of the terminal units when the molecular weight of the polymer
is high enough, i.e., N = Ny.2* The total proton number of newly formed phenyl is
3Ny +6Nt. The molar ratio of the total proton number of the newly formed phenyls
to the total proton number of triple bonds left (Npp/Nc=cp) is thus 3 (eq. 2). On the
other hand, the total proton number of the newly formed phenyls represents the
number of the consumed triple bonds (N'c—cp), i.¢., Np,=N'c=cy. So the molar
ratio of the consumed triple bonds to the unreacted triple bonds is 3, indicating that
25% of the triple bonds should be left after polycyclotrimerization (eq. 3). The 'H
NMR spectra of the polymers reveal that the numbers of the triple bonds left are
evidently <25%. The number of the triple bonds left in polymer /4b-P1, for exam-
ple, is only 6%, as calculated from equation 4, where URc—cp is the molar frac-
tion of unreacted ethynyl groups; Ay, the integrated area of absorption peaks of
methyl protons; Apy, the integrated area of absorption peaks of phenyl protons; and
Ac=cyp, the integrated area of absorption peaks of ethynyl protons. This result
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Figure 11 Dendritic, linear, and terminal units of hyperbranched poly(silylenephenylene)s.

suggests that intrasphere cyclotrimerization may be involved in the polycy-
clotrimerizations of the silylenediynes, which consumes the triple bonds during
the polycyclotrimerizations.

Noh _ 3Np+3N +3Np _ 3N, +6Ng

(2)

Ne=cn  ONp+ IN, +2Ny  N_+2Ng
Ne=cu __ Ne=enw  _ Ne=cu 3

Ne=cu+Ne=cu  Nen+Ne=cu  4Ne—cu
A
Me Me
X2—=(A4p, ——F— X8
UR _ 6 ( Ph 6 ) _ SAME_ 3APh (4)
c=cH Ange T Ay
6 X2 ¢

Figure 12 shows possible pathways of branch growths in the silylenediyne poly-
cyclotrimerization. The first pathway is a normal growth mode of pm, type, where p
and m stand for polymer and monomer, respectively (eq. 5). The second is an intra-
cyclotrimerization mode of p,m; type, with two triple bonds from two polymer
branches and one from a monomer (eq. 6). The third is another intracyclotrimeriza-
tion mode of p; type, with three triple bonds all from polymer branches (eq. 7). The
experimental results suggest that one or both of the intracyclotrimerizations must
have been at play in the polycyclotrimerizations of the silylenediynes. The newly
formed phenyl rings by these intracyclotrimerizations are, however, undistinguished
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Figure 12 Propagation modes in the silylenediyne polycyclotrimerizations.

from each other and are also indistinct from those formed by the normal cyclotrimer-
ization in the NMR spectra, making it difficult to calculate the probability of the intra-
cyclotrimerization reactions.

To solve this problem, computational simulation method is employed. The
models of the polymer structures are built, and the probabilities of the growth modes
are estimated, using a Materials Studio program.?> The models are optimized to min-
imize the energy of the structures, an example of which is shown in Figure 13. The
structure is constructed from 72 monomers, representative of 4b-P1 according to its
number-average molecular weight. It is found that the number of unreacted triple
bonds is 15 in the model. We know that the total number of the triple bonds that
might be used in the cyclotrimerization reaction is twice the consumed monomers,
i.e., 144. The number of unreacted triple bonds thus accounts for 10% of the total
number of the triple bonds. The 'H NMR spectrum reveals that the number of the
triple bonds left in the polymer is ~6% of the total number of the triple bonds.
The simulated model is thus consistent with the real polymer. When the numbers of
the three growth modes in the model are counted, it is found that the number of the
normal cyclotrimerization reactions p;m, is 28, whereas the numbers of the two
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Figure 13 Three-dimensional macromolecular structure of #b-P1 simulated by Materials
Studio program.

intracyclotrimerizations p,m; and p; are 15 and 1, respectively. A simple calculation
thus gives the possibilities of 64%, 34%, and 2% for the growth modes of pm,,
pamy, and ps, respectively.

The number and size of the cycles formed via the intracyclotrimerization reac-
tions p,m; and p; shown in Figure 7 were counted. The total number of the cycles
was found to be 16. Most of the cycles (14 cycles) are, however, small, being formed
by two monomer units. The other two cycles are constructed from four and six
monomer units, represented in two-dimensional space in Figure 14. The small cycles
are strung together like beads on a necklace. This structure model is in good agree-
ment with the excellent solubility of the polymer, although it contains many cyclic
structures.
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Figure 14 Simplified illustration of two-dimensional geometric structure of 45-P1.

D. Polymer Properties

The thermal properties of the hyperbranched polymers were investigated by
thermogravimetric analysis (TGA). The results are summarized in Figure 15. All the
polymers show excellent thermal stabilities. The weight losses of the polymers are
<5% when heated to a temperature as high as 490°C. These results are consistent
with their hyperbranched poly(silylenephenylene) structures, in which the polymers
were knitted by the phenylene rings. Furthermore the residue weights of all the
polymers are still >59% after pyrolysis at 900°C, with that of 4b-P2 being as high
as 81%. These polymers are hence promising candidates as precursors of ceramic
materials.

Figure 16 shows UV spectra of the polymers. All the monomers absorb at ~248
and 260 nm. However, the absorptions of polymers 2b-P1 and Ab-P4 shift to longer
wavelength (~269 nm), probably caused by the extensive conjugation of the four
phenylene rings in the repeat units of the polymers. In addition to their weak, sharp
absorption peaks at ~260 nm, polymers 4b-P2 and hb-P3 show strong, broad absorp-
tion peaks at ~269 nm, indicating the extensive conjugation of the four phenylene
rings in the repeat units of the polymers. Polymer Ab-PS absorbs at 258 nm,
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Figure 15 TGA thermograms of hyperbranched polymers 45-P1 (sample taken from Table 1,
entry 4), hb-P2 (Table 2, entry 1), hb-P3 (Table 2, entry 6), hb-P4 (Table 2, entry 8), and
hb-PS (Table 2, entry 14) recorded under nitrogen at a heating rate of 20°C/min.
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Figure 16 UV absorption spectra of dichloromethane solutions (5 X 1073 M) of hyper-
branched polymers /#b-P1 (sample taken from Table 1, entry 4), hb-P2 (Table 2, entry 1),
hb-P3 (Table 2, entry 6), hb-P4 (Table 2, entry 8), and hb-P5 (Table 2, entry 14).
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suggesting a poor conjugation of the phenylene rings in the polymer because of the
steric hinder of the methyl groups. None of the polymers absorbs at wavelengths
>340nm, indicating that the conjugation is interrupted by the silicon atoms and is
limited in the range of four phenylene rings.

Figure 17 shows the fluorescence spectra of the poly(silylenearylene)s. When
exited at ~300 nm, the polymers emit somewhat structured photoluminescence. The
emission peaks of 41b-P1, hb-P2, hb-P3, and hb-P4 are located at ~374 and ~392 nm.
However, the emission peak of #b-P5 appears at 347 nm, along with a shoulder peak
at 391 nm. The difference in the emission peaks between 4b-P5 and other polymers
may be caused by the poor conjugation of the four phenylene rings in #b-P5. The
quantum yields of the polymers are 0.57-1.04% (Table 4).

—— hb-P1
---- hb-P2
-~ hb-P3
~== hb-P4

Normalized fluorescence

300 350 400 450 500
Wavelength (nm)

Figure 17 Fluorescence spectra of dichloromethane solutions (5 X 107> M) of hyperbranched

polymers hb-P1 (sample taken from Table 1, entry 4), hb-P2 (Table 2, entry 1), hb-P3
(Table 2, entry 6), hb-P4 (Table 2, entry 8), and 4b-P5 (Table 2, entry 14).

Table 4 Optical Properties of Poly(silylenephenylene)s®

Entry

Number Polymer Aup (nm)? Aem (NM)© D (%)
1 hb-P1 231, 268 382, 393 1.04
2 hb-P2 231, 260 (sw), 269 (bs) 369, 392 0.82
3 hb-P3 230, 261 (sw), 269 (bs) 368, 392 1.02
4 hb-P4 230, 270 374,392 0.57
5 hb-P5 231, 258 347, 391 0.96

@ Measured in dichloromethane at room temperature; polymer concentration: 5 X 107> M.
b sw, sharp and weak; bs, broad and strong.
¢ Excitation wavelength: 299 (entry 1), 300 (entry 2), 299 (entry 3), 303 (entry 4), and 294 (entry 5).
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III. CONCLUSIONS

In this work, we designed and synthesized silicon-containing diynes and their
hyperbranched polymers. TaBrs effectively catalyzes the polymerizations of the diyne
monomers. The resultant polymers are characterized by spectroscopic methods. It is
confirmed that the polymers possess hyperbranched poly(silylenephenylene) structures
formed through a polycyclotrimerization mechanism. The newly formed phenylene
rings have 1,3,5- and 1,2,4-trisubstituted isomers, whose molar ratio is ~1.0:2.2. The ter-
minal triple bonds of the hyperbranched polymers are much lower than expected
because of the active intramolecular ring formation. The model of the polymer structure
is simulated by Materials Studio program and the possibilities of three growth modes—
pimy, pom;, and py—are estimated to be 64%, 34%, and 2%, respectively. All the poly-
mers are thermally stable. Their weight losses are <5% even when heated to 490°C, and
the residue weights of all the polymers are >59% after pyrolyzed at 900°C. The poly-
mers are thus promising candidates as precursors to ceramic materials. When photoex-
cited at ~300 nm, the polymers emit UV light in the spectral region of 347-393 nm.

IV. EXPERIMENTAL SECTION

A. Materials and Instruments

Toluene and THF were distilled from sodium benzophenone ketyl before use.
Tantalum bromide, niobium bromide, niobium chloride, cyclopentadienyl cobalt
dicarbonyl, bis(1,5-cyclo-octadiene)diiridium(I) dichloride, tetraphenyltin, and tri-
phenylphosphine were Aldrich products of the highest purities. All other reagents
and solvents were purchased from Aldrich and used as received.

M, and M, /M, were estimated by a Waters Associates GPC system in THF
using monodisperse polystyrene as calibration standards. IR spectra were recorded on
a Perkin-Elmer 16 PC FTIR spectrophotometer using pressed NaCl plates or dry thin
films. 'H and '*C NMR spectra were measured on a Bruker ARX 300 NMR spec-
trometer using deuterated chloroform or dichloromethane as solvent and TMS as
internal reference. °Si NMR spectra were measured on a Jeol 400 NMR spectrome-
ter using chloroform-d as solvent and TMS as internal reference. UV spectra were
measured on a Milton Ray Spectronic 3000 Array spectrophotometer. Fluorescence
spectra were recorded in dichloromethane on a SLM 8000C spectrofluorometer.
Thermogravimetric analyses were carried out on a Perkin-Elmer TGA 7 analyzer at
a heating rate of 20°C/min under nitrogen.

B. Synthesis of (4-Bromophenylethynyl)trimethylsilane (6)

To a round-bottomed flask equipped with a septum and a stirring bar was
placed 9.44 g (40 mmol) of 1,4-dibromobenzene. The flask was put into a glovebox
and charged with 281 mg (0.4 mmol) dichlorobis(triphenylphosphine)palladium(II)
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[Pd(Ph;P),Cl,], 19mg (0.1 mmol) Cul, and 26 mg (0.1 mmol) triphenylphosphine
[Ph3P]. Dry triethylamine (Et;N; 120mL) was injected into the flask by a syringe.
Under stirring, 6.73mL (48 mmol, 4.71g) of trimethylsilylacetylene [(CHj)s-
SiC=CH] was added. The mixture was continuously stirred at room temperature for
24 h. The formed precipitate was separated and washed with diethyl ether. The solu-
tions were collected and the solvent was removed by evaporation. The obtained prod-
uct was purified by a silica-gel column using hexane as eluent. White powdery
(4-bromophenylethynyl)-trimethylsilane (6) was isolated in 33% yield (3.31g). IR
(thin film), v (cm™): 2963, 2899 (CHj stretching), 2158 (-C=C- stretching), 1895
(overtone band, disubstituted benzene ring), 1485, 1470 (CH; scissoring), 1246
(Si—CH; bending), 845 (Si—C stretching), 824 (Ar—H bending). 'H NMR (300 MHz,
CDCly), 6 (TMS, ppm): 7.41 (d, 2H, Ar—H ortho to Br), 7.31 (d, 2H, Ar—H meta to
Br), 0.24 (s, 9H, Si-CH;). '*C NMR (75MHz, CDCls), & (ppm): 133.2 (aromatic
carbon meta to Br), 131.3 (aromatic carbon ortho to Br), 122.6 (aromatic carbon
linked with Br), 122.0 (aromatic carbon para to Br), 103.8 (acetylenic carbon linked
with aromatic ring), 95.5 (acetylenic carbon linked with Si), —0.02 (Si—CHj).

C. Synthesis of (4-Bromo-3-methylphenylethynyl)-
trimethylsilane (10)

Compound 10 was prepared from a reaction using 10.00g (40 mmol) 2,5-
dibromo-toluene, 281 mg (0.4 mmol) Pd(Ph;P),Cl,, 19mg (0.1 mmol) Cul, 26 mg
(0.1 mmol) Ph3P, and 5.61 mL (40 mmol, 3.93 g) (CH3);SiC=CH by the synthetic pro-
cedure similar to that described for the preparation of 6. Yield: 6.41 g (60%), light yel-
low liquid. IR (thin film), v (cm™): 2959, 2899 (CHj stretching), 2154 (-C=C-
stretching), 1474 (CHj scissoring), 1250 (Si—CHj; bending), 1032 (Ar—H bending),
843 (Si—C stretching). 'H NMR (300 MHz, CDCl;), § (TMS, ppm): 7.45 (d, H, Ar-H
ortho to Br), 7.32 (s, H, Ar-H between —CH; and -C=C), 7.12 (d, 1H, Ar-H para to
~CHj), 2.37 (s, 3H, -CH3), 0.24 (s, 9H, Si—CHj). '3C NMR (75MHz, CDCl;), &
(ppm): 137.8 (aromatic carbon linked with —CHj3), 133.9 (aromatic carbon between
—CHj; and —C=C), 132.1 (aromatic carbon para to —CHj3), 130.5 (aromatic carbon
ortho to Br), 125.3 (aromatic carbon linked with Br), 122.2 (aromatic carbon para to
Br), 104.1 (acetylenic carbon linked with aromatic ring), 94.9 (acetylenic carbon
linked with Si), 22.7 (~CHj3), 0.01 (Si—CHj3).

D. Synthesis of (4-Bromo-2,5-dimethylphenylethynyl)-
trimethylsilane (11)

Compound 11 was prepared from 10.56g (40 mmol) 1,4-dibromo-2,5-
dimethylbenzene, 281 mg (0.4 mmol) Pd(Ph;P),Cl,, 19 mg (0.1 mmol) Cul, 26 mg
(0.1 mmol) Ph;P, and 5.61 mL (40 mmol, 3.93 g) HC=CSiCH; by the procedure
similar to that for the synthesis of 6. Yield: 4.01 g (36%), light yellow powder. IR
(thin film), v (cm™): 2959, 2896 (CHj stretching), 2156 (-C=C- stretching), 1486,
1473 (CHj scissoring), 1249 (Si—-CHj; bending), 856 (Ar-H bending), 842 (Si—C
stretching). "TH NMR (300 MHz, CDCl;), & (TMS, ppm): 7.39 (s, H, Ar—H ortho to
Br), 7.29 (s, H, Ar-H meta to Br), 2.37 (s, 3H, —CHj; ortho to Br), 2.32 (s, 3H, —CHj;4
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meta to Br), 0.26 (s, 9H, Si—CH;). '3C NMR (75 MHz, CDCl;), § (ppm): 140.0
(aromatic carbon linked with —CHj; and ortho to —-C=C), 135.3 (aromatic carbon
linked with —CH;3 and ortho Br), 134.0 (aromatic carbon meta to Br), 133.3 (aro-
matic carbon ortho to Br), 125.2 (aromatic carbon linked with Br), 122.5 (aromatic
carbon para to Br), 103.3 (acetylenic carbon linked with aromatic ring), 99.3
(acetylenic carbon linked with Si), 22.3 (—CHj meta to Br), 20.0 (~CHjy ortho to
Br), 0.10 (Si—CHj).

E. Synthesis of Bis[4-(2-trimethylsilylethynyl)-
phenyl]dimethylsilane (7)

To a nitrogen-flushed, round-bottomed flask equipped with a septum and a
stirring bar were added 2.53 g (10.0 mmol) 6 and 100 mL THF. The flask was cooled
to —=78°C and a solution of n-butyllithium in hexane (4.2 mL, 2.5 M, 10.5 mmol) was
added dropwise under vigorous stirring. After stirring for 0.5h at —=78°C, 0.6 mL
(0.64 g, 5.0mmol) dichlorodimethylsilane [(CHj;),SiCl,] was slowly added. The
mixture was then gradually warmed to room temperature and stirred overnight. After
removing the solvent, a white powder was obtained. The crude product was dis-
solved in dichloromethane and then washed with water. The solution was collected,
and the solvent was evaporated. The product was purified by silica chromatography
using a mixture of hexane and chloroform (4:1 by volume) as eluent. White powdery
bis(4-(2-trimethylsilylethynyl)phenyl)dimethylsilane (7) was isolated in 78% yield
(1.57 g). IR (thin film), v (cm™): 3066, 3011 (Ar-H stretching), 2960, 2900 (CH,
stretching), 2159 (—~C=C- stretching), 1594, 1537, 1489 (—-C=C- ring stretching),
1381 (CHj bending), 1251 (Si—CHj bending), 1106 (Si—Ph stretching), 842 (Si—C
stretching), 824 (Ar—H bending). "H NMR (300 MHz, CDCl5), § (TMS, ppm): 7.41
(s, 8H, Ar-H), 0.52 [s, 6H, —Si(CH;),], 0.25 [s, 18H, —Si(CH;);]. '3C NMR
(75MHz, CDCls), 6 (ppm): 138.5 (aromatic carbon linked with Si), 133.8 (aromatic
carbon meta to Si), 131.0 (aromatic carbon ortho to Si), 123.8 (aromatic carbon para
to Si), 105.0 (acetylenic carbon linked with aromatic ring), 95.0 (acetylenic carbon
linked with Si), 0.07 [-Si(CH3);], —2.51 [-Si(CHj),].

F. Synthesis of Bis[4-(2-trimethylsilylethynyl)-
phenyl]methylphenylsilane (8)

Compound 8 was prepared from 3.44g (13.6mmol) 6, 5.71mL (2.5M,
14.3 mmol) n-BuLi, and 1.11mL (1.30 g, 6.8 mmol) dichloromethylphenylsilane by
the procedure similar to that for the synthesis of 7. Yield: 2.18 g (69%), colorless vis-
cous liquid. IR (thin film), v (cm™): 3068, 3015 (Ar—H stretching), 2959, 2899 (CH,
stretching), 2158 (~C=C- stretching), 1594, 1537, 1489 (—C=C- ring stretching),
1382 (CHj; bending), 1250 (Si—CHj; bending), 1109 (Si—Ph stretching), 864 (Ar-H
bending), 843 (Si—C stretching). "H NMR (300 MHz, CDCl;), § (TMS, ppm): 7.46
(m, 13H, Ar—H), 0.85 (s, 3H, Si—~CHj), 0.28 [s, 18H, —Si(CH;);]. '3C NMR (75 MHz,
CDCly), 6 (ppm): 137.0, 135.5, 135.4, 135.3, 131.3, 130.0, 128.3, 124.5 (aromatic
carbon), 105.2 (acetylenic carbon linked with aromatic ring), 95.6 (acetylenic
carbon linked with Si), 0.10 [-Si(CHj3)5], —3.49 (Si—CHj3).
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G. Synthesis of Bis[4-(2-trimethylsilylethynyl)-
phenyl]diphenylsilane (9)

Compound 9 was prepared from 2.23 g (8.7 mmol) 6, 3.48 mL (2.5 M, 8.7 mmol)
n-BuLi, and 0.90 mL (1.09 g, 4.3 mmol) dichlorodiphenylsilane by the procedure sim-
ilar to that for the synthesis of 7. Yield: 0.62 g (27%), white powder. IR (thin film), v
(cm™): 3069, 3013 (Ar—H stretching), 2959, 2898 (CHj stretching), 2158 (-C=C—
stretching), 1593, 1537, 1490 (-C=C- ring stretching), 1383 (CH; bending), 1250
(Si—CHj; bending), 1107 (Si—Ph stretching), 863, 760, 700 (Ar-H bending), 843 (Si—C
stretching). '"H NMR (300 MHz, CDCl3), 6 (TMS, ppm): 7.46 (m, 18H, Ar-H), 0.24
[s, 18H, —Si(CH;)5]. *C NMR (75 MHz, CDCly), & (ppm): 136.3, 136.1, 134.6, 133.3,
131.2,129.8, 127.9, 124.4 (aromatic carbon), 104.9 (acetylenic carbon linked with aro-
matic ring), 95.5 (acetylenic carbon linked with Si), —0.07 [-Si(CHs);].

H. Synthesis of Bis[2-methyl-4-(2-trimethylsilylethynyl)-
phenyl]dimethylsilane (12)

Compound 12 was prepared from 2.67g (10.0mmol) 10, 4.20mL (2.5M,
10.5 mmol) n-BuLi, and 0.61 mL (0.65 g, 5.0 mmol) dichlorodimethylsilane by the
procedure similar to that for the synthesis of 7. Yield: 1.63 g (75%), colorless viscous
liquid. IR (thin film), v (cm™"): 2959, 2899 (CHj; stretching), 2152 (-C=C- stretch-
ing), 1595, 1533 (—C=C- ring stretching), 1383 (CH;3 bending), 1250 (Si—CHj;
bending), 947 (Si—Ph stretching), 857, 810 (Ar-H bending), 842 (Si—C stretching).
"H NMR (300 MHz, CDCls), & (TMS, ppm): 7.46 (d, 2H, Ar-H ortho to Si), 7.27
(m, 2H, Ar—H para to —CH3), 7.23 (s, 2H, Ar—H between —-C=C- and —CH3;), 2.71
(s, 6H, —CHj; linked with aromatic ring), 0.59 [s, 6H, —Si(CHs),], 0.26 [s, 18H,
—Si(CH;)5]. '*C NMR (75 MHz, CDCl3), & (ppm): 144.2, 138.2, 135.0, 133.1, 128.5,
124.3 (aromatic carbon), 105.4 (acetylenic carbon linked with aromatic ring), 95.0
(acetylenic carbon linked with Si), 22.9 (—CHj; linked with aromatic ring), 0.12
[-Si(CHj3);], —0.92 [-Si(CHj3),].

I. Synthesis of Bis[2,5-dimethyl-4-(2-trimethylsilylethynyl)-
phenyl]dimethylsilane (13)

Compound 13 was prepared from 2.90g (10.3mmol) 11, 4.34mL (2.5M,
10.8 mmol) n-BuLi, and 0.62mL (0.67 g, 5.2 mmol) dichlorodimethylsilane by the
procedure similar to that for the synthesis of 7. Yield: 1.63 g (69%), white powder.
IR (thin film), v (cm™): 2959, 2896 (CHj stretching), 2149 (-C=C- stretching),
1597, 1481 (-C=C- ring stretching), 1382 (CHj; bending), 1249 (Si—-CHj; bending),
1015 (Si-Ph stretching), 859, 819 (Ar—H bending), 841 (Si—C stretching). '"H NMR
(300 MHz, CDCly), § (TMS, ppm): 7.28 (s, 2H, Ar—H meta to Si), 7.18 (s, 2H, Ar—-H
ortho to Si), 2.39 (s, 6H, —CHj; linked with aromatic ring and meta to Si), 2.06 (s,
6H, —CHj; linked with aromatic ring and ortho to Si), 0.55 [s, 6H, —Si(CHjs),], 0.25
[s, 18H, —Si(CH;);]. 3C NMR (75MHz, CDCl;), § (ppm): 140.6, 137.9, 136.6,
135.5, 132.9, 123.6 (aromatic carbon), 104.1 (acetylenic carbon linked with
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aromatic ring), 98.5 (acetylenic carbon linked with Si), 22.2, 20.2 (~CHj; linked with
aromatic ring), 0.12 [-Si(CHj)3], —0.97 [-Si(CHjs),].

J. Synthesis of Bis(4-ethynylphenyl)dimethylsilane (1)

To a round-bottomed flask equipped with a septum and a stirring bar were
added 1.78 g (4.4 mmol) 7, 400 mL methanol, and 61.5mg (1.1 mmol) KOH. The
mixture was heated at 50°C for 3 h and was then poured into 1000 mL of 1 M HCl
solution. The mixture was extracted by chloroform four times. The organic layer was
collected and the solvent was removed by evaporation. The crude product was puri-
fied by silica column chromatography using a mixture of hexane and chloroform
[3:1 (v/v)] as eluent. White powdery bis(4-ethynylphenyl)dimethylsilane (1) was iso-
lated in 86% yield (0.98 g). IR (thin film), v (cm™): 3271 (=C-H stretching), 3068,
3021 (Ar—H stretching), 2962, 2897 (CHj stretching), 2105 (—C=C- stretching),
1929, 1822 (overtone band, substituted benzene ring), 1594, 1538, 1489 (-C=C-
ring stretching), 1381 (CH; bending), 1254 (Si—CH; bending), 1100 (Si—Ph stretch-
ing), 824 (Si-C stretching), 813 (Ar-H bending). '"H NMR (300 MHz, CDCl;), §
(TMS, ppm): 7.50 (s, 8H, Ar-H), 3.18 (s, 2H, =C-H), 0.58 [, 6H, —Si(CH;),]. 1*C
NMR (75MHz, CDCl3), 6 (ppm): 139.4 (aromatic carbon linked with Si), 134.3
(aromatic carbon meta to Si), 131.5 (aromatic carbon ortho to Si), 123.1 (aromatic
carbon para to Si), 83.8 (acetylenic carbon linked with aromatic ring), 78.1
(acetylenic carbon linked with H), —2.57 [-Si(CHj3),]. UV (DCM, 2.5 X 10~ mol/L),
Amax(M)/&ma(mol ™' L em™): 247/44184, 259/51852.

K. Synthesis of Bis(4-ethynylphenyl)methylphenylsilane (2)

Monomer 2 was prepared from 2.95 g (6.3 mmol) 8 by the procedure similar to
that for the synthesis of 1. Yield: 1.47 g (72%), light yellow viscous liquid. IR (thin
film), v (cm™): 3294 (=C-H stretching), 3068, 3011 (Ar-H stretching), 2959 (CH,
stretching), 2104 (—C=C- stretching), 1923, 1816 (overtone band, substituted benzene
ring), 1594, 1538, 1488 (~C=C- ring stretching), 1428, 1380 (CH; bending), 1254
(Si—CHj bending), 1102 (Si—Ph stretching), 825 (Si—C stretching), 798 (Ar-H bend-
ing). "H NMR (300 MHz, CDCl;), § (TMS, ppm): 7.49 (m, 13H, Ar-H), 3.19 (s, 2H,
=C-H), 0.86 (s, 3H, Si—-CHj). *C NMR (75MHz, CDCl;), & (ppm): 137.3, 135.4,
135.3, 135.2, 131.6, 130.0, 128.3, 123.4 (aromatic carbon), 83.7 (acetylenic carbon
linked with aromatic ring), 78.3 (acetylenic carbon linked with H), —3.56 (Si—CHj).
UV (DCM, 2.5 X 107> mol/L), Apa(nm)/gma(mol™' L em™): 248/46048, 259/50444.

L. Synthesis of Bis(4-ethynylphenyl)diphenylsilane (3)

Monomer 3 was prepared from 1.87 g (3.5 mmol) 9 by the procedure similar to
that for the synthesis of 1. Yield: 0.70 g (52%), white powder. IR (thin film), v (cm™):
3294 (=C—H stretching), 3068, 3013 (Ar—H stretching), 2104 (~C=C- stretching),
1594, 1536, 1488 (—C=C- ring stretching), 1428, 1102 (Si—Ph stretching), 700
(Ar—H bending). '"H NMR (300 MHz, CDCl;), § (TMS, ppm): 7.50 (m, 18H, Ar-H),
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3.12 (s, 2H, =C-H). '3C NMR (75MHz, CDCl;), § (ppm): 136.3, 136.1, 135.0,
133.1, 131.4, 129.9, 128.0, 123.4 (aromatic carbon), 83.5 (acetylenic carbon linked
with aromatic ring), 78.3 (acetylenic carbon linked with H). UV (DCM, 2.5 X
1075 mol/L), Apax(nm)/e o (mol ™ L em™): 249/50400, 261/54044.

M. Synthesis of Bis(4-ethynyl-2-methylphenyl)-
dimethylsilane (4)

Monomer 4 was prepared from 2.00 g (4.6 mmol) 12 by the procedure similar
to that for the synthesis of 1. Yield: 1.06 g (80%), white powder. IR (thin film), v
(cm™): 3286 (=C-H stretching), 2960 (CHj stretching), 2107 (-C=C- stretching),
1593, 1533 (-C=C- ring stretching), 1383 (CH; bending), 1253 (Si—CHj; bending),
834 (Si-C stretching), 809 (Ar-H bending). '"H NMR (300 MHz, CDCls), § (TMS,
ppm): 7.48 (d, 2H, Ar—H ortho to Si), 7.31 (d, 2H, Ar—H para to —CH3), 7.27 (s, 2H,
Ar—H between —-C=CH and —CH,), 3.15 (s, 2H, =C-H), 2.16 (s, 6H, —CHj; linked
with aromatic ring), 0.62 (s, 6H, —Si(CHs),). '*C NMR (75 MHz, CDCl;), & (ppm):
144.3, 138.5, 135.0, 133.3, 128.8, 123.2 (aromatic carbon), 83.9 (acetylenic carbon
linked with aromatic ring), 77.8 (acetylenic carbon linked with H), 22.9 (—~CH;
linked with aromatic ring), —0.96 [-Si(CH;),]. UV (DCM, 2.5 X 10~ mol/L),
Amax(Mm)/ €0 (mol™' L em™): 250/41572, 261/49384.

N. Synthesis of Bis(2,5-dimethyl-4-ethynylphenyl)-
dimethylsilane (5)

Monomer 5 was prepared from 1.50 g (3.3 mmol) 13 by the procedure similar
to that for the synthesis of 1. Yield: 0.94 g (91%), light yellow powder. IR (thin film),
v (em™): 3292 (=C-H stretching), 2956, 2865 (CHj; stretching), 2102 (-C=C—
stretching), 1479 (-C=C- ring stretching), 1450, 1381 (CH; bending), 1250
(Si—CHj; bending), 1002 (Si—Ph stretching), 833 (Si—C stretching), 817 (Ar—H bend-
ing). '"H NMR (300 MHz, CDCls), & (TMS, ppm): 7.31 (s, 2H, Ar—H meta to Si),
7.21 (s, 2H, Ar—H ortho to Si), 3.26 (s, 2H, =C-H), 2.41 (s, 6H, —CHj linked with
aromatic ring and meta to Si), 2.09 (s, 6H, —CHj; linked with aromatic ring and ortho
to Si), 0.57 (s, 6H, —Si(CH3),). '3C NMR (75 MHz, CDCl3), & (ppm): 140.7, 138.1,
136.8, 135.7, 133.3, 122.7 (aromatic carbon), 82.6 (acetylenic carbon linked with
aromatic ring), 81.2 (acetylenic carbon linked with H), 22.2, 20.2 (—CHj5 linked with
aromatic ring), —0.97 [-Si(CH;),]. UV (DCM, 2.5X 10 mol/L), A.(nm)/
Emax(mol™' L cm™): 253/36836, 261/44252.

O. Diyne Polycyclotrimerization

All polymerization reactions were carried out under dry nitrogen using stan-
dard Schlenk technique. A typical example of experimental procedure for the poly-
cyclotrimerization of 1 is given here: To a thoroughly baked and carefully evacuated
15-mL Schlenk tube with a three-way stopcock on the sidearm was placed 14.5 mg
(0.025 mmol) TaBrs under nitrogen in a glovebox. Then freshly distilled toluene
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(4.0 mL) was injected into the tube using a hypodermic syringe and was stirred con-
tinuously for Smin. A solution of 130.2mg (0.50mmol) 1in 1.0mL toluene was
syringed into the catalyst solution. The polymerization mixture was stirred at room
temperature under nitrogen for 6 h and was then stopped by the addition of a small
amount of methanol. The solution was added dropwise into 300 mL methanol
through a cotton filter under stirring. The precipitate was allowed to stand overnight
and was then collected by filtration. The polymer was washed with methanol and
dried under vacuum at room temperature to a constant weight.

P. Polymer Characterization

i. hb-P1

White powder. Yield: 61%. M,: 48,600, M,/M,: 3.2 (GPC, Table 1, entry 4).
IR (thin film), v (cm™): 3297 (=C-H stretching), 3063, 3017 (Ar-H stretching),
2955, 2896 (CHj stretching), 1915, 1808 (overtone band, substituted benzene ring),
1595, 1543, 1498, 1475 (—C=C- ring stretching), 1382 (CH; bending), 1250
(Si—CHj; bending), 1113 (Si—Ph stretching), 805 (Si-C stretching), 775 (Ar-H bend-
ing). '"H NMR (300 MHz, CDCl;), & (ppm): 6.60-8.00 (Ar-H), 3.17 (=C-H),
0.10-1.00 (Si-CH3). '*C NMR (75 MHz, CDCls), & (ppm): 120.0-145.0 (aromatic
carbons), 83.9 (-C=CH), 78.1 (-C=CH), -2.5 (Si-CH;3). UV (DCM, 5.0 X
10° mol/L), Ayx(nm)/e(mol™ L em™): 231/12126, 268/26012.

ii. hb-P2

White powder. Yield: 80%. M,: 42,200, M,/M,: 3.5 (GPC, Table 2, entry 2).
IR (thin film), v (cm™): 3298 (=C-H stretching), 3067, 3016 (Ar-H stretching),
2958, 2896 (CHj stretching), 1919, 1813 (overtone band, substituted benzene ring),
1594, 1543, 1500 1475 (—-C=C- ring stretching), 1428, 1113 (Si—Ph stretching),
1383 (CH; bending), 1252 (Si—CH; bending), 785 (Si—C stretching), 758, 735, 700
(Ar-H bending). 'H NMR (300 MHz, CDCl;), § (ppm): 6.70-8.10 (Ar-H), 3.22
(=C-H), 0.40-1.20 (Si-CH;). '*C NMR (75MHz, CDCls), § (ppm): 115.0-150.0
(aromatic carbons), 83.8 (-C=CH), 78.3 (-C=CH), 3.4 (Si—CH;). UV (DCM,
5.0 X 102 mol/L), Apx(m)/ € (mol ™' Lem™): 231/18742, 260/33416.

iii. hb-P3

White powder. Yield: 62%, M: 23,500, M,/M,: 1.5 (GPC, Table 2, entry 7).
IR (thin film), v (cm™): 3295 (=C—H stretching), 3067, 3016 (Ar-H stretching),
1594 (—C=C-ring stretching), 1428, 1110 (Si—Ph stretching), 699 (Ar—H bending).
"H NMR (300 MHz, CDCls), & (TMS, ppm): 6.80-8.00 (Ar-H), 3.20 (=C-H). 1°C
NMR (75 MHz, CDCls), 6 (ppm): 120.0—-150.0 (aromatic carbons), 83.8 (-C=CH),
78.5 (-C=CH). UV (DCM, 5.0 X 10 mol/L), A (nm)/gm(mol™'Lem™):
230/23940, 261/36196.

iv. hb-P4
White powder. Yield: 99%. M,: 39,200, M,/M,: 3.4 (GPC, Table 2, entry 9).
IR (thin film), v (cm™): 3301 (=C—H stretching), 2957 (CH; stretching), 1594, 1540
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(—~C=C- ring stretching), 1382 (CH; bending), 1251 (Si—CHj; bending), 831 (Si—C
stretching), 809 (Ar-H bending). 'H NMR (300 MHz, CDCl;), & (TMS, ppm):
6.30-8.10 (Ar-H), 3.16 (=C-H), 1.50-2.60 (Ar—CHj3), 0.10-1.00 (Si—-CH3). UV
(DCM, 5.0 X 1075 mol/L), Apax(nm)/g i (mol™' L em™): 230/16348, 270/27212.

v. hb-P5

Light orange powder. Yield: 39%. M,: 15,100, M,/M,: 2.2 (GPC, Table 2,
enter 14). IR (thin film), v (cm™): 3286 (=C-H stretching), 2954, 2863 (CH,
stretching), 1590, 1471 (-C=C- ring stretching), 1447, 1381 (CH; bending), 1249
(Si—CHj; bending), 832 (Si—C stretching), 816 (Ar—H bending). 'H NMR (300 MHz,
CDCly), 6 (TMS, ppm): 6.60-7.60 (Ar—H), 3.32 (=C-H), 1.60-2.60 (Ar—CHy),
0.30-0.90 (Si—CHj3). '3C NMR (75 MHz, CDCl;), & (ppm): 120.0-150.0 (aromatic
carbons), 82.9 (-C=CH), 81.4 (-C=CH), 22.4, 20.2 (Ar—CHj;), —0.82 (Si—CHy).
UV (DCM, 5.0 X 107> mol/L), Ayax(nm)/ea(mol™' L cm™): 231/24788, 258/30298.

Q. Synthesis of Model Compounds 1,3,5- and
1,2,4-Triphenylbenzenes (15)

It was prepared from 0.55 mL (511.5 mg, 5.0 mmol) phenylacetylene, 29.0 mg
(0.05 mmol) TaBrsin 5.0mL toluene by the procedure similar to that used in the
polymerization. The product was purified by silica chromatography using hexane as
eluent. White powdery 15 was obtained in 85% yield. 1,3,5- and 1,2,4-isomers of 15
were separated by recrystallizations from ethanol and a 1:1 mixture of ethanol/
hexane, respectively. The molar ratio of 1,3,5- to 1,2,4- was 1.0:2.0.

i 1,3,5-15

IR (thin film), v (cm™): 3058, 3033 (Ar—H stretching), 1595, 1576, 1497,
1411 (-C=C- ring stretching), 873, 762, 698 (Ar-H bending). '"H NMR (300 MHz,
CDCly), 6 (ppm): 7.78 (s, 3H, Ar—H g), 7.69 (m, 6H, Ar-H f), 7.47 (m, 6H, Ar-H
e), 7.38 (m, 3H, Ar-H d). '*C NMR (75MHz, CDCly), & (ppm): 142.3, 141.1,
128.8, 127.5, 127.3, 125.2 (aromatic carbons). UV (dichloromethane, 2.5 X 10~
SMOl/L), Ayax (NM)/€ax (Mol ™' L em™): 255/41540. MS(CI): m/e 307.1 [(M+1)*];
calculated 307.1.

ii. 1,2,4-15

IR (thin film), v (cm™): 3055, 3025 (Ar-H stretching), 1599, 1575, 1490,
1474 (-C=C- ring stretching), 756, 697 (Ar-H bending). 'H NMR (300 MHz,
CDCly), 6 (ppm): 7.66 (m, 4H, Ar—H j), 7.47 (m, 3H, Ar-H i), 7.35 (m, 1H, Ar-H h),
7.20 (m, 10H, Ar—H k) (the peak assignments were referred to their steric structure
in Scheme 3, which was calculated according to the minimized energy of the struc-
ture by the MOPAC method of the 3D ChemDraw program). '3C NMR (75 MHz,
CDCly), 6 (ppm): 141.5, 141.1, 141.0, 140.6, 140.4, 139.5, 131.1, 129.9, 129.8,
129.4,128.8,127.9,127.8, 127.4, 127.1, 126.6, 126.5, 126.1 (aromatic carbons). UV
(dichloromethane, 2.5 X 10 mol/L), Ay (M€ (Mol™'L ecm™): 252/34988.
MS(CI): m/e 307.1 [(M+ 1)*]; calculated 307.1.
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R. Decomposition of Hyperbranched Polymers

The polymers were decomposed via Si-C bond cleavage. A typical example of
reaction procedure for the decomposition of 4b-P1 is given here. To a round-
bottomed flask equipped with a septum and a stirring bar were added 70.0 mg 4b-P1
(Table 1, entry 4; whose weight is denoted as ) and 50 mL CH,Cl,. After the poly-
mer had dissolved, 5mL (65 mmol) CF;COOH was added dropwise under stirring.
The solution was kept stirring at 60°C for 48 h. The solution was dropped slowly into
an aqueous solution of sodium carbonate (0.2 M) for neutralization. The organic
layer was separated and the water layer was extracted with CH,Cl,. The organic solu-
tion was collected and washed with deionized water. The solvent was removed by
evaporation. The crude products were separated on silica-gel column by a progres-
sive solvent change from hexane to a mixture of hexane/chloroform (1:3, v/v) to give
29.5mg of a mixture of 1,3,5- and 1,2,4-15 (whose weight is denoted as ¥;5) and
17.0mg oligomer of 1 (W,). Characterization data for 15 were identical to those
given above (cf. Section Q).

The partially soluble polymer #b-P1 (Table 1, entry 5) was decomposed by a
similar procedure. 50.4 mg of 15 and 36.5 mg of oligomer of 1 were obtained from
125.8 mg of polymer.

S. Structural Simulation

Polymer structures were simulated by molecular modeling technique using a
Materials Studio program.?> The polymer model consisting of 72 monomers was
built by Materials Visualizer. The building strategy was based on the experimental
data and the following assumptions: (1) the number-average molecular weight of
the polymer was ~15,200, which was measured by GPC in THF on the basis of a
polystyrene calibration; (2) the molar ratio of the newly formed 1,2,4- and 1,3,5-
trisubstituted phenylene structures was ~2.2:1.0, which was measured by "H NMR
spectra; and (3) the cutoff distance was 9.5 A.

The interactions occurring in a system are described by a potential £, which
consists of harmonic bond length, harmonic bond angle, three-fold tensional, inver-
sion and nonbonded interactions, the last of which can be further subdivided into
hydrogen bonding, van der Waals interaction, and columbic electrostatic potentials.

The potential energy of the initial structure was minimized by Discover
Minimizer using the method of Conjugate Gradient (Fletcher_Reeves), until the
maximum derivative was 0.703 kcal/mol.
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I. INTRODUCTION

Silole is a five-membered silacycle, which may well be viewed as a cyclopen-
tadiene derivative with its carbon bridge replaced by a silicon atom, hence the name
silacyclopentadiene. Silole enjoys a unique ¢*—m* conjugation arising from the
orbital interaction of the o* orbital of its silylene moiety with the 7* orbital of its
butadiene fragment, which significantly lowers its LUMO energy level and increases
its electron affinity.!> As a matter of fact, silole has a high electron-accepting abil-
ity* and has been used as an electron-transporting and light-emitting material in the
construction of electroluminescence (EL) devices.®’

We have recently observed a novel phenomenon of aggregation-induced emis-
sion (AIE) in this group of molecules: The siloles are practically nonluminescent
when molecularly dissolved but become emissive when aggregated in poor solvents
or fabricated into thin films.®® The photoluminescence (PL) quantum yield (®p ) of
the silole aggregates can differ from that of their molecularly dissolved species by
two orders of magnitude (>300). Using this AIE property, we fabricated LEDs using
thin solid films of siloles as active layers, which are found to exhibit outstanding EL
performance.'®!! For example, an LED device of 1-methyl-1,2,3,4,5-pentaphenyl-
silole exhibits maximum current efficiency (CE,,,,) and power efficiency (PE,,,y) of
20 cd/A and 14 lm/W, respectively. Its highest external quantum efficiency (1,,.x) 1S
8%, %11 approaching the limit of the possible. An LED device of its structural con-
ger 1,1,2,3,4,5,-hexaphenylsilole also performs well and is turned on at a low volt-
age (~4 V), emitting intensely at a moderate bias (55880 cd/m” at 16 V) and showing
high EL efficiencies of 15cd/A (CE ), 101m/W (PE,,,), and 7% (TMmay)- Siloles
are thus a group of excellent organometallic molecules for LED applications.

Low molecular weight compounds, however, have to be fabricated into thin
films by relatively expensive techniques such as vacuum sublimation and vapor dep-
osition, which are not well suited to the manufacture of large area devices.'”> One
way to overcome this processing disadvantage is to make high molecular weight
polymers, which can be readily processed from their solutions into thin solid films
over large areas by simple spin coating or doctor blade techniques. In this chapter,
we report our work on the syntheses of silole polymers through the metathesis and
cyclotrimerization polymerizations of alkynes initiated by transition metal catalysts
and present their novel properties originated from their unique molecular structures.

II. POLYMER SYNTHESES

We designed four acetylene-silole adducts by nucleophilic substitutions of
1-chloro-1,2,3,4,5-pentaphenylsilole with ethynylmagnesium bromide, 11-undecynl-ol,
11-phenyl-10-undecyn-1-ol, and lithium 5-([4-(phenylethynyl)phenyl]oxy)-1-pen-
tynylide, respectively.'>!* Most of the monomers are prepared in high yields and give
satisfactory analysis data corresponding to their expected molecular structures.
Polymerizations of the monomers are effected by the mixtures of NbCls—, WCls—, and
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MoCls—Ph4Sn, producing polymers 1-4 (Fig. 1) with high molecular weights (M, up
to 70 X 10%) in high yields (up to 80%) (Table 1).

We also prepared a silole-containing diacetylene (5; Fig. 2) by reacting a 1,1-
dichlorosilole with ethynylmagnesium bromide.'> Homopolycyclotrimerization of

H ST

+c c+ +¢ —t Ho=g; —+C—C1-
CH2)9 (CH2)9
W W
Q7
SavaV
OO
Figure 1 Structures of linear poly(silolylacetylene)s.
Table 1 Synthesis of Silole-Containing Polyacetylenes®
Entry
Number Catalyst Temperature (°C) Yield (%) M, M, /M,
Poly[1-(1,2,3,4,5-pentaphenyl)silolylacetylene] (1)
1 NbCls—PhySn 60 60.0 46,400 1.7
2 NbCls—Ph,Sn 80 78.0 68,800 1.8
Poly(11-{[1-(1,2,3,4,5-pentaphenyl)silolyl]oxy}-1-undecyne) (2)
3 WCls—PhySn 60 60.3 11,500 35
4 MoCls—Ph,Sn 60 11.7 10,600 34
Poly(11-{[1-(1,2,3,4,5-pentaphenyl)silolyl]oxy}-1-phenyl-1-undecyne) (3)

5 WCls—PhsSn 60 80.5 33,400 2.2
Poly(1-phenyl-2-{4-[({2-[1-(1,2,3,4,5-
pentaphenyl)silolyl]ethynyl}propyl)oxy[phenyl}-acetylene) (4)

6 NbCls—Ph,Sn 60 22.6 1,430 1.2
7 WCls—PhySn 80 56.4 4,810 1.7

“ Under N, in toluene for 24 h; [M], = 0.1 M; [cat.] = [cocat.] = 10 mM.
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TaCls—Ph,Sn

5 + =R [R= (CHp)sCHs

polycyclotrimerization

Figure 2 Synthesis of hyperbranched poly(phenylenesilolene)s (7).

5 and its copolymerization with 1-octyne 6 catalyzed by TaCls—Ph,Sn proceed
smoothly, giving completely soluble hyperbranched poly(phenylenesilolene)s 7 in
high yields (Table 2). The weight-average molecular weight of the polymers analyzed
by gel permeation chromatography (GPC) using linear polystyrenes falls in the range
0f 35305320 g/mol. These values are probably underestimated because of the hyper-
branched nature of the polymers coupled with their rigid molecular structures. In our

Table 2 Synthesis and Properties of Poly(phenylenesilolene)s®

Entry T FLd

Number  6/5°  Yield (%) M, MM, (°C) (mJ/cmz) Fi/Fipm®
1 0 83.0 (7a) 5320 1.6 395 185 0.19

2 0.5 85.3 (7b) 5820 1.7 378 182 0.24

3 1.0 67.6 (7¢) 3610 1.4 355 190 0.28

4 1.5 34.0 (7d) 3530 1.4 343 1140 0.32

¢ By homopolymerization of diyne 5 or its copolymerizations with 6 catalyzed by TaCls—Ph,Sn in
toluene at room temperature under nitrogen for 24 h; [5] = 0.072 M, [TaCls] = [PhySn] = 20 mM.

b Molar ratio.

¢ Temperature for 5% weight loss (TGA, under nitrogen, heating rate: 20°C/min).

4 Optical limiting threshold (incident fluence at which the nonlinear transmittance is 50% of the
linear one).

¢ Signal suppression (ratio of the saturated transmitted fluence to the maximum incident fluence).
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previous studies on hyperbranched polymers,'®!® we found that the underestimation

can be as large as seven fold,'” and the actual or real molecular weight of 7 thus can
be much higher than the relative value estimated from the GPC analysis.

III. THERMAL STABILITY

All the polymers give spectroscopic data that satisfactorily correspond to their
expected molecular structures. Figure 3 shows their TGA thermograms and Table 2
summarizes the thermal analysis data of the hyperbranched poly(phenylenesilolene)s.
All the polymers are thermally stable and lose little of their weights at a temperature
as high as ~350°C. The degradation temperatures of the linear silole-containing poly-
acetylenes 2—4 are much higher than those of poly(dimethylalkoxysilylacetylene)s
—(HC=C[Si(CH;),0C,,H,,,+ 1)~ probably due to the “jacket effect”?!?*> of the
bulky silolyl pendants. Wrapping of the polyacetylene backbone in the stable silole
rings may have shielded the double bonds from the harsh chemical and thermal
attacks. Hyperbranched polymer 7a shows a higher thermal stability than its struc-
tural congener 7d. This is easy to understand: 7a is an all-aromatic homopolymer,
which should be thermally stable. The incorporation of the weak aliphatic (hexyl)
moiety into 7d should increase its thermolytic susceptibility, and the copolymer thus
starts to decompose at a relatively low temperature.

100-
80+
& 601
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= 404 |- 2
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0 T T T
0 200 400 600 800
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Figure 3 TGA thermograms of silole-containing linear polyacetylenes 1 (sample from
Table 1, entry 2), 2 (Table 1, entry 3), 3, and 4 (Table 1, entry 7) and hyperbranched
polyphenylenes 7a (Table 2, entry 1) and 7d (Table 2, entry 4) recorded under nitrogen
at a heating rate of 20°C/min.
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IV. PHOTOLUMINESCENCE

Silole’s emission is characterized by its AIE feature. Do the silole polymers
behave in a similar way? The answer to this question is yes or no, depending on the
molecular structure of the polymer. No emission from the silole pendants is observed
when the chloroform solution of 1 is excited. Even when methanol, a poor solvent
of the polymer, is added into the chloroform solution, the emission of 1 is hardly
enhanced. The rigid polyacetylene backbone of 1 may not allow its directly attached
silole pendants to pack well in the aggregation state, thus making the polymer AIE
inactive. Thanks to the decoupling effect of the long nonanyloxy chain, 2 exhibits a
pronounced AIE effect. As can be seen from Figure 44, the PL spectrum of the chlo-
roform solution of 2 is almost a flat line, with a ®p; as low as 0.15%. The ®p; starts
to swiftly increase when >40% methanol is added into the mixture (Fig. 4B). When
the methanol fraction is increased to 90%, the ®p; rises to 2.95%, which is ~20
times higher than the solution value. Polymer 3 shows a similar behavior, but its ®p;.
in a 90% methanol mixture is higher (9.25%), probably due to the additional contri-
bution from its backbone emission: Its poly(1-phenyl-1-alkyne) main chain is known
to luminesce in the similar spectral region.?>>*

Unlike the solutions of 1-3, the chloroform solution of 4 emits a green light at
523 nm with a ®@p; of 2.8%. Because its monomer is a weak emitter when molecu-
larly dissolved, the green light observed here thus should be associated with the
backbone emission. We also checked the AIE property of 4 by adding menthol into
its chloroform solution. The PL intensity can, however, barely be enhanced even
when 90 vol % menthol is added. The reason 4 is AIE inactive may be similar to that

A M e CHCl, 31 B
——MeOH/CHCl,
SR Thin film
£
& 4
> 2
2 &
£ &
a 1
¥ L]
T T 0 T T T T
410 510 610 710 0 30 60 90
Wavelength (nm) MeOH fraction (vol %)

Figure 4 A PL spectra of 2 (Table 1, entry 3) in chloroform solution, methanol/chloroform
mixture (9:1 by volume), and solid state (thin film); concentration of 2: 10 uM; excitation
wavelength (nm): 400 (solution/mixture), 325 (thin film). B Quantum yield (®py ) of 2
versus solvent composition of methanol/chloroform mixture.
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of 1, in which the packing of the silole pendants is hampered by the rigid poly-
(diphenylacetylene) backbone. The stiff hyperbranched poly(phenylenesilolene)
spheres of 7 also make the polymers AIE inactive. Their chloroform solutions emit
weakly at ~500 nm with a ®p; of ~1.0%.

We carried out particle size analysis, which proves that the polymers indeed
form nanoaggregates in the methanol/chloroform mixtures. Examples of the particle
size histograms are shown in Figure 5. The size distribution and average size vary by
polymer because of the differences in each polymer’s solubility in the solvent mix-
ture. Polymer 1 is hydrophobic and rigid and will easily associate into large nanoag-
gregates in the polar mixture. Polymer 2 possesses polar siloxy moieties with a better
miscibility with the polar solvent and hence forms smaller aggregates under compa-
rable conditions. Polymer 3 is a disubstituted polyacetylene with a more rigid back-
bone structure and its aggregates are thus understandably bigger than those of 2.

| ‘ |
| : -
=
s
c
Q
c
[
(&]
| I |
0 100 200 300

Particle size (nm)

Figure 5 Particle size distribution of (A) 1 (sample from Table 1, entry 2), (B) 2 (Table 1,
entry 3), and (C) 3 (Table 1, entry 5) in methanol/chloroform mixtures (9:1 volume).
Concentration of polymers: 10 uM.

Aggregation normally quenches light emission;?>?® what is the cause for this

“abnormal” AIE phenomenon? To address this question, we designed and carried out
more experiments. When a dilute dioxane solution of 3 (10 uM) is cooled, the inten-
sity of its PL spectrum is progressively increased in a nonlinear fashion (Fig. 64).
When cooled from room temperature to below the melting point (11.8°C) of the sol-
vent, the liquid solution changes to a solid “glass.” The intramolecular rotations or
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Figure 6 A. PL spectra of 3 in dioxane at different temperatures. B. Effect of temperature
on the peak intensity of the luminescence of 3 in dioxane and DCM. Concentration of
3: 10 uM; excitation wavelength: 407 nm.

twistings of the peripheral phenyl rings on the axes of the single bonds linked to the
central silacyclopentadiene cores may be physically restricted by the solid environ-
mental surroundings. This restricted rotation in some sense rigidifies the chro-
mophoric molecule as a whole, thus making the silole pendant more emissive.

To separate the cooling effect from the “glass” effect, we choose dichlo-
romethane (DCM), a liquid with much lower melting point, for the PL measurement.
The PL intensity of the solution increases with a decrease in temperature in a nearly
“linear” fashion (Fig. 6B8). This enhancement in emission must be due to the restricted
intramolecular rotation caused by cooling-induced conformation freezing because
the melting point of the solvent (—95°C) is lower than the lowest temperature we
tested for this solution (—78°C). Similar to 3, polymers 2, 4, and 7 also show much
stronger emission when their solutions are cooled.

V. ELECTROLUMINESCENCE

Siloles are excellent materials for LED applications. How are their polymers?
We checked the EL performances of polymers 1-4 using a single-layer device with
a configuration of ITO/Polymer(~46nm)/LiF(1 nm)/Al. The EL spectrum of 1
peaked at 664 nm, while the emission maximums of 2, 3 and 4 are at ~521 nm. All
the EL devices exhibit similarly low current efficiencies: 0.008 (1), 0.022 (2),
0.029(3), and 0.024 cd/A (4). This is not surprising because the injection and trans-
portation of charges are generally not balanced in devices with a single-layer struc-
ture. We thus tried to modify the device configuration, using 3, the most PL-active
polymer, as the emitting material. We added poly(9-vinylcarbazole) (PVK) and
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tris(8-hydroxyquinolinato)aluminum (Alq;) on the anode and cathode sides, respec-
tively, to facilitate the charge injection and to enhance the charge transport efficien-
cies in the EL device. Between the PVK and Alq; layers, we also added a layer of
bathocuproine (BCP) to prevent the holes from traveling through to reach the cathode.
With these modifications, an EL device with a configuration of ITO/(3:PVK)-
(1:4)/BCP/Alqs/LiF/Al is fabricated, which emit a strong blue light of 496 nm with a
maximum luminance of 1118cd/m? (Fig. 7). The maximum current and external
quantum efficiencies of the device are 1.45 cd/A and 0.55%, respectively, which are
comparable to some of the best results reported by other research groups for blue-
emitting LEDs.?7-28

2000 1200
<€ 1500 F900
S E
> 3
.a J i :;
£ 1000 600 &

c
T 1 i @©
o 1 ; T £
o 1400 500 600 [ g

5 W | th 3
3 500 avelength (nm) [ 300 3

1 —o— current density I

{ —e—luminance [

0 ] _ ee—o—%" R Lo
10 16 22 28

Voltage (V)

Figure 7 Changes in the current density and luminance with the applied voltage in a
multilayer LED of 3 with an ITO/3:PVK(1:4 w/w)/BCP/Alqs/LiF/Al device configuration.
Inset: EL spectrum.

The promising device results of 3 encourage us to further investigate the EL
properties of other silole-containing polyacetylenes. Table 3 summarizes their EL per-
formances. Clearly, the devices with multilayer structures perform much better than
those of single-layer configurations, demonstrating the importance of the device con-
figuration and suggesting much room for device improvement. Among the polymers,
3 and 4 are much better EL emitters, thanks to the additional contribution from the
emissive poly(1-phenyl-1-undecyne) and poly(diphenylacetylene) backbones.

Poly(fluorene)s are the best-known blue light-emitting polymers, but their EL
devices suffer from such disadvantages as poor spectral stability.?*=> Under normal
conditions of device operation, a broad EL peak centered at 530—540 nm evolves with
the passage of a current through the devices; as a result, the blue emission changes to
an undesirable color. The LEDs of our polymers, however, enjoy excellent spectral
stability. Figure 84 shows the EL spectra of 3 measured at different voltages. When
16V are applied to the device, the polymer emits a blue light of 496 nm. The spectral
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Table 3 Performances of Multilayer EL Devices of Polymers 1-4¢

/,Lmax CIEb Vonc Lmax CEmaX QEmaX
Polymer (nm) (x,») V) (cd/m?) (cd/A) (%)
1 632 0.47,0.39 11 9 0.17 0.094
2 496 0.24,0.41 16 63 0.26 0.11¢
3 496 0.25,0.45 14 1118 1.45 0.55"
4 512 0.26,0.48 13 489 0.54 0.20¢

¢ With a device configuration of ITO/polymer:PVK (1:4 by weight) (~46 nm)/BCP (20 nm)/Alq;
(20 nm)/LiF (1 nm)/Al. A, EL peak maximum; ¥, turn-on voltage; L., maximum luminance;
CE,ax, maximum current efficiency; QF,,., maximum external quantum efficiency.

b CIE 1931 coordinates.

¢ At 1 cd/m?.

TAL13V; 25.9 A/’

¢At18V; 17.9 A/m>.

TAL16V; 4.29 A/m?.

gAL15V; 12.3 A/m>
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Figure 8 Stability of electroluminescence spectra in multilayer LEDs with a device
configuration of ITO/LEPA:PVK (1:4 by weight) (~46 nm)/BCP (20 nm)/Alq; (30 nm)/LiF
(0.8 nm)/Al. A Electroluminescence spectra of 3 under different voltages. B Maximum
wavelength (A,,,,) versus applied voltage for polymers 1-4.
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pattern remains nearly the same at 21 V. Even at 27V, practically no change is rec-
ognizable in the EL spectrum, although the luminance of the device is increased
by ~200 times (from 6 to 1118 cd/m?) and its efficiency reaches its maximum value
of 0.55%.

VI. OPTICAL LIMITING

The hyperbranched polymers 7 are not only thermally but also optically stable.
Figure 9 shows the optical responses of the polymer solutions to 532 nm laser pulses,
along with the data for the solutions of poly(phenylacetylene) (PPA)*® and Cg.378
PPA photodegrades under the attack of harsh laser shots. Our hyperbranched
polyarylenes exhibit comparable linear transmittance in the low fluence region
(T'=70-85%) but become opaque in the high fluence region. The polymers strongly
attenuate the power of the intense laser pulses, whose optical limiting performances are
superior to that of Cg, a best-known optical limiter.>”** Among the hyperbranched
polymers, 7a shows the best performance, which starts to limit the optical power at
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Figure 9 Optical responses to 8ns, 10 Hz pulses of 532 nm laser light, of dichloromethane
solutions (0.70 mg/mL) of hyperbranched poly(phenylenesilolene)s. Data for PPA and Cg,
solutions are shown for comparison. Linear transmittance (%): 70 (7a), 80 (7b), 82 (7¢), 85
(7d), 79 (Cqp), 75 (PPA).
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a low threshold (185 mJ/cm?) and suppresses the optical signals to a great extent (19%;
Table 2, entry 1).

VII. CONCLUSIONS

In this work, we succeeded in incorporating silole ring, an organometallic chro-
mophore with novel luminescence properties, into the linear polyacetylene and hyper-
branched polyphenylene structures through metathesis and cyclotrimerization
polymerizations of alkynes effected by transition-metal catalysts, respectively. The
polymerizations yield completely soluble polymers of high thermal stability. Although
most of the polymers are weak luminophors when molecularly dissolved, polymers 2,
3, 4, and 6 become emissive when aggregated in poor solvents or when cooled to low
temperatures. Multilayer EL devices with a configuration of ITO/(Polymer: PVK)
(1:4)/BCP/Alqs/LiF/Al were fabricated, which emit strong light with maximum lumi-
nance, current efficiency, and external quantum efficiency of 1118 cd/m?, 1.45 cd/A,
and 0.55%, respectively. The LEDs of the silole-containing polymers enjoy excellent
spectral stability, and the EL peak maximum experiences little change with the
applied voltage. The hyperbranched poly(phenylenesilolene)s strongly limit intense
laser pulses, whose limiting thresholds and signal suppression power are better than
those of Cg, a well-known optical limiter.
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I. INTRODUCTION

Environmental contamination due to waste water discharges containing high
concentrations of toxic ions is ubiquitous. Sources include metal plating, pickling, pig-
ments industries, tanneries, municipal landfills and wastewater treatment facilities,
nuclear weapons production facilities and nuclear power generators, and mining waste.
Increasing regulation on natural resource extraction and industrial waste water dis-
charge has caused an increased interest in removal and recovery of these ions from
waste streams as well as the remediation of contaminated sites.' The growing scarcity
of high-grade mineral ores and the environmental problems associated with pyromet-
allurgy has lead to a steady increase in the use of hydrometallurgical techniques.> By
far, the most popular solution mining technique is solvent extraction.? However, this
technique suffers from some environmental drawbacks, including the use of flamma-
ble and toxic organic solvents, the buildup of crud at the aqueous—organic interface,
and an inability to extract the desired metal to low levels. Recently, there has been
increased interest in the use of solid-phase adsorbents for mining and metal ion reme-
diation applications.’

