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BBenenue

JlanHoe ydyeOHOe mocoOue mpeaHa3HaueHo, MPEXKIAE BCETO, /I aCTUPaHTOB
U MAarucTpaHTOB, OCBauBAIOIIUX Kypchbl «KBaHTOBO-XMMHUYECKHUE METOJbI B
TepMOXUMUM» U «Teopusi XuMuueckux peakuuii». OHO SABIAETCS MPOJIOTKEHUEM
yuyeOHUKa «JIeKuu 1Mo KBAaHTOBOM XUMHUW» ISl CTYJAEHTOB Kadeapbl KBaHTOBOU
XMMHM W JJs  BCEX, HWHTEPECYIOIINXCS  COBPEMEHHBIMH  METOJAMH
KBaHTOBOXMMHUYECKHX pacueToB. C MOMEHTa BBIXOAAa 3TOr0 y4eOHOro mocoOus
MOSIBWJICS  ILEJBIA  psii  Mpoueayp JUIi  TOPOBEACHUS  BBICOKOTOYHBIX
KBAHTOBOXMMUYECKUH PACUETOB, OINHUCAHUIO KOTOPBIX TMOCBSIIIEHO JaHHOE
PYKOBOACTBO. MOKHO OXHUJaTh, YTO C PA3BUTHUEM BBIYUCIUTEIBHON TEXHUKH
OIIMCAHHBIE 3/IECh METOJbl CTAaHYT PYTUHHOW NPOLEAYPOM, C KOTOPOW BEChMaA
M0JIE3HO MMO3HAKOMUTHCSI.

OOwmuMu A1 BceX pa3/iesioB PyKOBOICTBA SBIISIOTCA CIEAYIONINE YUeOHUKU
U MOHOTpaduu.

bapanoBckuit B.1. KBantoBas MexaHuka u kBaHtoBast xumusi, 2008
bapanosckuit B.W. Jlekmuu no kBanToBoi xumuu, 2009

J.Cioslovski (Ed.) Quantum-Mechanical Prediction of Thermochemical Data, 2001
(B Tekcte OynyT ccbuTku Kak Ha «[{nocnoBckuii»). KHUTy MOXKHO ckavath C caiita
o agpecy Www.bookfi/org/book/54206

J.W.Ochterski, Thermochemistry in Gaussian, 2000,
www.gaussian.com/g whitepap/thermo.htm

[Ipu pabGoTe ¢ nHaHHBIM PYKOBOACTBOM JKENATENIbHO HMETh B CBOEM
pacnopsbkeHMH COOpHHMK cTaTell moj penakuueit lluocnmoBckoro, ccbluika Ha
KOTOpbIM mpuBeneHa Bblmie. HeoOxoauma Takke akTUBHas paboTta ¢
npuBeeHHBIMM B [lpuiokeHun  cratbsamMu, a Takke ¢ paboramu,
PEKOMEHYEMBIMU ITPENOAABATEIIEM.

IIpesxxne Bcero, HEOOXOOUMO YCIOBUTBCSA, 4YTO Mbl IIOHUMAaeM 0]
TOYHOCTBIO pacyeTa. [1og XuMu4ecKol TOUHOCThIO OOBIYHO TIOHUMAIOT TOYHOCTD B
pacueTe SHEpPrUM TOpSAKa OJHOW KWJIOKaJIopuu/Moiib (okoio 4 k/[x/Momb).
[IpakTka MOKa3bIBAa€T, YTO 3Ta TOYHOCTHb JOCTHIAETCS NIPHU HCIOIb30BaHUU
MeToJia CBsi3aHHbIX KiactepoB ypoBHs CCSD(T) u mocTaToyHO MUPOKOro Oaswuca.
He uckimtoueHo BBEACHUE HEKOTOPBIX 3MIIMPUYECKHUX MOIMPaBOK. YTo ke Kacaercs
MeTo10B (yHKIMOHana mwioTHocTu (DFT), To oHM mpUMEeHHMBI JJis JOCTATOYHO
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TOUYHBIX PAaCYeTOB r€OMETPUUECKON CTPYKTYPBI MOJIEKYN (OCOOEHHO UX OCHOBHBIX
cocrosiHuil). [Ipu pacuetax TEPMOXUMHUYECKUX BEJUYHMH MOIPELIIHOCTh COCTABIISET
HECKOJIBKO KMJIOKAJIOPUI/MOJIb.