The materials needed to effectively and economically treat these waste waters
will ideally have the following properties: (1) the ability to reduce heavy metal ion
concentrations to below allowable discharge limits; (2) high adsorption capacities
for the target metal ions, even in solutions containing high levels of alkali and alka-
line earth metal ions; and (3) the capability of processing waste water or ore leaches
at high throughput rates.!™* Many materials are currently being developed for these
purposes, but few can be said to have all of these features. Simple methods involve
the use of agricultural waste materials and other biomass.>® More sophisticated
methods involve the ultrafiltration of soluble metal-binding polymers and resins
containing intricately designed ligands.>’~!° The more advanced materials incorpo-
rate ligands designed to bind only one specific metal ion or a group of similar metal
ions. This is accomplished in a number of ways; in some cases, molecular species or
elements that demonstrate a preference for binding to the metal of interest are used
in the ligand and/or the atoms in the ligand molecule are “preformed” to match the
size and coordination geometry of the metal ion.®1® With these considerations in
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mind, materials can be synthesized that are effective at removing the target ions, but
the synthesis of these materials is often complicated and costly and the resulting
material chemically delicate. An alternative to this method of rendering separations
is to create a material composed of a single binding element in high density that is
conformationally mobile. This type of material is not intrinsically selective for a spe-
cific metal ion, but based on the stability constant of the metal-ligand complex
formed, the material selectively extracts metal ions in a series retaining those ions
with a high stability constants more than those with a low stability constants.
Recently, patented polyamine-silica composite materials designed to remove tran-
sition metal ions from aqueous solutions have been developed at The University of
Montana in collaboration with Purity Systems Inc.!"!2 These materials consist of linear
or branched water-soluble chelating polyamines covalently bound to a silica gel support.
For example, the material designated as WP-1 consists of poly(ethylene imine), MW
1,200, covalently bound to porous silica gel. Poly(ethylene imine) is a highly branched,
water-soluble amine polymer containing primary-, secondary-, and tertiary-degree
amino groups in a ratio of 0.35:0.35:0.30, respectively. The synthetic route (Fig. 1)
yields good coverage of the silica gel with an organic coating and uses a polymer for
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Figure 1 Synthetic scheme for making silica polyamine composites, illustrating the key
features of humidification to promote “lateral polymerizan,” for maximization of surface
coverage.
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which the chelating agent is an integral part of the matrix coating. These are key factors
in creating a material that has remarkable durability.

These resins have been tested through 3000 cycles with no visible loss of phys-
ical stability and <10% loss in capacity.!*® The copper capacity of the basic
polyamine composites is in the range of 0.7-1.1 mmol/g, and depends on the poly-
mer being used. To date we have tried three polyamines, poly(ethylene imine) (PEI),
poly(vinyl amine) (PVA), and poly(allyl amine) (PAA) (Fig. 2).

These polyamine composites can be readily modified to make them selective for
a given metal or group of metals over a particular pH range, in similar ways to those
used for polystyrene resins.'>!> These materials, however, offer distinct advantages
over polystyrene resins (Table 1). These advantages have been demonstrated through

Q HN \/\NHQ
"O_g'(CHZ)?’—N NH Branched polymer
_B PEI: My, = 1,200; 300; 300-10,000
HN_~N

Amine ratio: 35%, 1°; 35%, 2°; 30%, 3°
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NH,
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’~O-$i(CH2)3_NH NH, NHz NH, NH, NH, PVA; M, = 5,000; 23,000; 40,000
o

o) Linear polymer
] -NH
O-Si(CH,); . - .
" 5 23 CH, CFLNH, | Gf,NH, CH2NHZPAA. M., = 15,000; 60,000
CH,NH, CH,NH, CHaNH:

Figure 2 The polyamines used to synthesize the silica-polyamine composites, showing
structures and the available molecular weights (only values in italics were used).

Table 1 Advantages of Purity Systems, Inc., Composite Resins over Polystyrene Resins

No shrink—swell in load-strip-regenerate cycles; ideal for up or down flow fixed beds.
Faster capture kinetics allows use of shallower beds.

Available in four particle sizes: 200—165, 94—74, 7438, and 38—22 mesh.

Faster operational flow rates at higher capacities than conventional resins.

More porous structure gives lower pressure drops at comparable particle sizes.

Much longer usable lifetimes due to more rigid structure.

Shipped dry (<10% water) compared with 45-50% water for polystyrene.

Higher maximum operating temperature (110°C) compared with 70°C for polystyrene.
More stable to radiolytic decomposition.

Stable over a wide range of alkalinities and acidities.
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studies that directly compare the properties of the polyamine composites with com-
mercially available polystyrene resins.!2>!?

In this chapter we provide an overview of the performance characteristics of
these materials as they relate to the properties of the polymers and to the silica gels
used in their synthesis as well as to some of their applications in mining and reme-
diation problems.

II. RELATIONSHIPS BETWEEN COMPOSITE
CHARACTERISTICS AND THE STARTING
MATERIALS USED

A. Wide-Pore Amorphous Silica

The silica gels used in the synthesis of the polyamine composites are wide-pore
amorphous silica made by controlled precipitation of sodium silicate with mineral
acids. These silicas are available from a wide range of suppliers in particle sizes
ranging from 30 to 1000 um and with average pore diameters of 8-30nm and pore
volumes of 0.8—1.5mL/g. Typical surface areas for these materials are in the range
of 150-400 m?/g. Depending on their size and method of production, the particles
can be obtained in spherical or in irregular shapes. Their average bulk density is, of
course, determined by a combination of all of these properties. We have synthesized
silica-polyamine composite materials starting with a wide range of silica gels and
found that the properties of the composite are extremely sensitive to its physical
characteristics. Some generalizations, however, can be made (Table 2). First, the

Table 2 Changes in Density of Various Silica Gels Relative to Different Polyamine
Composites

Pore

Diameter

Composite (nm) [Pore
Entry Silica Gel Polymer Density Silica Volume
Number Material (um) (M) (g/mL) Density (mL/g)]
1 WP-1  Crosfield (100) PEI (1,200) 0.49 029  15.0(1.0)
2 BP-1 Crosfield (100) PVA (5,000) 0.40 0.29 15.0 (1.0)
3 BP-1 Crosfield (100) PVA (23,000) 0.42 0.29 15.0 (1.0)
4 BP-1  Crosfield (100) PVA (40,000)  0.40 029  15.0(1.0)
5 BP-1 Crosfield (100) PAA (15,000) 0.45 0.29 15.0 (1.0)
6 BP-1  Nanjing (215) PAA (15,000)  0.57 0.41 8.0 (0.8)
7 WP-1  Qingdao (110)  PEI (1,200) 0.70 0.46 9.0 (0.8)
8 WP-1  Qingdao (215)  PEI (1,200) 0.72 0.44 9.0 (0.8)
9 WP-1  Qingdao (215) PEI (300) 0.67 0.44 9.0 (0.8)
10 WP-1  Aldrich (250)  PEI (1,200) 0.57 036  14.1(1.1)
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density of the composite is always greater than the starting silica gel. This means that
the polymers are grafted in the silica gel pores and are not tethered to the surface of
the gel. This is not all that surprising since >95% of the silica gel surface is inside
the pores. The percent increase in density is relatively insensitive to the molecular
weight of the polymer over the range of 5,000-40,000 (entries 2—5), but the 1200 MW
branched polymer (entry 1) apparently fills the pores more efficiently. For the silica
gels with larger pore diameters, the percent increase in bulk densities are about the
same (38-55%; entries 2—5) but for those with smaller pore diameters the percent
increase is considerably less for the larger MW polymers (entry 6 versus entries
7-9). As might be expected, the particle size has little influence on the percent
increase in bulk density.

B. Particle Size and Back Pressure

The application of silica-polyamine composites to metal recovery in fixed
beds usually involves a trade-off between good capture kinetics and acceptable back
pressures. Smaller particle sizes can efficiently remove metals from fast-flowing
streams but at the expense of higher back pressures. The relationship between these
two parameters for the silica-polyamine composites is illustrated in Table 3. In all the
table entries, the same polyamine was used and only the silica gel particle size (and
unavoidably the pore size) was varied. It can be seen that an increase in average par-
ticle size of a factor of approximately 10 leads to a decrease in flow capacity of about
a factor of 4.5 (entry 1 versus entry 4). By decreasing the flow rate by a factor of
about 3 the flow capacity increases by about a factor of 2.5, with a corresponding
decrease in pressure drop of about 3.5. The silica gels with average particle sizes
<500 um do not significantly increase in flow capacity on going from 2 to 0.6 col-
umn volumes per minute. This is because these materials (entries 3—5) are close to
their equilibrium capacities, even at these relatively rapid flow rates. It should be
pointed out that polystyrene beads normally sold in the particle size range of 250—
500 um have copper flow capacities of 0.31 mmol/g at flow rates of 2 column volumes

Table 3 Effect of Silica Gel Particle Size on Copper Flow Capacity and Pressure Drop?

_ Copper Flow Capacity? ~_Pressure
Particle Drop (psi)
Entry Material® Density Size 2 cv/m 0.6 cv/m 2 cv/m
Number (PED) (g/mL) (um) mmol/g mmol/g (0.6 cv/m)
1 Tosoh 0.485 500-2000 0.18 0.41 70 (20)
2 Tosoh 0.520 500-1000 0.42 0.62 70 (20)
3 Aldrich 0.539 250-500 0.56 0.65 110 (30)
4 Crossfield 0.486 90-105 0.84 0.90 220 (60)
5 Qingdao 0.597  170-250 0.78 0.84 75 (25)

“ Pressure drop (Ib/in?) across a 25 X 450-mm column; ¢v, column volumes/min.
b Silica gel supplier.
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per minute.'?° The intrinsically hydrophilic nature of the surface of the polyamine
composite is thought to be responsible for their better capture kinetics at higher flow
rates. We have found that for most of the applications tested so far the best compro-
mise between back pressure and metal capturing performance are materials made
with the particle size range 177-250 um (60—80 mesh). This size gives pressure
drops that are comparable to the 250-500 um that is common for currently used
polystyrene resins, yet has much better capture kinetics.

C. Capacity, Longevity, and Polymer Molecular Weight

In the course of our studies, we have synthesized silica-polyamine composites
with polyamines having a wide range of molecular weights (Table 4).'* We observed
that for a given polymer type and silica particle size the copper capacity does not
change. This could be due to the fact that there is a constant number of amine bind-
ing sites (chloropropyl groups) per unit area and that the larger MW polymers bind
to more of these sites and take up more room in the pores. Thus the lower molecular
weight polymers fit more molecules in each pore, which compensates for the smaller
number of amine groups per site. The various polyamine composites were subjected
to 1500 cycles (copper loading, acid stripping, and base regeneration). Although the
silica gel matrix does not shrink or swell during the large pH swings (—1 to 13)
occurring during the cycle test, the polymer will tend to uncoil on protonation and
coil on deprotonation. This could result in considerable shearing stress on the silica
gel matrix. The higher molecular weigh polymers would be expected to be more sub-
ject to this type of behavior, which could manifest itself as particle fragmentation
and loss of capacity. The data in Table 4 clearly illustrate this phenomenon. Thus the
composites prepared from 5,000-40,000 linear PVA show significant losses in bed
volume and associated losses in capacity. The materials prepared from the lower
molecular weight, branched PEI do show capacity losses associated with loss of
polymer in some cases, but none shows the loss in bed volume associated with par-
ticle degradation.

Table 4 The Impact of Molecular Weight on Capacity and Longevity

Flow Average
Polymer Capacity Capacity Capacity Bed
(Silica mmol/g 1500 cycles Loss or Volume
Particle Size) My (SEM) (mmol/g) Gain (%) Loss (%)
PEI (100) 1,200 0.84 (0.01) 0.79 (0.01) —6.0% 0.0%
PVA (100) 5,000 0.89 (0.03) 0.93 (0.04) +4.3% 5.7%
PVA (100) 23,000 0.86 (0.05) 0.70 (0.03) —18.6% 9.8%
PVA (100) 40,000 0.88 (0.06) 0.77 (0.03) —12.5% 16.3%
PEI (250) 1,200  0.51(0.02) 0.38 (0.03) —25.5% 0.0%
PEI (250) 300 0.51 (0.01) 0.42 (0.02) —17.6% 0.0%

PEI (250) 1,200 0.86 (0.04) 0.77 (0.03) —10.5% 0.0%
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III. COMPARISON WITH OTHER
RESIN TECHNOLOGIES

Silica-polyamine composite materials have been available as chromato-
graphic materials and as potential metal-sequestering agents for quite some
time.!>!¥ A variety of synthetic approaches have been taken in an attempt to pro-
duce stable and economically viable materials. These include binding a silane to a
polyamine and then binding the resulting silanized macromolecule to the silica sur-
face,!® physically adsorbing the polyamine to the surface of silica and then
crosslinking the polyamine with a second polymer,' and grafting a linker polymer
to silica by covalent bonding and then attaching the polyamine to the linker. In addi-
tion, there is a considerable literature on using 3-aminopropyl trimethoxy silanes as
platforms for attaching metal-selective ligands to silica gel.!” The problem with all
of these approaches is that little attention has been paid to the most important aspect
of obtaining a high-capacity composite with a long usable life time: obtaining good
coverage of the silica gel surface with the silane anchor. To address this issue, we
pursued an approach used to improve the longevity of high pressure liquid chro-
matography columns.?*2! There are several key steps to this approach First, the sil-
ica gel must be acid washed, dried, and then rehumidified. The rehumidification
ensures lateral polymerization of the silane group, which results in more complete
coverage of the silica gel surface (Fig. 1). Previous work has shown that coverage on
the order of 80% can be obtained.?%2! Second, we found that the use of trichlorosi-
lanes instead of trialkoxy silanes in non-polar solvents helps drive the silanization to
completion by out gassing the hydrochloride formed in the reaction. The impact of
the hydration step on the silane-silica reaction is obvious from the '*C-NMR CP-
MAS spectrum of humidified and unhumidified samples of silanized silica. A sam-
ple that was not rehumidified shows a significant methoxyl peak arising from the
methanolysis of unreacted chlorosilane groups (Fig. 34). Rehumidification results
in a spectrum that has a barely detectable methoxyl peak (Fig. 3B). This indicates
that all of the chlorosilane bonds are reacted and suggests a much better coverage
of the surface.'?

Perhaps the best evidence for the superior quality of the composite comes from
our comparative studies with other polyamine composites and polystyrene resins.
Ramsden et al. synthesized a silica-polyamine composite by reacting 3-chloropropyl
trimethoxy silane with PEI, and then reacting the resulting polyamine silane with sil-
ica gel.!> We reproduced this synthetic approach with the same silica used in our pro-
cedure (Fig. 1). The material produced had a density of 0.31 g/mL versus 0.49 g/mL
for WP-1. A scanning electron micrograph of the two materials revealed a much
smoother surface for WP-1 relative to the material produced by the method of
Ramsden (Fig. 4).

Most significantly, we tested the two materials in exactly the same manner
using a computer-controlled copper sulfate load, water rinse, acid strip, water rinse,
base regenerate, and water rinse cycle. The results of these tests are summarized in
Figure 5. The Ramsden composite column plugged after about 400 cycles, owing to
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Figure 3 '3C-NMR CP-MAS of the aliphatic region of silica gel silanized with
3-chloropropyl silane with hydration, (A) and without hydration, (B) showing the methoxyl
peak intensity.

collapse of the gel as a result of deterioration of silica matrix. To test the impact of
the rehumidification step on the Ramsden method, the silica gel was hydrated accord-
ing to our procedure.'"!? This resulted in a considerably longer lifetime for the gel,
but collapse was still observed after 1000 cycles. This in turn suggests that although
hydration is important in getting better surface coverage, attaching the silane to the
bulky polymer first leads to a poorer coverage of the silica surface.

We also cycle tested a polystyrene chelator resin for material lifetime. Here, the
column held its capacity. However, after about 1200 cycles the particles degraded,
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Figure 4 Scanning electron micrograph at 30,000 magnification of WP-1 (A) and the silica
polyamine composite prepared according to the method of Ramsden (B)'® both prepared
from the same 100-um silica gel.
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Figure 5 Results of cycle testing for WP-1 (PEI), silica-polyamine composites made
according to Ramsden'> and a polystyrene resin IRC 718.

owing to the shrink—swell cycles resulting from the large swings in pH. The process
required back flushing to relieve high back pressures every 250 cycles.

The flow capacities of both the Ramsden materials and the polystyrene chela-
tor resin were less than half that of the WP-1 for the fast flow rates at which these tests
were done (two column volumes per minute). More important, after 3000 cycles there
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was no back pressure buildup in the WP-1 column and no loss in the volume of the
material, while both the polystyrene resin and the other silica-polyamine composites
showed 20-30% losses in bed volume. Perhaps even more significant, the flow capac-
ity of the 250-500 pm WP-1 is 0.56 mmol/g, the 500-1000 pm is 0.42 mmol/g at two
bed volumes per minute, and the polystyrene resin tested with a particle size range of
300-1000 wm showed a flow capacity of 0.31 mmol/g at the same flow rate (Fig. 4,
Table 3). These results clearly illustrate the superior capture kinetics of WP-1 relative
to a polystyrene resin.

IV. STRUCTURAL CONSIDERATIONS

A. The Nature of the Polymer Graft to the Silica Surface

The reaction of the polyamine with the 3-chloropropyl trichlorosilane anchor
undoubtedly leads to multiple point bonding on the silica surface. Indeed, it is this
feature of the composite materials that adds to their durability. What is uncertain is
the structural relationship between the anchor points. In the case of the linear poly-
mers PAA and PVA, the polymer could bind to the silane using adjacent nitrogen
sites, leaving a “dangling end” coming off the surface of the silica gel. Alternatively,
alternating or random nitrogen sites along the entire polymer chain could bind to the
anchor, creating a “looped” structure. We can gain some insight into the general
composition and indirectly into the “gross” structure of the composite by doing an
elemental analysis of the materials at each stage of the synthesis (Fig. 1). Thus, after
reaction of the silica gel with the 3-chloropropyl trichlorosilane chlorine, analysis
gives the total number of available nitrogen-binding sites. After reaction of the
chloropropyl groups with the polymer, residual chorine analysis, in combination
with the nitrogen analysis and the change in the carbon content, reveals the number
of polymer nitrogen atoms that are bound to the anchor, if one assumes none of chlo-
rine atoms is hydrolyzed during the polymer-binding step. Using this approach, 4 of
every 10 nitrogen atoms of the polymer are bound to the silica. Subsequent reaction
of the PAA composite BP-1 with picolyl chloride produces PSI’s patented copper
selective composite, CUWRAM.!>?? The change in carbon and nitrogen analysis
provides the average number of picolyl groups bound to the polymer nitrogen atoms,
which turns out to be 4 out of 10 as well. The overall metal capacity is approximately
half of the precursor, BP-1 (~0.5-0.6 and 1.0-1.1 mmol/g, respectively), but the selec-
tivity for copper over other metals is remarkable (separation factors of 500—1000).20-22
These facts taken together suggest that the amino groups that are bound to the anchor
and the unmodified amino groups are both not accessible to the metal ions. This is
more consistent with a looped structure, in which the polymer is bound to the silica
surface along the entire length of the polymer chain (Fig. 6).

We subjected the branched polyamine composite that was modified with
chloroacetic acid, WP-2, to a similar analytical procedure. Here, we made the assump-
tion that the tertiary amine residues in the polymer do not participate in bonding to the
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Figure 6 The structure of CUWRAM, a copper-selective silica-polyamine composite,
based on elemental composition and adsorption behavior.

silane anchor or the acetic-acid-modifying ligand. It seems unlikely that any signifi-
cant number of tertiary amines would undergo alkylation, because this would create
a positively charged composite that would not be expected to have an affinity for
cations, as observed. Correcting for this assumption we calculate that five of eight
primary and secondary amines are bound to the silica anchor. Given the lower
molecular weight and branched nature of the PEI used to make this composite, it
seems likely that the polymer is bound flat on the silica surface. Reaction of the PEI
composite, WP-1, with chloroacetic acid results in a composite that has different
metal coordinating properties and lower overall metal capacities (vide infra). Therefore,
it is likely that all three of the remaining amino groups have been converted into
amino acetic acid residues and that the amino groups bound to the silica surface have
also been converted, or that their access to the metal ions in solution have been
blocked by the more accessible amino acetic acid groups not bound to the surface.
Based on the observed weight gains and the changes in the elemental composition,
the latter is the more likely possibility.

Thus a working structural model for the ligand-modified composites WP-2
and CutWRAM emerges where the propyl-bound amino groups do not participate in
metal coordination. This accounts for their greater selectivity and lower metal ion
capacities. The unmodified materials WP-1 (PEI) and BP-1 (PAA) probably use
most if not all their amine groups in metal ion coordination. This working model is,
of course, based on indirect evidence and must be verified by direct structural inves-
tigations with solid-state techniques such as NMR, ESR, ENDOR, and low-angle
X-ray techniques.

B. Polymer Structure and Metal Ion Coordination

Although, as stated in the previous section, the basic polyamine composites
WP-1 and BP-1 need to be modified to enhance their selectivity and operational pH
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range, there are significant intrinsic differences in their metal-ion-coordinating prop-
erties (Fig. 7). First, it can be seen that metal capacities fall to zero simultaneously
below a pH of 2 for the linear, higher molecular weight polymer (Fig. 7B), while
there is still significant copper and nickel capacity below pH 2 for the branched
polymer. This is undoubtedly due to the fact that PEI has 1°, 2° and 3° amino groups
that have different basicities and therefore different binding constants for a given
metal. This is also reflected in the divalent metal ion selectivity, which for WP-1 is
Cu>Co>Zn>Ni at pH 3 and for BP-1 is Cu> Ni~Co > Zn. The Irving—Williams
series for the ethylene diamine ligand predicts the order Cu> Ni > Co~Zn.?* That
nickel is unexpectedly lower for the branched polymer may reflect the tendency for
this metal to adopt higher coordination numbers than the other metals, which would
be more difficult for the more rigid, lower molecular weight and more surface-bound
branched polymer.

Although the higher molecular weight linear polymer composites give higher
metal ion batch capacities (66 mg/g for 15K PAA versus 50mg/g for 1200 PEI at
pH 3), they exhibit somewhat poorer capture kinetics under flow conditions, with sil-
ica gels having smaller average pore diameters. We recently investigated a silica gel
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Figure 7 pH profiles for transition metal ion batch capacities for a WP-1 made with
branched polymer PEI, MW = 1200 (A) and BP-1 made with linear polymer PAA,
MW = 15,000 (B). The same silica gel was used for both.
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with average pore diameter of about 8.0 nm with a particle size range of 177-250
pm. We found that the copper breakthrough point for the higher molecular weight
PAA was at about five bed volumes, while the lower molecular weight PEI had a
copper breakthrough point at nine bed volumes (Fig. 8). When a silica gel with
wider average pore diameter is used, this difference disappears. The real problem
occurs when we convert BP-1 to CuWRAM using the 8.0-nm pore resin. The intro-
duction of a bulky hydrophobic modifying ligand (picolyl chloride) apparently
blocks the pores completely, and the resin loses adsorptive capacity under normal
flow conditions. Batch capacities remain almost unchanged relative to the wider
pore silica gels.
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Figure 8 Breakthrough curves for a 50.0 mM solution of CuSO, run through a 5S-mL
column at 0.5 bed volumes per minute for WP-1 made with PEI, MW = 1,200 (A) and BP-1
made with PAA, MW = 15,000 (B). Both composites were prepared from the same silica
gel with 8.0-nm average pore diameter and 177-250 U particle size range.

C. Molecular Modeling Studies

The differences in behavior noted for the different polymers, especially in the
smaller pore silica gels, prompted us to attempt some molecular modeling to understand
the intrinsic conformations of the linear and branched polymers when anchored to a
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fixed surface. We used the molecular mechanics program Sybyl 6.7 and the calcula-
tions were done on an Octane R12000 computer operating in a Silicon Graphics envi-
ronment (Tripos Associates, St. Louis, MO; Silicon Graphics, Inc., Mountain View,
CA).?* The results of these studies included neither solvent interactions nor the com-
plexation of the metal ions. Our primary goal was to view the low-energy conforma-
tions of a 10-unit segment of the picolyl modified polyamine CuWRAM in the
presence and absence of the surface constraints. We started from the schematic rep-
resentations of the composites based on their elemental composition and chemical
behavior (Fig. 6). The silica gel surface was simulated by attaching the silane anchors
to a rigid carbon skeleton. Figure 9C shows one of many minimum energy confor-
mations of the 10 repeat units with unconstrained propyl silanes. In all of the low-
energy conformations, the polymer tends to coil and the aromatic groups tend to
stack. The high-energy conformations are all elongated (Fig. 9D) with the aromatic
and propyl silane groups being far apart. This, of course, makes sense in light of the
expected attractive polarization forces between the hydrocarbon groups. The question
is, would these interactions persist in the presence of water molecules that would be
expected to hydrogen bond with the amino groups? What is more important is that the
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Figure 9 Sybyl generated conformations of 10 repeat units of CuWRAM. A, Side view
minimum energy surface constrained. B, Front view minimum energy surface constrained.
C, Minimum energy unconstrained. D, Maximum energy unconstrained.
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surface-constrained situation (Fig. 94 and B), in which the silane anchors project
away from the rigid surface the polymer, still tends to coil and the aromatic residues
still tend to group. In the confines of the pore this intramolecular association of the
polymer may persist even in the presence of a polar solvent, and this could account
for poor capture kinetics observed with CuWARM and BP-1 when silica gels with
smaller pore diameters are used (see Section III.B). These preliminary studies illus-
trate the value of molecular mechanics calculations in understanding polymer behav-
ior. More recently, we have extended the calculations on the unconstrained polymer
to a constrained 40-repeat-unit polymer, as well as adding metal ions and water mol-
ecules to get a more complete picture of the conformational behavior of these
polyamines in constrained environments.

V. APPLICATIONS

A. Metal Chromatography: Separation and
Concentration of Multicomponent Metal Mixtures
from Acid Mine Drainage

Acid mine drainages from abandoned and operational sulfide ore mines pres-
ent an environmental threat to surface waters and underground aquifers worldwide.
Aquatic life is particularly vulnerable to high levels of transition metals such as cop-
per and zinc.?® The Berkeley Pit in Butte, MT, is one of the largest open-pit mines in
the world. The pit is constantly filling with contaminated acid mine drainage and
will threaten Butte’s water supply by 2030. The pH of the water is 2.5 and contains
an average of 1000 ppm iron, 500 ppm Mg, 150 ppm Cu, 500 ppm Zn, 200 ppm Mn,
250 ppm Al with about a = 20% variation with depth and various other trace ele-
ments. In 1997 we performed a bench scale demonstration project, the results of
which were verified by the EPA. Our approach was to do an iron/aluminum/magne-
sium separation using well-established precipitation techniques and then separate
and recover the commercially viable metals copper, zinc, and manganese. The intent
here was to offset the price of acid mine drainage remediation by recovery of the
more valuable metals.

The economics of iron precipitation as a separate process was addressed in the
work of Hsin-Hsiung et al.!! Consequently, it was desirable to use an oxidizing agent
that is easily handled on a laboratory scale and a base that would dissolve quickly
and completely at the desired concentration. For these reasons, the initial step on the
Berkeley Pit water was to precipitate the iron from the water selectively. This step
removed most of the iron and aluminium, producing a test water that had a pH of 4.1
and contained the elements of interest in the following concentrations: Al =41.1 ppm,
Cu=131.9ppm, Mn = 214.3 ppm, and Zn = 548.6 ppm; the total iron concentration
was reduced to <4 ppm.

Inspection of the WP-1 flowthrough concentrations (Fig. 10) readily shows
that the copper and aluminium are almost totally removed from the treated Berkeley
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Figure 10 Metal ion concentrations in the flowthrough after three cycles of adsorption
followed by stripping of three tandem columns of WP-1 (0 on the horizontal indicates the
composition of the feed).

Pit water after the first cycle, while the manganese and zinc concentrations remain
essentially unchanged. After cycle two, the concentration of zinc is almost reduced
by half, whereas once again the manganese concentration remains unchanged. After
three cycles, the zinc is almost completely removed, whereas the manganese con-
centration remains stable. These data indicate that WP-1 will selectively bind to cop-
per and aluminium before binding with zinc and that there is a strong affinity for
zinc over manganese. A similar test was done with WP-2. Comparison of WP-1
flowthrough concentrations with WP-2 flowthrough concentrations shows that WP-1
and WP-2 complement each other in their selectivity. While 99.0% of the copper was
removed after the first pass through the WP-2 columns, 71% of the aluminium
remains in the flowthrough. This demonstrates good separation of two metal ions
that did not separate using WP-1. Following the concentration of metal ions in the
column strips shows an even clearer picture of the selectivity. The three loaded
columns are removed and individually eluted with acid. The column closest to the
pump is designated column 1 and the column from which the test water exited is des-
ignated column 3. Figure 11 depicts the concentration of metal ions eluted from each
of the three WP-1 columns over the three cycles. Columns 1 and 2 of cycle one show
high concentrations of copper and aluminium in an approximate 4:1 ratio, with the
exclusion of zinc and manganese. In column 3, there is a dramatic rise in the zinc
concentration with a concurrent drop in copper concentration. The graph also shows
an almost singular extraction of zinc until column 3 in cycle three, where an increase
in manganese concentration occurs. The aluminum and copper concentrations in the
flowthrough after cycle one are 1.9 and 0.1 ppm, respectively; coupled with the strip
profile for cycle one this strongly suggests that zinc is not removed to any substan-
tial extent until the copper and aluminum are removed to low levels. Similar con-
clusions can be drawn about the relationship between zinc and manganese by
comparing the flowthrough and strip data of cycle three.



68  Silica Polyamine Composites

c 3000 e I
= 2500 EAl
'E ECu
g _ 2000 - 1M
1 2
§ & 1500 82zn
Cse
§ 1000 _
= .
s 500
= / [
0 T P — [ T —% T
1 2 3 1 2 3 1 2 3

Column

Figure 11 Sulfuric acid strip concentrations on tandem columns 1-3 after each load cycle
with iron-precipitated Berkeley Pit water at pH 4.1.

The strip data can also be used to determine the percentage of each of the four
metals in relation to the total concentration of the critical metals using the formula
[MJ/[Cu (ID] + [Al (ITD)] + [Mn (ID] + [Zn (IT)], where M = Cu, Al, Mn, or Zn, and
the concentrations are in milligrams per liter. These calculations will give an indica-
tion of the relative purity of the strip. This initial test has produced some promising
results. Using WP-1 alone produced copper strips with 75% purity and zinc solutions
with 95% purity. Using WP-2 alone produced copper solutions with 92% purity.

The increase in metal ion concentration in the strip from the treated water is
reported as the concentration factor. The concentration factor is determined from the
following equation: Concentration factor = [M"*] in strip / [M™"] in original solu-
tion. The emphasis of these tests was metal ion separation; therefore, the concentra-
tion factors reported here are far from optimal. The concentration factors for the
WP-1 strip were Cu =20, Al=17, and Zn=5. The concentration factors for the
WP-2 strip were Cu=19, Al =3, and Zn = 3.

B. Selective Recovery of Copper from Solvent Extraction
Circuit Waste Streams of Acid Mine Leaches

Although solvent extraction has proven to be an effective method of recover-
ing copper from oxide ore acid leaches, the solution wastes from this process often
contain significant amounts of copper (up to 1g/L).> The waste streams are most
often recirculated in the extraction circuit, which eventually build up undesirable
metal impurities. The circuit must be periodically bled, thus wasting a large amount
of copper. The silica-polyamine composite CuWRAM (Fig. 12), contains the picolyl
ligand (2-methylaminopyridine) that has a particularly high binding constant for
copper. Previous work has shown that this type of ligand was effective in separating
copper from ferric ions, the major component in solvent extraction raffinates and
acid ore leaches, when bound to a polystyrene resin.”
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Figure 12 Sulfuric acid strips of 5-mL columns of CuWRAM and Dowex 43084 (XFS)
after loading 14-bed volumes of a solution containing 3000 ppm Fe?" and 1000 ppm Cu?* at
pH 1.5.

In this section, we present the results of our studies on the recovery of copper
from an actual solvent extraction raffinate from a copper mine in the United States
and compare its performance to Dowex 43084 on mock ore solutions. Fourteen bed
volumes of a solution containing 3000-ppm ferric ion and 1000-ppm cupric ion at
pH 1.5 were passed through a 5-mL column containing CuWRAM at 2 bed volumes
per minute. The experiment was repeated using the same volume of Dowex 43084
(labeled XFS, its alternative name, in Fig. 12). The contents of the sulfuric acid
strip solutions reveal that the CUWRAM is more selective and has a higher flow
capacity at relatively rapid flow rates. The difference in flow capacity is partially
due to the difference in particle size of the two materials (100 um for CuWRAM
and 250-500 um for XFS). However, we have previously shown that at equal
particle sizes and flow rates the silica-polyamine composites have about 80%
better flow capacities at 2-bed volumes per minute and at equal particle sizes (see
section 1.B).!?¢

The differences in the separation factors are truly remarkable. The separation
factor is equal to g“%/c®" / ¢*/cF® where ¢““ and ¢™ are the amounts of copper and
iron adsorbed onto the extractant, respectively, and ¢ and ¢ are the amounts of
copper and iron in solution, respectively. Under the conditions of this experiment,
the separation factor for CUWRAM is 1047 while for Dowex 43084 is 60, with cop-
per capacities of 23.5 and 11.8 g/kg resin. The batch capacity of Dowex 43084 is
actually considerably higher than CdaWRAM at 30 g/kg resin.

More recently, we improved the loading of the picolyl ligand and obtained
batch capacities even more than those reported for Dowex 43084 (45 g/kg).%*? We
used this improved CuWRAM to repeat our initially reported recovery of copper
from solvent extraction circuit raffinates.'

The results of this test show that for solvent extraction raffinates the effective
removal of copper from ferric ions can be accomplished. Figure 13 shows that for
over 35-bed volumes copper is selectively removed to <10 ppm, while almost all of
the ferric ions are passed. The graph illustrates that initially ferric ions are captured
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Figure 13 Breakthrough curve for a solvent extraction copper raffinate loaded onto an
8.9-mL CuWRAM column at 0.5 bed volumes per minute containing 800 ppm copper and
4300 ppm ferric ions (horizontal lines) at pH 0.9. Vertical line indicates when rinse was
started. Copper loading was 29.9 g/kg.

by the resin, but they are gradually displaced by copper. When the copper concen-
tration in the flowthrough started to rise in the column, it was rinsed with water and
then stripped with concentrated sulfuric acid to yield a strip of 79,000-ppm copper that
contained <5% ferric ion. This resulted in a separation factor of ~500 using the for-
mula given above. This separation factor is even more impressive considering the
low pH (0.9) at which the test was conducted. We previously showed that the Dowex
43084 performed much less adequately at pH values <1.°!3 The reasons for the
much better performance of CuUWRAM relative to its polystyrene counterpart are not
entirely clear at this time. Certainly the hydrophilic nature of the silica composite
surface is a factor, but there are also significant differences in the molecular archi-
tecture between the two materials that must be further elucidated before any firm
conclusions can be drawn.

A separate test was done on an acid ore leach from an Australian copper
mine that uses ferric iron to oxidize copper sulfide ores, and where the reduced
ferrous is reoxidized by air. The resulting leach has a rather low copper content and
contains significant amounts of other transition metals as well as alkaline earth
metals at pH 0.95. This presented a significant challenge to CuWRAM. The same
bench scale configuration was used as in the previous test, and the results are
shown in Figure 14. Here, the ratio of copper to ferric iron in the feed was even
lower than in the previous test (~500:7200). After 300 mL of the feed was passed
through the 8.9-mL column at 0.5 bed volumes per minute, the column was rinsed
and stripped. A separation factor of 127 was achieved and a concentration factor
of 14 was realized for copper. Most significant, CUWRAM passed all the other
metals completely, with exception of nickel and arsenic, where some co-loading of
these metals was observed. The experimental details of these tests have been
reported elsewhere. 32022
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Figure 14 Feed (1; left) and strip (2 right) concentrations of the metals in a ferric acid mine
leach. An 8.9-mL column was loaded with 300 mL of feed, rinsed, and then stripped with
8N sulfuric acid. Analyses were done by ICP-AA.

C. Separation of Cobalt and Copper Using Two Different
Polyamine Composites in Tandem Columns

Section II1.A discussed how WP-1 and WP-2 could be used as metal ion chro-
matographic materials. Given the selectivity of CAWRAM for copper, we thought
that the use of this resin in a tandem column composed of WP-2 could be used to
separate more effectively this metal from other transition metals. To test this hypoth-
esis we obtained a sample of a copper solvent extraction waste stream from a chal-
cocite (Cu,S)/cobaltite (CoAsS) ore leach from a mine in the United States. The iron
in the leach had been removed by precipitation before the copper solvent extraction
and contained significant amounts of copper and cobalt as well as arsenic. The goal
was to separate the cobalt from the copper and to reject the arsenic.

The pH of the solution was 4. Two 5-mL columns of CuWWRAM and WP-2
were loaded with 30 mL of the solution by first passing the solution through the
CuWRAM column and then passing the effluent through the WP-2 column. As can
be seen in Figure 15 the single pass through the CuWRAM column removed all of
the copper. Two passes through the WP-2 column were required to capture all the the
copper. Two passes through the WP-2 column were required to capture all the cobalt.
Significantly, no detectable amounts of arsenic were present in the strip, and a per-
fect separation of copper from cobalt was realized. The arsenic was probably pres-
ent as H,AsO, " at this pH and does not compete with the sulfate that is taken out
with copper in the CUAWRAM step. WP-2 takes out cations by exchanging them
with protons and would not be expected to remove any anion. The concentration
factors achieved were impressive but could be greatly improved by optimizing
strip volumes and by recycling the strip solutions, a technique that we have often
used.?¢



72 Silica Polyamine Composites

A

9

8

7

6 ECo
a5 c
> 4 B Cu

3 OAs

2

1

0 T T T =

Feed CuWRAM WwpP2 WP2
flowthrough flowthrough flowthrough

B

20

15

ECo
d
> 10 H Cu
OAs
5 I
O T T
CuWRAM WP2 strip WP?2 strip
strip

Figure 15 Flowthrough (A) and strip (B) resulting from successive loading of 5-mL
CuWRAM and WP-2 columns with 30 mL of a raffinate form of a copper solvent extraction
circuit after iron precipitation by adjustment to pH 4.

D. Removal of Mercury from Waste Solutions Using
Sulfur-Modified Silica-Polyamine Composites

We previously reported the synthesis of thiol-modified silica-polyamine
composite using ethylene sulfide.'?® Although the reaction of ethylene sulfide with
WP-1 gave a material that had excellent mercury capture characteristics, this lig-
and is toxic and difficult to make and handle. In addition, ethylene sulfide poly-
merizes with itself in the presence of nucleophiles; therefore, we could not tell
if we were dealing with an amino-thiol ligand (Fig. 164) or a polysulfide ligand
(Fig. 16B).”’

We also wanted to evaluate whether an aminothioether or dithiocarbamate lig-
and would work as well as the thiol functional group as the mercury selective agent.
Four sulfur-containing compounds were tried, and their conversions to the correspon-
ding sulfur-containing functional group are shown in Figure 17.

The ethylene-sulfide-modified material gave a sulfur-containing derivative
that had excellent capture kinetics for removing mercury, cadmium, and lead from
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Figure 16 Possible structures for the reaction products of ethylene sulfide with WP-1.
A, An aminothiol. B, A polysulfide appended to the polyamine.

Q’)*NH2 + CICH,SCHy ——> G’)—NHCHZSCH3
Aminomethyl methyl sulfide

@NHZ + CICH,CH,SCH; —» @—NHCHZCHZSCHS

2-Aminoethyl methyl sulfide
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Figure 17 Structures of the modifying sulfur ligands to be used and the proposed functional
groups that should result from their reaction with WP-1 and BP-1.

solutions containing the National Sanitary Foundation’s recommended level of
these ions (6, 30, and 150 ppb, respectively) to below their EPA recommended
release levels of 2, 6 and 15 ppb, respectively.’® The results were encouraging in that
the ethylene-sulfide-modified material removed the toxic metals to safe levels for
>600 gal of solution applied to a ~50 g column at flow rates of 1.5 L/min (Fig. 18).
Furthermore, in the case of mercury, the captured ions proved difficult to remove,
resisting leaching with even 10 M hydrochloric acid. Thus this type of material could
prove useful for immobilizing toxic metals for eventual disposal in a landfill.
However, as stated above, ethylene sulfide is toxic and expensive to produce in large
quantities. In addition, the functional group is unstable toward slow oxidation, which
could lead to a release of mercury.
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Figure 18 Removal of Hg, Cd, and Pb by the ethylene sulfide-modified resin at a flow rate

of 1.5 L/min through 27-cm? column containing 50 g of resin.

We, therefore, set out to find an alternative to this composite material for

remediation and immobilization of toxic metals. Table 5 shows the results of the ele-
mental analyses for the various polymer composites and the materials resulting from
their reaction with the listed sulfur-containing ligands. Several important conclu-
sions can be drawn from these data. First, none of the chloroalkyl sulfide ligands

Table 5 Elemental Analyses and Mercury Capacities of Silica Polyamine Composites

Hg Flow
Capacity

Polymer Ligand C(%) H(®%) N (%) S (%) S:N (mmol/g)

PEI — 10.70 3.15 4.63 0.29¢ — 0.67

PVA — 13.47 2.29 3.47 0.50¢ — 0.94

PAA — 14.21 2.77 3.54 0.45 — 0.67

PEI Chloromethyl 12.56 2.21 4.12 2.02 2:11 0.68
methyl sulfide

PVA Chloromethyl 14.40 2.81 3.39 1.84 1:6 0.68
methyl sulfide

PEI 2-Chloroethyl 14.95 2.82 3.79 2.10 1:5 0.71
ethyl sulfide

PVA 2-Chloroethyl 12.39 291 3.03 2.46 2:7 0.98
ethyl sulfide

PVA Thiophene 18.81 2.59 3.51 4.86 5:9 0.45
2-carboxaldehyde

PEI Carbon 11.89 2.24 4.34 8.38 5:8" 1.50
disulfide

PAA Carbon 14.77 3.28 3.54 6.03 3:4 1.50
disulfide

¢ Sulfur content due to sulfate from acid wash corrected for S:N ratios.
b Ratio obtained for sulfur analysis was divided by 2 (because there are 2 sulfurs in CS,).
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loaded to any appreciable extent based on the calculated S:N ratios. The degree to
which they loaded had no significant impact on the mercury capacity relative to the
starting polyamine composites. Apparently, displacement of the halide by the amine
groups on the polymer is slow relative to the hydrolysis of the halide or the expected
competing elimination in the case of the 2-chloroethyl sulfide. Second, although the
sulfur loading of the thiophene-2-carboxaldehyde was quite good, the mercury cap-
ture was poor even relative to the parent polyamine composites. This clearly shows
that thioether ligands are not good functional groups for the surface capture of mer-
cury ions from solution. It should be pointed out here, as well, that although the par-
ent polyamines show decent flow capacities for mercury, the resins are readily
stripped of mercury with dilute acid, making them useless for immobilization appli-
cations and probably for low level removal as well.

The polyamine composites treated with carbon disulfide show a remarkably
different behavior. Sulfur loading is high, but more important, the flow capacities are
significantly higher than all the other materials we have tested to date. This is not sur-
prising in light of the fact that the dithiocarbamate ligand has a stability constant on
the order 10 for mercury salts.?’ The breakthrough, shown in Figure 19, reveals that
the PAA polyamine composite modified with carbon disulfide (WP-3) has an even
higher capacity for low level mercury removal than the ethylene sulfide-modified
material.'?® Approximately, 350 L of 500 ppb mercury solution was run through a
5-cm® column before mercury above the allowed release level of 2 ppb came through
the column consistently. Flow capacities of 1.5 mmol/g were realized when more con-
centrated solutions of mercury were used.

We attempted to examine an adsorption isotherm on the PAA composite mod-
ified with carbon disulfide (WP-3). The results of these measurements are illustrated
in Figure 20. Batch capacities on the order of 2 mmol/g were realized from these
tests; but the K values (mmol adsorbed/mmol remaining in solution) unexpectedly
leveled off at ~0.4. This indicates that even after the resin is fully loaded adsorption
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Figure 19 Breakthrough curve for the carbon-disulfide-modified PAA composite (labeled
WP-3) treated with 500 ppb mercury chloride solutions at a flow rate of 0.5 column volume
per minute.
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Figure 20 Adsorption isotherm for the PAA composite modified with carbon disulfide,
where K, is the fraction of mercury in mmol removed from the solution.

of mercury continues. Accompanying this phenomenon is a series of color changes
from yellow to dark brown, then back to yellow. Although this is difficult to explain,
one can speculate that there is a surface reaction between composite-bound mercury
and solution mercury once all the adsorption sites are almost saturated.

It is well known that mercury can form polymeric structures with sulfur-
containing ligands where the ratio of the ligand to mercury is less than the 2:1 found
in the isolated complex, Hg(S,CNR,),.3° Finally, it should be pointed out that the
captured mercury on WP-3 resists leaching even with 10 M hydrochloric acid, as
with WP-1, which is modified with ethylene sulfide.

The dithiocarbamate-type ligand produced from the reaction of carbon disul-
fide with silica-polyamine composites represents a viable alternative to the previ-
ously reported ethylene-sulfide-modified composites.'? This material should prove
useful for immobilizing mercury that is contained in aqueous waste streams. The
resin is not going to be useful for applications requiring the regeneration and reuse
of the resin. There are several other polystyrene and silica-based mercury removal
resins available on the market, and it remains to be shown how these resins com-
pare with WP-3.

VI. FUTURE WORK

The work done so far indicates that there are distinct advantages for using sil-
ica polyamine composites over polystyrene-based resins. These advantages arise
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from the more rigid and more porous nature of the silica gel matrix as well the bet-
ter capture kinetics of the surface only bound active sites and their attachment to a
hydrophilic polymer. More work needs to be done on understanding the detailed
relationship between silica pore size and polymer conformation and its impact on the
capture kinetics of a given composite. Structural studies using solid state NMR,
EPR, and ENDOR should be of use in elucidating structural details of the metal
complexes on the composite surface.

The ability to modify the polyamine with metal-selective ligands has been
demonstrated. The ease with which this can be done holds out the possibility for fur-
ther ligand modifications that target lanthanides, actinides, platinum group metals,
and other technologically important metals as well as anions such as arsenates, sele-
nates, and borates. The approach that taken will be to borrow known ligand designs
from solvent extraction lixavents and polystyrene resins and to create synthetic
pathways and structural modifications that are compatible with polyamine compos-
ites. We will also investigate grafting other types of functionalized polymers to wide
pore amorphous silica gel.
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I. INTRODUCTION

The term silsesquioxane refers to all structures with the empirical formulas
RSiO, 5 where R is hydrogen or any alkyl, alkylene, aryl, arylene, or organo-func-
tional derivatives of alkyl, alkylene, aryl, or arylene groups. The silsesquioxanes
include random structures, ladder structures, cage structures, and partial cage struc-
tures, as illustrated in Figure 1.' The first oligomeric organosilsesquioxanes,
(CH3Si0; 5),,, were probably isolated along with other volatile compounds by Scott
in 1946 through thermolysis of the polymeric products obtained from methyl-
trichlorosilane and dimethylchlorosilane co-hydrolysis.> Even though silsequioxane
chemistry spans more than half a century, interest in this area really accelerated in
the past ten years and continues to increase.

In 1995, Baney et al.' reviewed the structures, preparation, properties and
applications of silsesquioxanes, especially the ladderlike polysilsesquioxanes shown in
Figure 1b. These include poly(phenyl silsesquioxane) (PPSQ),>"'? poly(methyl
silsesquioxane) (PMSQ)!*!? and poly(hydridosilsesquioxane) (PHSQ).2**! Recently,
one of us found that single crystals of PPSQ could be formed from its toluene or ben-
zene solutions at 70-80°C.%!? These ladderlike polymers have outstanding thermal sta-
bility, and they exhibit oxidative resistance even at temperatures of >500°C. In addition,
these ladderlike polymers have good insulating properties and gas permeabilities.
Therefore, the ladderlike silsesquioxane polymers have a variety of applications in areas
such as photoresist coatings®>?’ for electronics and optical devices, interlayer
dielectrics and protective coating films**>° for semiconductor devices, liquid crystal
display elements,*®” magnetic recording media,*®> optical fiber coatings,***! gas sep-
aration membranes,*>* binders for ceramics**** and carcinostatic drugs.*® However, in
the past few years, much more attention has been paid to the silsesquioxanes with spe-
cific cage structures (shown in Scheme 1 c—f). These cage polyhedral oligomeric
silsesquioxanes have been designated by the abbreviation POSS.

POSS compounds embody a truly hybrid (inorganic—organic) architecture that
contains an inner inorganic framework made up of silicone and oxygen (SiO; s),,
which is externally covered by organic substituents. These substituents can be totally
hydrocarbon in nature or they can embody a range of polar structures and functional
groups. POSS nanostructured chemicals, with sizes from 1 to 3 nm in diameter, can be
thought of as the smallest possible particles of silica possible. They may be viewed as
molecular silicas. However, unlike silica, silicones, or fillers, each POSS molecule
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Figure 1 Structures of silsesquioxane.

contains organic substituents on its outer surface that make the POSS nanostructure
compatible with polymers, biological systems, or surfaces. Furthermore, these groups
can be specially designed to be either nonreactive or reactive.

A variety of POSS nanostructured chemicals have been prepared that contain
one or more covalently bonded reactive functionalities that are suitable for polymer-
ization, grafting, surface bonding, or other transformations.*”*® Unlike traditional
organic compounds, POSS chemicals release no volatile organic components, so they
are odorless and environmentally friendly. A group at Edwards Air Force Base, CA,
has recently developed a large-scale process for POSS monomer synthesis*”#*-2 and
a number of POSS reagents. As a result of this success, monomers have recently
become commercially available as solids or oils from Hybrid Plastics Company
(www.hybridplastics.com), Fountain Valley, CA and Hattiesburg, MS.



82  POSS Polymers, Copolymers, and Resin Nanocomposites

A selection of POSS chemicals now exist that contain various combinations of
nonreactive substituents and/or reactive functionalities. Thus POSS nanostructured
chemicals may be incorporated into common plastics via the classic synthetic meth-
ods, copolymerization and grafting, or by blending.>® The incorporation of POSS
derivatives into polymeric materials can lead to dramatic improvements in polymer
properties. These include, but are not limited to, increases in use temperature, oxida-
tion resistance, surface hardening, and improved mechanical properties as well as
reductions in flammability, heat evolution, and viscosity during processing. These
enhancements have been shown to apply to a wide range of thermoplastics and a few
thermoset systems.>>>* It is especially convenient that the use of POSS monomers does
not require dramatic changes in processing. Monomers are simply mixed and copoly-
merized. As long as the POSS monomer is soluble in the monomer mixture and no pre-
cipitation occurs during polymerization, POSS is incorporated in a true molecular
dispersion into the copolymer. No phase separation will occur unless POSS moieties
bound to polymer chains aggregate in small POSS-rich domains. This is a significant
advantage over current filler technologies. POSS nanostructures have also shown sig-
nificant promise for use in catalyst supports and biomedical applications as scaffolds
for drug delivery, imaging reagents, and combinatorial drug development.

II. SYNTHESIS OF POLYHEDRAL OLIGOMERIC
SILSESQUIOXANES

A 1982 review by Voronkov and Lavrent’yev>* covered the methods of syn-
thesizing POSS compounds. Feher and co-workers® reviewed the more recent
progress on POSS synthesis in 2000. There are a great number of reactions leading
to the formation of POSS and its derivatives.?’*% These reactions may be divided
into two major groups, depending on the nature of the starting materials employed.
The first group includes the reactions giving rise to new Si—~O—Si bonds with subse-
quent formation of the polyhedral cage framework. These reactions are complex,
multistep processes leading to polymers and oligomers that include oligosilsesquiox-
anes and their derivatives. This class of reactions assembles polyhedral silsesquiox-
anes from monomers of the XSiY; type, where X is a chemically stable substituent
(such as CHj3, phenyl, vinyl), and Y is a highly reactive substituent (such as Cl, OH
or OR) (Eq. 1). Alternatively, POSS can form from linear, cyclic, or polycyclic silox-
anes that are derived from the XSiY;-type monomers.

nXSiY; +1.57H,0 — (XSiO, 5)n +3nHY (1)

The second major class of reactions involves the manipulation of the substituents
at the silicon atom without affecting the silicon—oxygen skeleton of the molecule. As the
interest in POSS derivatives has increased, efforts to synthesize POSS with a variety of
both reactive and inert substituents have increased. A large number of substituents have
been appended to the silicon oxygen cages [R(SiO; 5)], (n =8, 10, 12 and larger) by
Hybrid Plastics Co. (Hattiesburg, MS). Such substituents include alcohols and phe-
nols, alkoxysilanes, chlorosilanes, epoxides, esters, fluoroalkyls, halides, isocyanates,
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methacrylates and acrylates, alkyl and cycloalkyl groups, nitriles, norbornenyls, olefins,
phosphines, silanes, silanols, and styrenes. Many of the reactive functionalities are suit-
able for polymerization or copolymerization of the specific POSS derivative with other
monomers. In addition to substituents with reactive functional groups, nonreactive
organic functionalities have been varied to influence the solubility and compatibiliza-
tion of POSS nanostructured cages with polymers, biological systems, or surfaces.*!
The synthesis of both monofunctional and multifunctional POSS chemicals and exam-
ples of such derivatives are described briefly below.

A. Monofunctional POSS Synthesis

Silsesquioxanes are synthesized by the controlled hydrolysis and condensation of
organotrichlorosilanes which are commercially available.® The predominant reaction
products are heptameric siloxanes with partially formed cages containing two or three
residual silicon hydroxyl functional groups. The controlled hydrolysis/condensation of
cyclohexyltrichlorosilane is shown as an example in Figure 2. The crude products vary
with reaction conditions and time. In one published example,>® 45% of the heptameric
siloxane, containing three SiOH functions, was formed along with 40% of a hexamer
and 15% of an octameric closed-cube silsesquioxane. Due to the difference in their sol-
ubilities, the incompletely closed heptameric siloxane was easily separated from the
other two compounds. The three remaining hydroxyl groups of the heptamer are then
used to attach reactive organosilicone monomers, such as triethoxysilanes (R-Si(OEt)5),
to the POSS molecule. This condensation produces the closed POSS cage, which is now
substituted with a single specific reactive function and seven cyclohexyl substituents.

Cy OH ¢
OE/Si/ o C;ESi/O\s-/cy y\Si o ¢
. ¢ P H i cy 0> y
y\/si//O\s\l\Cy cy\Si//'/O\Si—d\ \/of \s/
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Figure 2 Synthesis of structures of monofunctional POSS macromonomers.
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Virtually any reactive type of functionality (or protected function) available as R-
Si(OEt); or a related trialkoxysilane can be used to close the cage using this synthetic
approach. Examples of specific reactive corner groups attached in this way include
hydride, chloride, hydroxide, nitriles, amines, isocyanates, styryls, olefins, acrylics,
epoxides, norbornyls, bisphenols, acid chlorides, alcohols, and acids (Fig. 2).#-60-65
These monofunctional POSS molecules are then used for subsequent synthesis of
grafted or copolymerized nanostructured polymers and composites.

B. Multifunctional POSS Synthesis

POSS (RSiOy 5),, where R = H and n = 8, 10, 12, 14 or 16, are unique structures
generally formed by hydrolysis and condensation of trialkoxysilanes (HSi(OR);) or
trichlorosilanes (HSiCls).>* For example, (HSiO; 5),, where n =8, 10, 12, 14 or 16, is
prepared by hydrolysis of HSiCl; involving the addition of a benzene solution of
HSiCl; to a mixture of benzene and SOs-enriched sulfuric acid.?’ The hydrolysis of
trimethoxysilane is carried out in cyclohexane-acetic acid in the presence of concen-
trated hydrochloric acid and leads to the octamer in low yield (13%).2° The hydrolytic
polycondensation of trifunctional monomers of the type XSiY; leads to crosslinked
three-dimensional networks and cis-syndiotactic (ladderlike) polymers, (XSiO; s),.
With increasing amounts of solvent, however, the corresponding condensed polycy-
closiloxanes, POSS, and their derivatives may be formed.* A few representative exam-
ples of polycondensations that lead to form POSS derivatives are summarized in Table 1.

Table 1 Representative Syntheses of POSS, (XSiO; 5),, by Condensations of XSiY3 Precursors

Yield
X n Y Solvent Catalyst (%)  References
H 8 OCH;  Cyclohexane  HCl+ CH;COOH 13 20,66
H 10,12, ClI Benzene H,SO, + SO4 15-35 20
14,16

CH; 6 OC,Hs Benzene HCI — 56
CH; 8 Cl Methanol HCI 37 56

6769
CH; 10,12 OC,Hs Benzene KOH — 67,69
C,H; 6 OC,Hs Benzene HCI — 57
C,H; 8 Cl Methanol HCl 37 57,67
C,H;s 10 Cl Butanol HCI 16 70
CeHi; 6 Cl Acetone HCI 7 71
CeHyy 8 OCH;  Nitro-benzene OH — 67,71
CH=CH, 38 OCH;  Methanol HCI 20 72
CH=CH, 10 OCH;  Butanol HCI — 72
C6H5 8 OCH3 Benzene PhCHz(CH3)3N+ 88 58

“OH 73,74
C()HS 10 OC2H5 Tetra- MC4NOH — 74
hydrofuran

CeHs 12,22, OC,Hs Tetra- Me,NOH — 58,74,11

24 hydrofuran
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The reaction rate, the degree of oligomerization, and the yield of the polyhedral
compounds formed under these conditions strongly depend on the several factors.
First, the concentration of the initial monomer in the solution is an important variable.
Other important variables include the nature of the solvent, the identity of the
substituent X in the initial monomer, the nature of the functional groups Y in the
monomer, the type of catalyst, the reaction temperature, the rate of water addition, and
the solubility of the polyhedral oligomers that are formed.>* For example, POSS cages
where n =4 and 6 could be obtained only in nonpolar or weakly polar solvents at 0°C
or 20°C but not in alcohols. However, octa(phenylsilsesquioxane), Phg(SiO 5)g, is
more readily formed in benzene, nitrobenzene, benzyl alcohol, pyridine, or ethylene
glycol dimethyl ether at high temperature (e.g. 100°C). A more detailed discussion of
the effects of all these factors on POSS syntheses has been reviewed.>*

Multifunctional POSS derivatives can be made by the condensation of
R’Si(OEt);, as described above, where R’ is a reactive group. This reaction produces
an octa-functional POSS, R'g(SiO; 5)g. Another approach involves functionalizing
POSS cages that have already been formed. For example, this may be accomplished
via Pt-catalyzed hydrosilylation of alkenes or alkynes with (HSiO;s)gz and
(HMe,SiOSi0, 5)s cages’>7” (Figs. 3-5). In this case, (HMe,SiOSiO; 5)g was syn-
thesized following modified literature procedures.”®”

Another example of the synthesis of multifunctional POSS derivatives is the
simple hydrolytic condensation of modified aminosilanes reported by Fasce et al.®
N-(B-Aminoethyl)-y-aminopropyltrimethoxysilane, a trifunctional aminosilane, was
reacted with a stoichiometric amount of phenylglycidyl ether in sealed ampules at
50°C for 24h. The reaction leads to the trisubstituted product plus a series of
oligomers arising from the intermolecular reaction between methoxysilane groups
and the secondary hydroxyls that are generated by the epoxy—amine reaction. When
this product was subjected to hydrolytic condensation using a variety of catalysts
(HCI, NaOH, HCOOH) and a heating cycle attaining 150°C, POSS derivatives, where
n =8 and 10, were obtained® (Eq. 2).

OPh

OPh
OH OH - om 2
Pho\)\/ N HCI
NN Si(0CH); ——» | PO N
(OCH3)3 Thon V\N/\/\SiOL5
OH 150°C OH 8or 10
POSS
OPh CAGES OPh

A key area of synthetic activity has been the effort to lower the cost of gener-
ating a variety of POSS structures. Thus faster rates of cage formation were needed
at higher product selectivity. In recent years the prices of several POSS systems have
decreased about 1000-fold. More progress is needed to allow this field to reach its
commercial potential. The best synthetic conditions to make many POSS cages and
to achieve various substitution patterns are proprietary at this time.
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III. POSS POLYMERS AND COPOLYMERS
(THERMOPLASTICS)

POSS feedstocks, which have been functionalized with various reactive organic
groups, can be incorporated into virtually any existing polymer system through either
grafting or copolymerization. POSS homopolymers can also be synthesized. The incor-
poration of the POSS nanocluster cages into polymeric materials by copolymerization
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or blending can result in dramatic improvements in polymer properties, including tem-
perature and oxidation resistance, surface hardening and reductions in flammability.
Therefore, research has accelerated on POSS polymers, copolymers and nanocompos-
ites recently. Some representative systems are now discussed.

A. Styryl-POSS Polymers, Copolymers,
and Nanocomposites

Haddad and Lichtenhan®'?® synthesized the styryl-substituted POSS,

R;(SigO¢,)(CH,CH,C(H4,CH= CH,), where R =either cyclohexyl, 2a, or
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cyclopentyl, 2b, from incompletely condensed heptameric silsesquioxanes 1a or 1b
by the route shown in Figure 6. The homopolymers 3a and 3b and their copolymers
with 4-methylstyrene (4a—8a or 4b—8b) were prepared by carrying out AIBN-
initiated free-radical polymerization (Fig. 6).81% The cyclohexyl and cyclopentyl cor-
ner substituents have a great influence on the solubility and thermal properties of the
corresponding styryl-POSS homopolymers. The styryl-POSS homopolymer 3a,
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Figure 6 Styryl-POSS macromonomer synthesis and its polymerization and copolymerization.

where R = cyclohexyl, dissolved in tetrahydrofuran (THF). In contrast to 3a, the
homopolymer 3b, where R = cyclopentyl, was insoluble in THF. The glass-transition
temperature, 7, (396°C), and the decomposition temperature, 7, (445°C), of the
cyclohexyl-substituted styryl-POSS homopolymer 3a are higher than those of the
cyclopentyl-substituted styryl-POSS homopolymer 3b (7, = 343°C; T, = 423°C).
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Poly(4-methylstyrene) has substantially lower values of 7, (116°C) and T, (388°C)
than either of the styryl-POSS homopolymers, 3a and 3b. The 4-methylstyrene
copolymers 8a and 8b of the styryl-POSS monomers 2a and 2b, which contain only
1 mol % of the POSS monomer, exhibited lower values of 7, o and 7, (8a, T, ¢ = 112°C
and 7;=378°C; 8b, 7,=113°C and T,=383°C) than those of poly(4-methyl
styrene). However, as the mole percent of POSS increased to 9, the copolymers 7a
and 7b exhibited higher values of T, and 7} (7a, T, = 132°C and 7, = 402°C; 7b,
T,=127°C and T;=399°C), which are higher than those of pure poly(4-methyl-
styrene). The 7, and T values increase with an increase in the mole percent of
POSS.8la

Rheological differences occurred as the mole fraction of the styryl-POSS
monomer was increased in styryl-POSS/4-methyl styrene copolymers. The copoly-
mers with low POSS mole fractions (=4 mol %, or =28 wt % of 2a or =27 wt % of
2b) retained melt- and solid-phase features similar to those of poly(4-methyl
styrene)®!®. Modification of the copolymers’ viscoelastic behavior occurs as the
POSS mole fraction increases (=8 mol %, or =45w % of 2a or =42 wt % of 2b).
This leads to a rubberlike behavior at high temperatures.®'® For example, the shear
storage modulus, G’ of polymethylstyrene is 14.45 Pa at a frequency of 0.1rad/s at a
temperature of 180°C, whereas the corresponding G” of its copolymer containing
8 mol % POSS 2a is 1000 Pa. These results suggest that the incorporation of POSS
into polymers greatly retards polymer chain motion.

An explanation of this retardation in chain motion by POSS moieties has been
suggested.®!® Interchain interactions between the massive POSS inorganic groups
retards segmental motions. Furthermore, the large mass and steric bulk of the POSS
units prevent rapid shifts in the physical location of these POSS units, thereby
retarding segmental motion. This is akin to attaching an anchor to a jumprope and
then trying to use the jumprope. Therefore, polymer chain sereptation (snakelike
reptation that must occur for entangled polymer chains to undergo chain relocation)
is more difficult. Higher temperatures are required to provide the requisite thermal
energy for this process to occur and to achieve viscous flow. This mechanism is sim-
ilar to the “sticky reptation” model conceived for hydrogen-bonded elastomers.®'® As
the fraction of chain segments (existing in amorphous regions) that are substituted
with POSS substituents goes up, the 7, can broaden or go up. However, the 7, value
may also remain almost unchanged or even drop at lower POSS mole fractions,
while the heat distortion temperature, the melt viscosity, and the shear storage mod-
ulus can all increase. In summary, incorporation of the styryl-POSS comonomer
can improve the thermal properties of poly(4-methyl styrene) and modify its rheo-
logical properties.

The other copolymers of styryl-POSS and its blend with PS (nanocomposites)
have been reported.®? Haddad et al.%?® described the preparation of three styrene
copolymers with cyclohexyl-, cyclopentyl-, and isobutyl-substituted monofunctional
styryl-POSS monomers (at 30 wt % or approximately 4 mol % loadings) using free-
radical bulk polymerization. The storage moduli, E’, of these three POSS copoly-
mers and polystyrene (PS) at room temperature are similar and typical for glassy
polymers. However, at 30°C above the glass-transition temperature, the moduli of
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the cyclopentyl and cyclohexyl POSS copolymers are still >10°Pa. These moduli
are significantly higher than that of either polystyrene or the isobutyl POSS copoly-
mer. This illustrates how POSS units can markedly effect polymer properties at tem-
peratures above T, (in the rubbery region). The glass-transition temperatures of the
three POSS copolymers and PS (obtained from the tand peak) are 120°C for isobutyl
POSS copolymer, 131°C for the cyclopentyl POSS copolymer, 138°C for the cyclo-
hexyl POSS copolymer, and 129°C for PS. The isobutyl styryl-POSS copolymer
exhibited a lower 7, than that of PS. In contrast, the other two styryl-POSS copoly-
mers, containing cyclopentyl or cyclohexyl groups, exhibited higher 7, values and
much higher E’ values in the rubbery region than those of PS. Clearly, the alkyl
groups substituted to POSS can exert a strong effect on the bulk properties of the
POSS copolymers.?

The organic groups in the outer shell of POSS monomers make up the portion
that interacts with the surrounding polymer structure. As substituent groups move out
from the (SiO 5)g or 10 or 12 COTE, the tetrahedral geometry at silicon orients these func-
tions in a specific direction. Rigid phenyl groups point directly away from the center
of the cage. Groups with greater flexibility, while having more conformational free-
dom, are still oriented away from the cage center. Therefore, the seven R groups will
interact with the surrounding polymer segments differently (on average) from the way
they would, if these same functions were substituted on randomly coiling chains.
Therefore, POSS units may actually act to increase the free volume in some polymers
and decrease free volume in others. In many cases, POSS substituted on a polymer
chain may prefer to associate with other POSS moieties, leading to aggregation of
POSS units within the bulk polymer. POSS-rich domains may form. This may effect
both morphology and polymer properties. Thus when the physical and engineering
properties of a POSS-containing thermoplastic is examined, one must be cognizant of
the fact that property changes may be due to POSS aggregation as well as the indi-
vidual effects of POSS units on chain segmental motion and sereptation.

Copolymers of syndiotactic polystyrene and cyclopentyl styryl-POSS (POSS
loadings up to 24 wt % and 3.2 mol %) have been synthesized.?® The glass-transition
temperatures of the copolymers underwent only a minor increase from 98°C to
102°C over a range of 0-3.2 mol % POSS. The melting temperatures of the copoly-
mers decreased with an increase of POSS loading, and the heat of fusion (AH) data
revealed that the degree of crystallinity also decreased with increasing POSS con-
tent. Thermogravimetric analysis of these copolymers under both nitrogen and air
showed that introducing POSS moieties improved thermal stability. Higher degrada-
tion temperatures and higher char yields were achieved, demonstrating that the inclu-
sion of the inorganic POSS nanoparticles makes the organic polymer matrix more
thermally robust. When compared at the same POSS content, syndiotactic P(S-co-
styryl-POSS) copolymers exhibited higher degradation temperatures than those of
the atactic poly(methyl styrene-co-styryl-POSS) copolymer.$°

Two copolymers of poly(p-acetoxystyrene-co-isobutylstyryl-POSS) (P(AS-
c0-POSS)) and poly(vinylpyrrolidone-co-isobutylstyryl-POSS) (P(VP-co-POSS))
were synthesized (Fig. 7).%%° The P(AS-co-POSS) copolymers, with 0.98—4.03 mol %
POSS, exhibited lower 7, values than that of pure PAS. However, the 7, value
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(107.8°C) of the copolymer with 4.03mol % POSS is slightly higher than that
(103.2°C) of the copolymer with 3.23 mol % POSS. At low POSS contents (=3.23%),
the 7, values of these P(AS-co-POSS) copolymers decreased as POSS content went
up. However, in the P(VP-co-POSS) copolymers, only the copolymer with 1.5 mol
% POSS exhibited a lower 7, value (138.9°C) than that of pure PVP (149.5°C). At
POSS contents =2.25mol %, the 7, values are higher than that of pure PVP, and
they increased with an increase of POSS content.

IR spectroscopy was applied to study interaction among these copolymers.®>
The T, values of these copolymers were found to depend on three factors: (1) the
inert role of POSS as a diluent that reduces the self-association dipole—dipole
interactions of the parent polymer molecules (a negative contribution), (2) the
dipole—dipole interactions between the POSS’s siloxane cage and the polar carbonyl
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groups within organic polymer species, and (3) the POSS—POSS intermolecular
and/or intramolecular interactions. At a relatively low POSS content, the dilution
effect plays the main role and results in a 7, decrease. At a relatively high POSS
content, the POSS—PAS or POSS-PAP and POSS-POSS interactions play
a dominant role and 7, increases.®?® Furthermore, Xu et al.®?¢¢ prepared the ter-
polymers poly(acetoxystyrene-co-vinylpyrrolidone-co-isobutylstyryl-POSS)
(PAS-PVP-POSS) and poly(hydroxystyrene-co-vinylpyrrolidone-co-isobutyl-
styryl-POSS) (PHS-PVP-POSS). The later was formed by selective removal of the
acetyl protective group from the former. The PAS-PVP-POSS terpolymers with
0.8 and 2.2mol % POSS had T, values of 84.4°C and 98.5°C, respectively. These
values are lower than those of both PAS (122.3°C) and PVP (148.4°C). These val-
ues are also lower than that of PAS-PVP (122.5°C). Only when the POSS content
reached 3.2 mol %, was a slightly higher T, value (123.9°C) observed versus the
T, of PAS-PVP. At low POSS contents, POSS acts as an inert diluent, reducing
self-associations existing in the homopolymer molecules and lowering 7, values.
However, at a higher POSS content, the terpolymer 7, values increase due to the
rigid nature of the POSS.

The PHS-PVP-POSS terpolymers, unlike the PAS-PVP-POSS terpolymers,
exhibited an increase in 7y, at all levels of POSS incorporation. Overall, their 7,
values are much higher than those of PAS (122.3°C) and PVP (148.4°C) and
higher than PAS-PVP copolymers (194.9°C) and PAS-PVP-POSS terpolymers.
PHS-PVP-POSS terpolymers with 0.8, 2.2 and 3.2 mol % POSS had 7, values of
205.8°C, 235.8°C, and 245.3°C, respectively. Clearly, the 7, values went up with
any increase of the styryl POSS content. The formation of hydrogen bonds
between the POSS cage’s oxygens and the PHS para-hydroxyl groups in PVP-
PHS-POSS forms a hydrogen bond network. This effectively restricts the polymer
chain motion and causes a significant increase in 7, with even small amount of
POSS. 82

POSS and polystyrene blends have been prepared,®? leading to an increase in
surface hardness for the blend sample.

B. Methacrylate-POSS Polymers, Copolymers,
and Nanocomposites

Methacrylate-substituted POSS macromers have been made that contain one
polymerizable functional group. These macromers have been both homopolymerized
and copolymerized (Fig. 8a).5* Propyl methacrylate-substituted POSS monomers 9
and 10, containing seven nonreactive cyclohexyl and cyclopentyl groups, respec-
tively, are examples. Solubility differences between the MA-POSS monomers 9 and
10 were observed in THE, toluene, and benzene. The cyclohexyl-substituted MA-
POSS 9 has approximately twice the solubility of the cyclopentyl-substituted MA-
POSS 10.%%* Furthermore, monomer 9 displayed a broad two-step thermal transition
beginning at 187°C, which involves melting, thermal polymerization and decompo-
sition, whereas 10 gave a similar thermal transition beginning at 192°C.%% X-ray
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powder diffraction data indicated that both macromonomers 9 and 10 were crys-
talline. The homopolymers of 9 and 10 and 9/10 copolymers were synthesized by
free-radical polymerization using AIBN as the initiator (Fig. 8).6>* The homopolymer
11 and the 50/50 copolymer of 13 are soluble in common solvents. In contrast, the
homopolymer 12 is insoluble in all common hydrocarbon and halogenated hydro-

carbon solvents.%%
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Figure 8 Synthesis of (a) MA-POSS homopolymers and copolymers and (b) P(MA-POSS)-
b-BA-b-(MA-POSS) triblock and P(MA-b-(MA-POSS)) star-block copolymers.
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POSS-methacrylate homopolymers 11 and 12 and the 50/50 copolymer 13,
were amorphous according to X-ray diffraction measurements. These materials
appear to be transparent brittle plastics. Neither the glass nor the melting transitions
of either homopolymer or copolymer was observed by DSC or DTMA from 0°C to
400°C. Apparently, incorporation of the POSS group into these linear polymers
greatly reduces their segmental mobility. The absence of a noticeable glass transition
in the methacrylate-POSS homopolymers 11 and 12 most likely reflects an overall
rigid nature of the methacrylate polymer backbone resulting from the dominant Tg-
POSS pendant groups. The thermal stability of MA-POSS homopolymers 11 and 12
and the 50/50 copolymer 13 is high. Homopolymer 11 decomposes at 388°C, while
homopolymer 12 decomposes at 389°C without melting. In contrast, PMMA begins
to decompose at above 200°C. Thus POSS incorporation raises 7, by 188—189°C.

The incorporation of methacrylate-POSS monomer units into methacrylate
polymers causes dramatic changes in the copolymers’ properties. For example,
dynamic thermal mechanical analysis (DTMA) of a cyclopentyl-substituted POSS-
methacrylate/butyl methacrylate copolymer, which contains only 10mol % POSS-
methacrylate 10, has a 7, of 150°C.%%° This is almost 130°C higher than the T, 2 (20°C)
of atactic poly(butyl methacrylate). Moreover, the 50/50 (mol %) copolymer of
cyclopentyl-substituted POSS-MA 10 with butyl methacrylate has a 7, above
220°C.%%" This copolymer nanocomposite exhibits an increased decomposition point,
increased resistance to oxidation, increased oxygen permeability, reduced flamma-
bility, reduced heat evolution, increased char yields, and enhanced miscibility. In
addition, the copolymer of MMA and heptaphenyl MA-POSS copolymers has been
synthesized.® Thermal property measurements indicated the incorporation of
POSS into PMMA increased the glass-transition temperature and thermal decompo-
sition temperature dramatically. These thermal property enhancements were attrib-
uted to the rigid phenyl groups of POSS and its inorganic core.®*

Besides the enhancement of thermal stability and heat deflection temperature,
the gas permeability is also affected. Oxygen permeability of cyclopentyl-substituted
MA-POSS homopolymer 12/PMMA blends increased with POSS content. For exam-
ple, the O, permeability of the 10/90 weight ratio blend of MA-POSS homopolymer
12 with PMMA is about 9 times greater than that of PMMA.

Pyun and Matyjaszewski®** synthesized homopolymer 12 (Figure 8) from
cyclopentyl-substituted MA-POSS monomer 10 using atom-transfer radical poly-
merization (ATRP). ATRP was also used to make the block copolymer of MA-POSS
10 with n-butyl acrylate.®*? In this reaction, p-tolyl bromoisobutyrate was used as the
initiator, along with a copper(I) chloride/N,N,N’,N”,N"-pentamethyldiethylenetri-
amine (PMDETA) catalyst system. A 72% conversion of monomer 10 was reached
at 60°C in an appropriate time using a monomer to initiator ratio of 100:1.24 by
weight. The resulting homopolymer 12 exhibited a DP, = 14 and a low polydisper-
sity (M,,/M,, = 1.14).

Triblock copolymers of poly(heptacyclopentyl propyl methacrylate-POSS-b-
n-butylmethacrylate-b-heptacyclopentyl propyl methacrylate-POSS), [P((MA-
POSS10)-b-BA-b-(MA-POSS10))], were prepared from both ends of a difunctional
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bromine-terminated poly(n-butylacrylate) macroinitiator (M,,xyr = 7780) and MA-
POSS 10 (Fig. 8b). In the triblock copolymer synthesis, this macroinitiator was pre-
pared by the ATRP of n-BA using dimethyl 2,6-dibromheptanedioate as the
difunctional initiator. Chain extension of the difunctional bromine-terminated
n-butylacrylate macroinitiator using MA-POSS monomer 10 proceeded to higher
monomer conversion (p>>0.95). The mole percent of each component and the
molecular weight in 14 were calculated from NMR analyses. The mole percent of the
poly(n-butyl methacrylate) was 85% versus 15% of P(MA-POSS) and M, = 36070
vs. M, (theoretical) =41510. This block copolymer had a low polydispersity
(M,,/M,, = 1.19). A star-block copolymer, 15, of methyl methacrylate and MA-POSS
10 was prepared by the ATRP of methyl methacrylate using a trifunctional initiator
1,1,1-tris(4-(2-bromoisobutyryloxy)phenyl)ethane (Fig. 8b). The mole percentages
of each component in copolymer 15, calculated from NMR analyses, were 25%
P(MA-POSS) and 75% poly(methyl methacrylate). Its molecular weight was
M, =30270 vs. M,(theoretical) =34730. The polydispersity of this star-block
copolymer was found to be M, /M, =1.30 by steric exclusion chromatography. No
properties of these block copolymers have been reported.

The organic—inorganic hybrid copolymers of monofunctionalized cyclopentyl
MA-POSS with liquid crystalline (LC) mononer, 6-[4'-(4'-cyanophenyl)phenoxyl]
hexyl methacrylate at mole ratios of 0/100, 10/90, 30/70, 50/50, 70/30 and 100/0,
have been synthesized by radical addition polymerization (Fig. 9).%3® These copoly-
mers were soluble in common solvents, such as tetrahydrofuran, toluene, and chlo-
roform. The decomposition temperature values, defined at 10% weight loss, of the
copolymers with 0, 10, 30, 50, 70, and 100mol % of POSS are 316°C, 343°C,
350°C, 364°C, 375°C, and 385°C, respectively. Thus their thermal stability was
increased with an increasing ratio of POSS moieties. However, only the 10 mol %
POSS copolymer showed liquid crystalline behavior and a higher glass-transition
temperature (48°C, which is 5°C higher than that of LC homopolymer). This can be
attributed to the reduction of segment mobility in the hybrid copolymer, which was
caused by incorporation of hard, compact POSS moieties. The LC homopolymer
showed enantiotropic behavior in which the LC phase appeared from 101°C to
106°C during the heating cycle and from 102°C to 97°C during cooling. In contrast,
the 10% POSS copolymer only showed the LC transition from 82°C to 97°C during
the heating cycle, indicating monotropic LC behavior.

The apparent absence of LC transition temperatures and glass-transition tem-
peratures in the hybrid copolymers with >10mol % POSS indicated that the pres-
ence of POSS moieties in the hybrid copolymers made it more difficult to orient or
order LC mesogens as the amount of the POSS component increased. Orientation
became more difficult because the rigidity and bulkiness of POSS lowered the
mobility and flexibility of the hybrid copolymer. Differential scanning calorimetry
(DSC) and optical polarizing microscopy showed the 10% POSS copolymer had a
smectic mesophase-like fine-grained texture. Moreover, the 10% POSS LC copoly-
mer had better thermal stability than that of the corresponding LC homopolymer.

Recently, many applications of MA-POSS copolymers have been developed.®*
Random MMA/POSS copolymers were applied as compatibilizers for blending
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Figure 9 Synthesis of 6-[4-(4’-cyanophenyl)phenoxy]hexyl methacrylate/MA-POSS
copolymers.

immiscible PS and PMMA homopolymers.®*® These copolymers were efficient at
compatibilizing these immiscible polymer blends. Compatibilization occurred when
the POSS was grafted onto the MMA backbone and a favorable interaction existed
between the POSS functional groups and the PS homopolymers. The consequences of
this compatibilization included reduced domain size, increased interfacial width, and
greatly improved fracture toughness.®* MA-POSS copolymers and nanocomposites
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were applied as dental materials.®3¢° The incorporation of MA-POSS into dental mate-
rials was aimed at reducing the magnitude of volume shrinkage that occurred in the
neat resins (without POSS). The miscibility between the POSS component and the
matrix played an important role in the improvement of the properties of the formulated
thermosets.®*

The incorporation of MA—POSS into MA polymers enhances their reactive ion
etching (RIE) resistance.®*' While copolymers with low POSS concentrations showed
little RIE resistance improvement, incorporation of 20.5 wt % of the POSS monomer
into MA-based chemically amplified resists significantly improved their RIE resist-
ances in O, plasmas. High-resolution transmission electron microscopy revealed the
RIE resistance improved because rectangular crystallites formed. These crystallites
were composed of silica cages, uniformly distributed as networks within the polymer
matrix.33" Novel X-ray nanolithographic resists, based on terpolymer of methyl
methacrylate (MMA)/t-Bu acrylate/MA-POSS, were synthesized®3¢ by solution poly-
merization. They were optimized specifically for contrast enhancement.
A MMA to POSS mass ratio of 85.7/14.3 led to maximum contrast (23.5) without
sacrificing the sensitivity (1350 mL/cm?). This sensitivity was comparable to that of
standard PMMA. This major contrast enhancement shows that organic—inorganic
nanocomposites are promising candidates for sub-100-nm lithography.

C. Norbornenyl-POSS Copolymers and Nanocomposites

Random norbornene copolymers 17a and 17b of heptacyclohexyl or heptacy-
clopentyl monofunctional norbornyl POSS monomers (16a or 16b) were synthe-
sized by Mather and coworkers under nitrogen via ring-opening metathesis
polymerization (ROMP). Mo(C;yH,)(C;,H;7N)(OC4Hy), was used as the catalyst in
chloroform (Fig. 10).8* Various weight ratios of norbornene versus norbornyl-POSS
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Figure 10 Synthesis of POSS-norbornyl macromers and their ring-opening metathesis
copolymerization.



POSS Polymers and Copolymers (Thermoplastics) 99

16a or 16b (100/0, 90/10, 80/20, 70/30, 60/40 and 50/50) were employed.®*
Copolymerizations were designed to produce a degree of polymerization of about
500 by controlling the monomer to catalyst ratio. These living polymerization reac-
tions were terminated by addition of benzaldehyde. The copolymers were precipi-
tated and purified by adding the chloroform solution of the copolymer to a large
excess of methanol and collecting the precipitate.

The effect of POSS incorporation into norbornene ring-opened polymers on the
glas-transition temperature was investigated.®* The T, value of pure polynorbornene
is 52.3°C. When 7.7mol % (50wt %) of heptacyclohexyl-substituted norbornyl-
POSS 16a was present, the 7, was raised to 81.0°C. The copolymer with 8.4mol %
(50 wt %) heptacyclopentyl norbornyl-POSS, 16b, exhibited a 7, of 69.0°C. These
values were determined by DSC. The T, values of these copolymers increased with
increasing weight percent of the POSS monomer. This effect was slightly more pro-
nounced in the cyclohexyl-substituted POSS copolymers, 17a, than in their
cyclopentyl-substituted POSS counterparts, 17b. However, POSS copolymerization
was observed to have no significant effect on the decomposition temperature. All of
the copolymers exhibited a 7,; of 440°C.

Norbornene copolymers of POSS 16a and 16b (Fig. 10) were subjected to dynamic
mechanical thermal analysis.®* DMTA data showed that the a-relaxation temperature,
T, (Ty), of the copolymers increased as the weight percent of POSS increased. A slight
enhancement of the room temperature storage modulus also occurred. The magnitude
of tensile loss tangent for the o transition monotonically decreased with an increasing
POSS content. Unlike polynorbornene and the copolymers (17b) of norbornyl-POSS
16b with norbornene, the norbornene/norbornyl-POSS-16a copolymers, 17a, (with
0.9, 2.1, 3.5, 5.3 and 7.7mol % POSS) displayed a B-relaxation transition at —78°C.
This B-relaxation arises from the liberation of the cyclohexyl groups bound to the
corner silicon atoms. X-ray scattering showed that the norbornene/norbornyl-POSS-
16a copolymers preserve the amorphous character of the polynorbornene homopoly-
mer. In contrast, the norbornene/norbornyl-POSS-16b copolymers, 17b, (with 5.8 and
8.4mol % POSS 16b) lead to significant ordering of the POSS macromers. This
is an excellent example of how changes in the “inert” organic substituents on
POSS can vary properties of copolymers. In 17a, R = cyclohexyl, whereas in 17b
R = cyclopentyl.

The effect of introducing norbornene-substituted, pendant POSS moieties onto
polynorbornene chains was explored by Bharadwaj et al.3>? using atomistic molecu-
lar dynamics simulations (AMDS). The mobility of the POSS moieties in these
copolymers was addressed via the mean squared displacement of the POSS polyhy-
dra in the norbornene copolymers of 16a and 16b. Computation of the torsional auto-
correlation function indicated that conformational dynamics were retarded by the
presence of the POSS moieties. The main chain dynamics were sensitive to the pres-
ence and the nature of the attached POSS moieties (at 10 mol % POSS). Chain dynam-
ics were slower in the copolymer with cyclohexyl-substituted POSS pendent groups
compared to the copolymer with cyclopentyl-substituted POSS pendant groups. These
results are in good agreement with the mechanical properties predicted from
AMDS simulations®** and with the observed 7, values.® The simulations predicted
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that the tensile, bulk, and shear moduli for the POSS-containing copolymers would
increase and change less dramatically with increasing temperature when compared to
the same properties of the polynorbornene homopolymer. The source of this rein-
forcement was traced to the ponderous nature of the POSS moieties. POSS groups
behave as strong anchoring points in the polymeric matrix based on their size (mass
and occupied volume) rather than any specific strong intermolecular attractive
interactions between the POSS moieties or between POSS groups and the polymer
backbones.

The shape memory in the copolymers of norbornyl-POSS macromers, 16a or
16b, with norbornene were also studied by Jeon, Mather and Haddad,%*® using ther-
momechanical analysis. Samples containing 50 wt % POSS macromer 16a or 16b
were mechanically drawn at temperatures above the 7, followed by rapid quenching in
liquid nitrogen. Shape-memory properties of such drawn samples were explored using
DMTA by measuring the recovered strain while heating the samples back above the 7.
Incorporation of POSS comonomers into polynorbornene caused a slight decrease in
the percent recovery, while improving thermal stability significantly. It is interesting that
the identity of the corner groups (cyclohexyl and cyclopentyl) in the POSS macromers
affected the shape-memory behavior. The cyclohexyl-substituted POSS/ norbornene
copolymer 17a gave a lower percent recovery than the cyclopentyl-substituted POSS/
norbornene copolymer 17b due to enhanced aggregation of cyclohexyl-substituted
POSS macromers within the polymer.

Coughlin and coworkers®® synthesized several copolymers of norbor-
nylethylPOSS, 16¢, with ethylene, propylene, cyclooctene and 1,5-cyclooctadiene
(Fig. 11). Thermal characterization of poly(ethylene-co-norbornylethyl-POSS), (P(E-
co-POSS)), and poly(propylene-co-norbornylethyl-POSS), (P(P-co-POSS)), are sum-
merized in Tables 2 and 3, respectively.3®® The P(E-co-POSS) copolymers with 0, 19,
27,37 and 56 wt % POSS exhibited a gradual decrease in both the melting tempera-
ture and heat of fusion with an increase of POSS content. This indicates that the
copolymers have fewer polyethylene crystalline domains at higher POSS concentra-
tions. Thus the copolymer with highest POSS concentration (56 wt %) was partially
soluble in hexanes at room temperature, whereas none of the other samples was. A
slight increase in the onset of decomposition temperature for the P(E-co-POSS)
copolymers was observed as the mole percent of the POSS increased. The temperature
at which a 5% weight loss occurred was from 90°C to 104°C higher for every ethyl-
ene/norbornylethylPOSS copolymer sample compared with that of a PE control sam-
ple. Thus incorporating monomer 16¢ caused a significant improvement of the thermal
oxidative resistance in these poly(ethylene-co-norbornylethyl-POSS) copolymers.
Dynamic mechanical thermal analysis (DMTA) of a P(E-co-norbornylethyl-POSS)
sample with 19 wt % POSS-16¢ exhibited higher storage modulus values in the rub-
bery region than those of PE.

The copolymers of 16¢ with propylene also exhibited a decrease in crystallinity
and an increase in thermal stability versus polypropylene.®® The poly(propylene-
co-norbornylethyl-POSS) copolymers had slightly lower melting temperatures and
significantly smaller heats of fusion versus those of PP, indicating that the PP
crystallinity decreased with an increase of POSS content. Dispite having lower 7,,,
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Figure 11 Synthesis of norbornenylethyl-POSS, 16¢, copolymers with ethylene, propylene,
cyclooctene, and 1,5-cyclooctadiene.

crystallinity and heat of fusion values, the onset of the decomposition temperature
of the P(P-co-norbornylethyl-POSS) copolymers in nitrogen increased with an
increase in POSS content. However, the thermal oxidative behavior for the P(P-co-
POSS) copolymers was different from that that of the P(E-co-POSS) copolymers.
The 5% weight loss temperature in air for the P(P-co-POSS) copolymers did not
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Table 2 Thermal Characterization of Poly(ethylene-co-norbornylethylPOSS) Copolymers®

POSS Heat of Onsetof  Char Swt%  Char Yield
Entry Amount 7, mb Fusion Tf Yieldin Loss in in
Number (wt%) (°C) AH (J/g) (°O) N (%)  Air° (°C)  Air® (%)
1 0 136 161 437 0.5 283 0
2 19 126 112 448 2 373 7
3 27 125 91 456 2 397 9
4 37 116 65 457 2 387 10
5 56 458 4 388 7

¢ Copolymers incorporated 16¢ where the (SiO; 5)g cage has seven cyclopentyl and one 2-nor-
bornylethyl function attached.

b Data were obtained on the second melt using a heating and cooling rate of 10°C/min.

¢ Temperature ramp 20°C/min in nitrogen or air.

Table 3 Thermal Characterization of Poly(propylene-co-norbornylethylPOSS) Copolymers”

POSS Heat of Onsetof  Char Swt%  Char Yield
Entry Amount 7, mb Fusion Tf Yieldin Loss in in
Number (wt%) (°C) AH (J/g) (°O) N, (%)  Air° (°C)  Air® (%)
1 0 140 84 382 0.03 257 0
2 20 134 69 405 1 256 8
3 58 130 55 421 1 259 12
4 73 119 23 427 3 309 24

¢ Copolymers incorporated 16¢ where the (SiO, 5)g cage has seven cyclopentyl and one 2-nor-
bornylethyl function attached.

b Data were obtained on the second melt using a heating and cooling rate of 10°C/min.

¢ Temperature ramp 20°C/min in nitrogen or air.

increase until relatively high POSS concentrations (=58 wt %, =3.4mol %). The
tertiary carbons in the propylene repeating units of these copolymers are more sus-
ceptible to degradation, requiring higher levels of POSS to push up the thermal
oxidative stability.

The Coughlin group’s wide-angle X-ray scattering (WAXS) studies indicated
that the P(E-co-POSS) copolymers form a dual crystalline system, containing PE
crystalline lattice regions and POSS nanocrystals.3 As the molar content of POSS
16¢ increased from 0.64 to 3.4 mol % (19 to 56 wt %), the PE crystallinity and appar-
ent crystalline domain sizes became progressively smaller, while the amount of
POSS crystallization simultaneously increases. However, these POSS crystallites do
not exhibit full three-dimensional development. Instead, they grow within spatial
constraints imposed by the presence of their polymer chains, leading to anisotropic
crystallite shapes. Moreover, the surfaces of PE and POSS crystalline domains are
not connected directly. A disordered amorphous phase must lie within this interfa-
cial region.

The method of precipitation/crystallization from solution and the manner in
which the P(E-co-POSS) copolymers are processed and solidified from melts can
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affect the overall structure and nanomorphology, this dual crystalline system.®% For
example, precipitation of P(E-co-POSS) copolymers by adding a xylene solution of
copolymer into the non-solvent acetone, produced higher PE crystallinity within the
solid copolymer. However, if solid samples were subjected to melt processing and
thermal annealing, more POSS nanocrystalline domains were formed. Factors that
favor aggregation of the pendant POSS functions into crystalline domains tend to
disrupt polyethylene crystallinity within the copolymer and vice versa. Manipulation
of POSS aggregation, therefore, is a route to tailor morphology and properties of
these copolymer nanocomposites. The contributions of POSS nanocrystals within
the copolymers help explain such novel properties of this type of nanocomposite as
better dimensional stability, extension of the high-temperature rubbery plateau, and
strong thermal oxidative resistance.

Ring-opening metathesis copolymerizations of cyclooctene and norbornyl-
POSS were performed with Grubbs’s catalyst, RuCl,(=CHPh)(PCys), (Fig. 11).8¢
Reduction of these copolymers afforded poly(ethylene-co-norbornyl-POSS)
copolymers, which have properties similar to those of the poly(ethylene-co-
norbornylethyl-POSS) prepared by direct copolymerization of ethylene with no
bornyl-POSS, described above. Poly(cyclooctene-co-norbornylethyl-POSS)
copolymers with 0, 12, 23, 31, 45, and 56 wt % POSS (0, 1.39, 3.06, 4.62, 7.96, and
11.9mol %) had melting temperatures of 46°C, 43°C, 38°C, 36°C, 33°C, and 30°C,
respectively. Their heat of fusion values (J/g) are 56, 45, 36, 28, 24, and 19, respec-
tively. This decrease in both melting temperatures and heat of fusion values as more
POSS is incorporated shows that the random POSS moieties disrupted crystallinity.
No T, was observed for these copolymers, presumably because of their semicrys-
talline nature.

Poly(butadiene-co-norbornylethyl-POSS) copolymers, containing from 12 to
53wt % POSS, were made by ring-opening metathesis copolymerization of 1,5-
cyclooctadiene (Fig. 11).862 At the lower POSS weight percents, the copolymers
tend to be viscous oils, much like cis- or frans-polybutadiene. However, at higher
POSS incorporation levels, these copolymers become elastomeric. POSS moieties
aggregate into nanocrystals in these copolymers, and the nanocrystals acted as phys-
ical cross-linking joints. Thus the segments between these nanosized aggregates can
elongate in response to applied stress, but polymer flow and creep are retarded
because POSS moieties from different chains are caught in the nanocrystalline
aggregates. If the temperature of such a nanocomposite were raised above the melt-
ing region of the nanoaggregates, they would melt allowing the polymer to flow. In
this respect, these POSS nanocomposite linear copolymers should resemble thermo-
plastic elastomers.

The above discussion demonstrates conclusively that POSS macromers can
play an enormous role in changing polymer properties via a variety of mechanisms.
The massive and pondorous POSS function moderates segmental motion, makes
sereptation (hence flow) difficult and can introduce more free volume while dis-
rupting crystallinity. Individual POSS units distributed in the polymer solid structure
do that. However, POSS groups can also aggregate to form nanocrystals of varying
order and properties. These, in turn, cause changes in morphology and properties.
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D. POSS-Olefin Copolymers and Nanocomposites

Heptaethyldec-9-enyl POSS monomer, 18, is a terminal o olefin monomer that
has been employed by Tsuchida et al.¥’ to incorporate POSS moieties into polyolefins.
Copolymers of this monovinyl POSS monomer with ethene and propene (Fig. 12) were
synthesized using different methylalumoxane-activated metallocene catalysts.®” POSS
comonomer incorporation levels between 17 and 25 wt % were achieved, depending on
which catalyst was used in the copolymerization. Incorporation of 25wt % (1.2 mol
%) of the vinyl-POSS 18 into the ethylene copolymer, 20, lowered the melting tem-
perature by 18°C versus that of polyethene (PE). The thermal stability in air of vinyl-
POSS 18/ethylene copolymer (0.7mol % POSS) and 18/propylene copolymer
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Figure 12 Homopolymerization of a decenyl-functionalized POSS and its copolymerization
with ethene and propene using methylalumoxane-activated metallocene catalysts.
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(1.1mol % POSS) was better than that of either pure polyethylene or oligomeric
polypropylene. For example, the 7}, value (TGA) at 30% weight loss of the 18/ethyl-
ene copolymer, 20, was 410°C versus a value of 380°C for polyethylene. The 7,
value of the 18/propylene copolymer, 21, was 313°C versus 261°C for oligomeric
polypropylene. Thus small mole percents of POSS 18 had large effects on ther-
mostability.

E. Siloxane-POSS Copolymers

Lichtenhan et al.%®* prepared POSS-siloxane copolymers. Two methods were

employed. The first involved polycondensation of the silanol-functionalized POSS
macromer 27 with a bis(dimethyl amine)-substituted silane or a siloxane comonomer
(Fig. 13a).%° Dichlorosilane or siloxane monomers could be used in this method to
generate POSS-siloxane copolymers represented by 28. The second route involved
the hydrosilation polymerization of the allyl-substituted POSS macromers,
(R;Sig0,(CH,~CH=CH,), 29a and 29b, where R = cyclohexyl or cyclopentyl,
with poly(hydridomethyl-co-dimethyl siloxane) 30 (Fig. 13b). Thus hydrosilation
places pendant POSS units along the polysiloxane backbone of the resulting poly-
mers 31a and 31b. The 7, of these copolymers increased with an increase in their
POSS monomer content. The 7, values range from —125°C for the pure polysilox-
ane to 250°C for the copolymer 31a containing 70 wt % of POSS-29a. The graft
polymers containing cyclohexyl-substituted allyl-POSS 29a have lower 7, values
than those grafted with cyclopentyl-substituted-POSS, 29b. POSS-siloxane copoly-
mers 31a and 31b underwent a complex depolymerization-decomposition process
at high temperatures.®®? This included the evolution of cyclic dimethyl siloxanes at
400°C, cyclohexyl hydrocarbons from 450°C to 550°C, and H, liberation from
700°C to 1000°C when the copolymer [(CySigO;;-(OSiMe,)s40-),] 31a was
heated. Loss of the silsesquioxane “cage” structure occurred upon heating from
450°C to 650°C and after the evolution of most of the pyrolysis gases.® The analy-
sis of the resulting 1000°C char composition by XPS revealed three major silicon
environments, corresponding to a composition of 14.5% SiO,, 7.5% SiO,C,, and
1.4% SiC.3% This analysis was consistent with both NMR and X-ray diffraction
studies. These results suggest that POSS units promote a special type of char for-
mation during combustion of POSS-containing organic thermoplastics or ther-
mosets.

POSS-siloxane copolymers with varying proportions of POSS were synthe-
sized and characterized by rheological measurements by Haddad et al 3% A POSS
macromer, substituted on one corner with a -OSIMe,H function, was grafted onto
poly(dimethylsiloxane-co-methyl vinyl siloxane). The rheological behavior of the
POSS-grafted polymers was compared to the behavior of blends prepared by simply
mixing equivalent amounts of POSS into PDMS.®" Covalently attached POSS
groups (5wt %) result in a decrease of the PDMS relaxation time by one order of
magnitude. In contrast, blending the ungrafted polymers with the POSS macromer
does not induce any changes in these relaxations.



106  POSS Polymers, Copolymers, and Resin Nanocomposites

I\(Ie/Me R\ 0 ./0%
R /OH R\ o /O—ESi\ R /Sl\o\ SI\\R
\Si/O\Si R S'\O Si—R O—Si//O\Si\ o
Si ~gi— . HO—™ I~RO R\
Ho—/o Ro  +xSiMerx /R / Rossi, Osi
\ - B AN h 0 —R
OR\' \ 2 H-X 00“\\. OS. \I_ / !
\0_:‘Si\o’/0/13i\ X=CLNMe, \f 'SI“,O,//(; i—R R/S'\O’Si<
/Sl\o/SI<R R™ \O/SI\
28
27
(a)
I\IIIe I\IIIe I\llle I\llle
Me—Si—{O—Si}-{-0—Si 0—Si—NMe x=9.3
si—{0-i):{0-5i };-0- x93
Me H Me Me
30
>S'/0\Si/\//
R. 7 /o !
?lf \S\izo\o Platinum|catalyst Me
\ R |
R / M .
0 o [ e—SI_\_
--Si- ~ | S—
\9-Si~o/ dSI\R Me
R/S'\O’Si<a
29a, R = Cyclohexyl
29b, R = Cyclopentyl
l\llle I\Ille I\Ille I\llle I\llle x=93
. . . . . y=18.38
Me—?l—(O—S|)z—<O—S|>EO-€?|)y—O—SI|—Me 0<z<9
Me Me Me
~Nqi—O .
Si—Vsj
/'o /\ SI<Me
sig Usi0 Mh  Me
/R N \ R /
[N (o] 31a, R = Cyclohexyl
0-Si-. o-/--',s'\n 31b, R = Cyclopentyl
Si i—0
R \O/SI\R (b)

Figure 13 Synthesis of siloxane-POSS copolymers by (a) polycondensation and
(b) hydrosilation polymerization.

IV. CROSSLINKED POSS-CONTAINING RESINS
AND MATERIALS

POSS cages that were multifuntionalized with several vinyl groups have been
used to develop new microporous and mesoporous hybrid materials, crosslinked
polymers, and other three-dimensional structures by the research groups of Laine,
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Morrison, Lichtenhan, and Lee.®’ Polyhedral octahydridosilsesquioxane, (HSiO 5)g
22, and (HSiMe,0)SiO; 5)g 23, were each copolymerized with stoichiometric amounts
of the octavinylsilsesquioxane, (CH,=CH-SiO;5)3 24, and ((CH,=CH-SiMe,0)
Si0; 5)g 25.%%2 These polymerizations proceed via successive hydrosilations in toluene
catalyzed by platinum divinyltetramethyldisiloxane, “Pt(dvs)."®** The chemical struc-
tures of these copolymers, 26a-d, are presented in Figure 14. The degree of condensa-
tion of these four copolymers increased from 43% to 81% as the intercube chain
lengths are increased. POSS cubes with longer spacer groups are more reactive than
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Figure 14 Copolymerization of multifunctional vinyl POSS macromers 24 and 25 by
hydrosilation with POSS derivatives 22 and 23.
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those with no spacer groups. Longer intercube lengths allow more freedom of motion
and more diffusional freedom for new monomers or oligomeric segments to find teac-
tive counterpacts within the developing matrix. If the groups forming the intercube
chains are short, it is difficult for POSS moieties to migrate to all eight-corner loca-
tions as the crosslinked network forms.

As the chain lengths between cubes increases, the space between the cubes
should increase and visa versa. Because 100% condensation is not achieved, the
structure of the material will not exhibit a regular or perfect cube order. The pores
within the POSS cube interiors are ~0.3 nm in diameter, whereas pores between the
cubes were reported by Mantz et al.®¥? to range from 1 to 50 nm in diameter, accord-
ing to nitrogen absorption, positron annihilation lifetime spectroscopy (PALS), and
small-angle X-ray scattering (SAXS) data. Nitrogen sorption analyses give specific
surface areas of 380-530 m?/g with “observable” pore volumes of 0.19-0.25mL/g.
All of these three-dimensional copolymer networks showed good to excellent thermal
stability in N,. The first mass losses in N, begin at about 300°C for the copolymers
26b—d, and at 440°C for the copolymer 26a.

Porous POSS-based network polymers have also been prepared by hydrosila-
tion copolymerization reactions where a silyl-functionalized POSS molecule reacts
with a vinyl-functionalized moiety. This path is quite similar with that shown in
Figure 14.8%° These solids possessed pore structures in the mesoporous regime. The
polymers with longer organic linking groups between the cages showed flexible wall
structure behavior. These polymer networks were then functionalized by reaction
with triflic acid or sodium hydroxide, followed by incorporation of CpTiCl;.3%
Functionalized porous POSS polymeric materials can be further developed. In addi-
tion, Lui et al.¥ reported that the hydrosilation polymerization using vinyl POSS
compounds give products with excellent mechanical properties and thermal stabil-
ity, plus remarkable fire resistance.

A. Vinyl Ester, Epoxy, and Phenolic Resins
Containing POSS

An obvious extension of polyhedral silsesquioxane materials chemistry would
be the incorporation of suitably functionalized POSS cages into important classes of
thermoset resins, such as epoxy, phenolic, vinyl ester, styrene/divinylbenzene,
acrylic resins and hydrocarbon networks. However, little has appeared in the litera-
ture, except for a few examples already discussed. This is an area in which our lab-
oratory has become quite active. Two general types of substituted POSS monomers
can be chemically incorporated into such resins. First, monofunctional monomers
can be used. Alternatively, difunctional or polyfunctional POSS monomers can be
used. Incorporating a monofunctional POSS monomer can actually lower the result-
ing resin’s crosslink density if the amount of the monofunctional POSS monomers
in the commercial resin’s monomer mixture is held constant. The POSS cages with
organic functions attached to its corners have typical diameters of 1.2—1.5nm.
Therefore, each POSS monomer occupies a substantial volume. When that POSS
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monomer is monosubstituted, it cannot contribute to crosslinking. A 2 mol % load-
ing of POSS in a resin might actually occupy 620 vol % of the resin and this occu-
pied volume contains no crosslinks. Therefore, the average crosslink density per unit
volume of resin will be lowered. Conversely, when a polyfunctional POSS monomer
is employed, several bonds can be formed from the POSS cage into the matrix,
thereby making the POSS cage the center of a local crosslinked network. Some
examples of monofunctional and polyfunctional POSS monomers 32-39 are illus-

trated in Figure 15 together with the types of resins into which they have been chem-
ically incorporated.
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Figure 15 (Continued)
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Figure 15 Polyfunctional and monofunctional POSS macromers.

Recently, Lee et al.*¢ reported that multifunctional vinyl POSS mixtures
(POSS mixtures with cages of 8, 10, and 12 Si atoms) could be used to modify vinyl
ester resins. The successful use of multifunctional POSS mixtures is important
because it represents one approach to lower the costs of using POSS. In the original
monomer syntheses, separation steps may be avoided and the atom efficiency of the
overall approach is improved.

The presence of 15wt % of the mixed vinyl-POSS macromers increased the
ignition times of these vinyl ester/POSS resins and reduced the overall heat release
rates.®d The T, ¢ values of Derakane 441-400 vinyl ester resin (VE) and its 15wt %
mixed-POSS composites are 118°C and 125°C, respectively. Their heat distortion
temperatures are 245°F, and 257°F, respectively. The decomposition temperatures
(T 4.) of the neat VE and its 15 wt % POSS composite are 360°C and 411°C, respec-
tively, and their char percent values are 8% and 34%, respectively. This incorporation
of vinyl-POSS into vinyl ester resins certainly improved the thermal and fire-retasdant
properties. However, there was little change in their mechanical properties. The ten-
sile strength, tensile modulus, elongation, flexural strength, and flexural modulus of
the 15wt % POSS composite are 13,195psi, 5.1 X 10° psi, 4.8%, 24,360 psi and
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5.0 X 10° psi, respectively. The neat VE resin had quite similar values, 13,000 psi (ten-
sile strength), 5.0 X 10° psi (tensile modulus), 5-6% (elongation), 24,000 psi (flexural
strength), and 5.1 X 10° psi (flexural modulus).8

Hybrid Plastics Co. has now developed high-POSS-content vinyl ester resins
with lower viscosities than Derakane VE. These systems can then be resin transfer
molded into 60 wt % glass-fiber-reinforced composites with improved fire retardancy.
However, the mechanical properties of these higher POSS resins was not good as
Derakane VE resin. Unlike VE resins, these high POSS systems did not exhibit a
glass transition. Furthermore, they had excellent thermal stability (there was no sig-
nificant degradation up 500°C).3%4

In addition to the POSS-containing homopolymers, copolymers, and nanoco-
mposites mentioned above, POSS monofunctional and multifunctional monomers
have also been used to modify polyurethanes.”*?!

The monofunctional epoxy-substituted POSS monomer [(c-C¢H,1)7Si30;,
(CH,CHCH,0)] was incorporated into an epoxy resin network composed of the two
difunctional epoxies, diglycidyl ether of bisphenol A (DGEBA) and 1,4-butanediol
diglycidyl ether (BDGE), at a DGEBA/BDGE mole ratio of 9/1 by Lee and
Lichtenhan.”> The diamine-terminated poly(propylene oxide), Jeffamine D230,
composed of an average of 38 propylene oxide molecules and a M,, of 2248, was
employed as the curing agent in an amount that gave a 1:1 equivalent of epoxy to
amine functions.’>%3

The glass-transition temperatures of the neat parent epoxy resin and the resin-
containing POSS monomer were defined as the deflection point in the glass-transition
region in their respective DSC thermographs.’>°3 The temperatures at the onset, mid-
point, and end of the glass-transition region of the neat epoxy resin (DGEBA/BDGE
mole ratio = 9/1) are 66.9°C, 71.2°C, and 75.3°C, respectively. These correspond to
temperatures of 67.2°C, 74.8°C, and 80.3°C for the resin-containing 5 wt % of epoxy-
POSS. The resin-containing 10 wt % epoxy-POSS monomer exhibited a 7, range of
67.2°C, 78.9°C, and 83.4°C. Thus the glass-transition region was observed to broaden
with an increase in weight percent of the POSS monomer. These changes occurred
without increasing the degree of crosslinking. In fact, the crosslink density per unit
volume of resin actually decreased as more POSS was incorporated due to the volume
occupied by the POSS monomer unit. Broadening of the 7, region may be due to the
nanoscopic size and mass of these POSS cages, which enhance their ability to hinder
the segmental motion of molecular chains and network junctions to which the POSS is
bound. The onset temperature remains low because many segments of chains are not
attached to POSS moieties at the low mole percentages of POSS that were used.

The POSS-containing epoxy networks described above were subjected to ther-
mal quenching and aging experiments at temperatures below Tg.92 The topological
constraints provided by the presence of POSS-reinforcements slowed the motion of
the network junctions. Therefore, the time needed to reach structural equilibrium is
dramatically increased relative to that for networks that are not modified by POSS
nanoreinforcements. Stress—relaxation experiments were used at small strains to
probe the viscoelastic responses of these networks during isothermal aging.’?
Surprisingly, the instantaneous modulus was not affected by incorporation of the
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POSS nanoreinforcement. This suggests that, whereas POSS cages influence poly-
mer chain motions and the motion of the molecular junctions, these nanoreinforce-
ments did not participate in the overall deformation of the chains. This, again, may
be a manifestation of the low mole fraction of POSS present, which means many
chain segments are not bound to a POSS moiety.

Pittman and coworkers’**" prepared aliphatic epoxy resins containing the
multifunctional (tetraepoxy)POSS macromer 32 (Fig. 15). TEM studies did not
observe POSS aggregation or phase separation down to a size range of ~2 nm for the
resin containing 5 wt % 32. DMTA and stress—strain studies as a function of POSS
loading exhibited improved properties above the 7, and a complex 7, behavior on
POSS loading.**

Lee studied nanocomposites of trisilanolphenyl-POSS (structure 1 R=Ph)
with several epoxy resins. DER332, a difunctional epoxy of the DGEBA variety, was
cured using Jeffamine D-230, an amine-terminated poly(propylene oxide) mixture.
This system was cured in nitrogen at 100°C for 12 h. 7, values determined by DMTA
of POSS nanocomposites with 0, 0.20, 0.40, 0.60, 0.80, and 1.00 wt % POSS are
84.2°C, 92.1°C, 91.2°C, 90.6°C, 91.6°C, and 91.7°C, respectively. Thus the sample,
which contained only 0.2 wt % POSS, exhibited a significant 7, increase. However,
further POSS addition did not increase 7, any further. Nanocomposites of the 4,4'-
methylenebis(N, N-diglycidylaniline)epoxy/Jeffamine D-230 system (cured at 150°C
for 12 h), were also synthesized with 0, 0.20%, 0.40%, 0.60%, 0.80%, and 1.00 wt %
trisilanolphenyl-POSS. These systems had 7, values of 136.8°C, 146.5°C, 148.8°C,
144.2°C, 145.0°C, and 148.4°C, respectively. This increase in 7, values was similar
to that of the DER332 epoxy/Jeffamine D-230/POSS nanocomposites. However, if
the less-flexable DytecA diamine, which has no ether-type carbon—oxygen linkages,
was used as the curing agent for the two-epoxy systems, no increase in 7, was
observed as trisilanolphenyl-POSS was added. With trisilanolphenyl-POSS levels of
0, 0.20, 0.40, 0.60, 0.80 and 1.00 wt %, the T, values were 59.9°C, 58.6°C, 54.8°C,
57.5°C, 54.7°C, and 57.8°C, respectively, for the DER-332 epoxy system. Therefore,
the particular diamine used to cure the thermosetting system is apparently critical to
how POSS 1 addition affects 7,. Not all of the 4-amine groups of Dytic A may par-
ticipate in the reaction to open up the epoxy rings, while the hydrogens in the pri-
mary and secondary amine groups of the Jeffamines are able to participate in
crosslinking or opening of the epoxy rings. Thus the crosslink density would be dif-
ferent for the same epoxy with a different curing agent. The incorporation of POSS
moieties into epoxy systems with different crosslink densities results in different
influences on their properties. The composite with 1wt % trisilanolphenyl POSS
seemed to absorb more water at 45°C or 70°C than the one without POSS.

Epoxy, vinyl ester, phenolic, methacrylate, styrene-divinylbenzene, cyanate
ester, and dicyclopentadiene (DCPD) resins have been made in Pittman’s laboratory
in which various POSS macromers have been chemically incorporated.’* For exam-
ple, a low-viscosity aliphatic epoxide resin was blended with macromer 32 (Fig. 15)
and aliphatic triamine curing agents, and these blends were cured in five stages to
both 120°C and 150°C.°* The incorporation of 5 and 25 wt % of 32 into these epoxy
resins gave an increase in the storage modulus versus that of the neat epoxy.’*® The
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increases in storage moduli were most pronounced above the 7,. The 7, increased as
the maximum cure temperature was increased. DMTA tand vs. temperature meas-
urements exhibited a broadening and lowering of the intensity of the tand peak as the
POSS content increased. Daulton of the Naval Research Laboratory, Stennis Space
Center, performed TEM studies on Pittman’s epoxy resin systems and demonstrated
to a resolution of ~1 nm that no agglomeration of the POSS units was observed. This
established that 32 is molecularly distributed in the 5wt % POSS resin although
some aggregation of POSS-32 moieties could not be excluded.

Macromer 32 was also incorporated into a commercial (Borden SC-108)
phenolic resin and cured in stages to a final postcure of 350°C.%**¢ Incorporation of
Swt % of POSS-32 raised the 7, by 11-14°C versus that of the pure cured phenolic
resin. When vapor-grown carbon fibers (VGCF) (30 % wt, 60—240 nm in diameter,
1-60 um in length) were also incorporated, the phenolic/POSS-32/VGCF composite
exhibited a T, 22°C higher than with the equivalent phenolic resin/VGCF composite
system without POSS and 53°C higher than the phenolic/POSS-32 (5 wt %) resin
alone. The bending storage modulus of the resin with 5wt % POSS was 1.94 GPa
higher than the parent phenolic resin at 40°C and 0.067 GPa higher at 350°C. A large
number of POSS macromer have now been cured with both phenolic and cyanate
ester resins including trisilanolphenyl POSS, octa(aminophenyl)Tg POSS,
3-cyanopropyl-substituted-Tg-POSS, and 3-(dichloromethylsilyl)propyl-substituted-
Tg-POSS.?4h Their morphologies were studied by TEM and small angle neutron
scattering and viscoelastic behavior by DMTA %40

Macromer 32 was also dissolved in styrene and blended into the commercial
vinyl ester, Derakane 510C-350 (from Dow Chemical Co.) This compatible liquid
system was then cured at room temperature (24 h), 90°C (24h), and 150°C (5h)
using a 1% methyl ethyl ketone peroxide/0.2% cobalt naphthanate catalyst system
(Fig. 16).7* All the resins contained 50 wt % styrene. POSS-32 was incorporated in
Swtand 10 wt % into these thermoset resins. The flexural strength dropped from 192
to 175 and 152 MPa with Swt % and 10wt % POSS added into the blends. The
extent of strain at failure also decreased with increasing levels of POSS. DMTA
measurements confirmed that the bending storage moduli of the vinyl ester/POSS-
32 resins were higher than that of vinyl ester resin without POSS at temperatures
below the T,. The storage moduli increased greatly with an increase in the POSS-32
content at temperatures above the 7,. Storage modulus enhancement was larger at
temperatures lower than the 7y, (e.g., in the glassy region). Specifically, at 40°C, the
bending storage moduli were 1.24, 1.96, and 1.58 GPa for the pure vinyl ester and
the vinyl ester with 5wt % and 10 wt % POSS, respectively. The T, values of neat
VE, the 5wt % and 10wt % POSS nanocomposites are 130.6°C, 131.8°C, and
131.1°C, respectively. Thus, given some experimental variations, the inclusion of
multifunctional POSS-32 into the VE had no appreciable effect on the 7. This is, in
part, a reflection that POSS functions are present in low mole percents leaving many
segmental regions without a bound POSS function.

The vinyl ester/POSS-32 90/10 composites did exhibit some discernable phase
separation via TEM.*® Phases rich in Si were observed as domains, ranging in size
from a few nanometers to about 75nm in diameter. Elemental composition maps
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Figure 16 Vinyl ester (Derakane 510C-350)/POSS-32 resin formation.

from EDAX and EELS studies established that POSS units were also present in the
silicon-poor continuous domains and that the silicon-rich domains did not appear to
have as high a silicon content as the POSS macromer 32. The picture that emerges
from this work is that during vinyl ester curing, some POSS is chemically incorpo-
rated via radical polymerization into the vinyl ester chains and network. Some POSS
macromers may aggregate before polymerization is completed, since their solubility
will decrease as the resin structure forms (e.g., the entropy of mixing decreases). The
aggregated or separated POSS can undergo homopolymerization, and growing poly-
mer chain ends encountering these POSS-rich regions can initiate new bond forma-
tion. Thus POSS-rich domains still contain some of the vinyl ester chains.

Swelling studies showed almost no uptake of THF or toluene by the vinyl
ester/POSS-32 composites after 50 days.’* Furthermore, no POSS-32 could be recov-
ered on extensive extraction of fragmented samples. EDAX and EELS studies of
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Si and Br (from a bromine-containing label used) provided evidence of some phase
separation of Si-rich regions at a small size scale in the VE/POSS-32 (10 wt %) sam-
ple. POSS-rich dispersed phases with sizes of 75nm to 1-2nm were observed by
EELS. The epoxy/32 resin composites appeared to exhibit mostly molecular level dis-
persion of chemically bound POSS-32, the vinyl ester/32 (5wt %) nanocomposites
had a more complex nanomorphology. This illustrates the importance of early chem-
ical bonding of any POSS derivative into the developing crosslinked resin’s network
structure during the cure. As curing occurs, the entropy of mixing term will con-
tribute less and less to the thermodynamics of solubility of the POSS monomer.
However, before phase separation of the POSS can occur due to a lowering of its sol-
ubility, the chemical bonds formed between the POSS and the developing resin
matrix can lock POSS molecules into the resin structure. Thus migration and phase
separation do not occur or only partial separation takes place. Partial separation is
due to some phase separation late in the curing or due to POSS units, already
attached to different chains or chain segments of the resin, aggregating while enough
segmental mobility within the developing network structure still exists. Eventually,
such mobility will be restricted as the crosslink density increases. This behavior of
polymerizable POSS derivatives stands in sharp contrast to the behavior of Tg, T,
and T}, POSS molecules (Fig. 1) where none of the corner groups has a polymeriz-
able function (e.g., R =i-Bu, cyclopentyl, cyclohexyl or phenyl). These molecules
regularly phase separate (even when they can initially dissolve in the resin before
curing). We have observed dispersed POSS particle (phase) sizes from 50 nm to
300 um under a variety of conditions with these types of POSS derivatives in cured
resins.”

B. Dicyclopentadiene Resins Containing POSS

Another resin system is worth noting. Dicyclopentadiene (DCPD) ring-open-
ing methathesis polymerization (ROMP) with macromer 32 has been carried out
using the Grubbs-type ruthenium carbene catalyst shown in Figure 17.°4*¢ Macromer
32 was incorporated into a series of resins with from 1 wt % to 5 wt % (0.1 mol % to
0.5mol %) of 32 present. When co-cured in four stages (final stage 260°C, 1h),
DCPD/POSS-32 gave a series of resins with from 1wt % to 5wt % (0.1 mol % to
0.5mol %) of 32 present. The presence of 1-5wt % of the POSS-32 macromer
increased 7, in these DCPD resins (note it did not change the 7, in the aliphatic
epoxy resins).”*® However, the dependence of the resin’s 7, ¢ on the weight percent of
POSS-32 present was complex.

The bending modulus increased as the loading of 32 was raised in these
DCPD/32 resins (at temperatures both below and above the 7,). The tand peak inten-
sity was reduced while the peak width was substantially broadened. The 7, value of
the DCPD resin (182.5°C) increased by 5.8°C to 188.3°C when only 1wt % of 32
was added. The DCPD/5 wt % 32 resin exhibited a bending storage modulus at 10 Hz
of 1.54 GPa at 40°C and 0.032 GPa at 240°C, which may be compared to those of
the pure DCPD resin, which were 1.45GPa and 0.027 GPa, respectively. Thus,
despite the fact that the volume occupied by POSS would lower the DCPD resin’s
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Figure 17 Copolymerization of polyfunctional POSS macromer 32 with dicyclopentadiene.

crosslink density, the storage modulus increased because POSS-32 became chemi-
cally bound into the resin by forming more than one bond per POSS. POSS-32 sites
constitute new crosslinks (Fig. 17). All these data confirmed that POSS-32 actually
was, on average, bound into the resin by more than one chemical bond. Thus ROMP
took place readily enough on the B-siloxy-substituted styrene function to multiply
bond the cage into the resin.

The norbornenyl-functionalized partially opened, cage macromer 38 (Fig. 15,
R = cyclopentyl) also was incorporated by ROMP into DCPD resins using the same
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cure cycle (final stage 260°C, 1h).”**4 From 0.4mol % to 3.0mol % of 38 was
incorporated in this series. Residual 38 could not be extracted, despite a series of vig-
orous extractions by various solvents. This confirms that 38 is chemically bonded
into the resin. However, 38 is only monofunctional and cannot serve as a cross-linking
site. Since this monomer, like all the POSS systems, has a substantial volume, its
incorporation will lower the cross-link density of the highly crosslinked DCPD resin
that is generated by high-temperature curing. Indeed, this interpretation explains the
lower T, values of the POSS-38-containing DCPD resins versus that of the DCPD
resin without POSS. The T, values were 182.5°C for pure DCPD, 172.6°C for
DCPD/5wt % 38 and 171.1°C for DCPD/10wt % 38. Note that this effect is the
opposite of adding between 1wt % and 5wt % of multifunctional POSS-32 into
DCPD resins, where it can create its own cross links. A DCPD resin with 15wt % of
POSS monomer 38 was cured via Grubbs-type ROMP and then thermally at a final
temperature of 280°C for 2 h. The bending storage modulus of this resin exhibited a
drop starting at 210°C (0.794 GPa) and bottoming out at 285°C (0.112 GPa).
Thereafter, it rose to above 0.79 GPa at 325°C, possibly due to further crosslinking
and other reactions at these high temperatures in the DMTA instrument. At such high
temperatures the acidic-SiOH groups may catalyze cationic reactions in the resin.

Octanorbornyl-POSS, POSS-33 (Fig. 15), was also incorporated into DCPD
thermosetting resins.’*! Due to the extremely limited solubility of POSS-33 in
DCPD of POSS-33 in the resin raised the 7, by 15°C as determined by DMTA. This
tiny amount of POSS addition also significantly raised the stiffness by almost 0.2
units of log E” (Pa) at temperatures above the 7,. These were bending storage mod-
ulus values from DMTA. This behavior may be related to the fact that those nor-
bornene groups attached to POSS metathesize readily. They probably tend to build a
higher crosslink density in the DCPD/POSS-33 resin and a very high crosslinking
network emanating from the POSS cage, where up to eight linking points can bond
with the resin matrix. This copolymerization is illustrated in Figure 18, where only
three and four of the norbornene substituents on the POSS moieties have been rep-
resented, for the sake of clarity.

C. Styrene and Methyl Methacrylates Resins
Containing POSS

Monofunctional styrylcyclopentyl POSS, 40, at 0.4, 0.8, 1.4, and 3.2 mol %
levels, was also incorporated into DCPD resins by ROMP (Fig. 19).4¢ At only
0.4mol % POSS loading, a definite 7, increase from 182.5°C to 186.6°C was
observed versus that of neat DCPD. However, as the POSS incorporation increased
to 0.8 mol %, the nanocomposite exhibited an identical 7, to the corresponding neat
DCPD resin. At higher POSS percentages (1.4 mol % and 3.2 mol %), the nanocom-
posites showed progressively lower 7, values (180.9°C and 173.7°C, respectively).
The E’ values in the rubbery region dropped to much lower values than those of the
neat DCPD resin (by 0.45 units of log E’ (Pa)). This indicates a crosslink density (per
unit volume) in the monofunctional POSS nanocomposites with high amounts of
POSS decreased. The free volume also probably increased.
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Figure 18 Synthesis of octanorbornyl POSS/DCPD nanocomposite.

The unfunctionalized POSS molecules, octaisobutyl-POSS, and dode-
caphenyl-POSS (Fig. 1), Tg and T},, were blended into DCPD. No chemical bonds
can form between these POSS units and the DCPD crosslinked network during cur-
ing. As the polymerization proceeds, phase-separated POSS particles are formed
with size distributions in the 5-50 or 60 um region. They appear to lower 7, and
stiffness is lost both above and below the glass-transition temperature. Perhaps this
occurs because the volume they occupy does not provide any continuous bonding, so

they act like inert filler particles without special adhesion to the resin.
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0.4-3.2 mol % POSS

Figure 19 Synthesis of styrylcyclopentyl-POSS/DCPD resin nanocomposites.

Poly(styrene-co-divinyl benzene) thermosetting crosslinked systems are read-
ily made with controlled cross-link densities by varying the amount of divinylben-
zene (DVB) that is added. A matrix of poly(styrene-co-DVB) resins with varying
densities, (0.3, 1, and 5 wt % DVB), containing styryl-POSS 40 were synthesized by
radical initiated copolymerization by Pittman®*® (Fig. 20). At each DVB level,
styrylPOSS 40 was incorporated in 1, 5, 10, 15, and 20wt % to give a total of 15
resins. At low cross-linking density (0.3 wt % DVB), all five of the POSS nanocom-
posites (with 1, 5, 10, 15, and 20wt % POSS) exhibited progressively higher 7,
values and E’ values, both above and below the 7y, than those of pure poly(styrene-co-
DVB). Both T, and E’ values increase with an increase of POSS content (Table 4).
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Table 4 The Effect of Incorporating Styryl-POSS (40) into Styrene-co-0.3% DVB Resins

Bending
Bending Glass-Transition tand
Storage Moduli (E’) Temperature Peal.<

Styryl- Intensity,
POSS 40 40°C 125°C First Second First

(Wt %) (GPa) (MPa)  Heating (°C) Heating (°C) Heating
0 1.496 0.375 92.5 92.6 2.35
1 1.481 0.551 91.0 90.6 2.55
5 1.755 0.736 96.5 97.3 2.48
15 1.704 0.825 95.0 110.0 2.06
20 1.705 0.733 97.0 110.0 1.91

Upon raising the crosslink density to 1wt % DVB, the addition of Swt % of
styrylPOSS 40 also gave a slightly higher 7, values (96-97°C) and higher E" values
in the rubbery region (0.72MPa) than those of neat poly(styrene-co-DVB)
(0.48 MPa). However, at a much higher crosslink density (5wt % DVB), the 5wt %
styrylPOSS nanocomposite exhibited a lower bending modulus above the 7,
(3.65MPa) than that of neat poly(styrene-co-5%DVB) (4.79 MPa). Examination of
the entire matrix of 15 resin systems demonstrated that the influence exerted by
monofunctional styrylPOSS 40 on properties of styrene/DVB networks depends on
the crosslinking density present in the system.

Another example of crosslinked thermoset systems containing POSS, whose
crosslinking density could also be controlled, are the acrylic systems of Pittman.**¢
Methyl methacrylates (MMA), 1,4-butane dimethacrylate (BDMA), and monofunc-
tionalized methacrylyl heptaisobutyl-POSS (39) were terpolymerized, employing a
MEK peroxide and a cobalt-catalyst-radical curing system at 88°C, followed by a
24-h postcure (Fig. 21). To compare the poly(MMA-co-BDMA)/POSS-39 composites
with PMMA/POSS composites, a set of P(MMA-co-MMA-POSS) copolymers was
prepared without any crosslinking agent. These linear copolymers, with 5, 10, 15, 20,
and 30 wt % POSS 39, exhibited lower 7, values and E’ values in the rubbery region
than PMMA. While PMMA had a T, of 129.9°C, the 7, dropped steadily with an
increase of POSS-39 from 127.7°C with 5wt % 39 to 121.4°C with 30wt % 39.
Similarly, in the terpolymer resins with low cross-link densities (1, 5, and 10 wt %
BDMA), the P(IMMA-co-BDMA)/MMA-POSS 39 nanocomposites also exhibited
lower T, values and E’ values than those of the corresponding P(MMA-co-BDMA)
resin containing no POSS. For example, the E’ values at 40°C and 180°C dropped from
1.573 GPa and 1.599 MPa, respectively, in P(MMA-co-1 wt % BDMA) to 1.136 GPa
and 0.920 MPa, respectively, in PIMMA-co-1 wt % BDMA-co-20 wt % POSS-39).

The T, values dropped from 132.2°C to 123.7°C in the 1 wt % BDMA cross-
link methacrylate resins as the weight percent of POSS-39 went from 0wt % to
20 wt %. The densities of these resins also dropped as the POSS-39 content went up.
For example, P(MMA-co-5% BDMA) has p = 1.188 g/cc. This drops to 1.176 g/cc
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Figure 21 Synthesis of poly(MMA-co-BDMA)/MA-POSS 39 nanocomposites.

when 20 wt % POSS-39 is present, indicating more free volume might be produced
by inclusion of monofunctional POSS-39 into the crosslinking network. However, at
high crosslinking density (20 wt% BDMA), the P(MMA-co-BDMA-co-POSS-39)
nanocomposites exhibited slightly higher T, values as 5, 10, 15 and 20 wt % POSS
was incorporated. The E’ values at 180°C in the rubbery region are slightly less
(10.73-11.67 MPa) than those of P(IMMA-co-BDMA) (11.99 MPa). Clearly, the influ-
ence of chemically incorporating monofunctional POSS-39 into the thermoset
crosslinked network on the resins’ properties depends on the crosslink density.

Li and Pittman copolymerized POSS-32 with styrene using a MEK peroxide/
cobalt napthanate radical initiator system.”* Swellable crosslinked gels were
obtained at POSS-32 of 0.44 mol % and 0.88 mol %. No POSS-32 could be extracted
from these systems. Therefore, all the POSS-32 originally charged to the reaction
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was chemically bound within the gel. Swelling ratios of 4.5 to 6.8 were observed in
THEF. The only possible site of cross-linking is the POSS-32 monomer, so it was the
crosslinking agent that caused gel formation, confirming that 32 could participate in
radical polymerizations.

Overall it is becoming apparent that POSS incorporation into linear polymers or
network resins in most cases can lead to nanocomposites with good thermal, mechan-
ical, and fire-retardant properties. As a variety of POSS-containing monomers with
functionalized substituents are synthesized, more nanocomposites will be developed.
Furthermore, this technology will be used to modify the matrix resins used for glass or
carbon fiber composites. A reduction in the cost of POSS derivatives is key to the fur-
ther development of applications in this area.

V. OTHER APPLICATIONS

Besides the applications in nano-reinforced polymeric materials, there are other
applications for POSS molecules. Hong et al.”> reported the use of a phosphine-
substituted POSS, SigO;,(CH,CH,PPh,)g as a core for building new types of dendritic
macromolecules. A new metallodendrimer containing this octakis(diphenylphosphino)-
functionalized silsesquioxane core and ruthenium(II)-based chromophores has been
synthesized.”*® Dendrimers based on a POSS core with 16 PPh, arms have been used
as ligands for rhodium complexes, which were used to catalyze hydroformylation.”®?
These complexes gave much higher linear to branched selectivities (14:1) than their
small molecular analogs (3—4:1) in the hydroformylation of oct-1-ene to 1-nonanal.”®
In addition, incompletely condensed POSS cages have been used to synthesize metal-
containing, closed-cage polyhedral silsesquioxanes for use as silica-supported metal
catalysts. Example gallium-containing cage silsesquioxanes 41a and 41b°” and an
aluminosilsesquioxane 42°%%° are shown in Figure 22. Additional metal-containing
polyhedral silsesquioxane examples include Mg-silsesquioxane,” lanthanide
silsesquioxane,!*’ zirconium and hafnium silsesquioxane complexes,'’! and titanium-
silsesquioxane.!?%1%% In 2000 Lorenz et al.!** reviewed all the available literature on
polyhedral metallasilsesquioxanes of the early transition metals and f-elements. In
1996 Murugavel et al.'**® comprehensively reviewed all research up to that time on
heterosiloxanes and metallasiloxanes derived from silanediols, disilanoles, silanetri-
ols, and trisilanols. The discussion of hybrid organic—inorganic polymers and resins
presented in a recent review emphasizes that POSS systems can be used as reagents
in making improved polymers, resins, and composites for a wide range of applica-
tions.!% Previous reviews of various aspects of POSS polymers and nanocomposites
were published by Lichtenhan et al.#-62>-104d

More recent applications of POSS derivatives had been developed. These appli-
cations include diffusion permeable membranes,'%> novel electrolytes for lithium bat-
teries,'®" ion mobility, gas-phase conformational analysis,'**® insertion of N, and O,
into 7, (n=8, 10, 12) POSS framework,'*¢ surface coating,'®*° low-k dielectric
films, %" and self-assembled films.!%5&h
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Figure 22 Synthesis of a galliumsilsesquioxane and an aluminosilsesquioxane.

Laine and coworkers'%® recently reported rediscovering the nitration of
octaphenyl POSS-43 which was first reported in 1961 by Olsson and coworkers.'?’
This is exciting because Laine then successfully produced the octaaminophenyl
POSS-44 by Pd/C-catalyzed hydrogenation of 43 (Fig. 23). A green-light-emitting
derivative, 45, was obtained by Schiffs base formation upon reaction of 43 with the
ortho-carboxaldehyde of pyridine.!% Furthermore, the octaamino POSS-44 was used
with dianhydrides to make extremely thermally resistant polyimide cross-linked net-
works, 46. These polyimides exhibited 5% mass loss temperatures in excess of
500°C.10%-108 POSS-44 was also reacted with maleic anhydride to make the octa-
N-phenylmaleimide, 47,'% which could serve as a cross-linking agent in maleimide
polymer chemistry. Certainly, many exciting developments are under way in this
topic. One can imagine future nanostructured materials of great variety being devel-
oped. One thought is to couple polyoxymetalate chemistry!?’ with both POSS
chemistry and organic chemistry to build regular three-dimensional repeating struc-
tures of POSS and polyoxymetalates or to construct polymer networks with both
POSS and polyoxymetalate nanophases. Finally, one might use octafunctional
POSS derivatives, like 44, to build core-shell dendrimeric material structures.

Laine and coworkers have studied a new class of nanocomposites containing
multifunctional epoxy-POSS, octakis(glycidyldimethylsiloxy)octasilsesquioxane
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Figure 23 Preparation of octa-aminophenyl POSS, 43, and applications.

glydicylMe,SiOSiO; 5)g] (OG) or octaethylcyclohexenyl-epoxide octasilsesquiox-
ane (OC)."'%!"! Diaminodiphenyl methane (DDM) was used as the curing agent for
these two systems. A commercial epoxy resin based on the diglycidyl ether of
bisphenol A (DGEBA) was used as a reference material throughout these studies.
For OG/DDM nanocomposites and commercial DGEBA/DDM composites,
dynamic mechanical analysis and model reaction studies suggest that the maximum
crosslink density is obtained at N =0.5 (NH,:epoxy groups=0.5), whereas the
mechanical properties are maximized at N = 1.0. The temperatures for 5% mass
loss of OG/DDM and DGEBA/DDM composites at N =1 are 344°C and 338°C,
respectively, indicating that thermal stability of the POSS nanocomposite is slightly
better than that of the commercial epoxy resin. However, the 7, of OG/DDM
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nanocomposite at N =1 is about 60°C and lower than that of the DGEBA/DDM
composite at N = 1 (~110°C). These T, values may reflect the fact that the NH and
OH groups in the DEGBA/DDM composite at N = 1 are free to hydrogen bond with
each other but are constrained from close approach in the rigid tethers of OG/DDM
nanocomposite. Moreover, the glass transition is barely noticeable for OG/DDM
composite at N = 0.5, suggesting that the OG/DDM composite at this formulation
is much more highly crosslinked, such that the main chains are bound by crosslinks
and their relaxation motion is hindered significantly. Tensile strength values of
OC/DDM composites at N=0.5 and N=1 are higher than those of OG/DDM
nanocomposites but are still slightly lower than those of the commercial
DEGBA/DDM composites. Furthermore, the fracture toughness of the two POSS
nanocomposites, OC/DDM and OG/DDM at N = 0.5 and 1, are worse than that of
the commercial DEGBA/DDM composites. Therefore, the POSS nanocomposite in
some cases showed poorer mechanical properties than that of the commercial ther-
mosetting system.

In addition, some new copolymers containing bis(amino)-functionalized POSS
and oxazoline-functionalized POSS were synthesized by Wright et al.''> and Kim
etal.,'® respectively. Some new nanocomposites of POSS blending with PR,!!4 PC,!15
PE.''® and PET!!'” have been developed by the Edwards AFB group and Ikeda’s

group.

VI. SUMMARY

This chapter describes the synthesis and properties of homopolymers, copoly-
mers, and crosslinked resin nanocomposites containing inorganic—organic hybrid
polyhedral oligomeric silsesquioxane (POSS) structures. Monomers such as
styryl-POSS, methacrylate-POSS, norbornyl-POSS, vinyl-POSS, epoxy-POSS, and
siloxane-POSS are included. Both monofunctional and multifunctional POSS
macromers are discussed. Thermoplastic and thermoset systems are considered.
Thermal, rheological, and dynamic mechanical properties are described. The syn-
thesis of some POSS-macromers (monomers) is briefly described. POSS chemicals
have been used to prepare nano-size designed novel composites with a variety of
potential applications. This chapter is descriptive and not meant to be comprehen-
sive. However, the major existing reviews of certain subtopics are noted, allowing the
reader to gain a general introduction while providing the information to permit more
comprehensive coverage.
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I. INTRODUCTION

The creation of inorganic—organic nanohybrid materials is growing into an
important research area because of these materials’ distinguished properties, which
usually arise from a synergistic effect of the properties of their organic and inorganic
components in the resulting composite materials.'® The advanced properties are
usually obtained by distributing nanometer-scale inorganic particles evenly within a
polymer matrix. Among the several routes to synthesize these nanohybrid materials,
perhaps the most prominent one is the incorporation of inorganic nanoparticles into
organic polymers using sol-gel reactions.”® This method allows direct mixing
between the inorganic and organic polymers. These nanohybrid materials have attra-
cted much interest in the field of materials science because of the ability to control
their morphologies and for their enhanced properties, such as mechanical, thermal,
and electrical stability and chemical resistance, relative to their organic polymer
counterparts by tailoring organic—inorganic segments into the final composite mate-
rials.”!3 Despite the unique properties of these nanomaterials, including their opti-
cal transparency and good mechanical and thermal properties, a lack of data
regarding structure—property relationships between nanoscale particles and polymer
matrices has led them at present to remain only as an area of emerging research.

There are many efforts being made toward the syntheses and characterization
of well-known macrocomposites or microcomposites between inorganic and organic
phases, and recently this area has been expanded from the realm of hybrid micro-
composites to a new class of hybrid materials called nanocomposites or nanohy-
brids. Nanomaterials, or nanostructured materials, in general, have characteristic
length scales of <100 nm with uniform distribution, and the particles’ arrangements
are different from those of simple hybrid composites.!~%%-16 This arrangement pro-
vides the reason why nanohybrids can possess distinct properties that traditional
composites do not have. Therefore, there is a general need to understand the forma-
tion mechanism of such particles and their impact on the properties of the final
materials. The most important aspects of the chemistry involved in the formation of
these systems are monitoring the uniformity, phase continuity, domain sizes, and
molecular mixing at the phases, all of which have direct influences on the optical,
physical, and mechanical properties of the resulting composites.'~1¢

The incorporation of microscale, and larger, inorganic fillers into organic
polymers has been well explored scientifically; the decrease in size of the inorganic
component into nano-scale dimensions and the simultaneous increase of the interfa-
cial area result in nanohybrid materials that have extraordinary properties, which
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require further investigations.'™® In addition, the properties of the composite hybrid
materials depend on the phase morphology of the resulting hybrid composites, which
must be controlled over several length scales by using appropriate processing condi-
tions.!! Therefore, the development of nanomaterials that exhibit exceptional prop-
erties provides a “multidisciplinary land” in the materials world, where chemists,
physicists, material scientists, and engineers will work together intimately to make
great progress and discoveries that may have far-reaching consequences for future
generations.'!

From a chemical point of view, the small size of the nanoparticles, which is
responsible for their different electronic, optical, electrical, magnetic, chemical, and
mechanical properties with respect to their bulk materials, makes them suitable for
various applications.’* Changing the molecular structures of nanostructured mate-
rials can change their size-dependent properties and hence their applications. The
key and critical challenge for designing nanosystems is to control uniform mixing
through interactions between the organic and the inorganic phases. By controlling
pertinent variables, the nanohybrids approach provides great versatility and ease of
preparation and a wide range of well-defined nanohybrid materials can be obtained
with predictable structures.!=%714

II. POLYMER-SILICA OR POLYMER-
SILSESQUIOXANE NANOHYBRIDS

A. Key Parameters for Forming Nanohyhybrids

In this section, several key parameters are described for the formation of
nanohybrids by incorporating inorganic networks of silica- or silsesquioxane-like
materials into a polymer matrix. Silica is an inorganic material; when organic groups
replace one or two bonds, the resulting materials are called organosilicas or
silsesquioxanes. Organic—inorganic hybrid is a collective term used in materials sci-
ence. Nanohybrids encompass a blooming research area of the materials world and
have widespread use in different areas.'™ Within this definition, there are numerous
reports describing the incorporation of inorganic silica networks into polymer matri-
ces and studies of the corresponding properties of the resulting hybrid compos-
ites.! %920 To prepare such hybrid materials, the incompatibility between organic
and inorganic phases in the resulting materials is one of key issues that must be
addressed; such incompatibility leads to phase separation and a deterioration of
properties and, therefore, finding reactions for the formation of hybrid nanocom-
posite that do not undergo phase separation is a challenge.' Hybrid materials that
have different ratios of their inorganic and organic components possess interesting
structure—property relationships; for instance, a high organic content may provide
composites having higher flexibility, whereas a high content inorganic content may
give brittle composites.’
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Different types of structure—property relationships can be obtained by control-
ling the organic and inorganic phases. To date, most hybrid composites has been pre-
pared using silica or silicate as the inorganic component; in most cases, the organic
polymer is hydrophobic, whereas silica is hydrophilic. To improve the distribution of
silica particles in the organic polymer matrix, the inorganic materials usually are
modified by some organic reagents and then these organically modified silicas
are used with the organic polymer to prepare the hybrid composite materials.’ There are
many reports on the preparation of hybrid composite materials that have been formed
by adopting this approach.!"**" In addition to polymer/silica hybrids, other hybrid
composites based on elements such as Ti, Zr, and Al have also been reported.?® ¢ The
synthesis of hybrid systems requires a strategy wherein the formation of good com-
posites arises from components that are well suited to each other. In this approach,
the synthesis of the hybrid materials is controlled either by the formation of hydro-
gen bonds between the organic polymers and silicate networks or by the formation
of covalent bonds between the organic and the inorganic phases. Many studies on
organic—inorganic hybrid composites have been conducted in which the properties
were evaluated in terms of the phases.' The morphologies and properties of the
resulting hybrid composites depend on the methodologies of the components
employed. Recently, it has been demonstrated using polystyrene—silica hybrid sys-
tems that the compatibility between the organic polymer and the inorganic phases
has a profound effect on the thermal, mechanical, and optical properties of the
hybrid.?” It has also been reported that the effects of steric hindrance of the organic
polymer and the nature of the chemical bonding restrict the aggregation and con-
densation of silanols.?’

Polysilsesquioxanes are a new class of organosilicon materials, in which at least
one organic group is attached to a silicon atom; they have found various applications
in different areas, such as coatings, coupling agents, surface modifiers, and metal
adsorbents.* Figure 1 displays the yearly total number of publications and patents
reported in the literature.* Silsesquioxanes make up a novel class of hybrid silica
materials that have various structures and a wide range of chemical applications.
Nowadays, silsesquioxanes are also being used for the preparation of polymer-based
nanocomposites, the applications of which are spreading in different areas because
they allow the formation of hybrid composites through hydrogen bonding or cova-
lent bonding.'= There are many reports on silsesquioxane-based hybrid composites
having tailored properties.* Silsesquioxanes are also used with high-performance
polymers, such as polyimide (PI), to improve the interfacial adhesion between inor-
ganic components (e.g., between silica and PI);' the resulting materials exhibit
improved properties. Recently, it was demonstrated that silsesquioxanes can play a
vital role in the production of low-dielectric-constant materials without sacrificing
their thermo-mechanical properties. The exponential increase in the rate of publica-
tion and patent generation of silsesquioxane materials in a host of different areas in
both basic and applied materials sciences suggests that a wealth of discoveries have
yet to be made.*38

Recently, a series of thermoset organic—inorganic hybrid composites based on
several types of octa-functional polyhedral oligomeric silsesquioxane (POSS) was
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Figure 1 Yearly total citations, patents, and papers on silsesquioxanes since 1986.
(Reprinted with permission from Ref. 4; American Scientific Publishers.)

prepared and studied.’** In these composites, the cubic silica cores are completely
defined “hard particles” with a diameter of 0.53 nm; their spherical radii, including
peripheral organic units, are 1-3 nm.>**? The size of these cubic silsesquioxanes is
on the nanometer scale, and they are monodisperse within the polymer matrix. If
these hard particles are linked in a hybrid composite to an organic component with
a known architecture, then a nanocomposite with a well-defined interface between
the organic and the inorganic phases can be obtained. In this way, nanocomposites
have been prepared based on octa(aminophenyl)silsesquioxane, which has a radius
of 1.3nm, including the rigid silica core and the eight phenyl groups.’**? It was
found that the thermal-mechanical properties of PI-POSS nanocomposites are sig-
nificantly improved relative to those of pure PL.*

Nanometer-scale composites prepared from layered inorganic materials, espe-
cially clay, and polymers have also attracted much attention because of their unique
optical, thermal, mechanical, gas barrier, and electrical properties. There are many
reports describing polymer—clay nanocomposites.>*+#¢ The clay can be, for example,
a silica or silicate. In such a hybrid composite, weak dipolar and van der Waals forces
provide the driving force for interactions between the layers, and they result in gal-
leries being formed. There are three types of clay—polymer composites: conventional,
intercalated, and exfoliated. Three methods are widely used for the preparation of
polymer—clay hybrid nanocomposites: intercalation by in situ polymerization, direct
intercalation, and polymer melt intercalation. Each of these methods has its advan-
tages and disadvantages. For example, the in situ polymerization works only in the
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presence of suitable monomers or when the intercalation of the polymer chains has
quite slow kinetics arising from diffusion phenomena. In the most polymer—clay
nanocomposites, a weak phase interaction between the organic and inorganic mate-
rials is observed. Much literature is available on polymer—layered silicate nanocom-
posites as a separate subject.>444¢

B. The Sol-Gel Method and Its Related Parameters

To discuss hybrid inorganic—organic composite materials, a brief review of
sol—gel chemistry is necessary. Since this section focuses on silicate and silsesquiox-
ane chemistry, the review of sol—gel chemistry will be limited to detailing some of
the nuances associated with silicate alkoxides. After the brief review of sol-gel
chemistry, we will present methods for the preparation of hybrid inorganic—organic
composite materials, followed by a brief discussion of polyimide-based hybrid
composites.

In the past 15 years, the chemistry of sol—gel science has undergone spectac-
ular developments. The various aspects of the sol-gel method have been scrutinized
in considerable detail and have established a sound foundation for the development
of new science and technologies.”® In addition, this method has opened a gateway to
whole classes of new materials. The sol—-gel reaction is a simple and versatile process
that is used widely for the preparation of inorganic ceramic-type materials based on
such elements as silicon, zirconium, aluminum, and titanium. This process com-
monly involves the following steps: forming a solution by mixing, gelation, aging,
drying, and densification. The most widely used precursors are those based on sili-
con, such as tetraethoxysilane (TEOS) and tetramethoxysilane (TMOS), in which
the organic methoxy and ethoxy groups attached to the silicon atom are hydrolyz-
able. The main chemical reactions that occur in sol—gel process are hydrolysis, con-
densation, and polycondensation. In addition to the chosen precursors, water and a
mutually soluble alcohol can also be used in suitable amounts to assist the process,
which can occur under acidic or basic conditions. A basic sol-gel process begins
with the metal alkoxide precursors (such as TEOS or TMOS) and water.”® The
hydrolyzed products, such as Si(OH), units, interact with each other in condensation
reactions. When a sufficient number of interconnected Si—~O—Si bonds are formed in
a region, a “colloidal particle” or “sol” is formed. As the sol—gel reaction proceeds,
the colloidal particles grow in size with time and become linked together to form
progressively larger aggregates. At the gel point, the viscosity increases until the sol
ceases to flow and a gel forms.”® Additional steps in the process, such as aging, dry-
ing, and evaporation of residual liquids, lead to the completion of network formation
and shrinkage of the molded shapes. Figure 2 provides an example of the most com-
mon chemistry used for sol—gel reactions leading to the formation of siloxane bonds
starting from TEOS.>7#

There are several parameters that can play vital roles in the hydrolysis and con-
densation reactions (sol-gel process), including the reactivity of the metal alkoxide,
the water to alkoxide ratio, the solution pH, the temperature, the nature of the organic
ligands, and the nature of the solvent and additive.'’# Another consideration is that



Polymer-Silica or Polymer—Silsesquioxane Nanohybrids 139

Step1
H =
O0—H —0 Os
/ OCzHs o |\_| S (IDH /C}i\?e\
C,OHs §i ——OCoHs || —— = HO ~—8i —OH
\o/ﬁ (l)CH\ d ¥ g
_ —— < s
2H5 H = T
H—o
|
Step2 OH OH ?H /(I)H( H
| | . .
S — S — HO—Si— O — Si —OH
on—3 Si—OH ——m HO—S .
OH OH OH OH
Step3
CI)H CI)H (I)H
HO—SIi—O—?i—OH + 6HO—?i—OH -
OH OH OH
HO OH
_ N—on |
HO—, HO———leJ—OH
OH o 0 OH
HO——, I I I
/' O—?I—O—SII—O—SII—OH
HO HO 6] (6] OH
\Q/

T~~~y HO——»——OH
HO/ OH

\

OH

Figure 2 The sol-gel reaction of TEOS leading to the siloxane bond formation.

catalysts may also be used to control the rate and extent of hydrolysis.'="# By control-
ling these parameters, materials with different microstructures and surface chemistries
can be obtained. Furthermore, the sol may produce different forms as desired. The
sol—gel process is one of the most active, facile, and promising areas of materials
research.”® The ambient processing conditions allow the encapsulation of various
organic, organometallic, and biological molecules within these sol-gel-derived inor-
ganic phases.'7® The sol-gel reaction is also the most important effective way, and
is extensively used to design and synthesize inorganic—organic hybrid materials that
have nanometer-scale architectures.'~ These hybrid materials, which have many pos-
sible applications in many promising areas, often cannot be prepared by other meth-
ods.'7# Tremendous progress has been made in the fundamental understanding of
both the sol-gel process and the newly developed organic—inorganic hybrid materials
prepared this way; it has been reviewed extensively in the literature.!!
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C. Polymer-Silica Nanohybrids

Mixing organic polymers with preformed inorganic particles may lead to
higher phase separation of products that have poor mechanical, optical, and electri-
cal properties.' 3294731 In addition, such silica particles not only agglomerate but
also form discrete phases in the polymer matrix, which tends to weaken the mechan-
ical or optical properties of the resulting hybrid composites. The presence of bond-
ing between the organic polymer phase and the inorganic phase impedes phase
separation and thus results in homogeneous hybrid composite materials.

A number of papers have reported the preparation and characterization of
organic—inorganic hybrid composite materials by the hydrolysis of metal alkoxides,
such as TEOS or TMOS, and their polycondensation with organic polymers.3!=>
Various types of organic polymer matrices, such as poly(dimethylsiloxane) (PDMS),*’
poly(tetramethylene oxide) (PTMO),’® polyimides,”! poly(oxyethylene),>
poly(ether ketone),>> and poly(ethersulfone),* have been used successfully with
inorganic phases, such as SiO, or TiO, inorganic networks formed by sol-gel reac-
tions. The resulting hybrid composites have also been investigated for their proper-
ties, such as improved mechanical strength and optical transparency.**—>*
Poly(methyl methacrylate) (PMMA)-SiO, and other acrylic polymer—SiO, hybrid
composite materials formed by sol—gel processes have also been studied because of
the commercial importance of acrylic polymers.?>>>>7 It has been found that
homogeneous, transparent hybrid composites of organic polymers and inorganic
phases can be prepared under certain environmental conditions. Polymers that can
form an extensive number of hydrogen bonds between their carbonyl groups and the
silanol units of the silicate network can produce homogeneous products with metal
alkoxides.>®*® The hydrogen bonding between the polymer and the silicate network
can inhibit macroscopic phase separation in the final hybrid composites. On the
other hand, the organic polymer phase can be covalently bonded to the inorganic
phase by condensation of the functional groups and the metal hydroxide, which can
result in homogeneous, transparent hybrid materials that have a range of desired
properties.! =3¢

The properties of the hybrid composites are influenced by the phase of the
composites.' By comparing the effects that different interactions have on the prop-
erties of hybrid composites, it has been concluded that the interactions between sil-
ica networks and polymers can be improved by using trialkoxysilyl-functionalized
polymers; the hydrogen bonds and the chemical bonds formed by condensation
between the hydroxyl groups and the silanols are two important sources of interac-
tions in the hybrids.’®>° Recent studies on organic—inorganic hybrids have been
reviewed.!

D. Polymer-Silsesquioxane (SSQ) Nanohybrids

The broad objective of this section is to indicate the breadth and current status
of research into silsesquioxane-based nanomaterials and their prospects in terms of
their applications. The synthesis, characterization, and processing of nanostructured
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materials based on SSQ are emerging and rapidly growing areas of research.
Research and development in this field emphasizes scientific discoveries in the gen-
eration of materials that have controlled nanostructural characteristics, research on
their processing into bulk materials that have engineered properties and technologi-
cal functions, and the introduction of new device concepts and manufacturing meth-
ods related to their counterpart polymer/silica hybrids.**3+ The term silsesquioxane
refers to a wide range of structures that have the general empirical formula RSiO; s,
where R is a hydrogen atom or an organic derivative, such as any alkyl, alkylene,
aryl, or arylene group or an organofunctional derivative thereof.*® The silsesquiox-
anes form various types of structures, such as random, ladder, cage, and partial-cage
structures, as shown in Figure 3.383%60 The first oligomeric organosilsesquioxanes,
(RSi0y 5),,, were reported by Scott in 1946 and were based on methyltrichlorosilane
and dimethylchlorosilane.” Recently, the span of silsesquioxane chemistry has
expanded unexpectedly and continues to do so because of its applications in materi-
als science.**® POSS (polyhedral oligomeric silsesquioxane) molecules embody
truly hybrid inorganic—organic architectures; they bear an inner inorganic framework
comprising silicone and oxygen atoms, and the silicon atoms are covalent bonded to
organic substituents. Furthermore, these groups can be specially designed as needed.
However, unlike silica, silicones, or inorganic fillers, POSS-like molecules have an
organic group in the framework that could make the POSS nanostructure compati-
ble with polymers, biological systems, or surfaces.>%%6?
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Figure 3 Various types of structures of silsesquioxane. (Reprinted with permission from
Ref. 38; Plenum Publishing Co.)



142 Silica- and Silsesquioxane-Containing Polymer Nanohybrids

Various types of SSQ monomers have been reported, such as styryl-POSS,°!
methacrylate-POSS,%? norbornyl-POSS,% vinyl-POSS,** epoxy-POSS,%% and
siloxane-POSS.” Various types of POSS-like nanostructured materials have been
prepared that contain one or more covalently bonded reactive functionalities suitable
for polymerization, grafting, surface bonding, or other transformations.’*%% Thus
POSS-like nanostructured materials may be easily incorporated into common plas-
tics through copolymerization, grafting, or blending. The incorporation of POSS-like
derivatives into organic polymeric materials can lead to dramatic improvements in
the properties of the resulting hybrid composites. These enhancements of the hybrid
composites have been shown to apply to a wide range of thermoplastics and ther-
moset hybrids.®® It is quite convenient that the use of POSS-like materials does not
require dramatic changes to be made in processing conditions; the monomers are
simply mixed with the organic phases. Usually no phase separation occurs after
incorporating these materials into the polymer matrix, although a small degree of
aggregation of POSS units bound with the polymer may occur. This lack of phase
separation is an extra advantage over current filler technologies.?® Therefore, POSS-
like nanostructured materials have demonstrated significant promise in the field of
organic—inorganic hybrid composites and have significantly affected applications
in areas such as electronics, photonics, and other materials technologies.*
Silsesquioxanes have a wide range of chemical reactivities, including those of
alkoxy- or chlorosilanes and silanols. Many silsesquioxane hybrid materials also
exhibit enhanced thermo-mechanical stability, optical transparency, gas permeabil-
ity, and dielectric constant.*383%60 Recently, POSS-like materials have become
widely used in conjunction with different types of polymers to improve the proper-
ties of the resulting hybrid composites.® The slight changes in size can result in
dramatic changes in the glass-transition temperature.®® In several reports, Kim and
Chujo’® prepared, through molecular design of systems exhibiting both hydrogen
bonding and aromatic interactions, transparent polystyrene—POSS hybrids that have
improved properties. Hong et al.”! reported polymethylphenylsilsesquioxane (PMPSQ)
and hydroxyl-functionalized polystyrene (PS-OH) hybrids; they found that dielectric
constants increased, due to the amorphous glass-transition temperature, upon increas-
ing the amount of the PS-OH component. It was suggested that degree of interaction
and the types of interactions can bring about changes in the properties of the result-
ing hybrid composite materials,'—-38:31:60.69.70

E. Other Metal Oxide or Metal-Like Materials
Containing Polymer Nanohybrids

The incorporation of metals in polymers will not be covered in detail because
only a limited number of reports exist on this subject. The major interactions that
have been used for the incorporation of metals in polymers are those of functional
groups that form polymer—metal oxide-based composites. The incorporation of met-
als leads to dramatic changes in the properties of polymers, such as an increase of
the glass-transition temperature (Tg).72 Polybutadiene or polyisoprene incorporating
palladium salts can undergo crosslinking, mediated by palladium, between polymer
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chains. This methodology is known as “reactive blending.” The swelling properties
of such crosslinked systems depend on the salt concentration: They decrease with an
increase in the palladium content. In addition to the formation of such crosslinked
composites, transition metal additives can also help inhibit phase separation and
result in compatibilized composites. Many reports on metal-incorporating polymeric
systems are available in the other chapters of this volume and the references
therein.”>~78

ITII. POLYIMIDE-SILICA OR POLYIMIDE-
SILSESQUIOXANE NANOHYBRIDS

A. Polyimide

Polyimides are an important class of well-known high-performance step-
growth polymers because of their unique physicochemical properties, such as ther-
mal and mechanical stability, controlled dielectric behavior, good adhesion properties,
and chemical resistance.!”* 8¢ Polyimides are usually formed from the reaction
between stoichiometric amounts of a dianhydride and a diamine, which can be either
aliphatic or aromatic. For this reason, a legion of polyimides that have many differ-
ent characteristics is available to satisfy the requirements of various applications.
Because of these traits, PIs are used widely in a range of applications, such as in
microelectronics, acrospace, and membrane science.’”?% More recently, these mate-
rials have been used as polymeric components of hybrid organic—inorganic systems
that are an important class of new-generation materials that combine the desirable
combined properties of inorganic phases, such as silica or silsesquioxane, and PI.!
Despite their many advantages, conventional Pls are insufficient for meeting the
requirement of advanced applications, such as in ultra-low-dielectric-constant (i.e.,
low-k) applications.®”#® In the meantime, several attempts have been made to meet
the low-k requirement. Pls are also limited to additional improvements in their per-
formance because of limitations that are inherent in all organic materials, for exam-
ple, their thermo-physical properties. To overcome such limitations, incorporating
inorganic components, such as silica or silica-like materials, into the polymer matrix
PI may change the properties of the resulting composite materials.' In regard to their
prospects in the various applications mentioned above, improvements in research
and development in certain aspects are vital and would be of great help, for exam-
ple, in relation to their mechanical and thermal strength, gas permeation, and low-k
properties.'

B. Polyimide-Silica Nanohybrids—Their
Characterization and Properties

PIs have numerous applications in the electronics industries and improve-
ments in their properties are vital in regard to increasing such applications.
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Recently, incorporating silica components, in the form of nanohybrid composites,
into the PI matrix has enhanced their thermal properties and reduced their coeffi-
cients of thermal expansion compared to the pure PIs. The combination of nanoscale
inorganic components and PIs has great potential for uncovering future applications
and, therefore, it has attracted a lot of attention during the last few years.! This sec-
tion focuses on the most well understood principal concepts used to incorporate
inorganic components, such as silica or silica-like materials, into polyimides and the
resulting properties of such nanohybrids.

Historically, in the early 1990s, attempts at combining PI with silica particles
from alkoxysilanes using sol—gel chemistry often led to inhomogeneously distrib-
uted micro-size silica domains in the polyimide matrix.!%*°" This phenomenon led
to brittle composites that featured microscopic cracks. To minimize the size of the
silica particles, Nandi and co-workers’'*? performed experiments on polyimide-
based organic—inorganic hybrid composites by directly mixing a solution of a
polyamic acid (PAA), typically PMDA-ODA PAA (i.e., the PAA obtained from the
reaction of oxydianiline [ODA] and pyromellitic anhydride [PMDA]) in dimethyl-
acetamide (DMACc) or N-methylpyrrolidone (NMP), with a metal alkoxide. The sites
of coupling between the polyimide carbonyl groups and the surface of the particles
may also play a role in suppressing cluster mobility, which thus prevents significant
agglomeration of the metal particles and so improved properties can be obtained.”!*”
By-products and water also affect the hydrolysis and condensation of the metal oxide;
water should be added in a stoichiometric amount with respect to the alkoxysilane.
Silicate species containing a large number of unreacted hydroxyl groups may persist
even after curing the hybrid composites at high temperatures.”> A number of prop-
erties of these polyimide—silica hybrids, such as their thermomechanical properties,
moisture uptake, and related properties, are reported to be enhanced relative to
those of the host polyimide.! The phase compatibility between the components of
the polyimide-based hybrid composites can be confirmed by recording SEM
images, which can discern between the homogeneous and the heterogeneous distri-
bution of particles in the polyimide matrix; it then becomes easy to guess the prop-
erties of the resultant hybrid composites.!>!%7%¢ Figure 4 presents a general
scheme for synthesizing PAA, PAA-silica hybrid solutions, and hybrid films pre-
pared by sol-gel reactions and thermal imidization. Here, 3,3',4,4’-biphenylte-
tracarboxylic dianhydride (BPDA) and p-phenylenediamine (PDA) were used to
prepare the PAA.

When silica, formed by the sol—gel process, is incorporated as the inorganic
component into the PI matrix, phase separation is observed in the resulting hybrid
composites because of the absence of adhesion between the organic and the inor-
ganic phases. Compatibility between organic and inorganic phases is an important
issue that must be addressed when attempting to improve the properties. A simple
method for preparing the PI-silica nanohybrids is mixing PAA with a silicon alkox-
ide, such as TEOS or TMOS, followed by a step-wise sol—gel reaction involving the
hydrolysis and condensation of TEOS or TMOS. Detailed sol—gel reaction chemistry
is presented in Figure 2. The major advantage of the process is that relatively con-
trolled temperatures and conditions are used for this type of processing of Pl-silica
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Figure 4 General synthesis scheme for polyamic acid solution (PAA), hybrid solution, and
hybrid films.

nanohybrids. The product silica networks that form through the sol-gel reactions
usually dictate the properties of the final composites through their morphology. In
most cases, TEOS has been used as the silica component, but it leads to hybrid com-
posites that have a high degree of phase separation.' 4191 In most cases, the incom-
patibility between the two phases of the Pl-silica hybrids makes the dispersion of the
inorganic silica particles into the polyimide matrix much more difficult. Furthermore,
the morphology and interfacial properties of the two separated phases will not lead to
hybrid composites possessing desirable properties. The difficulties encountered when
using such an approach are the potential for incompatibilities between the moieties,
which lead to phase separation, and the challenge to find reactions for the formation
of the second network that can be performed in the presence of the first one without
losing phase compatibility. The major problems caused by the different entities in the
final composite material can be improved by introducing some type of coupling
agent. This coupling agent usually improves the strength of the interactions between
the organic and inorganic phases and leads to well-dispersed phase morphologies
that have improved properties.! Most examples use a coupling agent such as 3-
aminopropylsilsesquioxane (3APSSQ) to improve the properties of the resulting
hybrid composites.

Figure 5 presents SEM images of the PI-based hybrid composites with or with-
out the addition of a coupling agent.!*? In polymeric hybrid composites, the external
stress transfer depends on the phase morphologies of the resulting hybrid compos-
ites and enables the properties of composite materials to be dictated. In Figure 5
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Figure S Polyimide-silica hybrid composites (a) without coupling agent and (b) with
coupling agent. (Reprinted with permission from Ref. 102; Elsevier Science Ltd.)

TEOS or TMOS was used as a precursor for silica. Regardless of the choice of sil-
ica precursor, these micrographs display clearly the effect of 3APSSQ, which brings
about a significant morphological transition from the dispersed individual silica
domain phase structures in Figure 6¢,d, obtained in the absence of 3APSSQ, to the fine
interconnected or co-continuous well-dispersed morphologies observed in Figure 6a,b
when 3APSSQ was used. For hybrid systems containing 3APSSQ (i.c., compatibilized
hybrids), the size of the interconnected silica domains ranges from 40 to 55nm,
while for hybrids formed without 3APSSQ, the average diameters of the silica par-
ticles varies from 0.8 to 1.2 wm. The SEM micrographs presented in Figure 6¢,d also

Figure 6 SEM images of the Pl-silica hybrid composites. (a) PI/TEOS30. (b) P/TMOS30.
(c) PUTEOS30-w. (d) PI/TMOS30-w. BPDA-ODA PI was used as a polymer matrix.
(Reprinted with permission from Ref. 98; VSP Publishers.)
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indicate that the silica particles have almost spherical shapes with smooth surfaces
and seem not to be bonded to the polymer matrix, which suggests weak interfacial
adhesion between the organic and the inorganic phases. Hybrid composites with
such morphologies usually give inferior properties because of the weak interactions
between the two phases within the composites, as evidenced by SEM micrography.

On the basis of such morphological observations, it is evident that the reduc-
tion in mechanical properties observed for the hybrid composites without a coupling
agent permits the silica domains to act as individual particles and is responsible for
the stress-concentration defects in the polyimide matrix, rather than acting as effec-
tive reinforcing fillers.'%? On the other hand, the improved mechanical properties of
compatibilized hybrid composites are the result of both the better interfacial adhe-
sion and the formation of co-continuous phase morphologies, which improve the
efficiency of the stress transfer mechanisms between the organic and the inorganic
phases.! The co-continuous phase morphologies are believed to be due to the pres-
ence of strong interactions or chemical bonds, such as hydrogen bonding or covalent
bonding,:31:87:96.102.103

Recently, y-glycidoxypropylsilsesquioxane (GPS) was used with polyamic
acid in NMP solvent when TEOS was used as the silica source.!®® Studies showed
that the change in appearance of the resulting hybrid composite films, from cloudy
to transparent, was a result of compatibilization effects provided by GPS being
located between the organic polymer, PI, and the evolving siloxane moieties and
through possible interactions involving GPS and the carbonyl groups of the poly-
imide.'% Hydrogen bonding is known to occur between polyimide and silsesquioxane-
like materials, such as GPS. The transparency of the hybrid PI-silica composites was
improved by the presence of GPS. Moreover, the terminal GPS units hydrolyze to
form hydroxyl groups that can form hydrogen bonds with the carbonyl groups in PI,
which leads to the observed increase in compatibility with PI. These two factors lead
to a reduction of the average silica domain sizes, to good dispersion of silica
nanoscale particles in the polyimide matrix, and to improved physical properties.'®
The properties of these hybrid composites formed with or without the use of cou-
pling agents has been reported extensively in the literature, 433186103

Figure 7 displays small-angle X-ray scattering (SAXS) profiles of Pl-silica
hybrid composites. The images indicate that the peak intensity is affected by silica
particle sizes and the degree of interpenetration.!?’ Different types of silica particles
can be formed during sol—gel processing, and these forms can affect the intensity of
the SAXS profile. Ha and co-workers reported that atomic force microscopy (AFM) is
a useful tool for interpreting the interfacial interactions and phase behavior of PI-sil-
ica hybrids.!?"!%! The values of the surface roughness of the resulting hybrid compos-
ite films are highly dependent on the phase of the hybrid composites obtained. There
are some reports regarding the phase behavior of hybrid composites that are inter-
preted in terms of the surface roughness values 37104105

The interfacial interactions and photophysical properties of Pl-silica hybrid
composites have also been evaluated by using fluorescence spectroscopy.”’ Figure 8
presents the wavelength of the emission peak as a function of silica content (TEOS).
The figure shows that a large red shift is observed in BPDA-PDA-TEOS composites,



148  Silica- and Silsesquioxane-Containing Polymer Nanohybrids

(a)
a
b
c
~ d
=}
8 e
C
& f
0.0 0.5 1.0 1.5 2.0 2.5 3.0
g (nm-1)
(b)

g?(g)(a.u.)

0.0 0.5 1.0 1.5 2.0 2.5 3.0
g (nm-1)

Figure 7 (a) Lorentz-corrected SAXS profiles of silica-BPDA-PDA composite films
prepared from BPDA-PDA ES (diethyl ester). TEOS—polyimide precursor compositions
are a, 0/100; b, 5/95; ¢, 10/90; d, 15/85; e, 20/30; and £ 30/70. (b) BPDA-PDA PAA.
TEOS—polyimide precursor compositions are a, 0/100; b, 5/95; ¢, 10/90; d, 15/85; e, 20/80;
1, 30/70. (Reprinted with permission from Ref. 100; Wiley Interscience, Inc.)
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Figure 8 (a) Wavelengths of emission peaks of BPDA-PDA PAA-TEOS solution,
PAA-TEOS as spun-film, and PI-Si film states as a function of TEOS content. The
emission peaks of BPDA-PDA PAA-TEOS were obtained with the excitation wavelength

at 480 nm. (b) Wavelengths of emission peaks of BPDA-ODA PAA-TEOS solution,
PAA-TEOS as spun-film, and PI-Si film states as a function of TEOS content. The
emission peaks of BPDA-PDA PAA-TEOS were obtained with the excitation wavelength

at 480 nm. (c) The excitation spectra of BPDA-ODA PAA—-HCI solution without TEOS,
BPDA-ODA PAA-TEOS solution without HCI, and BPDA-ODA PAA-HCI-TEOS solution
as well as BPDA-ODA PAA solution with HCI and TEOS. (Reprinted with permission from
Ref. 97; American Chemistry Society.)
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but no significant change is observed in BPDA-ODA-TEOS systems. The interaction
between the PI and the silica is different and depends not only on the sample states
but also on the nature of the organic moieties. The photophysical properties, the final
morphology, and the physical properties of the hybrid composites can be influenced
in many ways by the chemistry that occurs before and after the sol-gel reaction and
during the imidization process.®’ Figure 8c indicates the systematic studies that have
been conducted to determine the influencing factors in hybrid composites. Inter-
molecular hydrogen bonding exists between the hydroxyl groups in the hydrolyzed
form of TEOS (i.e., Si(OH),) and the carboxylic acid units in BPDA in both the
BPDA-PDA and BPDA-ODA composite systems. The photophysical properties of
polyimide systems also depend on the nature of the diamine.

Kim and coworkers!% studied the effects of TEOS content on the dielectric
constant of Pl-silica hybrid composites. They found that the values of the dielectric
constant of the hybrid composite films increased monotonically upon increasing the
amount of TEOS because of the inherent higher dielectric constant of silica relative
to that of pure polyimide. The Pl-silica hybrid films prepared from PAA possess
higher dielectric constant than those of the Pl-silica composite films in polyamic
acid diethyl ester. This difference was ascribed to the uniformity of the distributed
nanometer-scale particles in the former set of hybrid composite films.

Coefficients of thermal expansion (CTE) have been determined for Pl-silica
hybrid composites. Figure 9 illustrates the large reduction in CTE when the mor-
phology is changed from particulate to co-continuous. This effect becomes more pro-
nounced at temperatures above the 7, value of the PI and is in concordance with the
greater suppression of o-relaxation that was revealed in dynamic mechanical tests.>!
In this figure, the descriptors S and SE2 denote the Ceramer and the Ceramer with a
compatibilizer, respectively. It also has been reported that the CTE values increase as
a result of the partial substitution of TEOS with dimethyldiethoxysilane (DEDES).>!
This result may come from the loss of continuity of the silica phase and also possibly
through the reduction in its cross-linking density.

The silica domains incorporated into the polyimide matrix exhibit improved
thermal stability relative to that of pure polyimide because of the inherent thermal
stability of the inorganic component, silica. The compatibilized hybrid (such as the
3APSSQ-containing Pl-silica) possesses much greater thermal stability because of
the presence of chemical bonds, provided by the coupling agent between PI and sil-
ica. Sometimes, because of possible reactions between them at the temperatures
used, the cyclization of the polyamic acid to form PI may not reach completion and
this effect could reduce the thermal stability of polyimide.®7-*%:107

The glass-transition temperatures of the hybrid composites are higher than
those of the pure polyimide. The increased 7, value of the hybrid composite formed
in the presence of the coupling agent, relative to that of PI-silica systems, is indica-
tive of reduced polyimide chain mobility resulting from the presence of covalent
bonding in the final hybrid composites. Using this strategy, several approaches
have been conducted to increase the 7, values of hybrid composites.’®102:103 The
magnitude of the tand peaks of the hybrids also decreases and broadens upon
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Figure 9 Effects of compatibilization on the coefficient of thermal expansion of ceramers
containing 25% (w/w) equivalent SiO, (Reprinted with permission from Ref. 51; Elsevier
Science, Ltd.)

increasing the silica content, which is a finding that suggests an increase in hetero-
geneity in the final hybrid composites.'%®

C. Polyimide—Silsesquioxane Nanohybrids—Their
Characterization and Properties

As discussed earlier, PSSQ materials have attracted much attention among
chemists, physicists, and material scientists interested in advanced technologies,
such as for the preparation of low-dielectric insulators for microelectronic devices,
coatings, surface modifications, and novel reinforcing elements for hybrid compos-
ites. 38878896 It is important that PSSQs that have an organic group in their frame-
work have a low dielectric constant and low moisture absorption relative to those of
silica; thus they have been proposed as a replacement for silicon dioxide.”® Silica-
based PSSQ is known to possess not only a low dielectric constant but also quite
good thermal stability. Polyimide-PSSQ hybrid composites are new types of mate-
rials, however, and there have been only a few studies on their syntheses and prop-
erties. Silsesquioxane materials that have organic groups attached to silicon atoms
are hydrolytically stable and possess three siloxane bonds; the organic part of the
PSSQ plays a vital role in bringing about the change of structure and ultimately
impacts the properties of the final hybrid composites. The control of microstructure,
molecular weights, and the nature of the remaining functional end groups are impor-
tant for determining the mechanical properties of final hybrid composites. There are
several reports on the improved properties of PI-SSQ hybrid composite materials in
which organic groups play a vital role in improving the properties though well-
dispersed continuous phase morphologies.?”-88:%
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Although there are few reported examples, this section intends to correlate the
properties with respect to the silica domains and the PSSQ content and discuss the
influence that the PI-PSSQ composites have on dielectric constants, their thermal
stability, phase morphology, and their effect on other properties, such as moisture
absorption and optical transparency in the visible region.

The surface morphologies and the resultant properties of PI-PSSQ hybrid com-
posites are distinguished from those of other Pl-silica systems. Figure 10, for exam-
ple, indicates the hybrid morphological features of the PI-poly(vinylsilsesquioxane)
(PVSSQ) hybrid.?961% In this figure, BO and BP refer to BPDA-ODA PI and
BPDA-PDA PI, respectively. It has been demonstrated that the homogenously dis-
tributed PSSQ domains have a co-continuous phase morphology in the hybrid com-
posite systems. Such morphologies could arise in hybrid composite systems when the
terminal hydrogen atoms of PVSSQ and the hydrogen of Si-OH provide hydrogen
bonds with carbonyl groups in the polyimide matrix, which leads to an enhanced
compatibility of silica with polyimide.’”?¢1% Among the two series, the BP-VSSQ
series exhibited a better morphology than did the BO-VSSQ series. This difference
has been ascribed to the degree of hydrogen bonding interaction between the BPDA-
PDA VSSQ hybrid composites being higher than that in the BPDA-ODA VSSQ
counterparts. Such morphologies could have a direct effect on the mechanical prop-
erties of the final hybrid composites.®”-”® The improvement of mechanical properties
can be interpreted as arising as the result of the introduction of fine silica particles
into the polyimide matrix and of better co-continuous morphologies existing through
hydrogen bonding. The flexible organic group (vinyl part) in PVSSQ plays a vital
role in bringing about hydrogen bonding between the carbonyl group of the PI and
the terminal organic part of the PVSSQ. Such explanations of the hydrogen bonding
phenomena have been published by others.8”-93%6:9%:109 Such co-continuous mor-
phologies as observed in Figure 10 can support the stress transfer mechanism
between the PI and PVSSQ, whereas the nonbonded Pl-silica zones act as stress
concentration defects. A scheme is provided, however, for the hydrogen bonding
existing between PI and PVSSQ (Fig. 11).8793-:96.103.109 The microstructure and prop-
erties of the resulting hybrid composites are related to the nature of the silsesquiox-
ane materials.

The surface topography and the corresponding surface roughness values can
be used to investigate the phase separation of the PI-VSSQ hybrids. The surface
roughness value of the hybrid composite films depends directly on the degree of the
phase separation,87-26:98.100.109

Recently, Tsai and Whang®® studied the dielectric constants and densities of
pure polyimide and its hybrid composites and found that a proportional relation-
ship exists between these values. The dielectric constant decreased linearly upon
increasing the content of phenyltrialkoxysilane (PhSSQ) because larger PhSSQ
particles may increase the free volume and decrease the density. This work is sup-
ported by the findings of a study on other PI-PSSQ hybrid systems.®” The dielec-
tric constants of the cured PI-PSSQ-like hybrid films are affected by the free
volume in the materials and, probably, by the hydrophobicity of the PhSSQ-like
domains because the phenyl moiety of PhSSQ is hydrophobic. Water absorption of
the hybrid composite decreased-upon increasing the amount of PhSSQ, which is
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Figure 10 SEM images of fractured surfaces of PI-PSSQ hybrid composites. The samples
coded are listed above the images.
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a finding related absolutely to the hydrophobicity of the resulting hybrid compos-
ite films. Subsequently, another study revealed the effect of vinylsilsesquioxane
(VSSQ) on the dielectric constants of hybrid composite films.?” When small amounts
of VSSQ were introduced into the PI matrix, the dielectric constant decreased
markedly, but it was found to increase upon increasing the loading of VSSQ.%” This
phenomenon can be explained in terms of the free volume introduced by VSSQ
and the domain sizes of VSSQ. It is exceptional that PI hybrids with a VSSQ con-
tent of 20 wt % and 30 wt % possess higher values of dielectric constant, but they
are still lower than that of pure polyimide. It is also true that free volume can eas-
ily be occupied by moisture, which increases the dielectric constant because of the
inherently high dielectric constant of PVSSQ.”® The presence of Si—~O-Si and Si-O
bonds in the cured network structures can also lead to increases in dielectric con-
stants upon increasing the amount of PVSSQ present.’’

Tsai and Whang described CTEs below the 7, value of pure polyimide for
APTS (p-aminophenyltrimethoxysilane) containing PI; the CTE decreased upon
increasing the content of APTS in the hybrid composite films, which is a phenome-
non that is due to the increase in the crosslinking density of the network structure that
results in increases in both the chain stiffness and the 7, value and, therefore, decreas-
ing values of CTE.®

The excellent thermal stability of PI-PSSQ hybrid systems has been studied by
a number of groups.**%7:889 In every case, without exception, the thermal stability of
the hybrids increased, as measured by the char yield at high temperatures, relative to
that of pure polyimide. Tsai and Whang®® demonstrated the improved thermal stabil-
ity of hybrid composites relative to that of pure polyimide in terms of the char yield
measured at 800°C. Subsequently, Ha and coworkers also reported the higher thermal
stability of hybrid composites at 750°C relative to that of pure polyimide.’”-7%%
PI-PSSQ hybrid systems not only possess improved thermal stability but also higher
T, values relative to the values for pure PI reported in the literature.”-%

Some hybrid composites that have low contents of PSSQ do not display a sig-
nificant change in 7, because such low amounts cannot contribute to the resistance
of the movement of the PI chains. Improvements in the 7, values suggest strong
interactions and possibly chemical bonding between the PI and PVSSQ units. The 7,
values of hybrid composite films shift higher upon increasing the amount of PVSSQ.
The mobility of the polyimide chain is restricted by the introduction of fairly dis-
persed PVSSQ domains in the polyimide matrix, as well as by the degree of cross-
linking, which increases upon increasing the amount of PVSSQ.#3:87:109

D. Polyimide-Silica—Titania Nanohybrids

Titania (Ti) is another promising partner for the polymer in hybrid composites
that are useful for photonic applications because of its high refractive index. When
TiO, is obtained by the sol-gel method, however, it is not easy to prepare hybrid com-
posite thin films of Ti with polymers because of the fast hydrolysis reaction and thus
the extremely fast gelation of titanium alkoxide. Therefore, only a few studies have been
reported that describe polymer—Ti composites. Instead, attempts to form composites
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of a polymer with the mixture of silica and Ti have been described.!!*"!'* For instance,
Yoshida and Prasad''? studied sol-gel-processed Si—Ti—poly(vinylpyrrolidone) com-
posites as optical waveguides. The introduction of small amounts of titania signifi-
cantly affects the microstructure of the PI-silica hybrid.!'*

Figure 12 displays three-dimensional AFM images of the PI-Sil0 binary
hybrid composite and the PI-Si-Ti ternary hybrid composites (ST(11)-0.1 g and

(c)

Figure 12 AFM three-dimensional images of PI-Si10 and PI-Si-Ti ternary hybrid composite
films with two different ratios of Si to Ti (ST(11) and ST(21)) at constant contents (0.1 g) of
the Si—Ti mixture. (Reprinted with permission from Ref. 114; Polymer Society of Korea.)
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ST(21)-0.1 g), where ST refers to the mixture of silica and titania and 11 and 21
refer to ratios of Si to Ti of 1:1 and 2:1, respectively. Si particles that have diame-
ters of 30-80 nm were observed in the PI-Si hybrid films when the Si content was
10 wt %, while the size of the Si—Ti particles was reduced significantly, to diame-
ters < ca. 10 nm, in the PI-Si—Ti hybrid films, although the Si and Ti particles are
not discernible from one another. Such fine morphologies of the PI-Si—Ti ternary
hybrid composites suggests the formation of “nanocomposites,” as is often stated
for the composites of nanometer-scale inorganic clusters. Careful inspection of
Figure 12 shows that the microstructure of the PI-Si—Ti ternary hybrid composite
film containing a 2:1 ratio of Si to Ti is finer than that of the composite film con-
taining a 1:1 ratio of these elements. This result implies that nanocomposite for-
mation occurs more preferentially when the amount of Ti in the ternary hybrid
composites is smaller than the given amount of Si.

When a small amount of Ti(OPr), is added to TEOS, they become transformed
to Ti and Si, respectively, by a sol-gel reaction such that small amounts of TiO, and
SiO, particles exist together, as well as possible covalent Si—O-Ti—O-Si network
particles, during molecular alignment or orientation of PAA to the PI matrix. Thus
such a variety of local structural environment would be expected to give several dif-
ferent characteristic emission peaks. As the amount of Ti is increased, however, the
system contains more complex particle systems. Some structures overlapped with
others, while some structures retain their own characteristics, depending on the reac-
tivity (relative rate of hydrolysis and condensation during the sol—gel reaction) of the
Si—O-Si, Ti—O-Ti and Si—O-Ti—O-Si bonds, as well as the interactions between the
PI matrix and the inorganic particles.!'*

The AFM studies have shown that the microstructure of PI-Si—Ti ternary
hybrid composite films is much finer when the content of the Si—Ti mixture (ST) is
relatively low or when the ratio of Si to Ti is relatively high.''* Fluorescence behav-
ior also has been observed to depend on the ratio of Si to Ti in the Si—Ti mixture and
on the total amount of the Si—Ti mixture. This result can be interpreted as being due
to the formation of different local structural environments as the Ti content increases.
When the Ti content is small relative to Si, the emission spectra display several sepa-
rated peaks that represent each of the chemical structural environments.'!*

IV. CONCLUSIONS

In this chapter, we discussed recent progress made in the preparation of
organic—inorganic polymer nanohybrid materials that are based on silica or
silsesquioxane. We focused on the physical and chemical aspects of incorporating
such inorganic components into polymer matrices, the interactions between the com-
ponents, and their relevant properties.

Among many kinds of polymer-based nanohybrids containing silica- or
silsesquioxane-like materials, we highlighted mainly polyimide-based nanohy-
brids because they are well-known high-performance step-growth polymers that
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have unique physicochemical properties, such as high thermal and mechanical sta-
bility, controlled dielectric behavior, good adhesion properties, and chemical
resistance.

Such organic—inorganic nanohybrids can be used widely in many high-
technology applications because they combine the properties of their constituent
organic and inorganic materials and possess many additional advanced properties,
such as excellent mechanical and thermal stability. They can be used, for example, as
biosensors, structural materials, and opto-electronic materials. Thus the study of
nanohybrid materials holds great promise for future advances; it demonstrates that
converging physical, chemical, and, sometimes, biological approaches can result in
the powerful multifunctional tools.
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Part 1. Siloxane-Divinylbenzene
Copolymers as Elastomers

I. INTRODUCTION

Silicon polymers, especially poly(dimethylsiloxane) (PDMS)-based polymers,
are of interest to many research groups due to their high thermal stability, hydropho-
bicity, radiation stability, and applications over a wide temperature range (from
—55°C to +180°C).!* Silicone rubbers are specialty synthetic elastomers that have
an excellent market worldwide because of their outstanding properties, such as
chemical and thermal resistance, constant mechanical properties over wide temper-
ature range, low temperature flexibility, sealing capability, and electrical perform-
ance. Furthermore, compared to organic rubbers, silicone rubbers are resistant to
ozone, corona, weathering, and radiation. In addition, silicone rubbers offer
outstanding biocompatibility and can be used for health care and pharmaceutical
applications.

Attempts have been made by numerous research groups to offer better and re-
latively low cost synthetic procedures for the preperation of organic—inorganic
hybrid-based silicone rubbers. Part 1 reviews the trends in the development of sili-
cone rubbers and classifies these materials in terms of the reaction process used for
crosslinking.

A. Silicone Elastomers by Radical Polymerization

High molecular weight silicone rubber may be formed by free-radical cross-
linking of poly(dialkylsiloxane).>”” Curing proceeds heating the poly(dimethylsilox-
ane) with benzoyl peroxide at 150°C in the absence of air or at 250°C for 4 h in air
(Scheme 1). The silicone rubbers prepared in this manner are useful at high and low
temperatures, at which organic rubbers are problematic.

It has been reported that the dimethyl silicone rubber remains flexible at tem-
peratures as low as —60°C. Partial substitution of methyl groups by phenyl groups
extends the low temperature performance to —93°C due to steric hindrance of the
polymer chains. Such phenyl silicone rubbers are typically used in aerospace applica-
tions at low temperatures. Crosslinking of poly(methylvinylsiloxane) is accomplished
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R R 1.5-2% R R
| . | . benzoyl peroxide | . | .
O—?I—O—?I—O e —O—Sll—O—?I—O—
CH; CHj " ?Hz (|3H2
CH» C|DH2
1 —O—Sli—O—?i—O—
R R
2

Scheme 1 Silicone rubber by free-radical coupling crosslinking of poly(dimethylsiloxane).

by the radical-initiated coupling reaction of two vinyl groups® (Scheme 2) or the vinyl
group of a polymer with the methyl group on a solid silicone surface (Scheme 3).°
A silicone rubber may also include more than one side group, allowing for dif-
ferent properties. For example, a polymer containing phenyl and vinyl groups would
exhibit improved crosslinking as well as low temperature flexibility.
Fluorosilicones contain polar trifluoropropyl side groups. The advantage of
fluorosilicone rubbers is their excellent resistance to both oils and fuels. Moreover,

CH3 ) CHs
1% benzoyl peroxide
O0—Si—0—— > —O0—Si—0—
CH=CH, CH-CH,R
n
CH-CH5R
3

—O—?i—O—

CHj

R=CgH5COO or CgHj5 4

Scheme 2 Silicone rubber by radical crosslinking of poly(methyl vinylsiloxane).

L
o— ISl—O
"

1% benzoyl peroxide
O0—Si—0——
C

I
CH=CH, |
n 0—Si—0——
| —Sl—
3
5

6

Scheme 3 Silicone rubber by crosslinking of poly(methyl vinylsiloxane) with poly-
(dimethylsiloxane) by radical coupling.
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these rubbers can be used over a wide temperature range from —73°C to 204°C and
are resistant to harsh chemical environments. Unfortunately, at higher temperatures
fluorosilicone rubbers may transform into highly corrosive hydrofluoric acid.
Furthermore, fluorosilicones cannot be used with phosphate hydraulic fluids or in
situations of excessive mechanical stress. Scheme 4 represents the synthesis of flu-
orinated organosiloxane rubber. '’

The synthesis of a siloxane—styrene copolymer by ring-opening polymerization
of a cyclic siloxane in the presence of a styrene radical that is generated by nitroxide
and bromine was recently reported.®® With the advancement of controlled free-radical
polymerization (CFRP), block copolymers of varying architecture can be prepared.
Pollack et al.!! have synthesized a styrene-siloxane diblock copolymer (Scheme 5)
using the hydrolyzed (R = OH) form 9 of Hawkers initiator'> 8 which was lithiated

C,H,CF
|2 e benzoyl peroxide
0—Si—O——| ———— > rubber
I
CHg
n
7

Scheme 4 Silicone rubber from fluorinated organosiloxane by radical coupling.

@

d\ T CH3ONa f 1 Jeg n-Buli BuLi

i\k o @
N s|i< N

_ o
Lo + 0,0 THE e o s| o— s|—]
/SI\
11

10

>(Nj< g PDMSO O-N
PDMSO 0 . - n
120-130°C ‘ ‘
13
12 14

Scheme 5 Silicone rubber from siloxane—styrene copolymers via nitroxide-mediated radical
polymerization.
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using n-BuLi to an anionic initiator 10 for the ring opening polymerization of
cyclosiloxane 11. This reaction gave a polydimethylsiloxane derivative of nitroxide-
mediated catalyst. Polymer 12 undergoes nitroxide-mediated free-radical polymer-
ization with styrene 13, resulting in poly(styrene-b-dimethylsiloxane) copolymer 14.
It is noteworthy to mention that copolymers rich in styrene are brittle white solids,
and those rich in PDMS range from pourable white liquids to pasty white rubber-like
materials.

B. Synthesis of Silicone Elastomers by Combining
Radical Polymerization and Hydrosilation

Oligomeric dimethyldisiloxanes 15 when reacted with vinyl-containing
dimethylsiloxanes 16 gives copolymers with the vinylsiloxyl group, which in the
presence of methylstyrene 17 and chloroplatinic acid gives a silicone rubber 18
(Scheme 6).!3

Kok et al.'* modified the divinylbenzene (DVB) monomer with dimethyl-
siloxane by a hydrosilation reaction to obtain flexible prepolymers 21, 22, 23 (called
DST) (Scheme 7). In this reaction, the value of n varies from 1 to 8. The monomers
were further copolymerized with DVB through radical polymerization.

Additional work in this area has been carried out by Hill et al.'>!® They sug-
gested that if a second polymer radical is added to DST, a crosslink will be formed,
which will ultimately cause the formation of a gel network due to the Trommsdorf
effect. Accordingly, the prepolymer chain length controlled the free-radical termination
reaction and resulted in materials with desirable properties. A large variety of products
with commercial applications were thus obtained.

(l')H3 C|)H3 CH,4 Cl}H3 (|3H3
H O—Sli O—Sli OSi(CHy), + H—?i—O—M‘T,i—O—?i—CHZCH2
CHy CH,4 CH; CHz CHy
X y 16
15 CHa
C=CH,
H,PtClg
17
RUBBER
18

Scheme 6 Silicone rubber 18 by copolymerization of an oligomeric dimethylsiloxane 15
with a vinyl-containing siloxane 16 and styrene-based monomer 17 using chloroplatinic acid.
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HS—0—Si—H \\—Q—\
oI U—ol— +
| A
CHs CH
3 3 20
19
Pt
C|3H3 Cl:Hs
Si—O—Si
(D SV () S G S
CHy  CHyg \
21
+
GHs  CHs
Si—O—Si—CH@—\
CHs  CHy CHy
22
N
GHs  CHs
\ FO—F CHy  CHy
CHy  CHs n\—si-0—s
23 CHz  CHg < > AN
n=1,2.3,...

Scheme 7 Siloxane-modified divinylbenzene telomer and octamer before copolymerization
with styrene and divinyl benzene to give a silicone rubber.

C. Synthesis of Silicone Elastomers by
Polycondensation Reaction

As shown in Scheme 8, condensation can take place by the reaction of ter-
minal OH groups of poly(dimethylsiloxane) with tri-21 or tetraalkoxy-22 silane
monomers or with polyalkoxysilanes in the presence of a catalyst such as
dibutyltin dilaurate or tin octanoate, which are colorless and pourable. The prod-
ucts from these reactions are white or beige, room temperature—vulcanized two-
component system (RTV-2) silicone rubbers.!” Polyalkoxy silane undergoes
similar reaction with poly(dimethylsiloxane) to give RTV-2 silicone rubber. The
reaction is isothermal and a volatile alcohol forms from the corresponding alkoxy
groups.

Alcohol volitilization, unfortunately, causes a loss of mass and shrinkage
of the cured rubber. Moreover, curing reactions are inhibited by the presence of
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Scheme 8 Siloxane polycondensation curing for RTV silicone rubber systems.

moisture in the polymer, which reacts with the alkoxy groups at temperatures
exceeding 90°C.

RTV-2 silicone rubbers were invented in the 1950s as useful materials for form-
ing flexible negative molds. The characteristic features of RTV-2 rubbers are their
excellent release properties, short-term thermal resistance to 350°C, minimal envi-
ronmental effects, easy processing, and high elasticity. Scheme 9 represents the
CAChe representation of a model RTV-2 silicone rubber segment.

D. Synthesis of Silicone Elastomers by Side-Chain
and Main-Chain Hydrosilation Reactions

Side-chain hydrosilation is a reaction between a main-chain Si-H functional
group of poly(1,3,3-trimethylsiloxane) and the vinyl group of a vinylmethyl-siloxy-
containing polymer in the presence of a Pt-based catalyst'® (Scheme 10).
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Scheme 9 CAChe representation of model RTV-2 silicone rubber segment.
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Scheme 10 Side-chain crosslinking of vinyl methyl siloxy polymers with poly-
(1,3,3-trimethylsiloxane).

An alternative polymer synthesis has been carried out in our laboratory (isomeric
forms 33 and 34) (Scheme 11) using tetramethyldisiloxane (TMDS) and DVB.! The
special feature of the new polymer is that there are no weak Si—O—C linkages, which gen-
erally undergo degradation resulting in the formation of Si-OH bonds. Scheme 12 is a
CAChe representation of a poly(tetramethyldisiloxane-divinylbenzene) model segment.
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i 1
H-Si—O—Si—H + \\—Q—//
CH; CHs
32
19

1% H,PtClg/ THF, room temperature, 7 days

CH3 ?HS CH3 CH3
CH—SI—O—SI—CH

33

34

Scheme 11 Synthesis of mixed isomeric structures of 33 and 34 of poly-
(tetramethyldisiloxane-divinylbenzene) by main-chain hydrosilation reaction.

“d

Scheme 12 CAChe representation of model poly(tetramethyldisiloxane-divinyl benzene)
segment.
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II. EXPERIMENTAL SECTION

A. Materials and Instruments

Platinum(0)-1,3-divinyl-1,1,3,3-tetramethyldisiloxane (Karstedt catalyst) in
xylene and hexachloroplatinic acid (40wt% Pt) as a 1% solution in THF was
purchased from Aldrich chemical. 1,1,3,3-Tetramethyldisiloxane (Aldrich) was used
without further purification. Divinylbenzene 960 (DVB), which is a mixture of 96%
divinylbenzene (meta and para isomers) was purified from the phenolic inhibitor by
stirring with 5% by weight basic alumina until the TLC showed the complete removal
of inhibitor. The alumina was filtered using Whatman GF/F (0.7 um). THF was dis-
tilled using benzophenone ketyl under a nitrogen atmosphere.

The 'H- and '*C-NMR spectra were recorded on a Varian Gemini Fourier
Transform NMR Spectrometer at 200 Mhz and 50 Mhz, respectively. IR spectra in
KBr were taken with a single-beam Nicolet Magna Model 750 spectrometer in the
4000-650 cm™! region. The GPC was carried out with a Waters 2690 separation
module with a 410 refractive index detector. Toluene was used as the mobile phase
and measurement of molar mass was determined relative to polystyrene standards.
Thermogavimetric analyses of the samples were conducted using a SDT-2960
Simultaneous DTA-TGA thermal analyzer from room temperature to 1000°C at a
heating rate of 10°C/min under an atmosphere of either nitrogen or oxygen at a flow
rate of 100 mL/min. The same instrument has the facilities for isothermal degrada-
tion studies. The mass loss of PTMDS-DVB was observed over 24h at 180°C,
200°C, and 250°C under a oxygen and nitrogen atmosphere. Platinum crucibles of
identical diameter were used in each experiment.

B. Synthesis of Poly(tetramethyldisiloxane-divinylbenzene)
(PTMS-DVB)

In a dried flask, purified DVB (13.0 g, 0.10 mol) was dissolved in 30 mL of dry
THF and stirred well with a catalytic amount of Pt(0) catalyst, Karstedt catalyst,
or H,PtClg for 15 min under a nitrogen atmosphere. 1,1,3,3-Tetramethyldisiloxane
(13.7 g, ~0.1 mol) in dry THF was added slowly over a 30-min period. The reaction
was stirred for 2-4 days until a gel was observed. Using H,PtCly, a white mass
(24.6 g) was obtained, and using the Karstedt catalyst, a yellow mass (25.7 g) was
obtained.

ITI. RESULTS AND DISCUSSIONS

The polymer synthesis was carried out in dry toluene, xylene, or THF as the sol-
vent. THF was the preferred solvent owing to its polar nature and low boiling point.
The completion of polymerization was confirmed by the formation of an insoluble
but swollen product in THF. To complete the polymerization, it took 2 days using
H,PtClg as a catalyst and 4 days using the Karstedt catalyst. Although the polymer
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was insoluble in THEF, it was soluble in toluene, chloroform, and dichloroethane. The
molecular weight of the polymer was 84,600.

The FT-IR spectrum of PTMS-DVB shows absorption peaks at 1049 cm™!
(Si-O-Si stretching), 816 cm ™! (CH; rocking), and 2881 cm ™! (CHj stretching), which
are attributed to the tetramethyldisiloxane unit in the copolymer. The stretching fre-
quencies at 2949 cm ™!, 1450cm ™!, and 1246 cm ™! are characteristics of Si—C bond in
the polymer. The 'H-NMR spectrum of poly(tetramethyldisiloxane-co-divinylbenzene)
in CDCl; had signals at 7.2-6.9ppm (ArH), 2.6 ppm (Si-CH,—CH,—Ph), 1.4 ppm
(Si—-CH(CHj3)Ph), 0.88-0.96 ppm (Si—~CH,—CH,—Ph), and 0.1 ppm (Si—~CHj). The
BC-NMR spectrum had salient signals at 144.9 (ArC), 128.4 (vinyl C), 31.2
(Si—C(CH3)Ph) 29.4 (Si—C(CHj3)Ph), 20.4 (Si-CH,~CH,—Ph), 14.5 (Si-CH,-CH,—Ph)
and 0.18 (Si—CHj;) ppm, all supportive of the proposed polymer structure.

The TGA and DTA curves of the polymer in oxygen (Fig. 1) and in nitrogen
(Fig. 2) show that the polymer was initially more stable in a nitrogen atmosphere. In
an oxygen atmosphere, the DTA curve showed two exothermic peaks at 456°C and
571°C, which corresponded to weight losses of 30% and 84% (maximum), respec-
tively. A silica residue was observed in the Pt reaction pan.

In general, the polymer was thermally stable. However, under nitrogen, the
mode of degradation is unclear, as the DTA curve is a straight line relative to that
under oxygen. Under nitrogen, the TGA curve of the polymer indicates a major degra-
dation at ~500°C. Generally, the polymer appears to be more stable under oxygen.

Figures 3 and 4 show the isothermal thermogravimetric curves of the polymer
under nitrogen and oxygen, respectively. The mass loss of the samples were observed
over 24 h at 180°C, 200°C, 220°C, and 250°C. At 250°C, a 60% weight loss takes
place under oxygen, whereas a 22.5% weight loss takes place under nitrogen.
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Figure 1 TGA and DTA curves of polymer in oxygen.
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Figure 2 TGA and DTA curves of polymer in nitrogen.
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Figure 3 Isothermal thermogravimetric curves of the polymer under nitrogen.

At 180°C and 220°C under nitrogen, a 5—7% maximum weight loss takes place;
under oxygen, a 25-30% maximum weight occurs. In addition, isothermal thermo-
gravimetry reveals that the thermal degradation is a first-order reaction.?%?!

The DSC thermogram of PTMDS-co-DVB (Fig. 5) shows one 7, at —50°C
and one at ~160°C, which agrees well with the work of Feng et al.??
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Figure 4 Isothermal thermogravimetric curves of polymer under oxygen.
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Figure 5 DSC thermogram of PTMDS-DVB.

IV. CONCLUSIONS

This section reports a room temperature, one-step hydrosilation reaction for
the synthesis of a siloxane-vinylbenzene hybrid copolymer. This process supersedes
other thermal polymerization methods used for vinyl monomers. An alternating
ABAB-type polymer from TMDS and divinyl monomers provides a route to a wide
variety of Si-based materials that are thermally stable in the oxygen free atmosphere
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of space. Other important potential applications are in the sporting goods, toy and
decorative furniture industries.

Part 2. Polyviologen and
Siloxane-Based Polyviologen
Copolymers

I. INTRODUCTION

Viologen dyes or bipyridylium dyes (Scheme 13) are a group of organic com-
pounds based on two linked pyridine rings, which are known as paraquat and diquat.
These compounds play a significant role as agricultural herbicides and are generally
used as nonselective weed killers. The pyridine rings interfere with the photosynthe-
sis of nonwoody plants, thereby inhibiting their electron-transport system and dam-
aging chloroplasts and other cell components. The viologen dyes, as herbicides, are
useful but highly toxic to animals, and their use is strictly controlled.

Attempts have been made to synthesize ionic polymers based on polyviolo-
gen®® or quaternary ammonium salts as lateral substituents.’* Polymeric coatings
that present sustainable microorganism (i.e., bacteria, fungi, algae) free surfaces are
of great importance in today’s industries (e.g., food manufacturing, biomedical
devices, sanitary equipment, outdoor or marine paints).

Kollmeier?® reported the surfactant properties of siloxane-containing cationic
and anionic species. The advantages of combining polyviologen and polysiloxanes
have been the subject of many investigations. It is expected that such hybrids would
improve coating materials. This section reports some of the major developments in
the field of novel viologen and siloxane-viologen copolymers. The aim is to combine
these two important classes of polymers, polysiloxanes, and polyviologen in the
main chain by making an alternating copolymer. The copolymers are expected to be
particularly useful in the packaging and food industries.

N/_\ \_/N + nBr—R—Br {R—N@—Q %

36

35 )
H,C. "HoC.

X CHy,” \/ CHy
R= ortho, meta, and para X | —CH,CH=CH—CHy— ,or X\ |

CHy

Scheme 13 Aromatic polymer containing 4,4’-bipyridinium salts.
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A. Polyviologen Based on 4,4'-Bipyridinium Salts

Aromatic polymers that contain 4,4'-bipyridinium salts can be easily reduced
(Scheme 14) to a dark purple radical cation.?® These polyviologens belong to the
class of ionic polymers called ionenes. These so-called polyviologens have
extremely low cationic redox potentials.?’
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Scheme 14 The first reduction forms a deep violet radical cation; the second reduction
forms a neutral red 1,1’-dialkyl-1,1’-dihydro-4,4'-bipyridyl.
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Scheme 15 Synthesis of poly(pyridium tetrafluoroborate)s(PPS).

B. Miscellaneous Polyviologens

Harris and coworkers®®>? reported the synthesis of the monomer 4,4’-

(1,4-phenylene)bis(2,6-diphenyl-pyrylium tetrafluoroborate) 41 and a novel class
of high molecular weight poly(pyridinium tetrafluoroborate)s 42 salts (PPS) (Scheme
16). These phenylated heterocyclic polymers are well known for their excellent solu-
bility in organic solvents, film-forming ability, thermal stability, ionic conductivity,
ion-exchange membrane formation, and chemical stability.
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@5 ®C O\ ®F uH

Scheme 16 CAChe representation of a PPS segment.

Beside their wide range of traditional applications, PPSs undergo dramatic
changes in color and decrease in viscosity when exposed to UV light in amide sol-
vents.>!32 The highly colored radical cation, which forms from PPS in the presence
of amide groups due to photoreduction, transforms into the original PPS by oxida-
tion. The Harris group has been able to tune the photochromic behavior by changing
the substituents on the PPS molecule.

Kamogawa and coworkers®*~° reported a color change displayed by films of
poly(N-vinyl-2-pyrrolidone) that contain aryl viologens and films of copolymers
that contain N, N-dimethylacrylamide with vinyl viologen. Abruna and Bard® and
Burgmayer and Murry®’ studied electrode films of viologen polymers, which have
been prepared from preformed polymers 43 and 44 (Scheme 17). Thus electrode

43 n
+CH—CH2~}n

BN > N—
)~ y-on
a4

Scheme 17 Electrode films of viologen polymers prepared from preformed polymers
43 and 44.
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films of viologen polymers>® can be obtained in two ways: (1) dip or spin coating of

redox polymers and (2) electropolymerization, where viologens are attractive as an
electron acceptor on the surface electrode in a photo-electrochemical process.

C. Modified Route to Pyrldlno -Terminated
Oligo(dimethylsiloxane)*’

A modified route to prepare oligo(dimethylsiloxane)s (ODMS) with pyridino-
termination 48 at one chain end was investigated by Aoyagi et al.>* In the first step,
p-chloromethylphenyl (CMP)-terminated ODMS (CMP-ODMS) 47 was obtained.
The chloromethyl group was easily quaternized by reaction with a pyridine deriva-
tive (Scheme 18). A CAChe representation for the pyridinio-terminated ODMS poly-
mer is shown in Scheme 19.

An interesting feature of this polymer is its ability to act as a transdermal pen-
etration enhancer. For example, the penetration profiles of indomethacin, a model

7o T
R—?i‘[o—?%‘H + CHQZCHOCHQCI
n
CHj CHg
45 46
CH CHy
H,PtClg / toluene |
—_ R—S.—{o 34—0H2 CHQOCHZCI
CH3 CHS
e H c:H3
cr Ny g
> R—s| o- s| CH,—CH, >
cr\
CH3 CH3

R= CH3, n'CSH17, CH20H2C6F13

Scheme 18 The reaction scheme for the formation of CMP-ODMS 47 and the
corresponding pyridino-terminated ODMS 48.

sH @C @N @Cl @Si

LY

Scheme 19 CAChe representation of a pyridino-terminated ODMS structure.
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drug, through the rabbit abdominal skin have been improved by the presence of
pyridino-terminated ODMS.

D. Alternate Viologen Polymers from Vinylbenzyl Chloride-
Modified Tetramethyldisiloxane and 4,4’-Bipyridine

Chatterjee Ganguly et al.*’ reported the two-step synthesis of viologen-TMDS
from tetramethyldisiloxane (Scheme 20). In the first step, two isomers 51 and 52 of

CH; CH
e 1° \ cl
H—IS|—0—|S|—H +
CH; CH
3 3 50
49

Speier catalyst
THF, room tempearture, 4 days

CH3CH;  CH3CH,

cl [ 7] [ 7] Cl
L@CH—?i—O—?i—C
CHsz CHs
51
cl C (|3H3+ oH cl
ISi—o—|3i~/ C
CHs CH,
52

NN \_ N | NH;PFg/H,0
= DMF, 55°C, 24 h
35

[ o] [ o] PFe =\PFg’
—-CHQOCH—?i—O—ISi—CF!—@CHZ—N+/ Y N——
CHy CHy
53

-n

PFG'/ — PR ]
?I—O—ISI —
L ¢ J

54

Scheme 20 Two-step synthesis of viologen polymer from vinylbenzyl chloride-modified
tetramethyldisiloxane and 4,4'-bipyridine.
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bis-(4-chloromethylphenylethyl)tetramethyldisiloxane (BCTD) were synthesized
from tetramethyldisiloxane and vinylbenzyl chloride monomer in the presence of
Pt(0) catalyst. BCTD was further reacted with 4,4'-bipyridine in dry DMF under a
nitrogen atmosphere to give alternating viologen—-TMDS copolymer of isomeric
structures 53 and 54. A CAChe representation for an alternating copolymer segment
is shown in Scheme 21.

Scheme 21 CAChe representation of a viologen-TMDS copolymer segment.

II. EXPERIMENTAL SECTION

A. Materials and Instruments

Chloroplatinic acid (Sigma, 40 wt % Pt) as a 1% solution in THF was obtained
from Aldrich chemical. 1,1,3,3-Tetramethyldisiloxane, vinylbenzyl chloride, ammo-
nium hexafluorophosphate, and 4,4'-bipyridine were obtained from Aldrich chemi-
cals and used without further purification.
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DRIFT spectra were obtained with a single-beam Nicolet Magna Model 750
spectrometer in the 4000-650cm ™! region using a MCT-A liquid nitrogen cooled
detector. The '"H-NMR spectra were recorded on a Varian Gemini Fourier Transform
NMR Spectrometer at 200 MHz. Thermogavimetric analysis (TGA) of samples were
conducted with an SDT 2960 Simultaneous DTA-TGA thermal analyzer from room
temperature to 1000°C at a heating rate of 10°C/min. The TGA analyses were
carried out under an atmosphere of either nitrogen or oxygen at a flow rate of
100mL/min. Platinum crucibles of identical diameter were used in each experiment.

B. Synthesis of Bis(4-chloromethylphenyl)-
tetramethyldisiloxane (BCTD)

In a dry flask, purified vinylbenzyl chloride monomer (15.26 g, 0.10 mol) was
dissolved in dry THF (30mL) and well stirred with a catalytic amount of H,PtClg
(Speier catalyst) for 15 min. 1,1,3,3-Tetramethyldisiloxane (27.4 g, 2mol) in dry
THF was added over a 30-min period. The reaction mixture was stirred for 2—4 days
until a solid mass was observed. The product was pale yellow viscous oil, which
solidified to a sticky mass; yield, 98%.

C. Synthesis of Viologen Polymer from BCTD
and 4,4'-Bipyridine

In a dry three-necked flask, BCTD (6.59 g, I mmol) was stirred with dry DMF
(50 mL) under nitrogen for 30 min. The flask was heated to 55°C and 4,4'-bipyridine
(3.26 g, 2mmol) in dry DMF (20 mL) was added dropwise over a 10-min period. The
reaction mixture was refluxed for 24 h. The solvent was removed under vacuum, and
the product was washed with dry methanol three times. The orange solid product was
dried and dissolved in warm water. A saturated aqueous solution of NH,PF, was
added until no more precipitate formed. A light cream-colored polymer was recov-
ered; yield, 95%.

III. RESULTS AND DISCUSSION

Dry toluene, xylene, and THF may be used as the solvent for the synthesis of
BCTD. However, THF is preferred owing to its polar nature and low boiling point.
BCTD was characterized by FT-IR and '"H-NMR spectra and thermal analysis.***!
The FT-IR spectrum of BCTD in KBr showed salient absorption peaks at 1062 cm ™!
(Si—O-Si stretching), and 673 cm™!/707 cm ™! (C—Cl stretching). The bands at 2980,
2920, 1443, and 1266 cm ! are characteristic of the Si—C bond. The FT-IR spectrum
of the polymer exhibited characteristic pyridine stretching vibrations at 2923, 2859,
and 1715cm ™! and C—N stretching at 1655, 1443, and 1410cm ™.

The bands at 1258cm™! and 1066 cm ™! were assigned to Si—C and Si-O-Si
stretching, respectively.
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The 'H-NMR spectra in CDCl; may be summarized as follows: & (ppm), assign-
ment: 7.2-6.9 (aromatic H); 4.62 (CI-CH,—Ph), 2.6-2.72 (Si-CH,~CH,—Ph), 1.27-1.4
(Si-CH(CH3)Ph), 0.96 (Si~CH,~CH,~Ph), and 0.1 (Si~CHj). The "H-NMR spectrum
of the viologen polymer of BCTD and 4,4'-bipyridine had the following assignable
signals: 7.2 (all aromatic H), 5.5 (Py—CH,—Ph), 2.97 (Si-CH,~CH,—Ph), 2.90
(Si-CH,—CH,), 2.90 (Si-CH(CHj3)Ph), 1.60 (Si—-CH,—CH,), and 0.07 (Si—CHy). It was
noted that the positions of the CH;, CH, protons changed due to the presence of bipyri-
dinium ion.

Thermal stability studies of the polymer under oxygen (Fig. 6) and nitrogen
(Fig. 7) show that in an oxygen atmosphere two sharp exothermic peaks are observed,
which overlaps to a singlet and an inclined peak. In a nitrogen atmosphere, the mode
of degradation is endothermic.
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Figure 6 TGA and DTA curves of the polymer under oxygen.

IV. CONCLUSIONS

This section cited some interesting polyviologens and reported a two-step
synthesis by which two classes of polymers, polysiloxanes, and polyviologens are
combined to produce a hybrid copolymer. The synthesis of an AB,-type monomer
from TMDS and a vinyl monomer was achieved at room temperature. The first step
of the reaction is quantitative and time dependent. The hybrid copolymer is charac-
terized by FT-IR and 'H-NMR spectroscopy. The siloxane-based polymer without
the Si—O-C bond is thermally stable. Applications of the hybrid copolymer are
expected in the packaging and food industries and as a new biocidal material.
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Figure 7 TGA and DTA curves of the polymer under nitrogen.

Part 3. Siloxane-Based Polyurethane
Copolymers

I. INTRODUCTION

Polyurethanes and polysiloxanes are two important classes of polymers.
Thermopolstic polyurethanes have excellent mechanical properties, chemical resist-
ance, attractive abrasion properties, and hardness.* Siloxanes have been used as
flame retardants and surfactants because of their high surface energy as well as their
chemical, radiation, and thermal stability. Moreover, the relatively large Si—Si bond
distance and the relatively low Si—O-Si rotational energy barrier in siloxanes are
responsible for low steric hindrance between the methyl groups in polymers con-
taining dimethylsiloxane units. Thus combining the advantages of polyurethanes
with polysiloxanes has been the subject of investigations by many research groups.
It is expected that such hybrid polymers would have (1) better heat resistance; (2)
lower temperature flexibility; (3) better mechanical strength; (4) better resistance to
ozone, corona, and weathering; (5) enhanced siloxane-containing surfaces that
impart antithrombogenic character.*® This section summarizes some of the major
developments in the field of siloxane—urethane polymers.
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A. Blends and Interpenetrating Networks of
Silicone—Urethanes

Attempts to make blends of PDMS with thermoplastic TPUR were unsatisfac-
tory due to the deterioration of TPUR properties.** However, a mixture of PDMS in
THF and TPUR in dimethylacetamide has been used as a coating material.** Shibata
et al.*® recently reported the improvement of the ionic conductivity of poly(ether ure-
thane) (PEU)-lithium salt complexes by blending with a polysiloxane (KFs,) with a
polyether-modified siloxane (KF¢;54) (Scheme 22).

Previously, it was shown that poly(ether urethane)s that are prepared from
4,4"-methylene-bis(phenylisocyanate)/1, 4-butanediol/poly(tetramethylene oxide)
with lithium salts exhibited ionic conductivity of approximately 10~°S/cm at room
temperature.*’ The highest conductivity (i.e., 4.1 X 1077 S/cm) of a PEU/electrolyte
was observed in the polymer containing 10 wt % 55 (KFs,) with a LiCIO,4 concen-
tration of 1.5 mmol/g of polymer. By contrast, a 10 wt % of 56 (KF4;5A) in the poly-
mer exhibits the highest conductivity (1.3 X 10~ S/cm), even with more than double
the concentration (2.5 mmol/g) of LiCIOy. It is interesting to note that the PEU-KF5,
blend exhibits two 7, values corresponding to the two components, whereas the
PEU-KFg;sA blend shows only one 7,. Moreover, blending with 56 (KF4;5A) shows
no such behavior. Thus it appears that ether-urethane derivatives are compatible
with ether-siloxanes, presumably because of the presence of the ether group in both
materials.

Arkles*® disclosed the technology for the formation of semi-IPNs involving
polysiloxanes and polyurethanes in which the polysiloxane is crosslinked with a
linear high molecular weight, thermoplastic polyurethane. The product is cur-
rently marketed under the trade name Rimplast by the LNP Corporation. A true

GHs 1 [ CHy
(H4C)sSI—O—-$—0 Si—O+Si(CHa)s
CH3 In
KF C
(KFsp) 55 m
CHs CHs
(H4C)sSi—0—F5i—0 Si—0—Si(CHa)s
m

CHs ], R(C2oH40)a(CaHeO)LR'
(KFg15A) 56

R = oxyalkyleneoxy, R' = Alkyl

Scheme 22 Structures of poly(dimethylsiloxane-co-methylphenylsiloxane (KFs,) and
polyether-modified polysiloxane (KFg;s4).
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polysiloxane-polyurethane IPN can be described as one containing separate
domains of pure siloxane and pure urethane, as previously reported by Ward and
Nyilas.*

B. Siloxane Groups and Urethanes Linking Units into PEO

Hewitt and Jing®® reported the synthesis of a new poly(polyethyleneoxide-
co-cyanoethylmethylsiloxane) (PEO-SOCN) 60 from cyanoetyldichloromethylsi-
lane 59. Compound 60 finally gave tri-block copolymers 61, incorporating PEO,
polar siloxane, and urethane units, which were prepared as shown in Scheme 23.
Their complexes with LiCIO, exhibit high conductivity (2.6 X 1073 S/cm at 25°C).

cl
e _ CuCI/BugN cl
H=9I—CHa + CHyCHON — 21 HyG—Si—CH,CH,CN
c 58 cl
57 59
¢Ha
OH(CHzCHzO)sH> HO(HZCHZCO),,,—?i—(OCHch2)n—OH
CH,CH;CN
60
(PEO-SOCI)
OCN-Ar-GH,-AR-NCO
CH, 0
HO(H5CH,CO)——Si—(OCH,CH 0)—]—CNH06H4CH206H4NH“CO(CHZCHzo) H
2 2
l 41871y 8 4,187
CH,CH;CN i
61

y = number of SiO units  y + 1 = number of PEO units

Scheme 23 Synthetic schemes for poly[urethane(ethyleneoxide)-
co-cyanoethylmethylsiloxane] (U-PEO-SOCN).

C. A Side-Chain Polyurethane Based on Polysiloxanes
with Pendant Primary Alcohol and Quaternary
Ammonium Groups

Hazziza-Laskar et al.’! modified polysiloxane 62 to a polysiloxane that con-
tained a primary alcohol and quaternary ammounium group 65 side chain. Polymer 65
was modified further to a siloxane-based side-chain polyurethane®' 66 (Scheme 24).
This copolymer (3) had potential as a biocide.
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Scheme 24 Synthesis of sioloxane-based side-chain polyurethane-quaternization
copolymers from poly(dimethylsiloxane-co-hydrogenmethyl siloxane).

D. End-Chain Silicone-Modified Segmented Polyurethane
Membrane as Blood-Compatible Ion-Selective Electrode

Berrocal et al.’? reported the successful fabrication of a blood-compatible ion-
selective electrode from a siloxane-modified segmented polyurethane (SPU). The
product is commercially known as BioSpan-S (Scheme 25). The resulting electrodes

CH; CHy O
H- SI—PSI—OHC—NHAOCHZONH

CHs CHjg

k3 NH@ O Ercrw)or @NH &

CH3

\-k @ @—NH ci—o R—Sl 84]~p0—8|—CH3
CH, CHa

Scheme 25 Structure of BioSpan S.
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exhibited good potentiometric responses with all the tested ionophores (valinomycin,
sodium ionphore X, and nonactin). The selectivity coefficient obtained by them met
the selectivity requirement for the estimation of sodium ion and potassium ion con-
centration in blood.

Williams®? reported earlier that the above materials, show less platelet adhe-
sion, activation, and biocompatible as well as better blood compatibility when the
materials were used as implants. Moreover, BioSpan-S is a superior material to PVC
in terms of platelet adhesion and it reduces thrombogenicity.

E. Polyurethane Containing Side-Chain Polyhedral
Oligomeric Silsesquioxanes (POSS)

The hard segments of SPU (segmented polyurethane) usually involve interchain
interactions through van der Waals forces and hydrogen bonding, which determine the
macroscopic properties of those polymers. For example, Fu et al.> reported the synthe-
sis of a polyurethane system containing polyhedral oligomeric silsesquioxanes (POSS),
a cage-like molecule. The copolymer was made of poly(tetramethylene glycol) as a soft
segment and MDI (4,4'-methylene diphenyl isocyanate) as a hard segment.

The MDI segment was chain extended using 1-[3-(propyl-bisphenol-A) propyl-
dimethyl-siloxy]-3,5,7,9,11,13,15-heptacyclohexylpentacyclo [9,5,1,13,9,15,17,13]
octa-siloxane (BPA-POSS) (Scheme 26). An interesting feature of this material is
that the TEM image displays the POSS, a nano-scale crystal, as a dark phase that
resides within or adjacent to the hard-segment domains of the polyurethane. The
electron density afforded by POSS molecules is higher than that of the hydrocarbon
soft segment phase. The authors suggest that the hard segment domains are initially
spherical. During compression molding, these smaller domains sometimes aggre-
gate to form large domains, which deform and coalesce into irregular shapes,
mostly disk-like, with varying sizes. Scheme 27 represents the CAChe represen-
tation of model for POSS-polyurethane structure, where POSS deforms upon
rotation.

F. Diphenylsilanediol-Based Polyurethanes

Lin et al.>® also reported that the incorporation of diphenlsilanediol (DSiD)
into the main chain of the polymer improves the thermal stability of the PU hybrid.
They synthesized the PU-hybrid polymer in a two step-process. First, a polyurethane
prepolymer 72 was synthesized using standard procedures. Second, the number of
residual -NCO groups in the prepolymer was determined using di-n-butylamine and
a stoichiometric quantity of DSiD in DMF solution was added to complete the reac-
tion to give product 73 (Scheme 28). The activation energies at various stages of
degradation for the pure PU and the silicone-containing PU were ascertained by the
Ozawa’® method—that is, the Si-PU hybrid copolymers have higher degradation
activation energies than PU. Generally, the presence of a pendant siloxane moiety or
a POSS on a polyurethane is better than using a siloxane oligomer as part of a main
chain siloxane-urethane copolymer.
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Scheme 26 Synthetic route to POSS-polyurethane.

G. Siloxane-Urethane Containing Block Copolymers

It has been observed that thermoplastic polyurethane elastomers as segmented
copolymers, in which the soft segments are based on polysiloxane or polyether units
and the hard segments are based on the organic aromatic diisocyanate group, exhibit
a heterogeneous microstructure. The heterogeneous miscrostructure is the outcome
of thermodynamic incompatibility of the soft and hard block segments.



Scheme 27 CAChe representation of the POSS-polyurethane structure.
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Scheme 28 Synthesis of diphenylsilanediol (DSiD) containing main chain polyurethane.
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Scheme 29 illustrates the synthetic routes to three classes of silicone—urethane
block copolymers that were reported by Benrashid et al.>”->® It is interesting that the
solvents from which the siloxane—urethane block coplymers were cast have a signif-
icant influence on microphase segregation. For example, films cast from THF had a
higher siloxane concentration at the surface relative to polymers cast from DMAc/
CH,CI, or dioxane.

Kozakiewicz>® reported that siloxane—urethane prepolymers, which were further
treated with an oligomeric siloxane diol (Scheme 30) or with water (i.e., moisture-
curable system), exhibited improved segment compatibility with no phase segregation.
These materials have applications as biocompatible and antithrombogenic coatings.
They also form flexible waterproof coatings on paper, metal, and glass; finishes for
textiles and natural leather; antifriction and wear resistance materials; as binders for
magnetic recording media; heat-resistant layers for thermal recording materials; print-
ing ink binders with good adhesion to polyamide substrates; water- and oil-repellent

CHy
l. "
0=C=N-R-N=C=0 + HO—[—IS o—];H +  HO-R-OH
74 CHg 76
75

Dibutyltin dilaurate

» Block copolymer

CHy
|
0=C=N-R—N=C=0 4 NH,(CHo)s{S—OJ-(CH,)sNH, + HO-R-OH

74 CHs 76
77

Dibutyltin dilaurate »  Block copolymer

Oligomeric diisocyanate + Hydroxy/amine terminated siloxane
B Block copolymers

Scheme 29 Synthetic routes for three classes of siloxane-urethane block copolymers.
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R= (CH2)20(CH2)3 and _(CH2)6_ x=10o0r 20

Scheme 30 Structure of the oligomeric sioloxane diol used for polymerization with
poly(propylene glycol) and diisocyanates.
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coatings on glass, ceramics, wood, paper, metals, leather, and textiles; and many other
applications. In addition, perflorinated diols were used as chain-extending agents, as well
as radiation-curable coatings, releasable coatings, and antifouling coatings. Moreover,
polysiloxane—urethane block coplymers have interesting mechanical and surface-related
properties. For example, the presence of a polysiloxane block allows the possibility for
conversion to an insoluble silicone rubber upon hot curing.

Wang et al.®” reported the synthesis of a complex PSU. The segment from the
urethane was derived from a specially designed secondary amioalkyl-terminated
poly(dimethysiloxane) along with poly(tetramethylene oxide) (PTMO), 1,4-butanediol
79 (BD) as a soft segment, and 4,4'-methylene diphenyl diisocyanate 70 (MDI). The
polymerization occurred in a mixed solvent medium of N, N-dimethylacetamide and
tetrahydrofuran (Scheme 31). Transmission electron microscopy indicates that the
presence of 15wt % of PDMS in the above polymer appears as dark domains,
whereas at higher concentrations (e.g., 55wt % of PDMS), a continuous phase is
observed. The predicted properties of those polymers are low glass-transition tem-
peratures, low surface energy, high gas permeability, good insulation capability, and
thermal stability.

Kuo et al.%? recently studied in detail the synthesis of segmented polyurethane
from poly(dimethylsiloxane diol) with poly(ethylene glycol) 83 (PEG) and 4,4'-
methylene diphenyl diisocyanate 70 (Scheme 32). Polymer films were prepared by
casting the polymer from solution. The electrolyte was prepared by dipping the poly-
mer films in LIC1O4/propylene carbonate solutions of different concentrations and
for different time intervals. They obtained an ionic conductivity of 2.33 X 1073 S/cm
at 80°C. Moreover, the conductivity of the composite electrolyte increased with an
increase in the content of PEG, which attracts a larger quantity of Li* ions.

CHs
HO~CH,CH,CH,CH, OH HN CHZCHCHZ s.— Sl—CHZCHCHzNH
N p CH, CHs

(BD) 79

(Secondary amino alkyl terminated PDMS)

HO—CH,CH,CH,CH,—0-H —@ O

(PTMO) 81 (MDI) 7
PTMOor PDMSHO—C—NH@ @NHC O—(CHy)s +/
Soft Segment 82

Hard segment

Scheme 31 Organosiloxane modified and segmented polyether—polyurethanes.
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Scheme 32 Two-step addition reaction for the preparation of segmented polysiloxane-
modified polyurethane.

Kuo et al.% also reported new polymers (PS55) in which ethylene glycol was

used a chain extender. These materials were characterized by scanning differential
calorimetry (DSC), ionic conductivity, and multinuclear solid-sate NMR spectroscopy.
For example, the DSC measurements indicated an increase in the soft-segment 7,
which remained invariant even at high salt concentrations. In addition, a conductivity
jump was observed at 310-330°K. Below this temperature, the conductivity follows
Arrehnius-like behavior, implying a diffusion mechanism for the transport of the
charge carriers where the charge carriers are decoupled from the segmental motion of
the polymer chain. Above that temperature, a Vogel-Tamman-Fulcher behavior is
observed. At high salt concentrations, the decrease in ionic conductivity is due to the
formation of ion pairs and/or ion clusters.

The '*C-NMR spectra together with the 2D-WISE NMR spectra of these mate-
rials suggest a significant decrease in the mobility of the soft segment, which is attrib-
uted to the added salt. Using line width changes in the °Si-NMR spectrum, it was
shown that the polysiloxane backbone mobility was unaffected unless the salt concen-
tration was high. The onset temperature of ’Li motional line narrowing was correlated
with the soft-segment 7. The activation energies obtained from ionic conductivity, Li
line width, and T| measurements supported a strong correlation between the ionic con-
ductivity of the solid polymer electrolyte and the mobile lithium cation.

H. Polyurethane Modified with an
Aminoethylaminopropyl-Substituted
Polydimethylsiloxane

Fan et al.%® reported the syntheses and properties of a polyurethane—urea,
copolymers 88 from a aminoethyl-aminopropyl poly(dimethylsiloxane) 86 (AEAPS),
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with poly(tetramethylene oxide) 81 and 1,4-butanediol 79 as a soft segment and 4,4'-
methylene diphenyl discarnate 70 (Scheme 33). Presence of siloxane as a side chain
results in a siloxane concentration on the surface of the elastomer that is higher than
that in the bulk. In fact, the Young modulus and tensile strength of the modified
polyurethane increased slightly, but the ultimate elongation decreased after 1 wt %
AEAPS modification.

(:H3 CH3
CH30
oH3 _ .
HO+CHZCH2+CHQCH20hnH ,  HO—CH CH CHy CHz-OH

87 79
N H 2
86

DMAc/toluene, 130°C, 3 hr
Stannous laurate, 4 hr, 100°C

CHg CH3
CHsO NCO OCHZONCO
CH3 {CHz 3} (MDI) 70
| Q ?
—N—(CHy),-0—C—NH CH, NH—C—0—(CH »),-0—-MDI —PTMO #

Scheme 33 Synthesis of polyurethane-modified polysiloxanes with aminoethylaminopropyl
side chains (AEAPS).

On the contrary, main-chain segmented siloxane—urethane copolymers from
primary or secondary amine-terminated siloxane oligomers with diisocyanates and
diols of the type illustrated in Scheme 316%%465 cause a surface enrichment with the
siloxane chain as well as a reduction of tensile strength. These results have been
attributed more to the branching of the polyurethane chain owing to more than
one aminoethylaminopropyl group lying in several AEAPS molecular chains.
Furthermore, surface-modified polyurethane—polysiloxanes are of great use in med-
ical devices and prostheses owing to their excellent tensile properties, biocompati-
bility, and low 7.

I. Synthesis of Waterborne Polyurethane Modified
with an Aminoethylaminopropyl-Substituted
Polydimethylsiloxane

Waterborne polyurethanes are of commercial importance today because of
their applications in aqueous medium without evolving toxic and flammable mate-
rial to pollute the air and water. Dieterich et al.®*% developed innovative approaches
to this subject. Unfortunately, their carbon based polyurethanes had poor water
resistance. Chen and coworkers®® synthesized a waterborne PU prepolymer 91,
which was modified by AEAPS 86, as shown in Scheme 34. According to them, the
newly made PU 92 emulsions have shown stability, and the siloxane chains have
been enriched on the PU surface. The water resistance of the PU film has been
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Scheme 34 Synthesis of waterborne AEAPS-modified polyurethanes.

increased, but the bulk tensile properties of the PU film has not changed signifi-
cantly with a small amount of siloxane modification up to 6wt %.

J. Alternate Siloxane—Urethane Copolymer by
Three-Step Reaction

Chatterjee Ganguly and Matisons’® reported the three-step synthesis of poly-
siloxane—urethane from tetramethyldisiloxane (Scheme 35). In the first step bis(3-
trimethylsiloxypropyl)tetramethyldisiloxane (BTTD) was synthesized from
tetramethyldisiloxane and allyloxytrimethylsilane. BTTD was then hydrolyzed in the
presence of methanol to give bis(3-hydroxypropyl)tetramethyldisiloxane (BHTD).

Finally, the siloxane—urethane copolymer (22) was obtained from BHTD and
2,5- tolyene diisocyanate (2,5-TDI) in dry DMF at 80°C. The CAChe representations
of model MDI-PDMS and model TDI-TMDS structures are presented in Scheme 36
and Scheme 37, respectively.
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Scheme 35 Three-step synthesis of a polysiloxane—urethane copolymer (22)

Recently, Adhikari et al.”! examined the effect of mixed-chain extenders on the
properties and morphology of polyurethane—siloxane copolymers. In a two-step
process, they made low molecular weight prepolymers with PDMS, poly(hexameth-
ylene oxide) (PHMO) and MDI. The prepolymers were treated with 1,4-butane diol
(BDO) and 1,3-bis(4-hydroxybutyl)-1,1,3,3-tetramethyldisiloxane (BHTD) and
cured. A 60:40 molar ration of BDO:BHTD chain extender yielded a polyurethane
that combined good tensile strength and flexibility.
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Scheme 36 CAChe representation of model MDI-PDMS structure.
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Scheme 37 CAChe representation of model TDI-TMDS-TDI structure.

II. EXPERIMENTAL SECTION

A. Materials and Instruments

Hydrogen hexachloroplatinate (IV) hydrate (choroplatinic acid) was used as a
1% solution in THF (Aldrich, 40wt % Pt). 1,1,3,3-Tetramethyldisiloxane, ally-
loxytrimethylsilane, and 2,5-tolyene diisocyanate (2,5-TDI) (Aldrich) were used
without further purification. DRIFT spectra were measured at room temperature
using a single-beam Nicolet Magna Model 750 spectrometer with an MCT-liquid
nitrogen colled detector. The 'H-NMR spectra were recorded on a Varian Gemini
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Fourier Transform NMR Spectrometer at 200 MHz. Thermogavimetric analysis was
conducted in platinum crucibles with an SDT-2960 Simultaneous DTA-TGA ther-
mal analyzer from room temperture to 1000°C at a heating rate of 10°C/min under
nitrogen or oxygen (flow rate of 100 mL/min).

B. Synthesis of Bis(3-trimethylsiloxypropyl)tetramethyl
Disiloxane (BTTD) from Allyloxytrimethylsilane

In a dry flask, allyloxytrimethylsilane (6.5 g) in dry THF (50 mL) was stirred
with a catalytic amount of chloroplatinic acid at room temperature in air. 1,1,3,3-
Tetramethyldisiloxane (3.3 g) in dry THF (20mL) was added dropwise for 30 min.
The reaction was stirred at room temperature for 7 days. Excess THF was removed
under vacuum at —65°C. The product was a clear liquid; yield, 96%.

"H-NMR (CDCI;, 200 MHz), (8 ppm) assignment: 3.5-4 (SiCH,CH,CH,0H),
1.78-1.8 (SiCH,CH,CH,0OH), 1.50-1.53 (SiCH(CH;)CH,OH), 0.47 (SiCH,CH,
CH,OH), and 0.053 (Si-CHj3).

C. Synthesis of Bis(3-hydroxypropyl)tetramethyl
Disiloxane (BHTD)

Bis(3-trimethylsiloxypropyl)tetramethyldisiloaxne (7.9g) in dry methanol
(200mL) was refluxed’? overnight at 55°C. Excess methanol was removed under
vacuum at —65°C; yield, 99%. 'H-NMR (CDCL;, 200MHz), § (ppm) assignment:
3.00 (SiCH,CH,CH,0H), 3.51-3.57 (SiCH,CH,CH,OH), 1.78-1.8 (SiCH,CH,.
CH,0H), 1.50-1.56 (SiCH(CH;)CH,OH), 0.5 (SiCH,CH,CH,0H), and 0.00-0.05
(SiCH3).

D. Synthesis of a Siloxane—Urethane Copolymer
from BHTD and 2,5-TDI

In a dry three-neck round bottom flask, bis(3-hydroxypropyl)tetramethyl-
disiloxane (5g, 2mmol) was dissolved in dry DMF (25mL). 2,5-TDI (3.48¢,
2mmol) in dry DMF (10 mL) was added dropwise to the solution under nitrogen at
room temperature. The reaction mixture was stirred at 80°C for 24 h. The solution
was poured into cold methanol to precipitate the polymer. A pale yellow polymer
was filtered and washed with methanol; yield 90%.

III. RESULTS AND DISCUSSION

A two-step synthesis of polysiloxane—urethane copolymers from tetramethyl-
disiloxane was described. The precursors, BTTD (from tetramethyldisiloxane and
allymethylsilane) and BHTD (by hydrolysis of BTTD) were prepared by standard
literature procedures.
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The FT-IR spectra of the polysiloxane—urethane copolymers contained absorp-
tion peaks at 1092 cm ™! (Si-O-Si stretching), 816 cm ™! (CH; rocking), and 2854 cm ™!
(CH3 stretching) and were attributed to the tetramethyldisiloxane units. Absorptions at
3600cm ™! (N-H stetching) and 1685-1720cm ™! (C=O stretching) were typical of
urethane linkages. Bands at 2954 cm ™! and 1232 cm ™! were characteristic of the Si—C
bond.

The "H-NMR spectra of the copolymers contained signals at 9.1 and 8.5 ppm,
which were assigned to the proton on nitrogen. Signals at 7.95 and 7.05 ppm were
attributed to aromatic protons. The other salient proton signals at 5.8, 2.88, 2.72,
2.19, and 0.07ppm have been assigned as follows: (SiCH,CH,CH,-urethane),
(SiCH,CH,CH,-urethane), (SiCH(CH;3)CH,-urethane), (SiCH,CH,CH,-urethane),
and (SiCHs), respectively. The singlet N-H proton peaks at 9.1 and 8.5 ppm were
characteristic of an asymmetric molecular structure.’”

The TGA and DTA curves under nitrogen (Fig. 8) and oxygen (Fig. 9) indi-
cated that the mode of degradation may have been different in the two environments.
For example, under oxygen, the polymer showed 39% weight loss on heating to
200°C. A sharp exothermic peak appeared at ~330°C, with a further weight loss of
74%. This observation was analogous to that observed by Lee et al.*? in their study
of the thermal stability of polysiloxane-ether-urethane copolymers. By the time the
copolymer reached 558°C, the weight loss was 99%, and only silica remained in the
platinum pan.

In a nitrogen atmosphere at 347.48°C, copolymer showed two endothermic
peaks, one below 200°C and one at ~374°C, which corresponded to weight losses of
25% and 77%, respectively. In this case, a silicon coating was observed.
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Figure 8 TGA and DTA curves of the copolymer in oxygen.
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Figure 9 TGA and DTA curves of the copolymer in nitrogen.
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I. INTRODUCTION

A. Silica

Low-valued silica sand and quartzite may be converted into specialty silica by
various processes. The resulting specialty silicas are generally classified based on
their properties and methods of production and include fumed silica, precipitated sil-
ica, silica gels and sols and microsilica. The value of global industrial production of
specialty silica is close to $2 billion per annum, and the capacity of silica production
is around 1 million tons per annum, out of which the capacity of precipitated silica
(which is discussed here) is about 85%.! These quantities clearly illustrate the impor-
tance of the industries and processes dealing with precipitated silica.

Precipitated silica, which has applications in rubber reinforcement, moisture
resistance, rheology control, as flatting agents, etc., is commercially produced by neu-
tralizing sodium silicate with sulfuric acid to form a slurry of silica. This is filtered
to recover the silica, which is then washed, dried, and size treated. The reaction takes
place at ~60°C, in the presence of solvents and at extreme pH. This leads to high-
energy consumption for the reaction as well as the separation steps. Organosilicon
compounds may be also used as silica precursors at high or low pHs (and often in the
presence of a solvent) but give poor control over the resulting silica morphology.?

B. Silica: Existence, Solubility, and Synthesis

Silicon is never found in nascent form in nature; however, in combination with
oxygen it is abundant in the form of silica with the general formula SiO, - #H,O
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and silicates. Silicon and oxygen are the major components of the earth’s crust and
in combination account for 78% of it. Silica is found in quartz, opal, and flint and
in biological systems such as algae, sponges, and grasses.>~ Despite the vast sci-
entific literature on crystalline and amorphous silica, new chemistries, structures,
and applications continue to be discovered for compounds formed from these ele-
ments.

The dissolution of silica in water is slow, and its depolymerization is gradual.
It follows a reversible reaction:*

silica water silica monosilicic acid

The solubility of silica in aqueous solutions depends on the following factors:*

1. The particle size of silica.

2. The degree of internal hydration in the silica.

3. Impurities present in the medium, such as ions, other molecules and macromol-
ecules. These impurities alter the degree and strength of the hydrogen bonding of
silica in solution, thus preventing or stimulating the dissolution of the silica,
depending on the nature of the impurities.

As shown by equation 1, silica undergoes hydrolysis to form monosilicic acid. This
compound is unstable and thus it can be neither isolated nor observed.* Thus, the
term silicic acid is loosely used in the literature and typically indicates monosilicic
acid as well as various oligomeric polysilicic acids.

The formation of a silica sol (solution of colloidal particles of sizes 1-1000 nm,
in a liquid solvent) from the monosilicic acid follows three steps:*

1. Polymerization of Si(OH), via condensation releasing water molecules to pro-
duce discrete nuclei/colloidal particles. The polymerization of monosilicic acid
in the aqueous phase is different from the classical condensation polymerizations
that are used to produce organic polymers.* In organic polymerizations, the poly-
mer chains grow by a particular mechanism, but in the case of silicic acid poly-
merization, the growth is by nucleation and aggregation, as described below. In
the early stage, siloxane (Si-O-Si) bond formation is maximized.

2. Particles grow by further polymerization of discrete colloidal particles by nucle-
ation. The particle growth follows either Oswald’s ripening (in which, smaller,
unstable particles dissolve and precipitate on the surfaces of the relatively larger,
insoluble, and stable particles) or condensation of intermediate size particles.
Particle bridging plays an important role in this as well as the next stage of silica
formation.

3. Aggregation of particles to produce larger particles and/or networks is then fol-
lowed. The bridging of particles (nuclei) is maximized with only a few siloxane
bonds formed at this stage.

Iler* described this complicated process, as shown in Figure 1.
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Figure 1 Polymerization behavior of silica in an aqueous medium. 4, in the presence of
salts, acidic medium; B, alkaline medium. (Reprinted from Ref. 4.)

i. Silica Synthesis by Sol-Gel Processing

Sol-gel processing typically uses alkoxy silane precursors that undergo
hydrolysis and condensation reactions to form a sol and then a gel.? The process is
briefly described below.

a. Hydrolysis

In the sol-gel processing of silica, a silica precursor undergoes hydrolysis.
Most often, a tetraalkoxysilane is used as the silica precursor. The hydrolysis reac-
tion can be illustrated as follows:

=Si-OR + H,0 — =Si-OH + R—OH )

The reaction follows by nucleophilic attack of oxygen from a water molecule on Si.
Catalysts, solvents, and the R groups substituted on the silane precursor affect the
rate and extent of hydrolysis. In the presence of catalysts, completion of the hydrol-
ysis is observed. Typical catalysts are HF, HCI, amines, and KOH. Addition of sol-
vent increases the rate of depolymerization and esterification reactions. Bulkier
groups on the silica precursor reduce the rate of hydrolysis.

b. Condensation

Hydrolysis is followed by condensation reactions liberating water or alcohol
molecule(s), thus forming siloxane bonds. The two condensation reactions are rep-
resented as follows:?

Alcohol Condensation
=Si—{OR + HO—Si=— =Si—0—Si= + ROH 3)
Water Condensation

=Si—{OH + HO—Si = - =Si—0—Si= + H,0 (4)
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It has been shown that these hydrolysis and condensation reactions usually follow an
Sp2 mechanism. As with the hydrolysis reaction, condensation is affected by the sol-
vent and R groups substituted on the silane precursor.?

ii. Silica Particle Synthesis

The sol—gel process has been used to produce various amorphous silica struc-
tures, such as tubular organogels by molecular imprinting.® The use of supramole-
cules for the synthesis of crystalline mesoporous materials via sol—gel processing is
also well known.” Preparation of a silica sol of controlled properties was demon-
strated by Stober et al.® in 1968 and is discussed here.

Stober et al. developed a process capable of forming controlled silica sols in
the range from 500 nm to 2 um. A typical reaction mixture contained tetracthoxysi-
lane (TEOS) as the silica precursor along with water, ethanol, and ammonia in var-
ious concentrations. The silica particles produced were shown to have a narrow size
distribution, and the particle sizes and size distribution could be controlled by con-
trolling the solution pH, the composition of reactants, and the temperature. The pH
of the medium was found to be the key variable and it was controlled by varying the
ammonia strength. The process was typically carried out at higher temperatures
(>20°C) and at higher pH (~10). This process has been widely adopted for silica
particle synthesis, though it requires rather harsh process conditions. In a further
detailed study on particles prepared by the Stéber route, it was found that’ the parti-
cles were of a core-shell nature. The core was made up of highly condensed amor-
phous silica, and the less condensed shell contained silanol groups. This was also
predicted earlier by Iler.* In addition, the smaller particles were found to depart from
the spherical shape and were heterogeneous.

C. Biosilica: Existence and Importance

Among the interesting characteristics of biological systems are materials
that exhibit a high degree of structural sophistication and the species-specific
applications of ornate organic—inorganic hybrid materials formed by biomineral-
ization.!? In addition, biocatalysis has advantages such as mild reaction conditions,
high product selectivity, and the environmentally friendliness of the process.!!
In nature, diatoms, unicellular algae found in water, are capable of forming
species-specific ornate silica nano-structures, an example of which is shown in
Figure 2.

Similarly, sponges and grasses form silicified structures.>!%!? Silicification in
vivo (also called biomineralization and biosilicification, in particular) may also take
place at (or very close to) neutral pH and in an aqueous phase and is predicted to be
catalyzed by specific proteins. Thus biosilicification is inspirational source for in
vitro studies. It is clearly important to study and understand the role and specificity
of proteins involved in biosilicification. Such investigations have led to bioinspired
silica synthesis. In addition, such bioinspired methodologies may help in cost reduc-
tion for industrial silica production.
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Figure 2 Representative micrograph of the elaborate biosilica structures of diatom
Aulacoseira granulata. (Bar = 1 um.)

II. BIOSILICIFICATION AND PROTEIN
INTERACTIONS

The interactions of biological macromolecules (proteins) with silicic acid were
observed in vitro and documented by Iler.* He described these interactions as fol-
lows: “Silicic acid precipitates gelatin . . .” and . . . albumin combines with silicic
acid.” It was also reported that polyalcohols and sugars did not affect the solubility
of silica, but glycine reduced its rate of dissolution. Thus it was known that macro-
molecules interact with silica in vivo as well as in vitro, but in an unknown fashion.

A. Diatoms

Proteins are incorporated into biosilica, and hence it is possible to selectively
dissolve the biosilica and recover these biomacromolecules. Silaffin proteins (pro-
teins having affinity towards silica) were extracted from the diatom Cylindrotheca
fusiformis this way and were proposed to catalyze biosilicification in the diatoms.'*
The primary amino acid sequence of the silaffin proteins was also determined'** and
was corrected twice in subsequent publications.!*® The ¢cDNA (sil/ gene) corre-
sponding to silaffin-1B encoded a polypeptide (sillp), which was found to contain
highly homologous repeating sequences (R1-R7 peptides) and is shown in Figure 3.

The silica synthesized in vitro using silaffins and an aqueous silica precursor
resulted in nano-size particles (Fig. 4). The 19 amino acid sequence R5 (Fig. 3) was
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R1
SSKKSGSYYSYGTKKSGSYSGYSTKKSASRRIL
108 120 130 i40
R2
5SSKKSGSYSGYSTKKSGSRRIL
147 150 160
R3

5SSKKSGSYSGSKGSKRRIL

=X 170 180

R4
SSKKSGSYSGSKGSKRRNL

182 190 200

RS
SSKKSGSYSGSKGSKRRIL

201 210 2i9

R6
SSKKSGSYSGSKGSKRRNL

220 230 238
R7
SSKKSGSYSGSKGSKRRIL

239 250 257

Figure 3 Sequence of R1-R7 peptides derived from the diatom C. fusiformis. (After
Ref. 14.)

Figure 4 The silica particles synthesized in vitro using natSil protein extracted from the
diatom C. fusiformis. Bar = 1 um. (Reprinted from Ref. 14b.)

proposed to be a key part of the sequence; in the silaffin-1A, the lysine residues were
found to be post-translationally modified. This modification is useful in maintaining
a cationic charge on the protein in solution.'* Further studies of these proteins
revealed the high levels of phosphorylation found on the serine residues.'*® Recently,
native silaffins were isolated from the diatom C. fusiformis, and natSil-1 was found
to contain unusual amino acid modifications. Although natSil-2 did not show any
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activity toward silica formation, it was shown to control silicification when present
with native silaffin proteins.!®> It was proposed that these modifications may be
important not only in C. fusiformis but also in other diatom species.

An application that used synthetic RS polypeptide to yield an ordered precipi-
tated array of silica onto a polymer hologram was developed.'® Regularly spaced RS
polypeptide solution domains were produced by phase separation during the photo-
chemical formation of a polymeric hologram. Treatment of this polypeptide patterned
hologram with a pre-hydrolysed solution of tetramethoxysilane (TMOS) led to specific
formation of silica nano-particles only in the region of the RS domains (Fig. 5). These
studies have put forward the technological importance of bioinspired studies in devel-
oping novel applications in addition to gaining an understanding of their roles in vivo.

Figure 5 Two-dimensional array of ordered silica nanospheres formed within a polymeric
hologram. Bar = 2 um. (Reprinted from Ref. 16.)

Hildebrand et al.,'” made a significant contribution toward understanding the
silicification process in diatoms when they identified silicic acid transporters. It was
also observed that silicon, through biosilicification and silicic acid uptake, controls
the metabolism of diatoms, although the exact mechanisms of these processes are
unknown.'® In the deposition of diatom biosilica, it was recently proposed that two
processes—micromorphogenesis and macromorphogenesis—might govern the sil-
ica formation."

B. Grasses

Four plant materials that were silicified in various amounts were also analyzed
for their protein content.? These plant materials were hairs from lemma of the grasses
Phalaris canariensis L (containing 40% dry weight silica), branches from Equisetum
telmateia (containing 20% dry weight silica), leaves from Phragmites sp. (containing
2% dry weight silica) and Equisetum arvense.”*?! These samples were acid treated in
two consecutive steps to extract the protein-containing material. It was revealed that
the soluble extracts from the materials of the first two plants mainly contained amino
acids with hydroxyl groups, basic amino acids, and elevated amounts of proline.
Further, higher levels of basic amino acids and aliphatic amino acids were observed
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in the insoluble residues obtained after HF treatment. The amino acid composition in
Phalaris was determined: lysine, 22mol %; histidine, 12mol %; glutamic acid,
14 mol %; and proline, 25 mol %. A similar composition of amino acids was seen in
Phragmites. In case of Equisetum, relatively higher levels of lysine and proline
residues were observed.?’ It was proposed that such highly charged organic materials
with rigid backbones could be regulating the nucleation of biogenic silica. In addition,
the amino acids, capable of forming hydrogen bonds, may govern the particle growth,
thus controlling the structure of biosilica.?’ When introduced to a silicic acid solution
in vitro, these bioextracts were able to produce interesting crystalline silicas, thus
highlighting the degree of control possessed by such bioextracts.?!

C. Sponges

The marine sponge Tethya aurantia contains 75% dry weight silica in the form
of needle-like spicules (1-2 mm in length and 30 um in diameter) and was studied in
order to isolate proteins that facilitate biosilicification.?? It was found that each spicule
contained a central filament of protein (1-2mm in length and 1-2 um in diameter).
After various treatments to dissolve the mineral silica from the sponge,?? three simi-
lar proteins were isolated and these silica proteins were named silicatein o, B, and v.
Silicatein o, which was found in large quantities as compared to silicatein § and y and
contained regular arrays of hydroxyls, was found to be highly similar to members of
cathepsin L and papin family of proteases. In addition, it was found that the catalytic
cysteine residues at the active site in these proteases were replaced by serine in sili-
catein o. Another feature of silicatein o is the hydroxy amino acid (serine, tyrosine
and threonine) clusters. Using these and other findings, Cha et al.>} proposed a mech-
anism for the silicon ethoxide condensation that was catalyzed by silicatein o and is
based on the characteristic mechanism exhibited by the serine—histidine and the cys-
teine—histidine pairs of active sites of the serine- and cysteine-based proteases.

As to the role of these biomacromolecules (isolated from various biological
systems) in silicification/biosilicification, Tacke?* described how the silaffin pro-
teins from the diatom Cylindrotheca fusiformis and the silicatein proteins from the
sponge Tethya aurantia have a catalytic/templating/scaffolding role in the formation
of ordered silica structures. He had also foreseen the use of such biomacromolecules
in organic synthesis in vitro. These results are important from a materials science
viewpoint and can be used as a methodology to synthesize organic—inorganic hybrid
materials for specific applications.

ITI. BIOINSPIRED AND BIOMIMETIC
SYNTHESIS: THE USE OF POLY
(ALLYLAMINE HYDROCHLORIDE)

The growing silica nuclei/particles/sol contain negative charges at neutral pH. It
is also known that the silaffins are cationically charged macromolecules, as discussed
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above. Thus we have shown that various cationically charged water soluble macromol-
ecules can be used to form silica particles and structures. Because poly(allylamine
hydrochloride) (PAH) satisfies these requirements, it was used to study silica synthesis.
It was also used to investigate the specificity of proteins in (bio)silica formation.

A. Synthesis of Spherical Silica Particles

PAH has been studied in detail for its role in silicification under ambient condi-
tions and at neutral pH.?>"" It was demonstrated that PAH can facilitate the formation
of nanometer and micrometer-size spherical silica particles under mild conditions from
an aqueous solution of a silica precursor (Fig. 6). It was shown by energy dispersive
spectroscopy (EDS) and Fourier transform infrared spectroscopy (FTIR)? that the
PAH was incorporated into the final silica structures. In the absence of PAH the reac-
tion mixture gelled in 1 day. These results indicate that PAH may act as a catalyst as
well as a template or structure-directing agent in silicification. In this context, the
behavior of this system is consistent with how Tacke described the role(s) of macro-
molecules that facilitate silica formation via scaffolding (see section II).

In further investigations, various parameters that govern the silica synthesis
and the morphology of the silicified products were studied. Among the important
parameters were the reaction time, the precursor concentration, and the precursor
prehydrolysis time.

Figure 6 Representative SEM micrographs of nano- and micro-size silica particles
synthesized using PAH. Bar = 1 um.
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B. Synthesis of Nonspherical Silica Structures

A shear force was externally applied to the reaction mixture by continuously
stirring or flowing the reaction mixture in a tube while it was reacting; this resulted
in the formation of fiber-like silica structures for the PAH system (Fig. 7).28 One of
the reasons for the departure of silica structures from a spherical morphology is due
to the alteration of the orientation of the polymer in the solution under externally
applied shear. Apart from fiber-like structures, various other silica structures were
also synthesized, and they were found to be amorphous.?’ In a similar fashion, Naik
et al.*” have recently demonstrated how the structures of silica mediated by RS pep-
tide can be controlled using externally applied shear.

Figure 7 Elongated silica structures formed using PAH when the reaction mixture was
stirred. (Reprinted from Ref. 28.)

Further investigations of these structures and the conditions under which they
formed are in progress. One interesting thing to note in this context is that diatoms
that form perfectly round structures in relatively “quiet” surroundings, may form
rather elongated/ellipsoidal structures in shallow waters.>! Thus the conditions in
vitro mimic the conditions in shallow water or windy areas wherein the medium is
under continuous motion.

C. Synthesis Using a Mixture of Macromolecules

When another cationically charged polymer (poly-L-lysine; discussed below)
was added to the reaction mixture along with PAH, disk-like silica particles
were observed rather than spherical silica particles as seen with just PAH (Fig. 8).
It is postulated that the two polymers affect the chain conformations of each other,
thus altering the product morphology.?’ Experiments in vitro using a mixture
of polyamines and silaffins extracted from diatoms resulted in similar disk-like
structures.*?
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Figure 8 Disk-shaped silica particles formed on mixing PAH with PLL.

D. Electrostatically Self-Assembled Bilayers
of PAAcid and PAH

A set of experiments was carried out to study the activity of PAH when it was
coated on silicon and silica glass substrates. The substrates were prepared by alter-
nate electrostatically self-assembled (ESA) adsorptions of polyacrylic acid (PAAcid)
and PAH from their respective solutions to a substrate to form 10—11 bilayers.>3
These substrates were dipped into TMOS solutions, removed after 5 min, washed
with deionized water, and then dried. The samples were then scanned under SEM for
silica formation on the substrates. There was no evidence for the controlled forma-
tion of silica on these substrates except for a few irregular shaped silica regions,
which were small in number. However, when TMOS was added to a solution of a
mixture of PAH and PAAcid, silica precipitation was observed.

E. Role of Polyelectrolytes

The role of polyelectrolytes in the destabilization/stabilization of colloids was
studied in detail by Heller** and LaMer and Healy.> The polyelectrolytes, due to coun-
terions/charges, become associated with the surface of the colloids, thus destabilizing/
stabilizing the colloidal particles. The effect of polyelectrolyte concentrations has also
been studied. At lower concentrations, polyelectrolytes partially cover the surface of the
colloids (Fig. 9a). At a certain optimum concentration, the particle surface is covered
entirely, thus precipitating/flocculating the particles. At higher concentrations, the col-
loids redisperse due to the charges of the polyelectrolytes. A mechanism suggesting that
these polyelectrolytes act as a bridge, connecting the colloidal particles has been
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Figure 9 Polyelectrolytes and charged colloids. (Reprinted from Ref. 36 with permission
from the Royal Society of Chemistry.)

proposed (Fig. 9b).4?73435 This bridging mechanism also predicts the formation of
physical bonding (entanglements) and/or chemical (hydrogen) bonding between poly-
mer molecules directly or through the flock. The polymer adsorption on the surface of
the colloidal particles alters the silica—water interfacial free energy. The ability to form
hydrogen bonding is considered important in the case of silicification and biosilicifica-
tion. Tler* described the interactions of macromolecules with silica acid as follows:
“The combination occurs by the formation of a multiplicity of hydrogen bonds between
the relatively large molecules of proteins and polysilicic acid such that a mixed network
of these molecules if formed, leading to the separation of the aggregates from the sol.”

Polyelectrolytes form domains in solution with a characteristic correlation dis-
tances (i.e., spatial distribution of chains).?” For PAH solutions this was observed
using small-angle light scattering (SALS).?” Based on our findings on the use of
PAH in bioinspired silicification, the effect of phosphate ions in PAH-mediated sil-
ica synthesis was studied.?® It was proposed that the phosphate ions play an impor-
tant role in the self-assembly,*® which is in line with our observations based on
SALS.?” The polyelectrolyte concentration, medium and the type of the monomer
unit alter the correlation distance. A similar process may be taking place in vivo. The
chains of proteins facilitating biosilicification may be taking a particular orientation
due to the primary sequence of a variety of amino acids. In addition, proteins might
also maintain a characteristic correlation distance with other chains due to the pres-
ence of the net charge on the individual protein molecules or due to the attractions/
repulsions between molecules. This organization of the protein molecules may serve
as a template or scaffold in addition to their showing catalytic activity. Once this organ-
ization is achieved, silica deposits specifically on the catalytically active sites, form-
ing ordered and uniform structures. This behavior is depicted in Figure 9c.

Because particle bridging is an important factor in silica formation as dis-
cussed above, polyelectrolytes play an important role in silicification. When the
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reaction is terminated after step two of the silica formation to avoid gelation, parti-
cles of nanometer and micrometer sizes are obtained. This is achieved by coagulat-
ing the particles either by intermolecular van der Waals attractions or by a species
that will provide particle—particle bridging through ionic, covalent, and/or hydrogen
bonding. This is achieved by using various cationically charged polymers.

IV. USE OF OTHER MACROMOLECULAR
SYSTEMS TO SYNTHESIZE SILICA

It is postulated that various amino acid residues in the primary sequence of the
proteins discussed in section II are important in biosilicification. These include lysine,
histidine, arginine, proline, cysteine, and serine.!*!$2026 Homopolymers of lysine
(poly-L-lysine), arginine (poly-L-arginine), histidine (poly-L-histidine), and proline
(poly-L-proline) have been shown to produce silica from various silica precursors in
vitro at (or close to) neutral pH.?7-2%3947

A. Silica Synthesis Using Polyamino Acids

Lysine is one of the important amino acids in the primary sequence of the silaf-
fin proteins. Poly-L-lysine, PLL precipitated well-shaped silica spheres (Table 1).2%4>#
In addition, controlled synthesis of nonspherical structures was also recently reported.*
These new silica structures include hexagonal and petal-like two-dimensional struc-
tures. Furthermore, another investigation revealed that oligomers of lysine were able to
control silicification kinetics and product properties.*’

As seen in Figure 3, arginine residues were found in pairs in the primary
sequence of the sillp protein. Therefore, PLAr (Table 1) was used to study its abil-
ity to form silica structures.?**?4¢ PLAr was also able to precipitate well defined
silica (Table 1).

In a recent investigation, we have shown that some of the silica-binding
polypeptides isolated from a combinatorial phage peptide display library were able
to precipitate silica in vitro when TMOS was used as a silica precursor at neutral
pH.*® From the sequence of the various phage peptide clones, it was proposed that
histidine might be an important amino acid in biosilicification. Histidine was also
proposed to be a key residue in silicatein o that was isolated from the silica spicules
of the marine sponge Tethya aurantia (as discussed earlier). In these studies, TEOS
was used as the silica precursor. The role of poly-L-histidine (PLHis) (Table 1) in sili-
cification in vitro was investigated. It was found that PLHis was also able to form
silica particles, similar to PLL and PLAr.

B. Silica Synthesis Using Polypeptides

Various diblock copolypeptides were used to form silica structures (Table 2).*°
Cystein-lysine block copolypeptides were successful in facilitating the silica synthesis.
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Table 1 Details on Various (Macro)Molecules Used in Silicification”

Chemical Agent

Structure

Silica Formed®

Poly-L-lysine (PLL)

Poly-L-arginine
(PLAr)

RS

Poly-L-histidine
(PLHis)

Poly(allylamine
hydrochloride)
(PAH)

Polyallylamine
(PAAm)

Polyethylenei-
mine (PEI)

Poly(diallyldi-
methyl
ammonium
chloride) (PADA)

HNCH)s 1 o

AN
—f—NH—C —C—-

th
H;N—C—NHCH,CH,CH, H O
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(Continued )
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Table 1 (Contd.)

Chemical Agent Structure Silica Formed?”
Polyvinyl alcohol iH _
PVA
(PVA) fcH—CH
Polyanethole
sulfonic acid CH —CHCH, _
(PASA) =
SONa
\\
OCH,
Polyacrylic acid f-CH5-CH—] _
(PAACid) L
|
OH
Polymethacrylic )
acid (PMA)
Poly(phenylene
vinylene) (PPV)
precursor

Functionalized Cg
-fullerene

¢ Reprinted from Ref. 42.
> Bars=1 um.

It was postulated that these polypeptides self-assemble in solution and thus direct the
formation of silica structures. These polypeptides were able to form spherical as well as
pillar-like structures with TEOS precursor.*’

R1, R2, and R5 peptides, three amino acid sequences found in the sillp pro-
tein (Fig. 3), were used in vitro to study the silica formation. It was revealed that
these polypeptides also form silica upon the addition of TMOS solution.’® Another
investigation made use of arginine-based surfactants to synthesize mesoporous
silica.!!
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Table 2 Block Copolypeptides Used in Silicification”

Entry Number Description

1 Poly[(L-alanine);q-b-(L-lysine),qo]

2 Poly[(L-glutamine);o-b-(L-lysine),]
3 Poly[(L-serine)3o-b-(L-lysine),]

4 Poly[(L-tyrosine);y-b-(L-lysine),]

5 Poly[(L-cystein),-b-(L-lysine),,]”

6 Poly[(L-cystein);y-b-(L-glutamate),o]

¢ Reprinted from Ref. 49.
% n, 10, 30, or 60; m, 200 or 400. These polypeptides were successful in pro-
ducing well defined silica structures.

C. Silica Synthesis Using Polycations

Polyallylamine (PAAm), which has a similar backbone structure to that of PAH
and has a primary amine in the side chain, was found to precipitate nearly spherical
silica particles.*? Another polymer, polyethyleneimine (PEI), was used in the silici-
fication. PEI does not have side chains but contains nitrogen in the backbone of the
polymer. PEI also precipitated silica particles that were nearly spherical in shape.

Poly(diallyldimethyl ammonium chloride) (PADA) has a quaternary amine but
does not have any hydrogen atoms attached to the nitrogen. The nitrogen atom in
PADA is also in a five-membered ring. It did not precipitate silica but gelled in 1 day
instead. This suggests the importance of the hydrogen on the active sites of the poly-
mer, which forms hydrogen bonds that govern the chain conformation of the macro-
molecule in solutions and the affinity for the growing silica. The presence of the
nitrogen in the ring may also alter its ability to form silica, either by altering the net
charge (electronegativity) of nitrogen or by steric factors.

To study the importance of nitrogen in the silica precipitating species,
polyvinyl alcohol (PVA) was used. It was expected that PVA would also form sil-
ica structures, as oxygen is capable of forming hydrogen bonds in solution. In con-
trast, when a solution of PVA was added to the prehydrolyzed TMOS solution, gel
formation was observed. This result clearly distinguishes macromolecules that just
bind with silica (hydroxyl-containing macromolecules like PVA, polysaccharides)
and the macromolecules that facilitate catalysis/scaffolding (e.g., PLL, PLAr, silaf-
fin). Hence, the panning technique recently used*®>! for the identification and
study of polypeptides that bind to the substrates or reactants (silica in this case) may
be ambiguous as to the precise mechanisms and consequences of the binding.

D. Silica Synthesis Using Polyanions and Other Systems

In a similar intention as discussed for PVA, we investigated the effect of PASA
(Table 1) on the silica synthesis.*? In presence of PASA, the silica precursor solution
gelled. This might be due to the negative charges of PASA, which repel the growing
silica sol species, which are also negatively charged.
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Further, to demonstrate that negatively charged polymers will not catalyze sil-
ica formation under these conditions, in the way discussed above for PASA, and that
there might be some specificity of the cationic charge in the polymers, we used
PAAcid and PMA (Table 1). As expected, neither of the polymers facilitated the pre-
cipitation of silica and they each formed gel in 1 day.

PPV precursor (Table 1) precipitated silica and did not gel, but the silica pro-
duced did not have a well-defined structure. However, the ability of PPV to precipi-
tate silica and not gel can be used. The precipitate can be dried and can be powdered
for suitable applications in photovoltaic devices. The precipitate, when left in a test
tube, was seen to change its color from white to light blue in 3—5 days and then to
bluish green in 5—7 days. The conversion of the PPV precursor to PPV within the
inorganic—organic hybrid system and the optical properties of this hybrid are cur-
rently being investigated.

A water-soluble Cgqo-fullerene (Table 1) was studied for its ability to form sil-
ica.” The functionalized Cy,-fullerene did not precipitate silica, and neither did it gel
in 24 h. Fullerene-silica hybrid materials find applications in photovoltaic devices
and related opto-electronic applications.

V. SUMMARY

Organisms of various kingdoms have been reported to deposit a variety of differ-
ent minerals through biomineralization.>? Key features of biomineralization are the pre-
cise hierarchical control over structural growth of biominerals, species specificity of the
biomineral morphology, and ambient conditions (temperature and pH) for formation.
The deposition of amorphous silica to form ornate frustules through biosilicification in
diatoms is one example. In addition, biomineralization is facilitated and controlled by
various characteristic proteins in each biological system. The entrapment of the cat-
alyzing/templating/scaffolding biomacromolecules enables them to be recovered by
selective dissolution of the biomineral. Study of these proteins is thus of interest in
understanding biomineralization. The proteins extracted from the diatom Cylindrotheca
Sfusiformis (silaffins) and the sponge Tethya aurantia (silicateins) and higher plants have
been shown to precipitate silica from silica precursors in vitro. Furthermore, this under-
standing helps us design biomimetic materials, new processes, and new applications
based on the aforesaid minerals in a bioinspired synthetic manner in vitro. The identi-
fication of synthetic macromolecules that can act as catalysts/templates/scaffolds for
silica formation gives exciting possibilities for bioinspired silica synthesis.

VI. FUTURE WORK

Precipitated silica is widely used as a reinforcing agent in a wide variety of
organic—inorganic hybrid materials. The properties of such materials to date are
characteristically isotropic due to the use of spherical silica particles. The use of
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biomacromolecules provide novel routes to preparing oriented silica structures and
present the fascinating possibility of preparing novel organic—inorganic hybrid mate-
rials for the first time where the properties are highly anisotropic.>*

It should be noted that (bio)macromolecules typically facilitate (bio)mineral-
ization via ionic bridges and hydrogen bonding with the growing minerals. These
interactions facilitate the self-organization of the (bio)macromolecules (also referred
to as the organic matrix in the literature) that create appropriate scaffolds for
structure direction of the growing (bio)minerals. In addition, catalytic residues/
sites become available for facilitating the growth of the mineral phase (e.g. cationic
residues in the case of silaffin proteins catalyzing the biosilica formation in diatoms).
This mechanism can be further exploited not only for silica synthesis but also for syn-
thesis and nano-patterning of various other systems based on aluminium, boron, tin,
germanium, silver, gold, iron, calcium, and so on.3®-7 Research in the field of bio-
mineralization and biomimetic materials synthesis based on these concepts will be
highly fruitful.
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I. INTRODUCTION

Group IVA consists of a nonmetal, carbon; followed by metalloids; silicon and
germanium; and metals, tin and lead. The bond energy of Si—Si bonds is 222 kJ/mol,
while the C—C bond energy is 346kJ/mol.! In contrast, Si-O bonds are more stable
(452 kJ/mol) and have properties that lend themselves well to practical applications.
Germanium acts as the bridge between silicon with its metalloid properties and
tin and lead with their metallic properties. The Ge—Ge bond strength is only
about 170 kJ/mol, which is far less than that of C—C or Si—Si but greater than that of
Sn—Sn (about 150 kJ/mol). The rarity and high cost of germanium and its compounds
slowed the development of this area of research compared to other group IVA
elements.

In 1864, Newlands first speculated that germanium was a missing element
between silicon and tin.! A few years later, Mendeleev stated that the missing ele-
ment in the periodic table was germanium and predicted its general properties based
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on similarities to silicon and tin.! While the preferred oxidation state of the group
IVA elements is +4 and involves covalent bonding, tin and lead also form stable
ionic and covalent compounds with a +2 oxidation state. Carbon, silicon, and ger-
manium can also have formal oxidation states of —4 when they are bonded to more
electropositive elements.

There are examples of polymers containing each of the Group IVA metalloids
and metals; however, polymers containing silicon are the most prevalent. The lack of
available organogermanium monomers as well as the high cost associated with the
some of the existing monomers are the main reasons why only a small number of
polymers have been prepared containing germanium compared to silicon.

The topic of organometallic-containing polymers has been reviewed in the past
as part of the coverage of other Group IVA-containing polymers.>* The vast major-
ity of reports on organolead polymers deal with materials, which in the solid state,
are called polymeric because of the similarity of connective bond distances to those
of covalently bonded atoms. Unlike for organolead polymers, few if any reports exist
of similar solid state monomeric organogermanium products that form poilymeric
arrays. This may also be responsible for the poor solubility of many lead monomers
and, conversely, the general good solubility of organogermanium compounds.

II. POLYGERMANES

Linear polymers of the general formula -MR,- can be considered analogs of
polymeric hydrocarbons; however, the electronic properties of polymetallanes are
unlike those of the saturated hydrocarbon polymers, being rather more like those
of unsaturated hydrocarbon polymers. Experimental and theoretical studies are con-
sistent with an intense low-energy electronic absorption maximum that shifts to
higher wavelengths with increasing chain length. This phenomena is the result of
o-delocalization that occurs along the polymetallane backbone.

Coupling of polysilanes, polygermanes and polystannanes with arenes or
acetylenes involves their c-delocalization and their 6-nt delocalization. In exhibiting
electrical conductivity germanium and tin show more typical “metallic” bonding behav-
ior. Some polystannanes have been referred to as “molecular metals’** Conductivity is
increased by doping,” illumination,® and application of an electric field.

Both polysilanes and polygermanes contain a metal-metal backbone, which
emits in the near UV spectral region, exhibits high hole mobility, and exhibits high
nonlinear optical susceptibility. This makes these materials candidates for a variety
of optoelectronic applications.’

The optoelectronic properties result from 6-6* delocalization and confine-
ment of the conjugated electrons along the backbone. Polygermanes resemble poly-
silanes in this regard. The latter have been studied in more detail. Polysilanes exhibit
UV absorption® ! and their A,,,, exhibits a red shift as the silicon chain becomes
longer. The UV spectra of some polysilanes were found to be thermochromic.'! This
is due to conformational changes in the backbone. Conformational dependence of
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polysilanes (and polygermanes) has been explained by an avoided crossing of the
two lowest-energy valence excited states of B symmetry.!?> This has been experi-
mentally verified by using constrained tetrasilanes.!*~!* Studies of conformationally
constrained hexasilanes demonstrated that an anti turn effectively extends the o-
conjugated system, while a syn turn at the temini does not.!* Recent UV studies of
the 6-6* transition in anti, cisoid alternating oligosilanes has provided definitive
evidence for the suppression of conjugation by a cisoid turn.'® The notation for
main-chain conformers, which is currently adopted, is given in a review by Michl
and West.!”

The absorption maximum wavelengths of alkyl oligosilanes steadily shift
toward longer wavelengths as silicon chains lengthen, due to the elongation of the
successive anti (e.g., transoid) segment lengths. Based on the close correspondence
between polygermanes and polysilanes, this explanation should also hold for
polygermanes.

Molecular orbital calculations at the CIS/6-31G* level have been carried out'!
on possible conformers of oligosilanes for peralkylated systems, which can rotate,
and for conformationally constrained systems. The 6-6* excitations for all anti con-
formations decrease in energy (HOMO-LUMO gap gets closer in energy) as the
chain gets longer. When anti and cisoid conformations alternate along the backbone,
the HOMO-LUMO gap decreases more slowly. Thus 6-conjugation does not effec-
tively extend through a small Si-Si-Si-Si- dihedral angle such as a cisoid turn but is
effectively transmitted through dihedral angles close to the 180° associated with the
anti (transoid) conformation. It has been demonstrated that the band gap decreases
in the order Si> Ge > Sn, which is a result of the increasing M—M bond length.

Due to the limited number of well-defined polygermanes that have been pre-
pared and made available, few demonstrated applications have appeared. However,
polygermanes have possible applications as photocondustors,®! photoresists, "2
and nonlinear optical materials.?'~>> Applications should be pursued.

A. Wurtz Reactions

The successful preparation of high molecular weight (MW) polysilanes sug-
gested that catenated germanium analogous might also be accessible. Like silicon,
germanium derivatives form cyclic and acyclic catenates. Soluble, high MW, substi-
tuted germanium homopolymers and silicon—germanium copolymers have been
made by the Wurtz-type reaction of dichlorogermanium precursors with sodium dis-
persions (Scheme 1).2%%7 As frequently found in polysilane synthesis, polygermanes
resulting from the Wurtz reaction seem to exhibit bimodal molecular weight distri-
butions. The charge transfer spectra of the tetracyanoethylene (TCNE) adducts of
permethylated polygermane have been described by Mochida and co-workers.® The
spectra of the charge transfer complexes were red shifted with increasing polymer
chain length. More over, the polygermanes inserted into TCNE to produce 1:1
adducts at 50°C.

Mochida and Chiba?® carried out the synthesis of dibutyl and dihexyl polyger-
manes via Wurtz-like couplings using a variety of conditions. The weight average
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molecular weights (MW,) of the resulting polygermanes ranged from 3,000 to
10,000, with polydispersity (M,,/M,) values ranging from 1.06 to 1.5. Clearly, molec-
ular weight varies but these products are less polydisperse than most typical polymers.
The yields of polygermanes ranged from 20% to 50%. Poly(dibutylgermane), which
is obtained by heating dibutyldichlorogermane and a sodium metal dispersion in
refluxing toluene, had a narrow molecular weight range but also low molecular
weight. Addition of a sodium metal dispersion to a toluene solution of dibutyldichlo-
ridegermane (the inverse reaction to the first one described) gave lower yields and
shorter chain lengths. Thus order of addition has an effect on the reaction. Addition
of 18-crown-6 ether gave lowered chain sizes and yields. Similar results were reported
by Miller and Sooriyakumaran.?’” Addition of small amounts of the co-solvent hexa-
methylphosphoramide (HMPA) gave greater yields but slightly decreased chain
lengths. Using lithium or a sodium-potassium alloy gave much lower yields than
using only sodium metal. Lithium appears to encourage formation of oligomeric
cyclic products, while the sodium-potassium alloy encourages polymer degradation.
Thus the Wurtz-type synthesis depends on many variables.

The use of the sodium-potassium alloy induced chain cleavage and produced
branched polygermanes from trichloroorganogermanes in 11-41% product
yields.?>3? By comparison, employing sodium metal and trichlorophenylgermane
gave only 6% yield with smaller chain lengths.3' For trichlorobutyl- and trichloro-
hexylgermane, higher yields (39% and 50%, respectively) were achieved with sodium
metal.’! Sml, has also been employed as the reducing agent giving chain lengths and
yields similar to those obtained by sodium metal.3?> The advantage of the Sml, is that
polymerization occurs under milder conditions. Furthermore, Sml, is safer to use.
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B. Catalytic Routes

Several catalytic routes have been employed to synthesize polygermanes.®*~>

The following is a brief description of some of these systems.

Catalytic dehydrogenative coupling of germanes has been induced by the Ti and
Zr metallocenes. A poorly characterized product was produced from phenylgermane
using dimethyltitanocene as the catalyst, 5.3 A somewhat three-dimensional product
was formed by reacting phenylgermane in the presence of zirconocene dichloride as a
catalyst.

PhGeH;— [(PhGeH),(PhGe),,];
5 6

Highly branched polygermanes have also been isolated in high yields by the
demethanative coupling of HGeMe; using catalytic amounts of Ru(PMes),
(GeMes),.*® The molecular weights of these polymers were on the order of 10105,
High molecular weight linear polygermanes, 8, have also been prepared by reaction
of a germanium dichloride complex of 1,4-dioxane with alkyllithium compounds
(Scheme 2).>7-3° This methodology gave better yields than the traditional Wurtz-type
coupling reactions. These polymers displayed intense UV absorptions as a result of
o-conjugation along the polymer backbone, and they were photosensitive.3® Upon UV
absorption, chain cleavage can occur, giving two germanium-centered free radicals.
The same process occurs upon photolysis of polysilanes.

R
GeClyCyHg0p—E o _{_(Le_]_
; L
8

Scheme 2

C. Ligand Substitution

Ligand substitution polymerization is based on the tendency of diorgano-
germylenes to form Ge—Ge bonds. Thus stable dihalogermanes react with Grignard
or organolithium compounds to give R,Ge (germylenes) type intermediates that sub-
sequently polymerize to give linear’®*® or cyclic oligogermanes.*’ The tendency to
form the linear products is increased with bulky substituents; that is, bulky sub-
stituents stabilize the product.3$41-43

The reaction of butyllithium with dichlorogermane (9) in diethylether at —78 °C
gives poly(dibutylgermane), 11, with a bimodal molecular weight distribution,
a MW, of about 18,000, a polydispersity index of 2.9, and a yield of 43%
(Scheme 3). The same reaction carried out at higher temperatures produced only
short chains.®
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D. Electrochemical Synthesis

Electrochemical synthesis is becoming popular because of the method’s safety
and the mild conditions. The main drawback is the attrition of electrodes. In addi-
tion, the results depend on the nature of the electrodes.*®*’

The electroreductive coupling of dichlorosilanes at the mercury electrode,
reported in 1976,* gave disilane; but this was not effective for the preparation of
polysilane.**>° However, electroreductions at Mg electrodes promotes many unique
reactions.’' > The synthesis of high molecular weight, monomodal polysilanes using
Mg electrodes suggested that polygermanes could be made in a similar fashion.*' This
proved to be true, and both Ge-Ge and Ge-Si bond formation were demonstrated.>?
The synthesis of poly(phenyl butylgermane), 13, and germane-silane copolymers, 15,
was achieved (Scheme 4).5

The germane—silane copolymers, 15, are not block copolymers. They were pre-
pared with germanium mole fractions of 0.16 (M, = 17,000) and 0.45 (M,, = 20,600)
and exhibited A, values at 330nm and 335 nm, respectively.® An almost linear cor-
relation exists between A, and the germanium mole fraction, when compared to
polygermane (A, = 355nm) 29277 and polysilane (A, = 325 nm).%>®

There appears to be only minimal differences in the structures of polygermanes
produced by the Wurtz and electrochemical processes. In general, short alkyl and
phenyl substituents give low current efficiencies and short chain lengths. Larger alkyl
substituents such as butyl, pentyl, and hexyl give relatively high yields and longer chain
lengths.> Molecular weights are in the range of 10,000—15,000 for the longer alkyls.

IPh
PhBUGECl,—— > fclaeﬁf Mn = 19,900; yield = 10%
Bu 5
12 13

I|3h Ph
PhBuGeCl, + PhMeSiCl,—» feeﬁ—(—éﬁf Yield = 30%
12 14 | 7 l\llle y

Bu
15

Scheme 4
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The synthesis of three-dimensional copolymer networks containing both Ge
and Si, has also been accomplished from the reaction of trichlorophenylgermane and
trichlorocyclohexylsilane using the electrochemical method. For comparison, the
same reaction was carried out employing the Wurtz approach. The electrochemical
method produced a narrower bimodal distribution.>*-%

Analogous linear copolymers have also been produced using the electrochem-
ical method. These included mixed metal, Ge and Si, as well as mixed germane
monomers. Reactants included dihexylgermane-co-dihexylsilane, dibutylgermane-
co-diphenylgermane, and dibutylgermane-co-dihexylgermane. Molecular weights
vary from 1,000 to 5,300, which are lower than the corresponding homopolymeriza-
tions. The copolymer composition generally exists as alternate units of the two
monomers.*! Block copolymers with -Si-Ge-Si- units were prepared using
bis(chlorodimethylsilyl)diphenylgermane.%? Product yield for one composition was
25%, with an average molecular weight of 1,100 and a polydispersity of 1.3.

E. Chemical Properties

Polygermanes are generally colorless solids that are soluble in a wide range of
solvents, including THE, toluene, hexane, and chloroform. They are moderately
resistant toward oxidation and hydrolysis with thermal stabilities >100°C. TGA
analysis shows that weight loss begins above 200°C.°' For reasons unspecified, a
weight retention of 50% to 500 °C was obtained.'®3!-*3

Polygermanes should be handled in the dark. The Ge-Ge backbone has an
intense UV chromophore in the range of 290-360 nm, which results in the degradation
of the Ge—Ge backbone. Thus polygermanes have been studied as UV photoresists.
This photodegradation has been widely examined.>!%20283138  Photodegradation
occurs rapidly when polygermane films are laid on quartz plates.'*

F. Physical Properties

As already noted, polygermanes exhibit intense adsorption bands in the range
0f 290-360 nm. The position of the adsorption maxima depends on the nature of the
polygermane, molecular weight, temperature, and polymer phase. Generally the
wavelength maximum increases with increased alkyl substituent chain length. This
is believed to be due to differences in the germane backbone chain conformation
with the larger alkyl substituents favoring a greater fraction of the chain segments
having anticonformations relative to gauche conformations.?"%3:6 Theoretical stud-
ies have also been carried out.5+6°

Figure 1 illustrates the gauche, top, and anticonformations for a polygermane
chain. Polydiphenylgermanes give significant red shifts relative to the alkyl polyger-
manes. This phenomenon is also observed in polysilanes. Branched oligomeric
polygermanes are yellow and exhibit a A maxima of about 200 nm, with tailing into
the visible region.

As noted above, A, varies with the conformational distributions of the
polygermane. Thus in solution polydihexylgermane has a A.,, of 327 nm while the
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Figure 1.

solid film deposited on a quartz surface exhibits two A, at 317 and 339 nm.?’ The
Amax Of polydibutylgermane increases from 281 nm for a MW, of 1,300, to 290 nm
for a MW of 2,200, to 325 nm for a MW, of 6,800, and to 328 nm for a MW, of
15,000.2° Some polygermanes show thermochromic behavior in solution. Thus the
UVmax for poly(dihexylgermane) in pentane increased from 340nm at room
temperature to 350 nm at —60 °C. This change is reversible.?®3! Other materials, such
as poly(diethylgermane) and poly(methylphenygermane), do not exhibit ther-
mochromic behavior.?!27:64

Branched oligogermanes with alkyl or aryl substituents have found applica-
tions in micro-patterning as a result of their UV light sensitivity.>!

G. Miscellaneous

Amorphous polygermynes (GeR), (16) formed by Wurtz coupling of organ-
otrichlorogermanes are light brown and display weak photoluminescence at 560 nm.%¢

R R
|

-(-Ge=Ge-)-
16

Vogg, et al.®” synthesized two-dimensional (2D) layered polygermane-like mate-
rials called polygermynes, 19, from CaGe,, 17, and HCI, 18 (Scheme 5). The 2D
nature of the materials was attributed to the presence of double bonds in the backbone.
They used epitaxial films of CaGe,, which were grown from the reactive deposition of
calcium onto crystalline germanium substrates. Polymer formation was achieved by
immersion of the CaGe, films in concentrated hydrochloric acid. The crystalline
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polygermyne has a slight reddish tint but exhibits intense photoluminescence in the
near infrared with maximum luminescence occurring at 1.35¢eV (920 nm). The quan-
tum efficiency is about 1%. The product also shows a light reddish luminescence band
at 1.9eV (650 nm), which is probably caused by partial surface oxidation. The polymer
is a semiconductor with an activation energy of about 0.65 eV, which corresponds to
half the energy of the photoluminescence maximum. It is believed that the electrical
conductivity is of a direct bandgap semiconductive type. The layers are stacked in a
sixfold sequence with a separation of 0.565 nm.

Polymeric materials containing alternating germanium and tin atoms in the
backbone were synthesized®® from the reaction of bifunctional reactants such as
R,Sn(NRj), (21) and Ph,GeH, (22), forming product 23 (Scheme 6). Dimethyl-
germanium selenides of variable ring sizes have been used to form polymeric struc-
tures with Ge—Se linkages in the backbone as noted in 24.% These are probably only
oligomeric products.

R Ph
R,SN(NR), + Ph,GeH, —» |n_(l;ea7
21 22 R Ph
23
Scheme 6

I\I/Ie
-(-Se-(|3|e-)-
Me
24

III. ORGANOGERMANIUM-CARBON
BACKBONE POLYMERS

In this section we review organogermanium polymers that contain Ge—C bonds
in the backbone.
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A. Organogermanium Polymers Containing
o-1 Conjugation

The polygermanes show interesting electrical properties because of -
conjugation in their backbone. Unsaturated carbon-based polymers can exhibit
conductive properties due to extended m-conjugation. The combination of both
o- and w-bonding in organogermanium polymers has been investigated. A theoret-
ical investigation of silicon and germanium-containing linear chain polymers of
the type in 25 and 26 is consistent with the electronic properties of both being sim-
ilar.”? The calculated energy gaps between the HOMO and conducting bands for
the germanium products are in the range of 2.9-3.2 eV. The highest energy occu-
pied band corresponds to a delocalized ¢ interaction, which occurs along the
polymer backbone; the lowest unoccupied band is related to a C-C w* antibonding
interaction with the sigma of the Ge.

R R R R
oo, dpbon,
Y
25 26

where R=H, Me, F
S

and X = -CH=CH-, 1,2-acetylene, \@/

Organogermanium polymers (27, 28) containing thiophene rings have also
been prepared.””7* Related structures have been also synthesized. For example, the
materials illustrated in Scheme 7 were obtained by Wurtz couplings of bis(halodi-
organogermanium)ethane, -thiophene, and -benzene.”®’* These products have aver-
age molecular weights from 21,000 to 33,000. Comparable structures’®7* are given
in Scheme 8.

In a similar manner, digermanylene polymers, 34, were prepared by the reac-
tion of di-Grignards (32) with 1,2-dichlorotetramethyldigermane (33) (Scheme 9).7?
The molecular weights of these materials ranged from 2,600 to 4,700, which are con-
siderably lower than for the digermanylene products 25.

Poly(germanylene)diacetylenes, 37, containing diyne units in the backbone
have been synthesized, in reasonable yields (50-90%), through either a di-Grignard
reagent or dilithiobutadiyne with diorganogermanium dibromides.”>’® These poly-
mers, shown in Scheme 10, are cream-colored and soluble in typical organic sol-
vents. They are stable to ~150°C, and their GPC molecular weights are in the range
2,300-3,100.7>7° These materials are insulators with conductivities between 10712
and 10~ S/cm. Doping with iron(IIT) chloride significantly increased conductivi-
ties to 1074-107° S/cm, which is comparable to values obtained for conjugated
organic materials.”>’¢
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Pyrolysis of the poly(germanylene)diacetylenes was studied under inert condi-
tions.” Cross-polymerization through the triple bonds occurred at 150°C to 250°C.
Heating the polymer to 1200°C resulted in the formation of germanium clusters along
with large amounts of free carbon (40—60%). Under an ammonia atmosphere at
750°C, germanium nitride and metallic germanium were formed.

The synthesis of polygermole has been accomplished by the Wurtz-type poly-
condensation of dichloro(tetraphenyl)germol and by catalytic dehydrocoupling poly-
condensation of dihydro(tetraphenyl)germol with Wilkinson’s catalyst, Rh(PPh;);Cl,
or Pd(PPh;),.”® The catalytic route gives polygermole in high yields (80-90%) and
affords molecular weights of 4000—6000, which is in the range produced by the
Waurtz coupling, although the latter gives lower yields (~30%). These reactions are
summarized in Scheme 11.

In silole-germol alternating copolymers (Scheme 12), every silicon or germa-
nium atom along the polymer chain is part of a silole or germole ring. These were

Scheme 11
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Scheme 12

obtained by coupling dichloro(tetraphenyl)germol with dilithio(tetraphenyl)silole.”®
The dilithio reagent was prepared in 39% yield from dichlorotetrahenylsilole upon
reduction with lithium metal. The silole—germole copolymer exhibited a MW,, of
5500 and a MW,, of 5000 as determined by SEC versus polystyrene standards. Thus
all these polymetalloles are extended oligomers with degrees of polymerization in
the order of 10—16. These materials can be cast into thin films.

A series of germole-silane alternating copolymers were also synthesized
(Scheme 13) by polycoupling of the germole dianion, (Ph,C,4Ge)Li,, with the corre-
sponding dichlorosilanes.”® These reactions were generally performed in refluxing
THF for 72 h. Low molecular weights (4000-6000) were found. These polymers were
soluble in THE, diethylether, toluene, and chloroform.
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The UV spectra of polymers 40, 43, and 44 exhibit a A, at ~370 nm.”® This
absorption was assigned to the metallole T*—m* transition. These absorptions are red-
shifted by about 89-95nm relative to that of oligo[1,1-(2,5-dimethyl-3,4-diphenyl-
silole]. The shifts are due to the increasing main-chain length and partial conjugation
of phenyl substituents to the silole or germole rings. Polymer 40 exhibits a single
emission band at about A,,,, = 486-513 nm when excited at 340nm.”® Polymers 43
and 44 exhibit two emission bands with A,,,, = 480510 nm and 385-402 nm, respec-
tively. The ratios of emission intensities are not concentration dependent, indicating
that these transitions do not result from an excimer.

The photoluminescent properties of polymers 40, 43, and 44 and other
poly(tetraphenyl)siloles were of interest for use as chemical sensors to detect
nitroaromatic explosives in ultratrace analytes. Explosives are important species to
detect for forensic investigations, mine field detection, mapping munition remedia-
tion sites, and homeland security applications. The fluorescence lifetimes of poly-
metalloles and polymetallolsilanes were measured in the presence and absence of
TNT, and the fluorescence lifetimes were invariant, requiring that photolumines-
cence quenching takes place by a static mechanism.”® Copolymer 44 was more sen-
sitive to TNT than organic pentiptycene-derived polymers in toluene solutions. Each
metallole polymer exhibits a unique ratio of quenching efficiency to each analyte
(TNT, DNT, nitrobenzene, picric acid). Furthermore, each analyte gives a variety of
different responses to different metallole polymers. These properties can be used to
specify the exact identity of the analyte by pattern recognition methods. Moreover,
these properties might be coupled with the robust nature and insensitivity of poly-
metalloles to organic solvents and inorganic acids to produce useful sensors.

Scheme 14 is a summary of what is believed to occur. Light is introduced into
the metallole copolymer and the exit light appears at a different wavelength, depend-
ing on the presence or absence of quenching molecules such as TNT.
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Lucht et al.”” described the incorporation of a germole ring into polymers to
investigate the novel charge-transporting properties of these materials. Zirconium-
containing bis-dienyl compound 47 is converted to its GeCl, and GeBr, germole ring
analogs by treatment with GeCl, and GeBr,, respectively. The synthesis of the dibro-
mogermole monomer, 48, is illustrated in Scheme 15. The conversion of 48 to its
dimethyl analog, 49, was achieved with methyllithium. Then conjugated polymers
were prepared by Ni-catalyzed coupling reactions of chloro- and bromo-substituted
monomers. The MW, of polymer 50 was 20,000 with a polydispersity of 2.9 for poly-
merization of the bromo-substituted monomer (Scheme 15). The optical properties of
the polymers were examined. The A, values for the absorption and emission of
polymer 50 were 442 nm and 500 nm, respectively, and were red-shifted relative to the
monomer 49, which had a A, of 376 nm and 464 nm, respectively. In comparison
with other conjugated polymers, such as poly( p-phenylene), the germole-containing
polymers had a greater degree of delocalization. The higher level of conjugation may
be a result of the low-lying LUMO of the germole ring. Higher molecular weight
polymers possessed higher emission quantum yields. For example, a polymer with
MW, = 4700 had a quantum yield of 0.52, while a polymer with MW, = 20,000 had
a quantum yield of 0.79. The cyclic voltammogram (CV) of the monomer showed an
irreversible reduction at —3.02'V vs. Fc/Fc™, while the CV of the polymer showed a
quasi-reversible reduction at —2.66 V. The difference between monomer and polymer
redox potentials and their reversibility is consistent with the expected drop in the
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HOMO-LUMO gap accompanying an increase in conjugation upon polymer forma-
tion. Both the monomers and polymers oxidized at approximately 0.6 V.”’

Gomez and Wagener’® reported the synthesis of organogermanium polymers,
such as 54 (Scheme 16) via acyclic diene metathesis polymerization (ADMET). These
ADMET polymerizations were catalyzed using the Grubbs or Schrock catalysts to give
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Scheme 16
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71-84% trans polymers as determined by '3C-NMR. The MW, values were in the
range 5,000—18,000 with polydispersities from 1.4 to 1.8. These polymers were 100%
amorphous, with 7, values from —89°C to —98°C."®

Organogermanium polymers were prepared by Kobayashi’® and coworkers via
the reaction of a germylene (55) with acetylene monomers (56) in the presence of a
rhodium catalyst (Scheme 17). Polymer 57 contained a larger mole fraction of poly-
acetylene units than germanium units in the backbone.

Kobayashi’s group also conducted an oxidation-reduction polymerization
(Scheme 18), where the germylene acts as a reductant and the p-benzoquinone as
an oxidant.8%8! The polymerization occurs at —78°C to give high MW polymers
(>10%) within 1h. These copolymers (60) were stable at room temperature and
resistant to moisture and air. The mechanism of this synthesis was studied by ESR
and found to proceed via a biradical mechanism involving germyl and semiquinone
radicals.®!

MesSiv_ _ SiMeg
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'T‘(SiMea)z
Ge[N(SiMej),], + o —> Ge— Oi*
N(SiMey), n
58 H R R
59 60

Scheme 18
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B. Simple Ge-C Polymers

There have been a number of polymer syntheses based on the ring expansion
of germacyclobutanes, germacyclopropane, and other cyclic strained rings. One of
the early reports is the formation of 62 by heating dialkylgermacyclobutanes in the
presence of chloroplatinic acid (Scheme 19).3? In a related process, unsaturated
polycarbogermanes were formed by the anionic ring-opening polymerization (ROP)
of monomers such as 1,1-dimethyl-1-germacyclopent-3-enes (e.g., 63) to form poly-
mer 64 (Scheme 20).%3

Similar polycarbogermane and polycarbostannane block copolymers were pre-
pared by the pyrolysis of organogermanium and organotin-bridged p-cyclophanes
followed by deposition polymerization of the p-xylene monomers to give complex
bridged structures.®*

Small et al.®° described the synthesis of pentacoordiante and hexacoordinate
spiropolygermylate ionomeric materials where germanium is contained in the poly-
mer backbone. These materials are air stable, nonhygroscopic, amorphous powders.
The hypervalent germanium functionality was verified by Ge and '3C solid-state and
solution NMR, proton solution NMR, and IR spectra. The powders are stable to
about 325°C.

Over 30 years ago, Scheroder et al.*¢ described the synthesis of a number of
germanium derivatives of icosahedral orthocarboranes, metacarboranes, and para-
carboranes, including their polymers. A sample polymer structure appears as 65
(Scheme 21). They also reported on the synthesis of Ge—N containing products 66
from reactions of 65 with ammonia (Scheme 22).

R R
| |

R-Ge-CHy—> -(-Ge-CHy-CHy-CHy-)-
| |

H,C - CH, R
61 62

Scheme 19

\ \ / we
R %e}'ﬁ

63 64

Scheme 20
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Copolymers derived from dimethyltin dichloride with dimethylgermanium
dichloride were also reported, 67.8° The molecular weights of these oligomers were
in the range of 1500—6000. Addition of Gel, to ethylene was reported to give poly-
mers 41, when heating in a sealed tube at 150 °C (Scheme 23).%’

Gel, + H,C=CH, —> -(-CH,-CH,-Ge-)
!

|
68 69 70

Scheme 23

Me Me

+(-CB1oH1C-Sn-)-(-CB1oH;(C-Ge-)-
| |

Me Me
67

IV. POLYFERROCENEYLGERMANES

The thermal ROP of [1]germaferrocenophanes has resulted in the production of
a number of high molecular weight (MW = 10°) poly(ferrocenyl germanes).?¥? The
transition metal-catalyzed homopolmerization and copolymerization of germanium-
bridged ferrocenophanes was accomplished using platinum and palladium catalysts.3*
It was also recently reported that polyferrocenylenesilylene(germylene) copolymers
went from insulators to conductors upon doping with iodine.?> Scheme 24 shows some
of the poly(ferrocenyl germanes) (72) that have been synthesized, where R and R’ are
most often methyl, hydrogen, and phenyl.33-%2
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V. POLYMERS CONTAINING OXYGEN, NITROGEN,
SILICON, AND SULFUR IN THE BACKBONE

A wide variety of Ge-O, Ge-N, Ge-Si, and Ge-S polymers have been synthe-
sized. Some of these will be reviewed here.

A. Ge-O Polymers

Germanium polyesters, 74, were reported by Carraher and Dammeier
1971. The materials were made by a classical interfacial polycondensation process
where salts of the dicarboxylic acids are dissolved in water and the organic phase
contains diorganogermanium dihalides. The products are formed within seconds in
10-50% yield and have a MW, of 2000-3000, which represents a number average
degree of polymerization of 7—12 (Scheme 25).

The order of polymerization rates for these Group IVA polyester formation
reactions is Sn > Ge > Si. This may be due to the relative rates with which the
organometallic halides reach the polymerization site versus hydrolysis rates or to
changes in the metalloid’s electron density. The variables are complex. For instance,
while the relative rate of simple movement is probably Si> Ge > Sn, the solubility
in the organic solvent may be different, thus reflecting a difference in the “surface”
availability of monomer on the interfacial layers. The germanium-containing poly-
esters exhibited better solubilities relative to organotin polyesters.

In addition, analogous ferrocene products, 75, were synthesized,”> where the
R’ in 73 is a 1,1'-ferrocene unit. Product yields were about 50%; the reaction is com-
pleted within several seconds.

93-95 in

10 7 1
R,GeCl, + O—C—R—C—0 — ~<O—C—R c—o—claef
1 R /n

Scheme 25
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Other Group IVA oligomeric ferrocenyl polymers were made. In general,
yields decrease as the complexity of the aliphatic substituent on the Group IVA
metal increases; yields also decrease in the order Sn > Ge > Si and 1 > Br > Cl.

Another route used to give germanium-containing polymers is the oxidation-
reduction copolymerization. This has been extensively studied by Kobayashi and
coworkers. 373879819697 While diorganogermylene-containing substituents such as
methyl, ethyl, and phenyl spontaneously polymerize, the presence of bulky groups
allows controlled polymerization. Kobayashi formed a number of Ge-O containing
polymers based on the use of thermally stable monomeric germylenes, which were
stabilized through the use of bulky substituents. This approach allowed the use of
p-benzoquinone derivatives, 81997 cyclic o, B-unsaturated ketones,””® aldehydes,”
and cyclic sulfides” to give polymers with molecular weights >10°. The reaction
occurs under mild conditions and yields a one-to-one repeat unit.

Five- and six-membered cyclic germylenes have also been reacted with
p-benzoquinones in a 2 to | ratio to give the organogermanium polymers with
Ge-Ge-O bonds in their backbones (Scheme 26, 78).37-°° The MWs of these materi-
als were approximately 10°, with polymer yields around 90%. The polymers had
lower thermal stabilities than their linear analogues with only Ge-O and not Ge-
Ge-O bonds due to the instability of the Ge-Ge bonds. Their decomposition temper-
atures are around 150°C, while the melting temperatures of the polymers with
acyclic germylenes are about 235°C.%

SIM83 ) R R
MeSSI /SIMeS

\ \ e

e + (0] e /GQ—O 01‘
[\{ Me38| N‘SiMes n
SiMeg R R

77
76 78

Scheme 26
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This approach has been expanded to the synthesis of other materials, for exam-
ple, 79 and 80.73776 While the product structures appear similar with respect to reac-
tants, the mechanisms offered to transverse this journey are varied.

where R, = SiMe,

79

where R;= N(SiMe,), and
R, = (CH,),, with n=2-4

80

A poly(germanium enolate) has been synthesized (Scheme 27, 83).37%7 To form
a polymeric material, a trans-o.,B-unsaturated carbonyl compound was required to
react with a germylene in the presence of a lithium catalyst such as LiCl or LiR. It was
speculated that initial formation of a germyl anion species was achieved by coordina-
tion of the Li catalyst to the germylene compound. Thus a nucleophilic attack of the
germyl anion on the B-carbon of the cyclic ketone formed a lithium enolate that coor-
dinated to the germylene and regenerated a germyl anion. The organogermanium poly-
mer was stable in aqueous solution and had a MW,, > 10°; T,, 40°C; and T, 221 °C.

Poly(germyl ether)s (86) were synthesized by Nishikubo et al.1% via the reac-
tion of dimethyldiphenoxygermane (84) with bis-epoxides (85) (Scheme 28). The
reactions were catalyzed by tetrabutylphosphonium chloride, TBPC, to give the org-
anogermanium polymers in good yields and moderate molecular weights. The anal-
ogous poly(silyl ether)s had much higher molecular weights and were not as
sensitive to water and wet solvents as their germanium analogs.

. P N(S'Mes)z
€39l)2
Li catalyst
\ N / —[—Ge— / n
/Ge &
(Me3Si),N (CHz)m N(S'Mes)z (CHy)m
81 82 83

Scheme 27
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(|3H3 <|3H3

Geo—@ + HQC—CHCHQ—O—@C@O—CHZCH—CHQ
< > 0 I N/

' N CH 0

8

CHy 3
4 85
TBPC
_gHs CHy
— Ie-O—CH-CH;O—@—clz O~CH,CHO T~
CHs; CH, CH, (l:H2
0 O
86 _n
Scheme 28

Oligomeric Ge—O products, such as 87, were formed from the reaction of
germanium-containing combinations germanium halides and hydride-halides with
crotonic acid.'?! These products were described as useful in the treatment of caco-
hymia, malum cordis, dermatosis, allergosis, renal function disorder, and other med-
ical problems.

OH

-(-O-C:;}e-)-
CH-CH,-COOH
CHs

87

Polymers were reported from the addition of germanium hydrides to vinyl
methylketone and allylacetone, but these products were poorly characterized.'%>!03
Product 88 is a suggested structure for this reaction, where diphenylgermane was

employed. A similar product was reported for the Et,GeH,.!%*

Ph
|
-(-(I.Tae-(CH2 )n-(llH-O-)- where n=2or 4
Ph Me
88

B. Ge-N Polymers

A number of polymers that contain Ge—N bonds in the backbone have been
reported. For example, Yoder and Zuckermann'® synthesized germanium imidazo-
lidines using transamination between dimethyl-bis-(diethylamino)-germane and
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/) < T
H3C/N P — / .

Ge N
SN e
H4C \ CH
3 CH, 3
89 90

N,N'-dimethylethylenediamine.'> Germanium imidazolines are stable; however, in
the presence of Bronsted acids, such as ammonium sulfate, they undergo a ROP to
generate polymers such as 90. The polymerization is reversible, with the monomer
being regenerated. A similar reaction was carried out using piperazine to form poly-
mer 93 (Scheme 29).1%

(o ) =4O

_—N N—_ Ge—N N—-R
HsC \G e/ CHg | \ / 5’
/ \ N CHj
HsC CH,4 H
91 92 93
Scheme 29

The reaction of the dimethyl-bis-(diethylamino)germane with diethylamine at
120 °C produced a paste that was reported to be polymeric and contained several dif-
ferent repeat units, some of which are shown in Scheme 30.'%

HsC\ NH R HsC /\\ H3C NH a
gGe/ \/\le L/N \ \Ge/ \/\Ng/
R \CH R‘el © \Ge/ &R F%’6 \
3 HyC /\ CHs  H,C—Ge—CH,
HC  CH, h
94
95 96
NH CH
N0
N
NH HSC N
HgC\G/

(Z/e\CHS HSC\/Ge\

HsC \N\J
3

R

97

Scheme 30
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C. Ge-S Polymers

The reaction of dithiols with dihalogermanes was reported to give gums
with degrees of polymerization in the order of 50-60.!%7 The structures of the poly-
mers from p,p’-oxybis-(thiolmethylbenzene) and 1,5-pentane-dithiol with dipheny-
ldichlorogermane are given as 98 and 99.

Ph
(:Ge-S-CHyPh-O-Ph-CHyS:)-
Ph
98
Ph
|
(Ge-5-(CHy)5S-)-
Ph
99

A number of Ge-S polymers (102) have been made using the redox approach
of Kobayashi and co-workers’>1%8 (Scheme 31). It is interest that the reaction with
sulfides occurs without the use of a catalyst, dehydrating agent, or acid scavenger.

:Ge[NSiMes), + HS-CH,-CHR,-SH —>
100 101

R{—Ge—S where R,= N(SiMe,), and

| "
R R, =H, Me

102

Scheme 31

Copolymers with a one-to-one repeat structure are also produced from the
reactions of thietanes with germylenes. The products contain the -C-Ge-S- moiety in
the backbone (Scheme 32).3%108

D. Ge-Si Polymers

In the past 10 years, there has been an increased interest in the design of new
polymeric materials containing germanium. A monomeric system developed by
Sakurai et al.'”” permitted the formation of a silane-germole copolymer in which the
silane portion of the polymer is electron donating. Thus monomer 108, derived from
107, reacted with a catalytic amount of butyllithium to undergo a highly regioselective
anionic polymerization to give polymer 109 (Scheme 33). This polymer had a MW, of
11,000 and a polydispersity index of 1.8.
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Ry
bk o NN
_ 3 o
<
Ry 104
S
103
HaC N /CH3
\ —CHs -cHs
Hsc/ \ |
Ry N CHg
where GeR,= Ge or P g I—CH
R\ Ri
N N—Si
HaC— / [ [ots
~si Hoc—Si  HsC
/ CHz Ny C/ \CH3
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105
106
Scheme 32
Ph Ph Ph Ph
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_—
Ph @ P oo)cisiMey),Cl P G "
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107 Me,Si—SiMe,
108
1) cat. BuLi
2) EtOH
Ph Ph
Ph ad__ Ph
/{/ SiMeZSiMezsiMeQSiMe2+
n
109
Scheme 33

E. Other Mixed-Bonded Polymers

The syntheses of polyesters, polycarbonates, and polyamides containing ger-
mane units in the polymer backbone were reported by Tagle and coworkers.'!%!!!
Scheme 34 shows the phase-transfer catalyzed polymerization of phosgene (110)
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with 111 to produce the germanium-containing polycarbonate 112.''° Polymer
yields were not high. The authors attempted the reaction in the absence of catalyst
and found that no reaction occurred.!'!°

Several early reports used organometallic hydrides as an approach to forming
polymers.' 2113 The platinum-catalyzed addition of Si-H across carbon—carbon double

(0]
| g
e’ cl + HO‘@?G OH
110 CHs
111
0.5 M NaOH
water, CH,Cl,
catalyst
T [
H-O+0~1
CHs n
112
Scheme 34

bonds of vinylgermanium compounds was used in to prepare polymers 115
(Scheme 35). In the presence of chloroplatinic acid, the addition is regiospecific and is

H(Me),Si-O-Si(Me)-H + Et,Ge(CH=CH,), —>

113 114
%t I\I/Ie Me
|
-(-CH,- CH2-C|5e-CHZ-CHZ-?i-O-SIi-)-
Et Me Me
115

PhySnH, + PhyGe(Cg Hy-CH=CHy, ), —>

116 117
i "
-(-SN-CHy-CH,-CgHy-Ge-Cg Hy-CHp-CHo-)-
| |
Ph Ph
118

Scheme 35
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anti-Markownikow. Similarly, diphenylstannane undergoes anti-Markovnikov addition
to bis-styryl derivatives of germnium to give polymers 118.'!4

VI. ANCHORED ORGANOGERMANIUM PRODUCTS

Many solid-phase catalytic systems have been developed. A number of systems
include an immobile phase to which is tethered the active site. Germanium-containing
catalytic sites have been reported.!'>!!” Because the toxicity of organogermanium
compounds is generally low, they make good species for use in organic syntheses.
However, these materials are relatively expensive. Therefore, their use becomes feasi-
ble only when their catalytic activity is great and/or the organogermanium compound
is recovered.

In one related approach, one might use organogermanium moieties bonded to a
polymer support as reducing agents, not catalysts because they are stoichiometric
reducing agents, for organic halides. Such materials were developed with poly-
(styrene-co-divinylbenzene) beads.!!> Two such structures are 119 and 120. These
products were characterized by NMR, IR, and XPS. Several octyl and phenyl halides
were reduced using these supports by simply heating the reaction mixture with free-
radical initiators. The corresponding polymer-bound halides are also formed. The
reactivity of the germanium hydrides increased by increasing the spacer length. The
best results were obtained in the reduction of 1-octyl bromide and 1-octyl iodide
using a spacer where n = 2. The octane yield was 60%. The polymer supports could
be recycled by reducing the Ge-X moieties back to the Ge-H functions, with

H,C
Polymer ------ QHGe
\—CH3
119
HsC CHs

GeH/
Polymer--------QR/

where R = (CH,),

120
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only some loss of activity. These free-radical reductions occur readily due to the rel-
ative weakness of the Ge-H bond. Thus carbon-centered radicals can readily be ter-
minated by H-atom abstraction.

Germanium-containing materials have also been employed to immobilize
organic groups.''®!!7 Thus monoaryltrialkylgermanium compounds are stable toward
bases and nucleophiles. On the other hand, the germanium—aryl bond is readily
broken by a number of electrophilic reagents. The general order for cleavage by
electrophilic agents is Sn > Ge > Si. Since germanium compounds are less toxic
than some organotins, they offer an attractive alternative to organotin products. A
method for the synthesis of organohalides from alcohols is illustrated in Scheme 36,
where electrophilic cleavage of the aryl carbon-to-germanium bond occurs.!'!®!17
Spivey and coworkers discussed this reaction more fully in subsequent publi-
cations. 1711

Another approach (Scheme 37) was developed by Ellman,!'® which illustrates
the solid-phase synthesis of a number of 1,4-benzodiazepine derivatives. Here, use
of an organogermanium-tether is superior to an organosilicon bond because a larger
number of functional groups can be used. Furthermore, demetallation using trifluo-
roacetic acid or bromine is easier. The organogermanium species also allows the effi-
cient cleavage of the benzodiazepine products from the resin. In all these studies the
anchored organogermanium compounds were used in so-called traceless linkage
strategies.

where R = PolymerArgogeIT'\’I where X = Cl, Br, |, H

OH 0’6\/05% 1

—_— e
Hs;C
HSC\Gle ¥ —g
/ H C/ O\
H3C 3 CHj
CH
o/CH3 o~ 3
121 122 123

Scheme 36
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Scheme 37

VII. STACKED PHTHALOCYANINE POLYMERS

Phthalocyanine complexes of Ge were prepared by Marks et al.'> and converted
to stacked polymers under dehydrative conditions. The degree of polymerization for
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the germanium-stacked polymer was found to be >70. The conducting properties of
this polymer were tested by doping, irreversible oxidation with Ge-O bond cleavage
resulted. These shishkabob structures are rigid-rod polymers because the large parallel
planar phthalocyanine units will sterically interfer with each other if the Ge-O-Ge bond
angle is bent. Thus the rings are stacked face to face, as shown in Scheme 38.

—_—

128 129

Scheme 38

VIII. HYPERBRANCHED MATERIALS

Little has been reported on the formation of organogermanium dendrites and
related hyperbranched products. Recently, Tang et al.'?! described the synthesis of
hyperbranched materials based on the diacetylene 1,1-diethynyl-2,3,4,5-tetraphenyl-
germole, 130. The homopolymerization of 130 to homopolymer 131 and and copoly-
merization with 1-octyne, 132, to copolymer 133 was accomplished (Scheme 39).

Homopolymer
131

—>Copolymer

130

133

Scheme 39
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The copolymerization, product was hyperbranched with the germole units dispersed
throughout the product. A product yield of about 50% with a MWA of about 5200 was
obtained. The hyperbranched material (Scheme 40) is soluble in organic solvents such
as toluene. TGA analysis shows no weight loss to about 350°C and 60% residue to
800°C, which is consistent with ceramization upon pyrolysis.

Ph Ph
/U\ + R—C=CH
Ph Ge Ph
C C R =(CHy)sCHj
HS CcH
TaCls-Ph,Sn
polycyclotrimerization
Ph Ph Ph Ph Ph Ph
R Ph™Ngg ~Ph Ph™ Nag PhR P Ngg PhR
\\ \ = \\ / N
Ph / ( / \ [/ 79 en
Ph - / // K = \\ = < Ph
R
\ e R Ph \G(; PhR Ph Ge Ph e/
Ph N \ / =~ Ph
Ph / Ph
= Ph

Ph
~/ Ph
PH Ph RQ

\,-Ph
PR Ph N8

B XPH  Ph
Ph—\ -G8

Pph 7/ \

R/—

Scheme 40 Hyperbranched polyphenylenegermolene
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When a chloroform solution of the copolymer with 1-octyne or the homopoly-
mer was photoexcited at 410nm, a blue emission at 474nm occurs with a 1%
quantum yield, which is larger than that of the corresponding silole. While the hyper-
branched germoles are luminescent, they are, in general terms, only weak emitters.
The extent of emission is solvent related. Thus methanol-THF solutions are much
weaker emitters compared to the chloroform solutions. On cooling to —18°C, emis-
sion intensity increases. However, upon continued cooling to —196°C, emission
intensity remains unchanged. This is consistent with the emission being associated
with the radiative decay of singlet excitons rather than triplet species.

If reasonable molecular weight homopolymers were progressively pyrolyzed
under an inert argon atmosphere, the graphitization process might result in some
form of a germanium-doped graphite being produced. No such experiments have yet
appeared in the literature, but the electrical properties of these a material would be
of theoretical interest.

IX. SUMMARY

In summary, a wide variety of germanium-containing polymers has been syn-
thesized. Most of the emphases has focused on the synthesis and characterization of
the polygermanes. This emphasis will continue. Because of the cost and lack of
ready availability of suitable germanium monomers, research with germanium-
containing polymers will continue to lag behind that of silicon- and tin-containing
polymers.
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I. INTRODUCTION

The first organotin compound was prepared by Sir Edward Frankland in
1849.! The topic of organotin polymers has been reviewed elsewhere.>

There are a larger number of organotin compounds in commercial use than for
any other metal.* This has resulted an increase in worldwide production of organotin
compounds over the last few decades. This production exceeded 50,000 tons in 1992
and accounts for about 7% of the tin metal use.*

Organotin polymers are important industrially serving as poly(vinyl chloride),
PVC, heat stabilizers, in film for food packaging, and in PVC articles.>* They are also
used as antiseptic, antifouling, and antimildew agents in industry and agriculture and
as additives in paint formulations. Films have excellent transparency. Table 1 contains
a brief listing of industrial uses of organotin compounds.

PVC is unstable under exposure to light and heat, resulting in discoloration and
embrittlement. In the early 1940s it was found that this degradation could be prevented
by addition of certain organotin derivatives. Presently, about 70% of the commercial
organotin compounds are employed as PVC stabilizers in the form of monoalkyltin
and dialkyltin derivatives. Today, many of these stabilizers are based on organtin poly-
mers made by Carraher and co-workers.”

Much of the more recent drive toward inclusion of organotin into polymers is
the result of federal legislation that prohibited the use of so-called unbound or
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Table 1 Commercial uses of organotin compounds

Use

Function

General Compounds

PVC stabilizers

Antifouling
coatings
Agrochemicals

Wood preservative

Material protection
(paper, leather)

Textile impregnation

Poultry farming dewormer

Stabilize against
decomposition by light
and heat

Biocide

Fungicide, insecticide,
miticide, antifeedant

Insecticide, fungicide

Fungicide, algicide

Insecticide, antifeedant

Polymeric; monomeric
Rle’le & RSIIX3

Polymer bound; R;SnX
R =Bu, Ph
R;SnX; R = Bu, Ph, Cy

BU3 SnX
Bll3 SnX

Ph3 SnX
BU2 SnX2

monomeric organotin compounds in paints and coatings. Organotin monomeric com-
pounds were widely used as antifouling and antimold agents, but through migration
they inhibited and killed nearby plant and animal life. Chemically bound organotin
was permitted in the legislation. Thus there is activity to create non-migrating chem-
ically bound organotin materials—namely polymers that contain organotin moieties.

Commercially, organotin halide derivatives are made using one of four routes:
the Grignard, Wurtz, Aluminum-alkyl, and direct routes.* The tetraorganotin, R,Sn,
is formed in the first three routes. The tetraorganotin then undergoes a redistribution
reaction with SnX, resulting in the formation of the various halides, R;SnX, R,SnX,
and RSnX;.

II. MECHANISMS

Compared with carbon, the chemistry of tin varies considerably. The mecha-
nistic behavior of tin has been reviewed.’

Here we will focus on substitution reactions involving organotin compounds.
For tin, nucleophillic substitution mechanism—namely Sy1 and Sy2—are important
as are interchange mechanisms. Following is a brief description of some of the
mechanistic considerations involving organotin compounds, focusing on those con-
taining both halides and carbon—Sn bonding.

The reactivity trend for hydrolysis of organotin chlorides, R;SnCl, has rate
constants decreasing in the order R = Me >Ph > 1-naphthyl, which is consistent
with an S\2 rather than Sy1 mechanism.

Further, in the case of electronic effects, an electron-releasing group discourages
nucleophilic approach and reduces reactivity in an Sy2 process, but facilitates genera-
tion of an RsM ™! moiety in an Sy1 process. An electron withdrawing group will have
the opposite effect. For nucleophilic attack on various (4-X-CgH4);SnCl compounds,
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the rate constants decrease as the electron release by the para-substituent “X” increases
consistent with a Sy2 reaction mechanism.

Thus it is likely that Lewis acid-base reactions occurring at the ogranotin
metal atom site are often of the S\2 variety.

III. STRUCTURES

Tin exists in the +2 state, called the lower valence state, and the +4 state,
called the higher valence state. While most of these compounds are tetrahedral, some
form octahedral and, less often, trigonal bipyramid organometallic structures.

Here we will focus on the structures about the tin (IV) atom in polymers
described in this review.

Following are some structures that exemplify products that will be encountered
in this review. The polyamines (structures drawn with a dibutyltin central moiety; 1),
polyethers, 2, polythioethers, and other related polymers feature a tetrahedral tin.

H3C
|
N
R/ @Sn /R\ R
SNH N@n
H3C
1
H3C
(6]
S
R Sn R R
O/ \03’7
HsC
2

Polyesters can have either a nonbridged tetrahedral structure (a dimethyltin
center; 3), or a bridged octahedral structure with bond formation between the car-
bonyl oxygen and the organotin, 4.
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Structure assignments are generally based on the locations of carbonyl infrared
bands. Bridging structures have a strong asymmetrical stretching band at about
1580cm™! and a weaker band assigned to symmetrical stretching near 1400 cm ™.
Nonbridging structures exhibit a strong asymmetrical stretching band near 1650 cm ™!
and a weaker symmetrical stretching band near 1360 cm™!.

For polyesters, the tendency for octahedral formation is Pb > Sn > Ge > Si
presumably due to a greater availability of vacant d orbitals to accommodate back-
bonding by the carbonyl oxygen.®

In studies of organotin products derived from poly(acrylic acid) or copolymers
of acrylic acid and ethylene, we found that the organotin moiety was always present
as a tetrahedral and not present in a trigonal bipyramid or octahedral structures.®!?

For reactions with dissimilar reacting groups such as ampicillin, where the
connective groups are an amine and an oxygen, there are three possible repeat units
designated as 5-7.1°

-NH-Sn-NH- -NH-Sn-0-C(0)-  -(0)C-O-Sn-0-C(0)-
5 6 7

Based on the idea that organotin esters will form octrahedral structures when
two esters groups are present, as in structure 7, but not when only one ester group is
present, we have been able to describe the presence and proportion of each of these
three repeat units in products containing dissimilar reactants when one of them is an
ester. Using this type of logic, the products from ampicillin are predominately of
the nonbridging type containing mainly units as described by structure 6 and as
described for the dimethyltin product, 8.
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NH—R

IV. ORGANOTIN POLYMERS

A number of organotin polymers have been synthesized. Following is a brief
review of this activity. In general the presence of organotin in polymers can be
divided by its presence as an appendage in/on a polymer and its presence within the
main backbone of the polymer.

V. ORGANOTIN APPENDAGES

Organotin appendages generally occur from reaction on already formed poly-
mers, such as poly(acrylic acid) and cellulose, or by introduction through polymer-
ization of organotin-containing monomers.

A. Vinyl Introduction

i. Organoesters and Ethers

The organotin moiety can be introduced either through polymerization of a
vinyl monomer that already contains the tin, or it can be introduced by reaction with
already formed polymers. The former ensures that organotin units are present when-
ever the organotin vinyl group is included in the polymer chain. Thus homopolymer-
ization of organotin vinyl acrylates will give a polymer where each unit contains the
organotin grouping. Reaction of already formed polyacrylates is more difficult with
a loading factor generally no greater than 0.7-0.8 organotin units per repeat unit.
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Three general approaches are most used for the preparation of unsaturated
organotin ester monomers. The first approach involves the reaction of the salt of the
acid with the organotin halide shown for reaction with R3;SnX (eq. 1)

H2C=C|)R’ + RgSnX —> H2(|)=CR' + NaX
COONa COOSnNR; (1)
9

The second approach involves the reaction of organotin oxides and hydroxides
with the organic acids as shown in equations 2 and 3.

H2C=ICR' + R3SNOH —> H2?=CR’ + Hy,O

COOCH COOSNR3 @
10
HZC=C|)R' + R3Sn-0-SnR; —> HZC=C|)R’ + Hy,O 3)
COOH COOSnR;
11

The third approach involves the use of the tetraaryltin with the vinyl acid (eq. 4).

HC=OR'  + RiSn  —> (H,C<CR'  + 2RH
COOH CO0),SnR,
12

“)

While the hydrogen on the nonorganotin ester carbon can be another grouping, poly-
merization readily occurs only when it is hydrogen.

Polymerizations of the organotin acrylate or methacrylate can be accom-
plished using heat, free-radical catalysts, or mercaptanpersulfate initiators and has
been accomplished using bulk, solution, and water-emulsion techniques.’

In 1958, Montermoso and co-workers in the United States made one of the ear-
liest reports of the synthesis of organotin-containing polymers using organotin-
containing vinyl reactants.!®!3

Some of the earliest work on the chemical inclusion of organotin into polymers
was by Russian scientists in the late 1950s and early 1960s. Kochkin et al.'®® in 1959
synthesized triethylstannic methacrylate and made homopolymers and copolymers
of it through reaction with acrylonitrile, methyl methacrylate, methacrylic acid,
styrene, divinylbenzene, pentaerythritol ester, methacrylic acid, and cyclopendiene.
The organotin ester was made from reaction of dialkyl or diaryl stannic oxide with
the respective acids, 13.'°

13- Trialkyltin ester
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Shortly thereafter similar products were reported but the organotin ester formed from
reaction of the vinyl acid, such as methacrylic acid, and R3SnOH or R3Sn-O-
SnR3.l7—19

Adrova in 1962 reported the synthesis of polytributylin-4’-vinyl-biphenylcar-
boxylate, 14, using a similar process.?**! The products were colorless and soluble in
toluene. As seen in structure 14, these products are similar to those previously made,
except that the biphenylene spacers have been introduced.

R
n

O )/\ CH,

O

S
0~ 7"~ \_CHs

CHy
14

Leebrick??® prepared a similar series of polyesters, except that only one phenyl
group was used to separate the polymer backbone from the organotin ester, 15. Some
of these polymers were crosslinked when diorganotin reactants were employed as
shown for structure 15.

15

Polytributyltin p-vinylbenzoate was reported to be a brown rubbery material
when polymerized using a peroxide initiator and a strong tacky rubber when produced
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using emulsion polymerization. Thus the particular physical properties depended on
the particular polymerization technique employed.??

Rzaev’s group®*° and Kochkin’s group!® produced a series of organotin
copolymers and terpolymers using the observation that tributyltin oxide reacted with
maleic anhydride forming disubstituted organotin esters. Thus the terpolymer of
maleic anhydride, styrene, and the organotin diester of maleic anhydride was
formed. Depending on the reaction conditions, the product could contain unreacted
anhydride units, unsubstituted acid groups, or the diorganotin esters as shown for
structure 16. In that structure, we have in order from left to right the lone organotin
ester and acid derived from a single maleic anhydride unit, the styrene unit, and two
organotin ester units from a single maleic anhydride unit.

16

One of the early leaders in the inclusion of organotin into polymers through
numerous routes is Subramanian. His group synthesized a number of crosslinked
organotin-containing systems aimed at inclusion of the tin for its biological activity,
mainly for antifouling applications. They were able to extend the life time of sub-
merged wood to >20 years without noticeable degradation through pressurized
embedding of organotin monomers followed by chemically connecting these units to
the wood. They also successfully introduced tri-n-butyl acrylate copolymers into
epoxy systems retaining the desired biological activity.?!™#

Structure 17, is a representative structure of the network polymer obtained
by reaction of the epoxy group containing resins with amines, where the organotin,
generally tributyltin, moiety is contained within a poly(acrylic acid) chain. Yeager
and Castelli** produced similar materials to overcome the national prohibition for
use of monomeric organotin compounds, through chemical bonding using variet-
ies of methyl vinylether-co-maleic acid, crosslinked poly(methacrylic acid) and
copolymers of methacrylate and methyl methacrylate. These materials offered
good antifouling properties while being easily incorporated into various paint for-
mulation.
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17

Such coatings were studied using NMR, Mossbauer, and IR by a variety of
groups, ¥ their hydrolysis properties were studied,*®*’ and their biological proper-
ties were reviewed.>

Radwan®! produced tributyltin-containing polymers from the polymerization
and copolymerization of vinyl monomers as tri-n-butyltin o-bromoacrylate, 18.
Similar products are made from the copolymerization of tributyl o-chloroacrylate
with 2-hydroxyethyl methacrylate or 2-hydroxypropyl methacrylate. These poly-
mers are subsequently crosslinked using one of a series of diisocyanates.>

Br

/

H,C=C

C-O-SnBuj

o
18 Tri-n-butyltin a-bromoacrylate

Al-Diab and co-workers have reported a number of copolymers and terpoly-
mers. For instance, they reported the synthesis of N-(tri-n-butyltin) maleimide, 19,
copolymers with methyl methacrylate, styrene, and N-vinyl-2-pyrrolidinone using
free-radical polymerization.>*° This group also described the polymerization and
co-polymerization of di(tri-n-butyltin)citraconate,* tributyltin m-acrylamidoben-
zoate,> and p-(tributyltin)styrene.*® They also reported the synthesis of biologically
active organotin-platinum-imine and organotin-platinum-amine complexes contain-
ing trans-[PtCl,(PPhs) units.>
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CHy

CHa

19, N-(Tributyltin) maleimide

Liepins and co-workers® reported that homopolymers, copolymers, and ter-
polymers of tributyltin methacrylate, and trimethyltin methacrylate were made
piezoelectric active in thin films by preferential dipole-orienting solvent or by pol-
ing procedures. For instance unpoled tributytin methacrylate copolymers exhibited
d3 piezoelectric activity of 1.5 X 10712 C/N, while poled film exhibited g31 activity
of 1.6 X10~2Vm/N. This is good piezoelectric activity, and it is surprising that this
work has not been followed up. These materials also showed good antifouling prop-
erties and paint formulation characteristics.®°

Examples of other organotin polymers produced from monomer introduction
reactions are available.6'-6

ii. Organotin Carbon

Here we will look at some organotin polymers where the organotin is only bonded
to carbon. Most organotin polymers connected through only carbon bonds are difficult
to make. When a tin atom is attached directly to a vinyl group back, donation of the
pi electrons from the vinyl group to the tin deactivates the vinyl group sufficiently to
make polymerization difficult. Thus Korshak®” was able to make only trimers with tri-
alkylvinyltin monomers even using pressures of 6000 atm., 120°C, for 6 h. Minoura®
had similar results but was able to produce several copolymers. Thus, even if it was not
possible to homopolymerize vinylorganotin, it is possible to copolymerize with styrene
and methyl methacrylate and a free-radical initiator. The rate of addition of styrene or
methyl methacrylate to its own radical is much greater than that of the organotin
monomer adding to the styrene or methyl methacrylate growing chains, producing pri-
marily block copolymers as in structure 20 for methyl methacrylate, where n > m.

CHy

-(-CH-CHy)(-C-CHy),- 20

SnR, COOCH,
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As expected, moving the organotin away from the vinyl group allows more
ready homopolymerization. A number of polymers have been made using
monomers as depicted in structure 21.%°! Plate and coworkers also reported the
inclusion of triphenytin moieties through replacement of the chloride in poly(vinyl
chloride).”!"2

RgSN-(CH,),-CH=CH,

21

Zhao and coworkers synthesized a number of trialkyltin methacrylate
homopolymers and copolymers.”*! They extensively studied the homopolymeriza-
tion and copolymerization of tributyltin methacrylate with methyl methacrylate (22).
Along with the tributyltin methacrylate copolymers with methyl methacrylate, they
also synthesized a number of other related homo copolymers, including copolymers,
derived form two tin-containing methacrylates such as triphenyltin methacrylate,
and triethyltin methacrylate.”

(0]
R
/\/Sn
HSC (( kk
CH
CHa °
22

Organotin-containing polymers, 23, have been made from 2-tributyltin-1,3-buta-
diene.”? The polymerization is slow, but using a bulk process and azo-bis-isobutyroni-
trile at 60°C, a clear colorless liquid product is formed after about 24 days.

BusSn
\
C=CH
[\
((HC CHy)yr

23
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Organotin polystyrene copolymers of p-triphenyltin styrene and styrene and
vinyl toluene have been prepared and their kinetics studied.”>* Kolditz and Furcht®
prepared a series of organotin-containing polymer ion-exchange products from
organotin halides and the Grignard derivative of p-bromostyrene. They prepared
three different cationic ion exchange materials. Sulfonation of the polystyryltin
polymer-introduced sulfonic acid groups that could exchange cations. Phosphory-
lation of the polystyryltin material gave a phosphate cation exchange material.
Finally, polymerization of tetrastyryltin and maleic acid gave a carboxylic acid ion
exchanger.

Anionic exchanger materials were also created.”” Bis(p-dimethylamino-
phenyl)distytyltin and p-dimethylaminophenyl tristyryltin were polymerized, and the
product treated with methyl iodide to give ion exchangers with -N*(Me); groups.
Polytetrastytyltin was chloromethylated and then aminated, giving an ion exchanger
with a -CH,N*(Me); functional group.

B. Preformed Polymer

Migdal and co-workers were one of the first to chemically bond organotin moi-
eties to existing polymers. Polyesters and polyethers with attached organotin groups
were prepared by treating these polymers with an organotin oxide, hydroxide, halide,
or acetate. They also looked at naturally derived materials with the appropriate func-
tional groups, including methyl cellulose, starch, hydroxyethyl cellulose, nitrocellu-
lose, and cellulose acetate. Some of these materials exhibited inhibition of selected
microorganisms.”® 10!

Chlorostannane resins, 24, have been developed with the chlorostannane
attached to a Merrifield resin for use in solid-phase organis synthesis by Zhu
et al.!%2 The resin had the chlorotin functional groups shown in structure 24, which
could be subsequently coupled with RZnX, where R = aryl, heterocyclic, benzyl,
and styryl and X =1 and Br. The coupling in THF occurred in better than 95%
yield.!%?

Merrifield resin-O-CH,-CH,-CH5,-SnBu,Cl
24

Organotin polymers were prepared by adding tri-n-butyltin chloride to poly-
butadiene with lithium living chain ends.!®® Triple resonance 'H/'3C/''”Sn three-
dimensional (3D) methods were used to show the relative abundances of precise
organotin end group structures and to compare these results with the internal addi-
tions. For instance, it was found that the number of vinyl-1,2-butadiene units, 26, at
the chain ends is essentially the same as the percentage of these units in the main
chain. But the percentage of frans-1,4-butadiene units, 25, increases at the chain end
relative to the percentage of these units in the main chain. This work illustrates the
use of tin itself in the structural analysis.
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CHj3
/\/\/sn/\/\CHS
R
CHj
25 Trans end group
CHy
H,C ——=
Sn
CHjy
CHj3
H5C

26 Vinyl end group

Labadie et al.'® synthesized a number of organotin polymers and reported
their resist properties. These products included homopolymers of stannylalkyl
methacrylates that crosslinked upon e-beam exposure. It is interesting that copoly-
mers containing methyl methacrylate units degraded on e-beam exposure. Polymers
containing tin in the backbone were prepared by condensation of aminostannanes
with o,@-diynes followed by crosslinking upon e-beam exposure. A 15 wt % tin con-
tent was required to obtain etch rate selectivities of =15:1 relative to the correspon-
ding non-tin polymer.

We have synthesized a number of organotin-containing polymers using pre-
formed polymers, both natural and synthetic. Products from natural sources include
those from cotton (cellulose),'%197 dextran,!%117 xylan,! 18119 lignin.120-123

Products from synthetic polymers include those from poly(vinyl alcohol),!?4123
polyacrylonitrile,'?®!?7 polyethyleneimine,'?# 13 and poly(acrylic acid) and
ionomers. 013131

For illustrative purposes for natural polymers we will use dextran. Dextran is
an extracellular polysaccharide synthesized by certain bacteria when grown on
sucrose. The polymer consists mainly of branched chains of o(1->6)-linked
D-glucosepyranose units. Reaction with organotin dihalides (here dimethyltin
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dihalide) results in a complex of units, including unreacted units, those where the
organotin forms preferred five-member rings (27a), units where one organotin moi-
ety is bonded to another glucosepyranose unit (27b, 27¢), or more than one organ-
otin moiety can be associated with a single glucosepyranose unit (27d).

Reaction with monohalo organotins (here trimethyltin halide) again gives a
mixture of products, but it does not increase the crosslinking, so these products are
soluble. The mixture contains unreacted units, units containing one organotin moi-
ety (28), and units containing more than one organotin moiety per unit (29).

27a 27b

28
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H3C ——sn

HsC

29

The situation is similar for synthetic polymers where monohalo organotin
products will be linear, 30, and not contribute to crosslinking, while dihaloorganotin
reactants with two functional groups will be crosslinked, as shown for polyethyl-
eneimine, 31 and poly(acrylic acid), 32.
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The activity with natural reactants is a move toward the use of natural feed-
stocks for the production of organotin-containing products with potential industrial
uses as insulation, films, and building materials. Thus cellulose and starch are read-
ily abundant, as is lignin. Lignin constitutes about 25% of the dry weight of wood,
and most of it is discarded to return to the earth though natural degradation. It con-
tains hydroxyls and is sheet-like, making it an ideal material for reactions involving
a Lewis base. Carbohydrates are the most abundant (weight-wise) organic material,
constituting three-fourths of the dry wight of the plant world. About 400 billion tons
of sugar are produced yearly through photosynthesis, dwarfing the production of
most other materials, with the exception of lignin.

Our work with organotin and tin-containing ionomers involved understanding
how ionomers work.”!* In general ionomeric behavior is described as being related
to two major factors. The first is movement provided by the metal atoms that suppos-
edly act as ball-bearings as pressure and heat are applied. The behavior is also due to
the low 7y, of the ethylene portions, which also are mobile when heat and pressure are
applied. We made a series of organotin and metallic tin compounds from poly(acrylic
acid)-co-ethylene materials. All of the materials were able to be reformed—that is be
pressed into various shapes—on application of pressure and heat. Many of these
materials are crosslinked with the tin atom chemically bonded through primary sigma
bonds to the acrylic acid portion of the polymer. This is consistent with the ethylene
portion of the polymers alone being sufficient to provide the needed movement to
allow shaping through application of pressure and heat.

C. Crosslinked Mixtures

We have examined some of these materials in the prior section, but here we
will focus on additional examples. Organotin catalysts for use in polyurethane sys-
tems have been produced using reactions of R,Sn and R,SnCl, in the presence of
polyfunctional molecules such as in structure 33. These products are presumably
crosslinked because of the trifunctional nature of the nonorganotin reactant.'> The
products are used in cationic electrodepositable polyurethane compounds.

HS-CH,-CH(OH)-CH,OH
33

Tributyltin hydrides and modified organotin monohydrides that contain allylic
ether groups were polymerized with diallylidenepentaerithritol, producing crosslinked
products containing organotin and acetal groups.'3* Moriya and co-workers also syn-
thesized organotin polymers from diallyl terephthalate and tributyltin hydride,
Bu;SnH. The products contained both ester and organotin units.!** Similar polymers
and copolymers were formed from the reaction of diallyl carbonates with tri-n-butyltin
hydride.'®

Highly conducting organotin films were prepared by plasma polymerization of
mixtures of tetramethyltin and oxygen. These films presumably are highly crosslinked.
They were characterized by electron microscopy, ESCA, and X-ray spectroscopy.'¢
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Another example of introducing organotin as part of a crosslinked system is
available.'?’

We synthesized a number of organotin-containing materials from reaction with
simple sugars such as sucrose.'3”138 As expected these products are crosslinked, with
the primary sites of reaction being the ring-hydroxyls as shown for a dimethyltin-
containing moiety, 34.

OH
H—O OH
(0]
(0]
HO OH
o) OH 0
HsC / o
\Sn \
/ _CHg
HsC 5 S”\
\R \ CHs,
N
R

34

In general, controlled-release formulations can offer longer shelf life,
sustained-release of the active agent, and greater retention of the active agent due
to lowered solubility of the polymer. The co-reactant, if it is an organotin, can offer
additional properties, such as antifungal-activity. All of these result in a greater
effect of the controlled-release formulation with less active agent in the environ-
ment.

We have been interested in the use of polymers as controlled-release agents for
biomedical applications. The focus is the delivery of the biologically agent drug. It
is difficult to determine if polymers such as the organotin products truly would or
could deliver the drug in its active form. Thus we moved to the use of plant growth
hormones to test if delivery of the biologically active material could be proven. Our
use of plant growth hormones (PGHs) also involved another activity of ours, that of
increasing the food supply through the use of polymers. Organotin compounds are
of particular interest to us because of the added potential benefit of inhibiting
unwanted microorganisms that might impair food crop seed from properly germi-
nating.

The PGH initially investigated was gibberellic acid (GA3).**43 Gibberellic
acids encompass a number of similar structures, but only one of these, GA3, has
found commercial application. Most of the gibberellic acids are inactive, but GA3 is
active and is typically the most active of the gibberellins. GA3 is known to play
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a key role in seed germination. The most direct effect of GA3 is in inducing the
expression of the gene for o-amylase in germinating seeds.

GA3 has three groups that will react with diorganotin dichlorides—two alcohol
and one acid group, 35. Thus the products are crosslinked and should be insoluble.

O
(6]
H3C\ /CHS
H;C
° \ /CHs O——5n
Sn
(e} 2
CHj
O /O
H,C
3¥™~gp—CH,
R
35

The dimethyl derivative was chosen for initial study because it is the least
hydrophobic of the group of organostannanes under study (i.e., dimethyl, diethyl,
dipropyl, and dibutyl) and should hydrolyze the most rapidly.

The argument is that if GA3 polymers exhibit PGH effects, then release of the
biologically active form of GA3 occurred. The evidence for degradation is circum-
stantial and is based on the ability of the polymer to influence the germination and
growth of the food seeds and—as part of our Everglades restoration work—sawgrass
and cattail seeds. Furthermore, while there are many gibberellins, only a few are
active so that in order for the polymer to exhibit activity, it must degrade, giving the
GA3 moiety in an “active” form. GA3-containing organotin polymers were able to
increase the germination rate of compromised, old, and damaged food crop seeds as
well as increase the germination rate of sawgrass seeds.

The Florida Everglades is called the River of Grass. The grass is actually the
sedge sawgrass (Cladium jamaicense Crantz). Historically, about 80% of the Ever-
glades was covered with sawgrass. Today, this has been greatly reduced. Sawgrass
seeds typically germinate to an extent of about 0-2%. We were able to increase the
germination percentage to 10% with the use of minute (~0.1 ppm) dimethyltin-GA3
polymer.'4

Sample results for the increase in the percentage of germination for food seeds
can be seen: 9% for untreated wheat seeds to 27% for organotin-GA3 treated seeds;
from 3% for untreated peas to 20% for seeds treated with organotin polymer.'*
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VI. ORGANOTIN-CONTAINING BACKBONES

A. Noncarbon-Linked Organotin Polymers

One of the earlier reports for incorporation of organotin units into polymer
backbones involves the synthesis of organotin polymers using organotin hydrides.?!
The proposed structure is given as 36. The molecular weight of the dibutyltin prod-
uct is about 8500, giving a degree of polymerization of about 25.%!

R—GTn CHs
HaC R
n
H3;C——SnH,
CHy + Hzc\ CH,
H3C CH3

Copolymers containing organotin and organosilane units were prepared from
the Wurtz coupling reaction of dichloromethylphenylsiland and dichloro-n-butyl-
stannane, 37. The copolymer had a molecular weight approaching 10,000 or a degree
of polymerization of about 28144148

Me

-(-Si-SnBuy-) -

Ph
37

This group also synthesized a number of insoluble polymer-supported organ-
otin reagents with a number of potential industrial uses, including as clean reducing
agents.'#15¢ They also described the deuteration of organotin molecules for tin-119
NMR analysis.'4%150

Che et al.!>7 synthesized a series of bis(B-alkoxycarbonylalkyl)tin polythio-
ethers from the interfacial polymerization of bis(B-alkoxycarbonylalkyl)tin dichlo-
rides with organic dithiolalcohols.
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Our group and others '°82!? have synthesized a series of organotin-containing
polymers from reaction with various Lewis bases, including dialcohols, diamines,
diacid salts, dithiols, urea, and thiourea using various interfacial polycondensation
systems, mainly the classical aqueous interfacial system. General repeat units along
with references for these materials are given as structures 38—47. The naming of
these general classes of linear polymers follows the idea that the organotin moiety is
an alkane rather than an acid chloride.

R O O R
[ I |
-(-?n-O-C-R’-C-O-)n- -(-Sn-NH-R’-NH-), -
|
R R
38 Organotin polyester297.101.165-176 39 Organotin polyamine?160:178-186
R T
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40 Organotin polyether2161.192-205 41 Organotin polythiolether!®®
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42 Organotin polyaminoester161,190,199 43 Organotin polyaminoether 2°7
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R (0] R (@]
| [l I Il
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46 Organotin thioesters?'®2'" 47 Organotin acetates?12

Each of these have been prepared from reaction of an organotin dihalide with
the appropriate Lewis base. While they have not been prepared from the analogous
reaction with R,Sn, similar products should be forthcoming using it in place of the
organotin dihalides.

Along with the straightforward products, we have also synthesized organotin
products that contain other metals. Organotin ferrocene polyesters, shown for the
dimethyl moiety 48, have been synthesized in good yield using the classical interfacial
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system.?!4216 Similarily, cobalticinium polyesters were also prepared of structure 49,
for the dimethyltin moiety. Here solubility and other properties could be varied by
changing the nature of the accompanying anion either for the starting cobalticinium
reactant or subsequent to polymer formation. The cobalt is a net plus one, which is bal-
anced by the hexafluorophosphate, which is a net minus one.?!”2!?
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We also synthesized a number of organotin polymers using as the Lewis bases
known organic dyes.?’'2%* These materials were referred to as simply polydyes. The
structure for one of the polydyes derived from fluorescein, 50, is shown.

50

A number of other dyes were used, including sulphonephalein (51). Depending
on the type of laser light these materials were exposed to, these polydyes could
greatly influence the stability impregnated film and plastic. Han et al.?% reported the



Organotin-Containing Backbones 285

synthesis of similar organotin polydyes derived from fluorescein, eosine Y, phloxine
B, erythrosine B, and rose Bengal, also employing the interfacial system.

51

Along with the work on GA3 we worked with kinetin as part of the Everglades
restoration and to increase food availability. Unlike GA3, which has three functional
groups, kinetin has only two, so that the products are linear and soluble. The repeat
unit for the product derived from dimethyltin dichloride is as structure 52. The prod-
uct is then an organotin polyamine. The use of these materials allowed the sawgrass
seed germination rate to increase from the 0-2% range to >20%. We have now sys-
tems that will give sawgrass germination rates of >60% which makes wholesale
seed distribution by air boat or airplane a practical way of seeding large areas in need
of sawgrass restoration, 837186

.
R N \ N//Sn————R
\—y HsC

52

More recently, we have been emphasizing the inclusion of known drugs, work-
ing toward the inhibition of unwanted microorganisms through a coupled attack, the
organotin moiety and the known drug. We have included such drugs as ampicillin
(the structure of which was given earlier) % 12719 cephalexin, !¢ Norfloxacin,'’~1%”
and ciprofloxacin.'?® While these materials exhibit good antibacterial activity, they
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also form the basis for drugs for the treatment of cancer. This topic will be dealt with
in another chapter. We recently included in our arsenal of organotin-containing drugs

the antivirial agent acyclovir?*® as shown in equation 5 (53).
O O
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53

Organotin-containing copolymers have been produced from the reaction mix-
ture of a bisphenol A and a mixture of a diorganotin dihalide and an acyl halide of a
dicarboxylic acid. The products probably contain various arrangements of groupings
connecting the bisphenol A moiety. The materials are said to be useful as wood
preservatives, in the treatment of textiles for imparting insect resistance, and as sur-
face coatings.!”” Similar products were also reported by Janson and Fields.!”®

B. Organotin Polyolefins

A number of miscellaneous organotin polyolefins have been produced.
Treatment of tin halides or organotin halides with olefins, aluminum, and hydrogen
at elevated temperatures produced materials of the general form as structure 54.%2°
Addition reactions involving organotin dihydrides and diolefins have been used to
produce organotin polyolefins of structure 55 (eq. 6).22!72%3

R R

HOHE )¢S (Ol S

R R
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R
|
RoSnH, + H,C=CH-R-CH-CH, — > ~(-8n-CH,-CHy-R-CH,-CH,-) -
|
R

55

Aluminum catalysts such as di-isobutyl aluminum hydride have been used in
these hydrostannations to give other similar products. Trihydrides of tin, RSnHj3, and
diolefins react to give various products of the general structure of 56.%24?%5 A simi-
lar reaction sequence has been used to possibly prepare block polymers containing
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organotin in the backbone.??®??’ Thus organotin hydrides were reacted with butadi-
ene or isoprene followed by a further copolymerization with ethylene, acrylic esters,
styrene, acrylonitrile, etc.

gww
H—\%R1

56

2

Stanno-neocarborane polymers have been synthesized by reaction of dilithium-
stannces, giving materials with degrees of polymerization of 1-20 with the general
structure of 57. Softening temperatures ranged from about 50°C to 260°C.??

R
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A similar reaction of diethynyl dilithium salts with organotin dihalides gives
materials of the structure of 58, which were reported to have interesting electrical
properties.??>>30 Because of potential for whole-chain resonance present in these
materials, they may be candidates for further investigation particularly if the “R”
group allows this whole-chain resonance.

/
Ry
€Sn R4

X ~

58
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Bromine has been added to the triple bonds, giving a saturated structure with
some of the resulting organotin polymers stable to >300°C. Photoconductivity
applications have been described for these materials.67-231-234

The reaction between tin tetrahalides and tetraalkyl tin compounds can give
linear organotin alkylenes of structure 59. These material have been reported to be
stabilizers and catalysts.”

cl R,

-(-8n-CHy-CHy-C-CHy-CHy-)

cl R,
59

VII. POLYSTANNANES

Carbon has an unique ability to form strong single, double, and triple bonds to
itself. Because of the relatively high bond energies (C-C single bonds are of the order
of 80kcal/mole) compounds containing carbon in their backbone do not readily
cleave. By comparison, fellow members of the IVA main group family have only
recently been formed because of the low bond energies (generally of the order of
20-30kcal/mol).

Polystannanes have been generally synthesized using one of four meth-
o0ds:>33237 reductive coupling, dehydrogenative coupling, “masked” dienes, and
anionic ring opening. Many of these materials show better sigma conductivity than
the corresponding polysilanes and have been used as light-emitting diodes.?*°

Much of the interest in the polysilanes, polygermanes, and polystannanes
involves their s-delocalization and their 6—m delocalization when coupled with
arenes or acetylenes. This is not unexpected since silicon exists as a covalent network
similar to diamond. In exhibiting electrical conductivity, germanium and tin show
more typical “metallic” bonding. Some polystannanes have been referred to as
molecular metals.**' Conductivity is increased by doping,?** illumination,?** and
application of an electric field.

VIII. ORGANOTIN ALUMINOXANES
AND TITANOXANES

A number of stannoxy-aluminoxane®** polymers containing organotin side
groups have been prepared from monomers of the type 60. These materials have good
thermal stability. They are formed through heating with or without pressure and in the
presence of an alkali metal alcoholate catalyst. A sample structure is given as 61.
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These materials range from liquids to solids. Similar polymers and copolymers can
be made from monomers such as 62. Suggested uses for there materials are as lami-
nating, molding, varnish, embedding, and elastomeric resins.

(R3Sn0),Al(OR")3.
60

O-SnR4
-(-Al-O-) -
61

(RgSnO),;Ti(OR).
62

IX. GROUP VA-CONTAINING ORGANOTIN
POLYMERS

A number of polymeric stannylimidophosphines, stannylimidoarsines, and
stannylimidostibines have been synthesized with most of them based on the reaction
of organometallic azides with trisubstituted phosphines, arsines, and stibines as
shown in equation 7 for phosphines, 63.2*°> These polymers have been described as
being useful as transformer oils, greases, lubricating oils, and hydraulic fuels. They
are also described as imparting thermal, UV, and oxidative stability to materials
impregnated with them.

R38HN3 + Ar3P —_—> R3SnN=PAI’3 + N2 (7)
63

Polymeric organotin arsonates, 64, are formed from the reaction of dialkyltin
dihalides and disodium salts of organoarsonic acids or similarity by reaction
with silver arsenate.>*® This was one of the first papers by Nobel-winner Alan
MacDiarmid.

?

(-S1-0-AS-0) -
R O
64

Freireich et al.?*” described the synthesis of poly(organotin phosphonates)
from the reaction of dialkyltin dichlorides, tetralkyldichlorodistannoxanes,
or hexaalkydichlorotristannoxanes with the disodium salt of phenylphosphonic
acid, 65.
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X. STANNOXY TITANOXANE POLYMERS

A number of stannoxy titanoxane polymers have been synthesized. Polymers
with alternating tin-oxygen-titanium polymers has been formed as shown in equa-
tion 8 (66).2** These materials are suggested to be useful as reinforcing agents and
fillers. They can also be treated with chelating agents, forming organotin-chelated
titanium oxide copolymers.?*

R O-SnR,
(R3Sn0),Ti(OC3H,), + RsSN(OOCCH,), —> (Sn-0-Ti-04) - g
R O-SnR, ®)

66

XI. STANNOXANE POLYMERS

While the polysiloxanes play an important role in today’s society, the organ-
otin analogs do not. Even so, oligomeric to polymeric stannoxanes have been pre-
pared.®®100-249-252 They have the general formula as shown by structure 67. Sample
preparations include the reaction of dialkyltin diacetates in the presence of alkoxytin
compounds, organotin diacetates and organotin dioxides, and the hydrolysis of vari-
ous chlorides.

R
|

-(-8n-0-),r
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R
67
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XII. BIOACTIVITY

Because of the increased worldwide production of organotin compounds for
commercial use, considerable amounts of organotins have entered various ecosys-
tems. Inorganic tin compounds are often said to be nontoxic, but in fact their toxi-
city ranges from being nontoxic to moderately toxic. Organotin compounds offer
varied toxicities from mildly toxic to highly toxic, with most of the compounds
falling in the mildly to moderately toxic range. The toxicity and ecosystem rela-
tionships have been reviewed.* While organotin-containing polymers offer a wide
variety of biological activities we will focus on their use in the inhibition of bacte-
rial and yeast.

The general microorganism biological activities of organotin compounds has
been studied since the 1950s. As noted above, generally inorganic tin compounds are
nontoxic or only slightly toxic toward mammals, insects, bacteria, and fungi, whereas
organotin compounds show varying biological activities. For alkylorganostannanes,
toxicity varies, depending on the alkyl group. In general, an increase in the alkyl chain
length gives a decrease in toxicity.>>* The particular pattern for methyl, ethyl, propyl,
and butyl varies with test organism. For tri-n-alkyltin acetates, the methyl organotin
compounds are the most active for insects and mammals; for fungi and bacteria the
propyl and butyl compounds are the most active. Further, activity decreases as the
number of alkyl groups decreases as follows R4Sn > R3Sn > R,Sn > RSn > Sn all for
tin IV compounds. For most cases, our findings are consistent with these general
trends, and long alkyl chains such as n-octyl are generally biologically inactive with
respect to bacterial inhibition,!06:107:125,129.193,197,254-270

The organotin materials are suitable for treatment of infections (here mainly
topical), for treatment of contaminated sites, a preventative agents, and in the treat-
ment of water sources. The organotin-containing drugs are rapidly (generally within
30s) synthesized in good yield employing readily available reactants. Thus ready
availability on a gram to tons scale of target drugs is achievable. They can be used
internally or topically as additives to creams, cleaning detergents and soaps, coatings
(paints), plastics, paper, etc.2® They can be handled without need for gloves or other
protective ware and have shelf lives in excess of several years.

Agents successfully inhibited by the compounds cited in the review include
E. coli,>*?% B. subtilis,>**° B. catarrhalis,*>* S. epidermidis,254 E. aerogenes,254 N.
mucosa,>>* K. pneumoniae,254 A.  calcoacetius,?>*  A. ﬂavus,107’“6*256
A. niger,'7238 4 fumagatus,''%**® Penicillin sp.,'® T. reesei,'’>'"7 C. globosum, %17
P, aeruginosa,**'% S. aireis,?>?*%° C. albicans,'*>*>° T. mentagrophytes,*® and Staph
MRSA. 269261 Most of these products can be incorporated into paper, plastics, textiles,
and the like with only some loss in biological activity.?®®

The products from PVA and some from lignin deserve special mention
because of their ability to inhibit Candia albicans, the microorganism most respon-
sible for yeast infections.!2>23%268.270 This inhibition is selective, leaving much of the
natural flora in tact. The organotin-modified PVA products dramatically outper-
formed commercial preparations.?’?
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As in structure 68, products from dihaloorganotin are crosslinked, while those
from monohaloorganotin reactants are linear and soluble. Flexible films and fibers
can be made from the linear products and ionomeric materials.
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With the appearance of new resistant strains of common bacteria, the need for
new treatment rationales increases. As part of our efforts we have looked at particu-
larly dangerous microorganisms, where the “cure” is either extreme or not available.
The most insidious microorganism involved in nosocomial infections is methicillin-
resistant S. aureus, MRSA (also called Staph MRSA). This microbe commonly col-
onizes patients who are seriously ill and in high-risk areas, such as intensive-care and
burn units. It is also a significant risk factor in surgical wound infections. The inci-
dent of MRSA infection in hospitals is increasing at an alarming rate. It can be car-
ried in the anterior nares of otherwise healthy health-care givers and transferred to
the patient during routine attendance at the patient’s bedside. Other areas suspected
of harboring the organism are air-handling duct work, linens, and general room con-
tamination. We developed a number of organotin-containing polymeric materials
that inhibited MRSA and that could be incorporated into soaps, cleaning agents,
coatings, etc. for the purposes of prevention and decontamination.?%->%! These
include products derived from dextran, cellulose, and lignin.

The ability of these organotin-containing polymers to successfully inhibit a
wide number of microorganisms, including such resistant bacteria as MRSA, makes
them prime candidates in the war on biological terrorism for the treatment of such
microorganisms as Bacillus anthracis, responsible for anthrax; Yersinia bub, res-
ponsible for bubonic plague; and Francisella tularensis, responsible for tuleramia.
Some of these products are also active against a number of fungi that cause mildew
and rot and against the microorganisms responsible for ringworm and athlete’s

foot.?%8
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A number of organotin-containing polymers have been studied as anticancer
drugs.13%192:193,197.258 The results have been most promising but are not covered
in this review. Related to this is the work of Pellerito and others on the synthesis
of monometic analogs of compounds similar to those synthesized by Carraher and
Siegmann-Louda, except using sufficiently different reaction conditions to produce
only the monomeric materials.?*%¢-238" These materials have been extensively char-
acterized, and a comparison between the bioactivities of these monomeric materials
and the polymeric analogs should prove interesting.

The structures for many of the products from Pellerito’s group are complex and
vary with the nature of the organotin (that is being initially a dihalo or monohalo
reactant). It also varies with the particular pencillin or other related drug used to
react with the organotin halide. For instance, for the product formed from reaction
between amoxicillin, 68a, and monochlorotin, R3SnCl, the amoxicillin coordinated
the organotin moiety through the lactamic carbonyl, and the overall structure about
the tin is trigonal bipyramidal in the solid state based on Mossbauer and infrared
spectroscopes.?*®® For products derived from the dihalotin reactant, R,SnCl,, the
coordination geometry about the tin is believed to be a skew-trapezoidal bipyridine
with the two chelating amoxicillin residues acting as bidentate ligands in the trape-
zoidal plane, and the organic groups in the axial positions.

HO
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XIII. GENERAL PHYSICAL PROPERTIES

A. Solubility

Crosslinked organotin materials are, as expected, insoluble. Once the product
is dried, the organotin polymers are only poorly soluble in dipolar aprotic liquids
such as HMPA, DMSO, DMA, and DMF; only partially soluble (presumably the
shorter chains are preferably more soluble); or not soluble at all. The overall poor
solubility may be due to a number of factors. First, there is often present in the organ-
otin polymers an unusual combination of polar and nonpolar regions. Second, the
polar groups are generally sufficient to produce at least partially crystalline regions.
Third, many of the products are derived from Lewis bases that are themselves rigid,
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producing a product that is often rigid-rod like or at least stiff. This discourages solu-
tion to occur.

Linear organotin polymers produced in rapidly stirred systems are often solu-
ble in acetone and other polar liquids if the liquid is added just after recovery and
before allowing the mixture to become dry. This is presumably due to the presence
of entrapped solvent molecules that prevent close-chain interactions causing the
chains to be more easily approached by the solvent molecules. Thus such metastable
states allow the organotin polymers and many other metal-containing linear poly-
mers to be dissolved. We need to remember that it generally takes more energy to
dissolve a polymer chain than to maintain it in solution. Thus a polymer can be main-
tained in a solution where the polymer itself cannot be dissolved.

B. Stability

Solid organotin polymers are stable in air and under room conditions for
over several decades. As noted elsewhere, the organotin polymers show greater
stability in acids than bases. This forms the basis for certain biomedical applica-
tions. This tendency for overall great stability in acid than in base can also serve
as a means of the delivery of both the organotin and often drug portion of the
chain.

C. Physical Nature

Most are solids, but a few are gummy in nature, probably because entrenched
solvent has not been entirely removed. They are generally white but can become col-
ored if the matrix in which the organotin moiety is located is a color site, such as the
polydyes.

D. Molecular Weight

The polymers synthesized by us using the interfacial polycondensation process
are typically oligomeric, with degrees of polymerization from light scattering pho-
tometry of about 5-100. Higher molecular weight products can be made using other
synthetic approaches. Thus the general degree of polymerization for organotin poly-
esters is about 5-50, but using a solution synthesis process employing alkoxides pro-
duces much higher chain lengths, generally >100.'88

E. Thermal Properties

Most of the organotin products show good long-term room temperature stabil-
ity as solids. When heated, they begin to degrade around 100°C. As a general rule,
organotin polymers undergo degradation without melting.

Here we will look at the organotin polyamines to illustrate general behavior.
The organotin polyamines begin degrading in both air and nitrogen between 100°C
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300°C."%° This is followed by a large loss of weight, generally 20-80% over the next
100° range. Most then continue to about 900°C with little additional weight loss. The
relative stabilities in air and nitrogen are somewhat similar.

Using DSC, the energy changes are similar to about 300°C, after which
there is a major difference. In air, there is a large exotherm after 300°C, consis-
tent with oxidation occurring at the tin atom site. In nitrogen, the transitions are
generally endothermic and less energetic. Weight losses coincide with the energy
transitions. Temperature ranges in which there is little weight loss are referred
to as stability plateaus. They are present for most organotin polymers and are
believed to be due to the different kinds of bonding present in the materials. By
comparison, simple organic polymers generally do not contain stability plateaus
because overall thermal stability is governed by a single bond, the carbon—carbon
bond.

Some of the products retain >50% of their weight to 900°C. The nature of this
residue is not well understood but is believed to contain the metal in some highly
complex crosslinked matrix. The generally lesser stabilities in air are believed to be
due to the availability of low-lying d-orbitals on the tin that are susceptible to attack
by oxygen leading to oxidative degradation of the organotin chain.

F. Electrical Properties

As noted before the polystannanes are good conductors and conductivity has
been found for a number of other tin-containing polymers.

While most organotin polymers made by our group are nonconductors, some
of the organotin products are semiconductors. For many of the products made by our
group, bulk resistivities on the order of 10° ohm-cm are not unusual. All results are
for nondoped samples, so it would be of interest to see what doping would do to their
conductivities. Preliminary evidence indicates that some of the organotin products
made by our group exhibit pizoelectrical properties.

G. Mass Spectral Behavior

Because many of our organotin products are not very soluble, we have
looked at avenues for physical characterization that do not require the material to
be in solution. We have used a number of mass spectral techniques to character-
ize these materials. Here we will describe for illustrative purposes some results
for the product derived from the reaction of dimethyltin dichloride and nor-
floxacin, 98199

Table 2 contains the most abundant ion fragments derived from this product
using HR-EI MS. Ton fragments are present, derived from both norfloxacin and the
dimethyltin moiety. The presence of ion fragments containing O-Sn-O, O-Sn-pip,
and pip-Sn-pip bonding are present. Also present are ion fragments derived from one
unit, 69, as shown in equation 9.
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Table 2 Most Abundant Ion Fragments Derived from the HREI Mass
Spectrometry of the Product of Dimethyltin Dichloride and Norfloxacin

69

Temperature
300°C 425°C 450°C (Possible) Assignment
57 57 56 pip minus 2 CH,
71 70 pip minus CH,
83 84 pip
97
107
120
135 Sn-O
149 MeSn-O
155 0-Sn-O
165 165 163 Sn-OCO
176 178 MeSn-OCO
185 185 0-Me,Sn-O
191 Me,SnOCO
205 206 Sn-pip
219 219 O-Sn-pip
233 235 Nor minus pip
275 275 Nor minus CO,
289 288 Nor minus Et
303 303 Nor minus F
381 Unit minus pip
CHj
HN/\ r R
k/ + R—Sn—Cl
‘ o) Cl
OH
/\ CHs (€))
@
F \Sr?j
/
R \R
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Tin contains 10 naturally occurring isotopes with 7 of them present in a rea-
sonable abundance to allow identification by MS. Table 3 contains isotopic ion abun-
dance matches for selected tin-containing ion fragments. The matches are reasonable
and consistent with the presence of tin in these ion fragments.

More recently we have begun using matrix-assisted laser desorption/iodization
MS, MALDI. MALDI allows molecular weight determination for reasonably solu-
ble polymers in suitable solvents. The organotin polymers generally do not meet this
requirement but we have used MALDI to investigate high molecular weight ion frag-
ments from dilute solution—insoluble polymer mixtures. Representative results are
given here, again using the product from dimethyltin dichloride and norfloxacin.

Results for the product derived from reaction of dimethyltin dichloride and
norfloxacin appear in Table 4. Only the molecular weight of the most abundant ion

Table 3 Isotopic Abundance Values (425°C) for Products Formed From Reaction between
Dimethyltin Dichloride and Norfloxacin

m/z=1 116 117 118 119 120 122 124
Nat Ab. (%) 14 8 24 9 33 56
Sn-OCO 161 162 163 164 165 167 169
Found (%) 15 10 22 9 33 57
0-Me,Sn-O 181 182 183 184 185 187 189
Found (%) 13 7 26 10 34 46

Table 4 Major lon Fragment Clusters for the Product of Dimethyltin
Dichloride and Norfloxacin for Ion Fragments >600 Daltons

Mass (Daltons) (Tentative) Assignment?
600 Unit-Sn minus Me
634 Unit-Sn-OH
680 Nor-Sn-nor minus pip, Me
786 Unit-nor
844 2 Units-OH minus pip, 2 Me
954 2 Units-Cl minus Me
996 2 Units-Nor minus Me, pip
1207 2 Units-Nor minus 3 Me
1477 3 Units-pip
1691 3 Units-Nor minus 2 Me
1900 4 Units-Cl
2107 HO-4 Units-Sn-pip
2338 5 Units-Cl minus 2 Me
2541 HO-5 Units-Sn-pip minus 2 Me
2702 6 Units minus pip, Me
3394 C1-7 Units-pip
3753 HO-8 Units
3873 CI-8 Units-pip
4923 10 Units-nor minus pip
5367 11 Units-nor minus pip

“Sn, dimethyltin moiety; nor, norfloxacin moiety; pip, piperazinyl; Me, methyl
radical.
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fragment within the cluster is noted. The bands are generally broader than often found
in MALDI because of the presence of isotopes of tin. A series of clusters of bands
occur to 2540. These correspond to various DPs from 1 unit through 8 units. Bands
appear to about 3750 (all values are e/m = 1; Daltons) corresponding to a DP of about
8. Taken as a whole, there appears to be two “weak” bonding sites. One of these is the
tin—methyl linkage. This is consistent with observations of ion fragments derived
employing simple electron impact techniques where numerous ion fragments contain
tin minus one or more of the organic groups. The second weak site is the linkage that
connects the two ring systems of norfloxacin. For purposes of simplicity, these two
ring systems are designated as simply the one-ring and the two-ring structures.

End group analysis for ends derived from norfloxacin are hard to determine
since the difference between bond scission and the presence of a proton is only 1
Dalton. By comparison, organotin end groups will contain either a chloride atom or
hydroxide atom. Ion fragments containing tin end groups contain both hydroxyl groups
and chloride atoms consistent for at least these ion fragments that chain scission did
not occur.

Unlike HREI MS, the particular mass spectrometry employed for the MALDI
studies is not highly accurate, making isotopic abundance studies difficult.
Nevertheless, some matches were made, and selected ones are included in Tables 5
and 6. Reasonable matches are the exception rather than the rule. Further, results that
reflect the relative isotopic abundance are leveled as the number of units, and con-
sequently the isotopic characteristics are lost. Thus MS is a useful tool for structural
identification, including, sometimes, end groups. It also allows an insight into the
thermal stability of certain groups.

Table 5 Isotopic Abundance Values for a Single Tin-Containing lon Fragment, Nor-Sn-Nor
Minus pip, Me

m/z=1 116 117 118 119 120 122 124
Standard 14 8 24 9 33 5 6
m/z=1 676 677 678 679 680 680 684
Found 11 15 23 14 25 4 9

Table 6 Isotopic Abundances for Two Tin-Containing Ion Fragments

m/z=1 234 235 236 237 238 239 240 242 244
Calculated 8 7 18 11 20 7 17 7 5

HO-Sn-Nor-Sn minus two methyl groups

m/z=1 574 575 576 577 578 579 580 582 584
Found 7 11 17 14 20 9 10 7 2

Sn-R-Sn minus one methyl

m/z=1 596 597 598 599 600 601 602 604 606
Found 7 9 14 11 30 — 19 9 —
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H. Miscellaneous

Other useful structural reports on the structural analysis of organotin products
not given elsewhere are found in literature for '3C,?’! fluorescence,”** photodegra-
dation by UV light,?’? size exclusion chromatography,'>>1> and NMR and chro-
matographic, 147153.155.156273.274

XIV. INTERFACIAL POLYMERIZATION

By far the majority of organotin polymers made from reactions involving
attack by Lewis bases occurred using the interfacial polycondensation process. The
topic of interfacial synthesis has been reviewed.?”>27

There are several interfacial systems that have been employed in the produc-
tion of organometallic polymers. Briefly, the three most used systems are as follows:

1. Classical system in which the Lewis base, generally along with an added base,
is dissolved in water. The second phase consists of the Lewis acid, here the
organotin-containing reactant, dissolved in a suitable organic liquid. This system
is the one that was popularized by Morgan and co-workers at Dupont.

2. Nonaqueous two-phase systems employ two liquids that are largely immiscible in
one another, such as dissolving the Lewis base in acetonitrile, nitrobenzene, or
2,5-hexadione and the acid chloride, here the organotin reactant, in a nonpolar
organic liquid such as hexane, decane, or carbon tetrachloride.

3. Nonorganic solvent systems in which the Lewis base is dissolved in water and a
liquid Lewis acid, such as tripropyltin chloride, is used neat.

By far the most widely used is the classical aqueous system.

Other modifications to the interfacial systems have been employed to assist
the reaction, such as salting out and the use of phase transfer agents. As the name
implies, interfacial systems require that there be two largely immiscible liquids,
each containing one of the reactants. Reaction occurs at or near the interface.
Morgan notes that for most organic acid chloride systems with diols and diamines
the reaction occurs in the organic layer. We have found that for organotin systems
employing neutral Lewis bases such as diols and diamine the reaction appears to
occur within the organic phase. But for charged Lewis bases, such as salts of
diacids, reaction occurs even closer to the interface and possibly at the interface,
due to the poor solubility of the ionized salt in the organic phase. The site also
varies with the nature of the Lewis acid. Thus organotin chlorides are highly
hydrophobic so that there is less of a tendency for them to enter the aqueous phase,
whereas Group IVB metallocene dihalides readily hydrolyze, forming a species that
reacts by inserting the metallocene moiety. Here reaction with acid salts occurs in
the aqueous phase, but reaction with diols and diamines still occurs in the organic
phase.

We also made one of the few kinetic studies of the rapidly stirred interfacial
systems using dimethyldichlorosilane and ethylene glycol. A model that assumes that
ethylene glycol droplets reside in the organic phase predicts that the rate of reaction is
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proportional to the spherical surface area of the glycol droplets, or the 2/3 power of the
mass of ethylene glycol, leading to the expression

Rate = k [ethylene glycol]?? [silane] (10)
which is in agreement with the kinetic data.?’827"

This points out two other needs: the need for more well characterized reaction
systems and the importance of having the reactants at the surface of the droplets. In
fact, the reactants are not equally distributed throughout a solution. Since like-likes-
like the best, there is a molecular-level segregation of the solute and solvent. As the
solute to surface ratio decreases there comes a point at which the surface is preferen-
tially occupied by the solute, here the reactants. This situation occurs for interfacial
systems, both unstirred (expected) and highly stirred (unexpected) where the surfaces
of the two different liquid droplets, the interface, is especially high in the reactants.
Thus, as the Lewis base meets the surface droplet holding the Lewis acid, it sees at
the surface a greater than expected amount of Lewis acid. This may be a major rea-
son why polymer formation can occur instead of hydrolysis because on a molar basis
the number of water molecules that can hydrolyze the Lewis acid severely outnumber
the Lewis bases within the entire phase, but not necessarily at the interface surface.
(For a reaction employing for one phase 5 mmol of reactant dissolved in 50 mL of
water, the ratio of water molecules to reactant molecules is 600: 1.)

This leads us to a brief discussion of hydrolysis rates. While organic acid chlo-
rides hydrolyze rapidly when introduced to water, organotin dihalides are relatively
stable in water unless wetted. Thus dibutyltin dichloride can be placed in boiling
water for some time without noticeable hydrolysis occurring.

The interfacial polymerization requires so-called high-energy reactants, such as
organic acid chlorides. Although the organotin polymer groups are named as though
the organotin moiety were similar to an alkylene, organotin halides are more similar to
acid chlorides in their reactions and activation energies with respect to reactions
involving traditional Lewis bases. Thus the activation energies for the reactions of
organotin halides with amines, alcohols, and salts of acids is believed to be on the order
of 20-30kcal/mol, similar to the analogous reactions of organic acid halides with
amines and alcohols. Thus polymers are formed though a chain-wise kinetic process
rather than a step-wise process. Polymer is formed throughout the polymerization
process rather than in polymer formation cumulating at the end of the polymerization.

The classical rope trick has as the polymer-forming step the pulling of the
nylon rope from the system. Polymerization is rapid, and in rapidly stirred systems
(as generally used) we use, the polymer is formed almost instantaneously and com-
pleted within several seconds to minutes. Stirred systems increase the interfacial
area and consequently the reaction rate. The use of simple emulsifying jars as the
reaction vessel allows the interfacial surface to be increased hundreds of thousands
of times when employing rapid stirring. In general, interfacial surface increases with
increasing stirring rate and, up to some limit, so does reaction rate. There comes a
limit where the amount of reactant to coat the droplets is too small to accomplish this
objective. At this point, increased stirring rate does not increase reaction rate. We
generally use rapid stirring in the range of 18,000 rpm no load. This is several times



Interfacial Polymerization 301

the speed of a model airplane propellor and is easily accomplished by most com-
mercial blenders. Because of the possibility of spark formation and subsequent fire,
we employ blender systems that resist this. We have run thousands of reactions and
have never had a spark fire due to the malfunctioning of the blender system. This
stirring rate is about 70% the speed where large molecules are sheared.

Added base is normally employed to convert generated acid into a salt and for
diamines and diols to prevent formation of non-Lewis bases. Thus amines react with
acids, forming salts; the lone pair on the nitrogen is no longer free to react with the
Lewis acid (eq. 11).

R R
| |
RONH  + R-?n-X — R2-N-S|n-R + HX (11)
R R
70

The acid comes from the reaction of the organotin halide and the diol or diamine.
H
RoNH + HX — Hz-lll"-H + X! (12)
71

Of interest is the lack of acid formation for the analogous reaction, except employ-
ing a salt.

0 " W o
_.C-0O-1 _Qn. . _C-0-Sn- -1
R-C-O7" + RSlnX > RCOSlnR + X (13)
R R
72

Here, acid is not needed to be added after the reaction because only enough base was
originally added to neutralize the acid reactant.

o) o)
I I ”
RC-OH + NaOH —> R<C-O',Na"' + H, (14)
73

The base is also believed to assist in the removal of the proton on the amine or diol
during the reaction sequence (eq. 15).

HO
/
p
H
/
_ R—O
: O\ cl Cl
-
Sn —— /Sn + HO (15)
H.c” HsC
3 CHS CH3
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Many of the products are base unstable and acid stable. In cases where added
base is required, there is often a race between polymer formation and base-induced
degradation. Base degradation is stopped once the base is neutralized. This occurs by
simple addition of dilute acid such as hydrochloric acid after several seconds to min-
utes. Base degradation can also be limited through the use of various base systems
where the pH is maintained at a low level. This can be accomplished though the use of
only slightly soluble bases, such as calcium hydroxide and barium hydroxide. It can
also be lowered using organic bases as trimethylamine. Sterically hindered bases are
often used since the amine competes with the desired Lewis base reactant. The use of
any base will be competitive with the desired reaction and results in chain termination
and the presence of the associated base as an end group. Thus organotin reactions
employing triethylamine generally have amine end groups that are readily identified
through the use of infrared spectroscopy and looking at bands in the 2900-2700 1/cm
region. The pH control can also be accomplished through the use of buffer systems
such as combinations of phosphate salts. The precipitation from the reaction solution
probably also assists in protecting especially base sensitive products allowing them to
be recovered.

This base instability and acid stability is useful in medical applications in
which medications given by mouth are initially subjected to stomach acid; if
delivery of the drug is to be after the stomach, then acid stability is desirable.
There are certain places in the body that are mildly basic, and if the delivery site
is there then the stability pattern is doubly advantageous. Most reactions are car-
ried out at room temperature, minimizing undesired migration and rearrangement
reactions. This is particularly important when employing certain stereoregular
drugs.

High concentrations of reactants and poor solvents are often employed since
there is an advantage to using reactants that are not highly soluble in the particu-
lar phase so that the tendency to coat the interface and move into the other phase
is encouraged. There is often an upper maximum at which higher concentrations
actually cause markedly lower product yields. Thus, while relatively high concen-
trations are often desired, this must be moderated and experimented with to see
what is the best concentration level for the particular reaction. For many of the
organotin systems, we employ about 3—5 mmol in 30—-50 mL liquid for each phase
(ca. 0.5M).

There may also be a downside to employing poor solvents as the organic lig-
uid. Such systems also cause rapid precipitation of the product and thus may limit
molecular weight. We believe that this may be one cause for the limited chain lengths
generally observed. We used to use such organic liquids as carbon tetrachloride and
chloroform since both of these liquids are generally poor solvents for the organotin
halides employed. These liquids are no longer environmentally acceptable, espe-
cially for large-scale preparations. We have moved toward the use of alkane liquids
such as hexane and octant, which offer only moderately poor solubility for the organ-
otin reactants but are inexpensive, readily available, and readily recyclable. A down-
side is that they are somewhat volatile and can ignite.
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XV. SUMMARY

A wide variety of organotin polymers have been synthesized and partially char-

acterized. The biological properties will continue to draw attention to organotin mate-
rials but other properties should also be investigated. Alternate synthesis using tin (IT)
should also be studied to see if in fact they give products analogous to the tin (IV)
products. Since many of the products are made from organotin dihalides, this would
save having to convert the organotin to the higher energy dihalide. It would also elim-
inate the need to neutralize the formed acid and the need to make sure that it has been
removed from the product. For medical applications, removal of unwanted acid is
especially important.
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I. INTRODUCTION

Compared to the other Group IVA metals and metalloids, there are fewer
organometallic polymers of lead. This is probably due to a combination of factors
including the following. First, many of the monomers analogous to Si, Ge, and Sn
are less soluble. Second, while some desired properties are known for lead, other
metal sites offer similar properties. Relative to tin, which has the greatest number of
organometallic compounds employed commercially, few organolead compounds are
employed industrially. Further, relative to tin, organolead compounds are generally
more toxic. Most of us are aware of the particular toxicity toward children and babies
that the intake of lead though ingestion of lead-containing coatings has. For acute
organolead toxicity, symptoms are fatigue, loss of sleep, constipation, colic, diar-
rhea, neuritis, anemia, and metallic taste. For chronic exposure, symptoms are ane-
mia, central nervous system, renal, and reproductive disorders. Metabolism and
mode of action include mitotic abnormalities in bone marrow cells, chromosomal
aberrations, affinity for nucleic acids, effect on immune mechanism, and inhibition
of red-cell pigment heme. Other reasons why lead is not used may be the generally
lower stability of organolead compounds and the instability of the Pb—Pb bond.

Several early and recent reviews of lead-containing polymers have been pub-
lished. Most of these include a review of the Group IVA polymers, including tin and
germanium and sometimes silicon.'~

The use of organolead for specific applications has been described in some
detail. Here I will focus on earlier suggested applications suggesting that the poten-
tial uses have been know for many years. The use of polymers containing
organolead has been described in various articles and patents. In 1965 an article in
Paint Manufacture® described the (potential) use of organolead polymers as poten-
tial raw materials for surface coatings. The catalytic activity of organolead com-
pounds in polyurethane formation was described in 1966.” Here bivalent lead and
trialkyl lead mixed with aliphatic monocarboxylic acids were mixed with
poly(diethylene glycol adipate) with 2,4-tolyene diisocyanate. The production of
polyurthane was increased to a greater extent in comparison to dibutyltin dilurate,
which was, at that time, a widely employed monomeric catalyst. These lead com-
pounds were monomeric but illustrate the early recognition of the catalytic activity
of lead compounds.

Organolead compounds have been suggested for a variety of other applications
including (emphasizing early applications) as additives for lubricating oils,® metal
sources in electroplating,”2* low speed photographic reproduction chemicals,'? lig-
uid scintillation systems,'>!* antifogging agents,'® increased electron scattering,'®
heat stabilizers,'® corrosion stabilizers,'” etc. The use of tetraethyllead as an additive
to gasoline is well know though it is now prohibited for use in newer automobiles
and trucks. This application was recognized early.'®

The use of organolead compounds as paint biocides was also widely recog-
nized, but these lost out to the less toxic and better accepted organotin monomers and
polymers."”
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Many papers report the formation of lead-containing polymers but the formula-
tions do not necessarily produce lead covalently bonded as part of a polymer. For
instance, Honda and Kaetsu’ described the production of a transparent, easily moldable
polymer useful for protection against radiation by dissolving a specified amount of an
organolead compound in a specified monomer mixture. Thus lead acetate is dissolved
in a monomer mixture containing methyl methacrylate, methacrylic acid, and o-methyl
styrene, and free-radical’s polymerization carried out. The resulting mixture is sand-
wiched between glass plates to obtain the desired product.

II. POLYMERIZATION AND COPOLYMERIZATION
OF VINYL LEAD COMPOUNDS

While vinyl lead itself, C=C—Pb, has not been polymerized, there have been
reports of its copolymerization. Korshak et al.>! reported that both diethyldivinyllead
and triethylvinyllead decompose to lead metal under the action of peroxide polymer-
ization catalysts at 120-130°C, but that copolymers are formed when reacted in the
presence of styrene or o--methylstyrene, giving products with about 4-6% lead content.

In 1959 Koton et al.?>* reported the synthesis of triphenyl-p-styrenyllead.
This compound was discussed at the 1969 [TUPAC Symposium on Macromolecular
Chemistry in Moscow. It was prepared from reaction of triphenyllead chloride and
p-styrenylmagnesium chloride (eq. 1). It homopolymerized readily, more readily
than styrene itself. It also forms copolymers with styrene or methyl methacrylate in
conversions of >25%, giving transparent plastic films (eq. 2).

Ph,PbCl+ p—CH, + CHMgCl — Ph;PbCH,CH=CH, (1)
CH, R
= R

o OO
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The synthesis and polymerization of triphenyl-p-styrenyllead, as well as
triethyl-p-styrenyllead, was described by Pars et al.>> 1960. In comparison to the
triphenyl-p-styrenyllead, isolation of triethyl-p-styrenyllead was difficult because of
its tendency to polymerize.

Also in 1960, Nolts et al.?®?” studied triphenyl-p-styrenyllead; diphenyldi-p-
styrenyllead; and other compounds, including the polymerization of p-trimethyllead
derivatives of styrene and o-methylstyrene. These compounds polymerize easily in
free-radical initiators such as 2,2'-azobis-isobutyronitrile at 70-90°C, giving clear,
colorless solids. Of interest, the rates of polymerization decreased in the order of
Pb>Si>C>Ge > Sn. The unusually fast rate of polymerization of lead com-
pounds was attributed to the formation of homolytic lead—carbon bond cleavage dur-
ing polymerization, thus giving additional chain initiators. This is consistent with the
low solubility of the lead polymers in agreement with the formation of some
crosslinking.

In 1959 Korshak and co-workers also studied the same compounds and the
previously unknown triethyl-p-ai-methylstyrenyllead.?®?* This compound was pre-
pared according to equation 3. Compound (3) was polymerized at 80°C under pres-
sure, giving a colorless, hard material (4) that was soluble in toluene and benzene
(eq. 4). If the monomer was not purified, the resulting product was rubbery. The
corresponding germanium polymer was more stable but the tin polymer was less
stable.

BrC6H4COCH3 + CH3MgI - BTC6H4C(CH3)2OH — (3)
BTC6H4C(CH3):CH2 - Et3PbC6H4C(CH3):CH2

HiC_CHe R )
HaC CHg HaC 1 CHg
\_ L/ N\ @

Pb T\
kCH3
3 4

In 1965, Noltes’s group®® reported the homopolymerization of similar
compounds—namely trimethyl-p-styrenlylead and trimethyl-p-o-methylstyrenyl-
lead. The products swelled rather than dissolved, consistent with some crosslinking.

Other similar studies have been carried out using styrenyllead compounds
including tetrakislead compounds.' 3¢
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III. CHELATION POLYMERS AND COPOLYMERS
DERIVED FROM POLY(ACRYLIC ACID)

One of the first uses of lead-containing polymers involved the use of acrylic
acid soil conditioners. The most typical metal-containing acrylic soli conditioners
involved sodium and calcium but Mello et al.*’ worked with lead. In general,
absorbed sodium ions are exchanged at the soil particle surface. Consequently, sites
are formed on the soil with a vinyl group attached to the soil particle via a lead or cal-
cium bridge. These then are of the same general structure as those reported by others
later from reaction of the sodium salt of poly(acrylic acid) and ionic lead. Depending
on the charge on the lead, the products can be as shown in scheme 1 for the Pb*? prod-
ucts, or for the Pb*™* additional bonding will occur giving a complex of crosslinked
structures. For the Pb™, there are possible various Pb derivatives as lead hydroxide
and linkages between chains and within the same chain as pictured in scheme 1.

Scheme 1

Other structures were also formed using the sodium salt of acetic acid. These are not
polymers of poly(acrylic acid) but rather are bridged structures, as 5.

T g
-(-0-C=0 O-C=0
\ /

Pb
/\
0=G-0 0G0
CH;  CHy

5
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Along with the inclusion of organotin as part of polymers and co-polymers
employing organotin bonded through acid groups, organolead polymers have been
synthesized. Kochkin, et al.*® reported the bulk polymerization of vinyl acids-
containing organolead with itself or with various acrylates, including methyl
methacrylate. Minimal characterization was reported but did include thermal and
infrared spectral results. A product structure for the polymerization of a vinyl acid-
containing the trimethyllead moiety is given as 7.

0 R 0
/ THs / CHg
H c/ O——Pb—CH T (5
2 3 ____» R (0] Pb CHj
CHg CHg
6 7

Similar products were reported by Kochkin et al.,*> except employing the
copolymerizatin of maleic anhydride or maleic acid, styrene, and lead or tin acrylates
or by esterification of maleic anhydride with trialkyl(aryl)stannols or trialkyl(ary)-
plumbanols followed by the copolymerization of the intermediates with other vinyl
monomers. These products were reported to form transparent films that had good
fungi resistance.

IV. ARYLENE-BRIDGED PRODUCTS

A number of organolead polymers have been described that are, at best, poorly
structurally characterized. For instance, Rudner and Moores*’ described the forma-
tion of complex alkylene-bridged lead polymers. Thus alkylated metallanes and
alkylenedimethallane polymers were formed from lead employing high pressure and
heat. Presumably the lead is held through bonding with pi-electrons on the alkylene

group.

V. SOLID-STATE PRODUCTS

There is a strong tendency of lead compounds, including organolead com-
pounds, having electron withdrawing substituents to self-assemble in the solid state.
The coordination chemistry of such supramolecular compounds is less investigated
than the coordination chemistry of organotin compounds. The large atomic size of
lead allows coordination polymers with high-coordination-number environments at
the lead atom to give coordination products different from those of the analogous tin
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products. Many of these products are polymeric only in the solid state and do not
conform to traditional definitions of polymers. Even so, they will be included as
examples in the following discussion.

A lot of effort, including most of the most recent efforts, involves synthesis of
insoluble materials that are characterized using solid-state instrumentation including
Raman, IR, MS, solid-state NMR, X-ray and other related instrumentation. Following
is a brief review of this effort.

Self-assembly structures have been reported*! 1% for lead (IV) and lead(Il)
nitrogen-containing ligands,*'=>%97-105 alkoxides,>*®!' lead(Il) phosphonates,5?-%4
lead(Il) phosphinates,5>%® and lead(II) carbonates.t”-78

A. Nitrogen-Coordinated Products

A number of nitrogen-coordinated products have been reported, including
those described in this section. Recently, some studies were directed at the coordi-
nation of inorganic lead salts with organic ligands. The ligands included coordina-
tion polymers of lead(II) halides, thiocyanate, and nitrate with aliphatic and aromatic
nitrogen bases.*!5897-195 Following is a brief review of some of these efforts.

Brimah et al.*! synthesized a series of organolead(IV) polymers of the general
form (Me;Pb),M(CN)4 with various water of hydrations, where M =Fe and Ru. Thus
aqueous solutions of MesPbCl and K4[M(CN)g] (4:1; M=Fe or Ru) form infinite,
puckered layers whose built-in -M-CN-Pb-OH, units are probably held together by
hydrogen bonding between the layers. These layered systems are sensitive to even
modest influences, including grinding, and tend to lose water. The strictly anhydrous
materials strongly resemble their Me;Sn homologs in exhibiting strongly temperature-
dependent *C solid-state NMR and no ion-exchange activity. The presence and
amount of water influence the overall structure of these compounds.

Shi et al.**** and others**~>° have been working on the synthesis and study of a
variety of PbX,-based organic—inorganic hybrides using the lead(II) ion as the build-
ing block with the belief that lead has a variable coordination number and varied coor-
dination geometry that would allow the formation of varying polymeric networks.
Formation of PbX, products from reaction with co-ligands such as 2,2-bypyridine, 4,4-
bipridine, and pyrazine give one and two dimensional structures where the PbX, chain
or layer perseveres. The one dimensional structures can be single or double stranded.
Coordination polymers based on the lead pseudo-halide Pb(SCN), have also been pre-
pared. Again, these products are insoluble.

Britton’s group””?® produced several lead-containing macromolecular prod-
ucts from organolead cyanides. Trimethyllead cyanide, MesPbCN gives Pb-N-
coordinated structures,’”’ which are orthorhomibic and in which the trimethhllead
groups are planar and linked by disordered cyanide groups aligned along the
lead—lead grouping.

A series of dimethyl Group IVA dicyano products were studied.”® The silicon
and germanium compounds are approximately tetrahedral, forming linear chains
through weak acid—base N—metal interactions. The tin and lead products show sim-
ilar structures but with stronger N-Pb interactions. Planer sheets are formed where
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each “normally” tetrahedral molecule is distorted to nearly an octahedral arrange-
ment by the formation of two nearly equivalent nitrogen—metal interactions.

The crystal structure of trimethyllead azide, Me;PbN;, was studie
The lead atom is connected to the terminal nitrogen of the azido group, forming
zigzag structures as in 8. The lead atoms exist as an almost perfect trigonal
bipyramidal coordination sphere with the trimethyllead units ordered in a skew
conformation.

Mixed-metal cobalt-lead products of the formulas [(Me;Pb);M(CN)g], (where
M=Fe, Co and [(Me;Pb);M(CN);],, where M=Fe, Ru have been formed through
addition of a saturated aqueous solution of Me;PbCl to concentrated solutions of
K3[M(CN)g] or Ky[M(CN)].!%0-104

d 99,105

N

\ / N U/ - \ \

//\ [~ //\

Z:Z:ZI

\

0—3

N\

HC CHjy

+

Z':Z:Z

8

Another study looked at [(Me;Pb);Co(CN)4],.'%* The supramolecular
sequence contains a three-dimensional network with a -Co-CN-Pb-NC- sequence.
The network contains Me;Pb™ cations and parallel channels whose walls contain the
methyl groups of the Me;Pb™ cation. A second structure characterized contains water
as part of its structure. Its formula is [(Me;Pb)sFe(CN)4-2H,0],,, and it exists as
puckered layers. The sequences -Fe-CN-Pb-OH,, within each layer, form hydrogen
bridges between adjacent layers. A representative structural unit is given in 9.

HaC

S|
\ / / T—ch,

CH
Pb +/ N
HZO/\ \N/ N\
C

Ha
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The anhydrous analogs were obtained after prolonged drying under vacuum at
60-80°C.!% These compounds do not contain the ability to exchange ions as do the
analogous tin products. Thus a suspension of [(Me;Pb),Fe(CN)g], stirred with an
aqueous solution of Et;NCI did not give [(Et;N)(Me;Pb);Fe(CN)4] and Me;PbCl,
whereas a suspension of [(Me;Sn),Fe(CN)4] and Et;NCI almost immediately gives
[(Et;N)(Me3Sn)sFe(CN)g].

Various heterocyclic five-membered ring donors are completely or partially
oxidized within the cavities of the three-dimensional host polymer [(Me;Pb);.
Fe(IIT)(CN)g],, giving polymeric intercalated or charge transfer complexes.'® The
structure and physical properties of these complexes depend on the time of reaction,
exposure to light, presence/absence of atmospheric oxygen or moisture, degree of
grinding, and nature of the heterocyclic moiety. Pyrrole, N-methylpyrrole, pyrroli-
dine, and 2,5-dimethhlpyrrole polymerize within this cavity, forming the correspon-
ding neutral semiconducting diamagnetic polymeric intercalated complex; the host
network is fully reduced to its anionic homolog [(Me;Pb);Fe(II)(CN)¢ ], If a few
drops of water are added, there is a large increase in the conductivity and the prod-
ucts become good semiconductors. By contrast, thiazole and thiphene do not poly-
merize under these conditions but give paramagnetic charge transfer complexes.

B. Sulfur-Coordinated Products

A number of sulfur—lead products have been described as supramolecular poly-
meric arrays. These include bis(O-methyldithiocarbonato)lead(Il), [Pb(S,COMe)],.”’
The lead atom occupies a position on a crystallographic twofold axis and is chelated
by two methyldithiocarbonato ligands related to each other across this axis. The sulfur
atoms are also coordinated to an adjacent lead atom generating a polymeric structure
with each lead atom being 6-coordinated. The lead atom exists in a distorted octahe-
dral environmental with the two nonbonding sulfur atoms occupying approximately
axial positions and the basal plane defined by the four bridging sulfur atoms.

The terms weak and strong polymer formation are sometimes employed and are
based on the similarity between recognized primary bond lengths of units within the
structure and bond lengths for bonds holding the “polymer” together. If the bond
lengths are similar, then the products are termed strongly polymeric, and if some con-
nective bond lengths are less the compound is termed weakly polymeric. Svensson
and Albertsson” reported a structure for (Pb[S,P(Et,],), with each lead atom sur-
rounded by four sulfur atoms from the two diethyldithiophosphinate ligands in the
form of a pyramid, with lead at the apex and two more sulfur atoms on the “free” side
of the lead atom. The latter Pb—S interactions result in a weak polymer formation.

Haidus’s group®*8! reported the crystal and molecular structure of a number of
sulfur-lead bonded polymeric materials. Bis(diphenyl)dithiophospphinato)lead(II),
[Pb(SSPPh,],, exists such that its monomeric units contains distorted square pyrami-
dal PbS, units. Further, each lead atom has two weak Pb—S contacts with neighbor-
ing molecules, lying on the free side of the PbS, unit. This gives molecular pair units
that are repeated in a chain. The coordination polyhedron about lead is a strongly
distorted octahedron with axial positions occupied by a sulfur atom of a neighboring
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molecule and a sulfur atom. A representation for the monomeric units is given in 10.
This paper contains references to many other similar products.

DL O

g———Pb?
S
10

Haidus’s group also reported on the synthesis and crystal and molecular struc-
ture of dimeric [Pb(S,PMe,),], associated into polymeric chains through intermole-
cular Pb-S interactions. The dimers are associated into supramolecular polymeric
chains through interdimer Pb—S secondary interactions. The overall coordination
geometry about the lead atom is described as distorted pentagonal bipyramidal with
two short Pb—S and two long Pb-S interactions, and the lone electron pair of lead,
located between the sulfur atoms and involved in secondary interactions, is in a
equatorial position, with two sulfur atoms in axial positions. A representative struc-
ture for the dimer is given in 11. Note that each lead atom has a net minus two
charge, which is omitted from the structure.

HSC\ /CH3
T

VAN /N
s\P+ /s
H3C/ \CH3

11

P

N
S e

Triphenyllead pyridine-4-thiolate (4-Ph;PbSCsH4N) is a chain polymer
resulting from intermolecular Pb-S interactions.’® The cyclic dithiolate
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2,2-diphenyl-1,3,2-dithiaplumbolane self-assembles in the solid state, forming chain
structures as shown in 12. The intramolecular Pb—S bond lengths are nearly the same,
2.54 and 2.49 A, but the intermolecular Pb—S bond length is much larger, 3.55 A.

Triphenyllead dimethyldithiophosphinate also forms polymeric structures.®®
Here, the dithiophosphinate unsymmetrically bridges two lead atoms of adjacent units,
giving a polymeric chain with pentacoordinated lead atoms (13). The coordination is
best described as being distorted trigonal bipyramid with the phenyls in the equatorial
and the sulfur in the axial positions. The lead—sulfur distances are 2.708 and 3.028 A.

13

C. Halide-Coordinated Products

Infrared and Raman spectroscopy initially suggested that triorganolead halides
are usually associated in the solid state, forming supramolecular assemblies.®*83
This was later confirmed by X-ray crystallography.®® Lead is usually pentacoor-
dinated with the halogen atoms located in the axial positions of a trigonal bipyramid
and infinite -Pb-S- chains with unsymmetrical X-Pb-X links (14). The two lead—halide
bond distances differ significantly. For instance, for trimethyllead(IV) iodide, the
Pb-I bond distances are 3.038 and 3.360 A, and in triphenyllead bromide they are
2.852 and 3.106 A.% The structures show a zigzag chain conformation. The Pb-
X-Pb bond angle depends on the nature of the organic groups.

CHs CHs CHg

HC._ ‘/'\P{ HyC Cyl\ /
B 3 ”P{ R
\I \CH HC \hl/ \CH3 HaC \E
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Diphenyllead(IV) dichloride was reported” to form one-dimensional chains,
as shown in 15, with the chloride atoms symmetrically bridging adjacent lead
atoms. The lead atoms are octahedrally coordinated, with the phenyl groups mutu-
ally trans and the octahedra connected via opposite edges to give the chain coor-
dination polymer. Vibrational studies were consistent with the iodine product
being pentacoordinated and the chloride and bromide products being hexacoordi-
nated.”

D. Oxygen Coordinated Products

The bimetallic compound (Pb[CO)yCo3(CCOO),]),, which is a chain array,
results from the bridging carboxylate ligands.*® One central unit of this material is
shown in 16, but without the associated carbonyl groups on the cobalt. Pyrolysis
gives a bimetallic product that is a stable heterogeneous catalyst for the hydrogena-
tion of 1,3-butadiene.

Crown ethers are noted for the stability of their lead(II) complexes. Poly(ethy-
lene oxide) is often employed as a crown ether-like material. Thus poly(ethylene
oxide) complexes of lead(II) nitrate and bromide were reported.>® Oligometic eth-
ylene oxides were employed, mostly with four to seven repeat units. The reaction
with five repeat ethylene oxide units (four donor ether oxygens) resulted in the
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identification of six crystalline materials. The hexaethylene and heptaethylene gly-
col complexes contained discreet ions. Only the heptaethylene glycol expanded the
lead(IT) coordination number from eight to nine. The purpose of this study was to
study the selective removal of the lead(Il) ion from aqueous solutions.

Triphenyllead hydroxide has the analogous structure to that of the organotin
analog, forming zigzag chains where the triphenyllead is linked by hydroxide
groups.”? The unsymmetrical O-Pb-O bond length are 2.37 and 2.44 A. A represen-
tative structure is given in 17.

R R R

R R HO
R HO
",///Pb/ \\Pb // Pb/ \»‘Pb\/\
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Triphenyllead 2-fluoro-4-nitrosophenolate forms a one-dimensional zigzag
chain with pentacoordinated lead.”> A similar structure is found for trimethyllead
acetate, which is shown in 18.%*

o—7b 0 CH,
HC 0——Fb
HyC CH,
18

Of interest is that the structures of the hydrated and nonhydrated diphenyl-
lead diacetate are different.”> The monohydrate is a dimer, where the lead atoms
are heptacoordinated with the phenyl groups occupying the axial positions of two
pentagonal bipyramids. The equatorial positions in the first pentagonal bipyra-
mide have four oxygens of two chelating acetate groups and a water molecule.
The equatorial positions of the second pentagonal bipyramid are occupied by
four oxygen atoms of two chelating acetate units and a weak Pb—O interaction
of an adjacent acetate group chelating the first lead. Further, the coordinated
water forms a hydrogen bond to an adjacent acetate group. By comparison, the
nonhydrate forms a one-dimensional polymeric chain containing octahedrally
configured lead atom sites. One acetate group bridges the units connecting the
chain with the second acetate unit and chelates in a symmetrical fashion (19). By
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contrast, the di-o-tolyllead diacetate and phenyllead triacetate are monomeric in
the solid state.”?

HsC
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VI. CONDENSATION PRODUCTS

As noted before, the lack of suitable solubility and stability of organolead
monomers is one reason for the low number of lead-containing polymers reported.
We worked extensively to find suitable interfacial systems that would accommodate
organolead dihalides but were unable to achieve polymer synthesis. Organolead
compounds are soluble in 2,5-hexanedione and acetonitrile solutions when saturated
with LiBr or LiCl, but no polymer was formed when these were mixed with aqueous
solutions containing Lewis bases, such as salts of organic diacids. We then experi-
mented with DMSO solution systems where the aqueous solution of the diacid salt
was added to DMSO solutions containing the organolead halide. Again, no product.
Eventually, we developed systems that contained 50/50 mixes of DMSO containing
sodium hydroxide and the salt of the diacid with DMSO solutions of organolead
dihalide. This allowed the formation of oligomeric lead products as in structure, 20.
Product yield was in the range of a few percent to about 90%. The reaction is rapid,
generally reaching a plateau at about 20 seconds of stirring time.

The reaction appears general, occurring with both aliphatic and aromatic
diacids and dialkyl and diaryllead dichlorides.!®'!? Aliphaltic silanes and stannanes
react to give a greater yield with a given carboxylate anion than do the analogous aro-
matic compounds. This is also found for the plumbanes. Pi-bonding is believed to
occur between the phenyl-pi electrons and empty d-orbitals on the Group IVA metal
atom. Such pi-bonding is invoked to explain many kinetic and spectral trends involv-
ing Group IVA organometallic compounds. This pi-bonding may cause a reduction in
the electronegativity of the metal atom and/or a reduction of the availability of the
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d-orbitals to participate in accepting the carboxylate ion via an associative reaction
pathway. Either or both of these would result in a decrease in product formation rate
and may be responsible for the observed yield trend.
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Reaction yields for substituted terephthalic acids are consistent with the Hammett
coefficients, such that the more nucleophilic acid salt is favored in the reaction with the
electron-poor lead chloride moiety. This is consistent with a nucleophilic attack (prob-
ably associative) on the lead atom as being the critical (rate-determining) step.

Yield increases with increase in stirring rate to 21,000 rpm. Above 21,000 rpm
foaming becomes significant and restricts good mixing. Regions where yield
increases with the stirring rate are called diffitsion-controlled regions, and they are
characteristic of reactions possessing relatively low (generally 40 kJ/mol and lower)
activation energies. This is consistent with the reaction being fast and energetic.
Nucleophilic attacks by anions on electron-poor sites (as is the lead atom) are fast
and occur with low activation energies. This is consistent with the Hammet results.

Yield increases over the range tested as the concentration of reactants increases
and is consistent with the idea that the greater the amount of reactant, the greater the
amount within the reaction site(s), thus the greater yield. The reaction was also stud-
ied as a function of monomer ratio, with the results consistent with a need to have the
reactants present in a 1 to 1 ratio.

The lead center can exist as an octahedron (21) or as a tetrahedron (22). The
general tendency for octahedron formation for group IVA metal polyesters is
Pb > Sn > Ge > Si. This trend was based on IR data, which in turn was based on X-ray
diffraction data of monomeric compounds. Octahedral formation is referred to as

R

o CHg
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bridging, whereas tetrahedral formation is called nonbridging. Bridging assymetric
carboxylate carbonyl absorptions are found about 1570 cm™!, whereas nonbridging
carboxylate carbonyl absorptions are found about 1610-1650cm ™. There is also a
corresponding difference in the bridging symmetric carboxylate carbonyl bands found
around 1410-1430cm™! and the nonbridging band found around 1350-1370cm ™.
The lead polyesters are of the bridging variety.

TGA thermograms were obtained in air and nitrogen. Weight retention was
generally greater for compounds run in nitrogen. Weight loss begins about
275-350°C, depending on the particular compound. DSC thermograms are markedly
different in air and nitrogen and are consistent with degradation in air occurring via
an oxidative route, with degradation in air being highly exothermic and nitrogen
changes mildly endothermic. An important aspect in evaluating the thermostability
of organometallic compounds is the amount of organic moiety present at elevated
temperatures, because the formation of metal oxides may represent most of the
residue. For the lead polyesters, for the product from tetrafluoroterephthalic acid, and
for diethyllead dichloride there is 88% weight retention at 770°C, of which only 46%
could be lead I'V oxide.

0]

VII. MISCELLANEOUS

A number of heterocyclic products have been formed from reaction of tri-
organolead hydroxide with the appropriate heterocyclic compound. Willemsens'!!
reported pentacoordinated compounds (23) for some of these products. This is prob-
ably not the true structure. The formation of oligomeric and polymeric intermediates
has been suggested from the disproporationation reactions of hexaethyldilead pro-
ducing products (24).!1%!13 Sidgwick!'* reported the formation of plumboxanes
from diaryllead dihydroxides, shown as 25 (eq. 7). Kochkin et al.!'> reported the

M \SN/\N/Pb\N/\N/\Pb/SFh

Or o]

23
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formation of similar product plumboxanes from the reaction of diphenyllead
dichlorid and alcohol with alcoholic potassium hydroxide.

Hj

U UiRVa

/\/&

HC/\ <¥ng e

24
Pb/© - Pb/©
Ho™ \ R{’O/ N
(7
OH O\R
25

There are probably a number of products that are polymeric in nature but not
recognized by the authors as such. In the same way there are materials that have
been suggested as being polymeric that are not. Davidson et al.'' reported the reac-
tion of thioglycolic acid with diphenyllead dihalide as probably being polymeric
because it was a high melting solid and insoluble in organic solvents. Additional
information is needed before its polymeric structure is accepted or rejected.

Fischer’s group!%? reported the synthesis of organolead polymers from com-
bining aqueous solutions of MesPbCl and K4[M(CN)¢] (where M =Fe, Ru), giving
supramolecular assemblies. Edelmann et al.%® also reported supramolecular assem-
blies of triphenyllead(IV) dimethylphosphinodithiolate, giving a linear structure as
noted in 26. It was reported that the phosphinodithioate ligands were bridging with

nearly linear S-Pb-S segments.
H3 :
/ R
7
s ~)

|
|
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VIII. SUMMARY

Numerous lead-containing polymers have been made using both lead(IT) and
lead(IV). Almost without exception, these materials are not soluble. The potential of
lead-containing polymers to be a player in the twenty-first century is there, but much
more work needs to be done to even enter the marketplace.
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(4-Bromophenylethynyl)trimethylsilane, synthe-
sis, 27-28

C
Cage structures, polyhedral oligomeric silsesquiox-
ane synthesis, 8286
applications, 123-126
monofunctional synthesis, 83—-84
vinyl ester, epoxy and phenolic
108-115
Capacity measurements, silica polyamine compos-
ites, molecular weight, 57
Carbon:
chemical properties, 2—4

resins,
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germanium-carbon backbone polymers, 234-244
G-T-conjugation, 235-243
simple structures, 243-244
tin appendages, 273-275
Carbon disulfide, mercury removal, waste solu-
tions, 75-76
Catalytic pathways, polygermanes, 230
Catenation, group IVA species, 2—4
Chelator resins:
lead polymers/copolymers, poly(acrylic acid)
derivation, 315-316
metal ion recovery and remediation, 59-61
Chloroalkyl sulfide ligands, mercury removal,
waste solutions, 74-75
Chloroplatinic acid, viologen polymer synthesis,
180-181
Cobalt separation:
backbone tin-base polymers, 284-286
lead polymers, nitrogen-coordinated products,
318-319
tandem columns, polyamine composites, 71-72
Coefficients of thermal expansion (CTE):
polyimide-silica nanohybrid characterization,
150-151
polyimide-silsesquioxane nanohybride charac-
terization, 154
Computational simulation, hyperbranched poly-
mer characterization, 22-24
Condensation reactions. See Polycondensations
Controlled free-radical polymerization (CFRP):
crosslinked tin polymers, 280-281
silicone elastomers, 165-166
Coordination numbers, group IVA species, 3—4
Copolymers:
polygermanes,
231-232
polyhedral oligomeric silsesquioxanes:
basic properties, 82
dicyclopentadiene resins, 115-117
thermoplastic composites, 86—106
methacrylate structures, 93-98
norbornenyl copolymers and nanocompos-
ites, 98-103
olefin copolymers and nanocomposites,
104-105
siloxane-POSS compolymers, 105-106
styryl-POSS nanocomposites, 87-93
siloxane composites:
polyurethane copolymers:
aminoethylaminopropyl-substituted poly-
dimethylsiloxane, 192-193
basic properties, 183
BHTC-2,5-TDI synthesis, 197

electrochemical  synthesis,

bis(3-hydroxypropyl)tetramethyl disilox-
ane synthesis, 197
bis(3-trimethylsiloxypropyl)tetramethyl

disiloxane  synthesis from ally-
loxytrimethylsilane, 197
block copolymers, 188-192
diphenylsilanediol-based =~ compounds,

187-188
end-chain membranes, 186—187
materials and instrumentation, 196-197
PEO linked structures, 185
polyhedral oligomeric silsesquioxanes, 187
side-chain groups, 185-186
silicone-urethane blends and networks,
184-185
spectroscopic analysis, 197-199
three-step reaction, 194-196
waterborne-synthesized-aminoethylamino-
propyl-substituted polydimethylsilox-
ane, 193-194
polyviologen copolymers:
basic properties, 175
BCTD-4,4'-bipyridine synthesis, 181
4,4'-bipyridinium salts, 176
bis(4-chloromethylphenyl)-tetramethyldis-
iloxane, 181
materials and instrumentation, 180—181
miscellaneous structures, 176-178
pyridino-terminate oligo(dimethylsilox-
ane), 178-179
vinylbenzene chloride-modified tetra-
methyldisiloxane and 4,4’-bipyridine,
179-180
siloxane-divinylbenzene copolymers:
materials and instrumentation, 171
polycondensation reaction, 167-168
poly(tetramethyldisiloxane-divinylben-
zene) synthesis, 171
radical polymerization, 163—166
radical polymerization-hydrosilation,
166-167
side-chain/main-chain hydrosilation, sili-
cone elastomer synthesis, 168—170
synthesis  results and discussions,
171-174
tin appendages, 272-273
vinyl lead compounds, 313-314
Copper selective composites (CuWRAM):
acid mine leaching, 68-71
molecular modeling studies, 64—66
polymer surface grafting, 61-62
tandem column separation, cobalt and copper,
71-72
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Crosslinked resins and materials:
polyhedral oligomeric silsesquioxanes, 106—123
dicyclopentadiene resins, 115-117
styrene and methyl methacrylate resins,
117-123
vinyl ester, epoxy and phenolic resins,
108-115
polymer nanohybrid formation, 142—143
preformed tin polymers, 276279
silicone elastomer, radical polymerization,
163-166
hydrosilation and, 166-167
tin polymers:
appendages, 271-273
characterization, 279-281
solubility, 293-294
Crown ethers, oxygen-lead coordinated products,
322-324
Cubic structures, polymer-silica nanohybrids,
137-138
Cyclotrimerization reactions, hyperbranched poly-
mer characterization, 21-24

D
Decomposition reactions, hyperbranched polymer
characterization, 17-24, 35
Dendritic units:
germanium polymers, 256-258
hyperbranched polymer characterization, 20-24
polyhedral oligomeric silsesquioxane structures,
123-126
Desilylated compounds, spectroscopic characteri-
zation, 17-24
Dextran, preformed tin polymers, 276279
Diaminodiphenyl methane (DDM), polyhedral
oligomeric silsesquioxane synthesis, 125126
Diatoms, biosilica-protein interactions, 208-210
1,4-Dibromobenzene, monomer synthesis, 10—11
Dichloromethane (DCM), silole-containing conju-
gated polymers, photoluminescence, 44
Dicyano products, lead polymers, nitrogen-coordi-
nated products, 317-319
Dicyclopentadiene (DCPD) resins, polyhedral
oligomeric silsesquioxane, 115-117
styrene and methyl methacrylate resins, 117123
Dielectric constant:
polyimide-silica nanohybrid characterization,
150-151
polysilsesquioxane nanohybrid characterization
and properties, 152—154
Differential scanning calorimetry (DSC):
methacrylate-polyhedral oligomeric silsesquiox-
anes, 95-98

poly(tetramethyldisiloxane-divinylbenzene),
173-174
tin polymers, 295
Diffusion-controlled regions, lead polymer con-
densation products, 324-326
Diglycidyl ether of bisphenol A (DGEBA), poly-
hedral oligomeric silsesquioxane synthesis,
125-126
Dimethyldiethoxysilane (DEDES), polyimide-sil-
ica nanohybrid characterization, 150—151
Diphenylsilanediol-based polyurethanes, charac-
terization, 187—188, 190
Dipole-dipole interactions, styryl-polyhedral
oligomeric silsesquioxane synthesis, 92-93
Dithiocarbamate ligands, mercury removal, waste
solutions, 76
Divinylbenzene (DVB):
polyhedral oligomeric silsesquioxane, styrene
and methyl methacrylate resins, 119-123
silicon elastomer synthesis:
radical polymerization and hydrosilation,
166-167
side-chain and main-chain hydrosilation,
169-170
siloxane elastomers and composites, materials
and instrumentation, 171
Diyne polycyclotrimerization:
polymerization reactions, 32-33
structural characterization, 17-24
Dowex 43084, selective copper recovery, acid
mine leaching, 69—71
Drug interactions, backbone tin-base polymers,
285-286
DST composites, silicone elastomer, radical poly-
merization, hydrosilation and, 166—-167
Dynamic mechanical thermal analysis (DMTA):
methacrylate-polyhedral oligomeric silsesquiox-
anes, 95-98
norbornenyl-polyhedral oligomeric silsesquiox-
ane copolymers and nanocomposites, 99—103
polyhedral oligomeric silsesquioxane synthesis,
vinyl ester, epoxy and phenolic resins,
112-115

E
Elastomers, siloxane composites:
polyurethane copolymers:
aminoethylaminopropyl-substituted polydi-
methylsiloxane, 192-193
basic properties, 183
BHTC-2,5-TDI synthesis, 197
bis(3-hydroxypropyl)tetramethyl disiloxane
synthesis, 197
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bis(3-trimethylsiloxypropyl)tetramethyldis-
iloxane synthesis from allyloxytrimethylsi-
lane, 197
block copolymers, 188—192
diphenylsilanediol-based compounds, 187-188
end-chain membranes, 186—187
materials and instrumentation, 196-197
PEO linked structures, 185
polyhedral oligomeric silsesquioxanes, 187
side-chain groups, 185-186
silicone-urethane blends
184-185
spectroscopic analysis, 197-199
three-step reaction, 194-196
waterborne-synthesized-aminoethylamino-
propyl-substituted polydimethylsiloxane,
193-194
polyviologen copolymers:
basic properties, 175
BCTD-4.,4'-bipyridine synthesis, 181
4,4'-bipyridinium salts, 176
bis(4-chloromethylphenyl)-tetramethyldi-
siloxane, 181
materials and instrumentation, 180—181
miscellaneous structures, 176-178
pyridino-terminate oligo(dimethylsiloxane),
178-179
vinylbenzene chloride-modified tetramethyl-
disiloxane and 4,4'-bipyridine, 179-180
siloxane-divinylbenzene copolymers:
materials and instrumentation, 171
polycondensation reaction, 167-168
poly(tetramethyldisiloxane-divinylbenzene)
synthesis, 171
radical polymerization, 163—166
radical polymerization-hydrosilation, 166-167
side-chain/main-chain hydrosilation, silicone
elastomer synthesis, 168—170
synthesis results and discussions, 171-174
Electrical properties, tin polymer thermal stability,
295
Electrochemical
231-232
Electroluminescence, silole-containing conjugated
polymers, 44-47
Electrostatic self-assembly (ESA), biosilica parti-
cles, PAAcid/PAH bilayers, 214
Elemental composition mapping, vinyl ester,
epoxy and phenolic resins, 113—115
End-chain  silicone-modified polyurethane,
blood-compatible ion-selective electrodes,
186187
End group analysis, tin polymers, 298

and networks,

synthesis,  polygermanes,

Energy dispersive spectroscopy (EDS), sperical
silica particles, poly(allylamine hydrochlo-
ride) synthesis, 212

Environmental contamination, silica polyamine
composites, review of applications, 52-55

Ethylene-sulfide-modified composites, mercury
removal, waste solutions, 72—-73

F
Ferrocene products:
backbone tin-base polymers, 283-286
germanium-oxygen  backbone  polymers,
245-248
Fluorescence spectra, hyperbranched poly(silylen-
earylene)s, 26
Fluorosilicones, radical polymerization, 164—166
Fourier transform infrared spectroscopy (FTIR),
sperical silica particles, poly(allylamine
hydrochloride) synthesis, 212
Fullerenes, macromolecular silica synthesis, 220

G
Gallium compounds, polyhedral
silsesquioxane synthesis, 123-126
Gel permeation chromatography, silole-containing
conjugated polymers, 4041
Germanium compounds:
anchored organogermanium products, 253-255
backbone polymers:
germanium-carbon, 234-244
G-T-conjugation, 235-243
simple structures, 243-244
germanium-nitrogen, 248-249
germanium-oxygen, 245-248
germanium-silicon, 250-251
germanium-sulfur, 250
mixed-bonded polymers, 251-253
basic properties, 226227
group IVA species, 3—4
hyperbranched materials, 256-258
polyferrocenylgermanes, 244245
polygermanes, 227-234
catalytic routes, 230
chemical properties, 232
electrochemical synthesis, 231-232
ligand substitution, 230-231
miscellaneous compounds, 233-234
physical properties, 232-233
Wurtz reactions, 228-229
polymers, generally, 4-5
stacked phthalocyanine polymers, 255-256
Germoles, germanium-carbon backbone polymers,
238-244

oligomeric
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Germylene compounds:

germanium-carbon  backbone  polymers,
242-244
germanium-oxygen  backbone  polymers,
246-248

Gibberellic acid (GA3), crosslinked tin polymers,
280-281
Glass transition temperature:
methacrylate-polyhedral oligomeric silsesquiox-
anes, 96-98
norbornenyl-polyhedral oligomeric silsesquiox-
ane copolymers and nanocomposites, 99—-103
polyhedral oligomeric silsesquioxane synthesis:
styrene and methyl methacrylate resins,

119-123
vinyl ester, epoxy and phenolic resins,
110-115
polyimide-silica nanohybrid characterization,
150-151

polymer nanohybrid formation, 142—143
styryl-polyhedral oligomeric silsesquioxane
synthesis, 89-93
v-Glycidoxypropylsilsesquioxane (GPS), poly-
imide-silica nanohybrid characterization,
147-151
Grasses:
biosilica-protein interactions, 210-211
crosslinked tin polymers, 281
Group IVA species:
chemical properties, 2—4
germanium, basic properties, 226227
polymers, 4-5
Group VA species, tin polymers, 289-290

H
Halide-coordinated products, solid-state lead poly-
mers, 321-322
Heavy metal ion reduction, silica polyamine com-
posites, review of applications, 5255
Heterocyclic donors:
lead polymers, 326-327
lead polymers, nitrogen-coordinated products,
319
Hexamethylphosphoramide (HMPA), polyger-
manes, Wurtz reactions, 229
Homopolymer compounds:
germanium polymers, 256-258
methacrylate-polyhedral oligomeric silsesquiox-
anes, 93-98
polyhedral oligomeric silsesquioxanes, olefin
copolymers and nanocomposites, 104—105
tin-carbon, 274-275
Hydride compounds,
252-253

germanium polymers,

Hydrolysis:
group IVA species, 3—4
multifunctional polyhedral
silsesquioxane synthesis, 84-86
polymer-silica nanohybrids, sol-gel chemistry,
138-139
silica compounds, 206
tin polymers, interfacial
300-302
Hydrosilation polymerization:
silicon elastomer synthesis:
radical polymerization and, 166—167
side-chain and main-chain reactions,
168-170
siloxane-polyhedral oligomeric silsesquioxane
copolymers, 105-106
Hyperbranched materials:
germanium polymers, 256-258
poly(silylenearylene)s:
bis(2,5-dimethyl-4-ethynylphenyl)-dimethyl-
silane synthesis, 32
bis[2,5-dimethyl-4-(2-trimethylsilylethynyl)-
phenyl]dimethylsilane synthesis, 30-31
bis(4-ethynyl-2-methylphenyl)-dimethylsi-
lane synthesis, 32
bis(4-ethynylphenyl)dimethylsilane synthe-
sis, 31
bis(4-ethynylphenyl)diphenylsilane synthesis,
31-32
bis(4-ethynylphenyl)methylphenylsilane syn-
thesis, 31
bis[2-methyl-4-(2-trimethylsilylethynyl)-
phenyl]dimethylsilane synthesis, 30
bis[4-(2-trimethylsilylethynyl)-phenyl]
dimethylsilane synthesis, 29
bis[4-(2-trimethylsilylethynyl)-phenyl]
diphenylsilane synthesis, 30
bis[4-(2-trimethylsilylethynyl)-phenyl]
methylphenylsilane synthesis, 29
(4-bromo-2,5-dimethylphenylethynyl)-
trimethylsilane synthesis, 28-29
(4-bromo-3-methylphenylethynyl)-trimethyl-
silane synthesis, 28
(4-bromophenylethynyl)trimethylsilane syn-
thesis, 27-28
chemical properties, 8-9
decomposition, 35
diyne polycyclotrimerization, 3233
experimental materials and instruments, 27
monomer synthesis, 10-11
polymer characterization, 33-34
polymerization behaviors, 11-13
polymer properties, 24-26
structural characterizations, 13-24

oligomeric

polymerization,
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structural simulation, 35
1,3,5- and 1,2,4-triphenylbenzene synthesis,
34

I
Imidazolines, germanium-nitrogen backbone poly-
mers, 248-249
Infrared (IR) spectroscopy, styryl-polyhedral
oligomeric silsesquioxane synthesis, 91-93
Instrumentation, hyperbranched poly(silyleneary-
lene) experiments, 27
Interchain interactions, styryl-polyhedral oligomeric
silsesquioxane synthesis, 90-93
Interfacial polymerization:
lead polymer condensation products, 324-326
tin polymers, 299-302
Intracyclotrimerization reactions, hyperbranched
polymer characterization, 23-24
Ionomer properties, preformed tin polymers, 279
Iron precipitation:
multicomponent metal mixture separation and
concentration, 66—68
selective copper recovery, acid mine leaching,
70-71
Isotopic abundance values, tin polymers, 297-298

J
“Jacket effect,” silole-containing conjugated poly-
mers, thermal stability, 41

K
Karstedt catalyst:
poly(tetramethyldisiloxane-divinylbenzene),
171-174
siloxane elastomers and composites, 171
Kinetin, backbone tin-base polymers, 285-286

L
Lead compounds:
group IVA species, 3—4
polymers, 4-5
acrylic acid-derived chelation polymers/
copolymers, 315-316
arylene-bridged products, 316
basic properties, 312-313
condensation products, 324-326
miscellaneous products, 326-327
solid-state products, 316-324
halide-coordinated products, 321-322
nitrogen-coordinated products, 317-319
oxygen-coordinated products, 322-34
sulfur-coordinated products, 319-321
vinyl lead polymerization and copolymeriza-
tion, 313-314

Lewis bases:
backbone tin-base polymers, 283-286
tin polymers, interfacial polymerization, 299-302
Ligand substitution, polygermanes, 230-231
Light-emitting diode (LED), silole-containing
conjugated polymers, 38
electroluminescence, 44-47
Linear units, hyperbranched polymer characteriza-
tion, 20-24
Liquid crystal copolymers, methacrylate-polyhe-
dral oligomeric silsesquioxanes, 96-98
Longevity measurements, silica polyamine com-
posites, molecular weight, 57
“Looped” structure, silica polyamine composites,
polymer surface grafting, 61-62
Lowest unoccupied molecular orbitals (LUMO),
silole-containing conjugated polymers, 38
Low-molecular weight compounds, silole-contain-
ing conjugated polymers, 38

M
Macromer structures:
norbornenyl-polyhedral oligomeric silsesquiox-
ane copolymers and nanocomposites,
102-103
vinyl ester, epoxy and phenolic resins, 113—115
Macromolecular structures:
biosilica particles, poly(allylamine hydrochlo-
ride) synthesis, 213
biosilica-protein interactions, 211
hyperbranched polymer characterization, 2224
silica compounds, 216-220
polyamino acids, 216
polyanions, 219-220
polycations, 219
polypeptides, 216-219
Main-chain hydrosilation reactions, silicone elas-
tomer synthesis, 168—170
Mass spectral behavior, tin polymers, 295-298
MEK peroxide/cobalt naphthanate radical initia-
tors, styrene and methyl methacrylate resins,
122-123
Mercury removal, sulfur-modified polyamine
composites, 72—76
Merrifield resins, preformed tin polymers, 275-279
Metal chromatography, multicomponent metal
mixtures, acid mine drainage, 66—68
Metal ion recovery and remediation, silica polya-
mine composites:
basic principles, 52-55
capacity, longevity, and molecular weight, 57
cobalt-copper separation, 71-72
copper recovery applications, 6871
future applications, 76-77
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mercury removal, 72-76
metal chromatography applications, 66—68
molecular modeling studies, 64—66
particle size and back pressure, 56-57
polymer-silica surface graft, 61-62
polymer structure and ion coordination, 62—64
resin technologies, 58—61
wide-pore amorphous silica, 55-56
Metallic elements, group IVA species, 2—4
Metal oxides, polymer nanohybrid formation,
142-143
Methacrylate-polyhedral oligomeric silsesquiox-
ane (MA-POSS), polymer, copolymer, and
nanocomposite structures, 93-98
Methicillin-resistant S. aureus (MRSA), tin poly-
mer bioactivity, 292-293
Methyl methacrylate resins, polyhedral oligomeric
silsesquioxane, 117-123
Mixed-metal products, lead polymers, nitrogen-
coordinated products, 318-319
Molar ratios:
hyperbranched polymer characterization, 16-24
styryl-polyhedral oligomeric silsesquioxane
synthesis, 90-93
Molecular modeling studies, silica polyamine
deposites, 64—-66
Molecular orbital calculations:
germanium-carbon backbone polymers, G-7
conjugation, 235-243
polygermane structures, 228
Molecular weight:
germanium-oxygen backbone polymers, 246248
polygermane structures, 228-229
silica polyamine composites, metal ion recovery
and remediation, 57
silica polyamine deposites, metal ion coordina-
tion, 62—-64
tin polymers, 294
Monofunctional polyhedral
silsesquioxane synthesis, 83—-84
crosslinked resins, vinyl ester, epoxy and pheno-
lic resins, 108115
Monohalo organotins, preformed tin polymers,
277-279
Monomer synthesis:
hyperbranched poly(silylenearylene)s, 10—11
infrared spectroscopic analysis, 13-24
polymerization behaviors, 12—13
silole-containing conjugated polymers, 38—41
tin appendages, organoesters and ethers,
268-273
Multicomponent metal mixtures, metal chro-
matography, acid mine drainage, 66—68

oligomeric

Multifunctional polyhedral oligomeric silses-
quioxane synthesis, 84-86
crosslinked resins, vinyl ester, epoxy and pheno-
lic resins, 108-115
recent applications, 124-126

N
Nanostructured composites:
biosilica-protein interactions, 208210
polyhedral oligomeric silsesquioxanes:
basic properties, 80—82
thermoplastic composites, 86—106
methacrylate structures, 93-98
norbornenyl copolymers and nanocompos-
ites, 98-103
olefin copolymers and nanocomposites,
104-105
siloxane-POSS compolymers, 105-106
styryl-POSS nanocomposites, 87-93
polyimides:
basic properties, 143
silica nanohybrids, characterization and prop-
erties, 143-151
silica-titania nanohybrids, 154-156
silsesquioxane nanohybrids, characterization
and properties, 151-154
polymer-silica/polymer-silsesquioxane nanohy-
brids:
composite properties, 140—142
formation parameters, 135-138
metal materials and oxides, 142—-143
sol-gel techniques, 138-139
Nitration processes, polyhedral oligomeric silses-
quioxane synthesis, 124-126
Nitrogen compounds:
germanium-nitrogen
248-249
lead polymers, solid-state products, 317-319
Nitrogen sorption analysis, polyhedral oligomeric
silsesquioxanes, crosslinked resins and mate-
rials, 108
Noncarbon-linked tin polymers, backbone struc-
ture, 282-286
Nonmetallic elements, group IVA species, 2—4
Nonspherical structures, sperical silica particles,
poly(allylamine hydrochloride) synthesis, 213
Norbornenyl-polyhedral oligomeric silsesquioxane:
copolymers and nanocomposites, 98—103
dicyclopentadiene resins, 116-117
Nuclear magnetic resonance (NMR):
hyperbranched poly(silylenearylene)s, 13—24
silica polyamine composites, metal ion recovery
and remediation, 58-61

backbone  polymers,
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siloxane-based polyurethane block copolymers,
192
siloxane elastomers and composites, materials
and instrumentation, 171
Nucleophilic substitution, tin compounds, 265-266

(0}
Octanorbornyl-polyhedral oligomeric silsesquiox-
ane, dicyclopentadiene resins, 117
Olefin copolymers and nanocomposites, polyhe-
dral oligomeric silsesquioxanes, 104—105
Oligo(dimethylsiloxane (ODMS), pyridino-termi-
nate compounds, polyviologen and siloxane-
polyviologen copolymers, 178—179
Oligomeric structures:
germanium-oxygen backbone polymers, 248
oxygen-lead coordinated products, 322-324
Optical limiting, silole-containing conjugated
polymers, 47-48
Organic-inorganic hybrid:
defined, 135
lead polymers, solid-state products, nitrogen-
coordinated products, 317-319
polymer-silica nanohybrids, 140
Organic-inorganic hybrids:
anchored germanium products, 254-255
polyhedral oligomeric silsesquioxanes, 8082
Organoesters and ethers, tin appendages, 268-273
Organogermanium polymers. See Germanium
compounds
Organolead polymers. See Lead compounds
Organotin polymers. See Tin compounds
Organotrichlorosilanes, monofunctional polyhe-
dral oligomeric silsesquioxane synthesis,
83-84
Oswald’s ripening, silica compounds, 205-206
Oxidation number, group IVA species, 3—4
Oxidation reduction:
germanium-carbon backbone polymers, 242-244
germanium-oxygen backbone polymers, 246248
germanium-sulfur backbone polymers, 250
Oxygen compounds:
germanium-oxygen backbone polymers, 245-248
lead-coordinated products, 322-324

P
Paint biocides, organolead compounds, 312-313
Particle size analysis:
silica compounds, 205-206, 207
silica polyamine composites, metal ion recovery
and remediation, 5657
silole-containing conjugated polymers, photolu-
minescence, 4344

Pendant alcohol groups, siloxane-based polyure-
thane side chains, 185-186
Pentacoordinated compounds, lead polymers,
326-327
Phenolic resins, polyhedral oligomeric silsesquiox-
anes, 108-115
Phenyltrialkoxysilane (PhSSQ), nanohybrid char-
acterization, 152154
Phosgene, germanium polymers, 251-252
Photoluminescence:
germanium-carbon backbone polymers, 239-244
silole-containing conjugated polymers, 4244
pH profiles, silica polyamine deposites, metal ion
coordination, 62—64
PHS-PVP-POSS terpolymers, styryl-polyhedral
oligomeric silsesquioxane synthesis, 93
Phthalocyanine polymers, germanium compounds,
255-256
T bonds. See also 6-1 conjugation
group IVA species, 3—4
lead polymer condensation products, 324-326
Plant growth hormones (PGHs), crosslinked tin
polymers, 280-281
Plasma polymerization, crosslinked tin polymers,
279-281
Platinum-based catalyst:
silicon elastomer synthesis, side-chain and
main-chain hydrosilation, 167-168
siloxane-based polyurethanes, 196-197
siloxane elastomers and composites, basic mate-
rials, 171
Polyacetylenes, silole-containing conjugated poly-
mers, 3941
photoluminescence, 42—44
Poly(acrylic acid), chelation lead polymer/copoly-
mer derivation, 315-316
Poly(allylamine hydrochloride) (PAH), bioin-
spired-biomimetic sila synthesis, 211-216
electrostatically self-assembled PAAcid/PAH
bilayers, 214
macromolecular mixtures, 213
nonspherical structures, 213
polyelectrolytes, 214-216
spherical particles, 212
Poly(allyl amine) (PAA):
chemical properties, 53-55
macromolecular silica synthesis, 219
mercury removal, waste solutions, 75-76
silica polyamine composites, surface grafting,
61-62
Polyamic acid solution, polyimide-silica nanohy-
brid characterization, 144—151
Polyamines, tin structures, 266268
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Polyamino acids, macromolecular silica synthesis,
216
Polyanions, macromolecular silica synthesis,
219-220
Polycations, macromolecular silica synthesis, 219
Polycondensations:
lead polymers, 324-326
multifunctional polyhedral oligomeric silses-
quioxane synthesis, 84-86
silica compounds, 205-206
silicone elastomer synthesis, 167-168
siloxane-polyhedral oligomeric silsesquioxane
copolymers, 105-106
Polycyclotrimerization, propagation modes, 21-24
Poly(diallyldimethyl ~ ammonium  chloride)
(PADA), macromolecular silica synthesis,
219
Poly(dimethylsiloxane) (PDMS):
nanohybrid formation, 140
silicone-urethane networks, 184—185
siloxane-divinylbenzene copolymer elastomers,
163-174
siloxane-polyhedral oligomeric silsesquioxane
copolymer graft, 105-106
Polydyes, backbone tin-base polymers, 284-286
Polyelectrolytes, biosilica particles, 214-216
Polyesters, tin structures, 266268
Poly(ether urethane) (PEU), silicone-urethane net-
works, 184-185
Poly(ethylene-co-norbornylethyl-POSS) copoly-
mers, thermal characteristics, 101-103
Poly(ethylene glycol) (PEG), siloxane-based
polyurethane block copolymers, 191-192
Poly(ethylene imine) (PEI):
chemical properties, 52—55
macromolecular silica synthesis, 219
Polyethylene oxide (PEO), silicone-urethane net-
works, 185
Polyferrocenylgermanes, thermal ring-opening
polymerization, 243-244
Poly(fluorene)s, silole-containing conjugated poly-
mers, electroluminescence, 45-47
Polygermanes, 227-234
catalytic routes, 230
chemical properties, 232
electrochemical synthesis, 231-232
ligand substitution, 230-231
miscellaneous compounds, 233-234
physical properties, 232-233
Waurtz reactions, 228-229
Polygermole, germanium-carbon backbone poly-
mers, 237-243
Polygermynes, Wurtz reactions, 233-234

Polyhedral oligomeric silsesquioxanes (POSS):
applications, 123-126
basic properties, 8082
crosslinked resins and materials, 106—123
dicyclopentadiene resins, 115-117
styrene and methyl methacrylate resins,
117-123
vinyl ester, epoxy and phenolic resins,
108-115
nanohybrid formation, 141-142
polymer-silica nanohybrids, 136—138
side-chain polyurethanes, 187
synthesis reactions, 82—-86
monofunctional synthesis, 83—84
multifunctional synthesis, 84-86
thermoplastic polymers and copolymers, 86—-106
methacrylate structures, 93-98
norbornenyl copolymers and nanocompos-
ites, 98-103
olefin copolymers and nanocomposites,
104-105
siloxane-POSS compolymers, 105-106
styryl-POSS nanocomposites, 87-93
Polyimide-poly(vinylsilsesquioxane) (PVSSQ),
nanohybrid formation, 152
Polyimides:
basic properties, 143
silica nanohybrids, characterization and proper-
ties, 143151
silica-titania nanohybrids, 154-156
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