PacdeTbl BBICOKOTO YpOBHSI TOYHOCTH JIOJDKHBI JaTh YHEPTHH C TOYHOCTHIO
nopsiaka 0.1 kkam/monb (To ecth ayume 0.5 kJDbk/Monb). DTa TOYHOCTH
JIOCTUTAETCS MPHU yUIeTe OO0JIBIIOTO YKciia PaKTOPOB, KOTOPBIE OYIyT pACCMOTPEHBI
B TIOCIEAYIOMMX TJaBax. B Hacrosiiee BpeMsi COOTBETCTBYIOIIHE METOIAUKHU
MIPUMEHUMBI JIUIITb K OY€Hb MAJILIM MOJICKYJIaM, COJIEpPKAIIM He 0oJiee TpeX-TATh
«TSDKETBIX» aTOMOB (MMEIOTCS B BHJy aTOMBI 3JIEMEHTOB OT Oopa a0 ¢Topa,
BO3MOYKHO M aTOMBI 3JIEMEHTOB OT aJTFOMHHHUS J0 XJI0pa).

BaxxHoe 0OCTOSITENICTBO 3aKIIOYAETCS] B TOM, YTO HEOOXOIUMO COOJIFOCTH
oTpe/ie]ICHHbIM 0OamaHC MeXay Oa3uCHBIM Ha0OpOM U METOJOM pacyera.
Cka3aHHOE OTHOCHUTCS TaK)Ke M K pacdyeTaM KMHETHUYECKHUX IMapaMeTpoB (KOHCTAHT
paBHOBecHs, KOA()(PUIMEHTOB CKOpPOCTEH peakiui), XOTS B JTUX CIydasx
TpeOoBaHusl K Oasucy/MeToqy pacuera Oosiee kecTkue. Tak, pacyeTsl,
BBITIOJITHCHHBIE C «XMMHYECKOW TOYHOCTBIO» (HE CUMTas psjaa IPYrux (aKkToOpoB),
MO3BOJISIIOT OIIEHUTh KOHCTAHTHI CKOPOCTH PEAKITUI C TOYHOCTHIO 10 (hakTopa 2.

Kak u3BectHO, pacueTsl B npubamxeHun Xaptpu-Poka (3KBUBAJIECHTHBIN
TEpMUH — MeToj camocoriiacoBanHoro nosist, CCII) He 1no3BOdSET MNOJMYy4YHUTH
HHEPIrUU U MHOTHE APYTHE XapaKTEPUCTUKHA MOJIEKYJI C MPUEMIIMMON TOYHOCTBIO.
HeoOxoaumocts yuera 3(¢eKToB 3IIEKTPOHHOW Koppesiuuu Obla Mpu3HaHA
JTaBHO, (paKTUYECKU ceiyac BCE pacydeThl MPOBOMIITCS C y4eToM 3Tux 3(PQeKToB.
Crnenyer OTMETUTb, YTO CTETEHb YU€Ta AJIEKTPOHHON KOPPENSILIUYU 3aBUCUT (Uepe3
CCBUIOYHYIO MJIM pePepeHTHYI0 (QYHKIHMI0) OT KaydecTBa 0a3ucHOro Habopa.
OnHako, TPOBEACHUE PACUETOB C OYCHb OOJIBIIMMHM Oa3MCHBIMU HaOopamu Mpu
UCIIOJIb30BAaHUU METOJIOB, YUYMTHIBAIOIIMX JOCTATOYHO BBICOKYIO IOJIIO AHEPTUU
KOppeJSIIMM, B KaKOW-TO MOMEHT MPHUBOJUT K KOH(IUKTY C BO3MOXKHOCTSMHU
BBIUHCIINTEIPHON TEXHUKHU. [l03TOMY pa3BuUTME METOAOB pacyera BBICOKOU
TOYHOCTH B IOCJIETHEE BPEMsI COUETAETCS C Pa3pabOTKON TEXHUKHU IKCTPAIONIALUN
Ha MOJIHBIN 0a3ucHBIN Habop (complete basis set, CBS).

Panbplie mpoBOAMIIOCH pa3iindyue MEXIy Cmamuieckou N OUHAMUYecKOU
Koppessinuen. Ceiuac MOHATHE CTATUYECKOW KOPPEIALMY TPAKTUYECKHU BBIILIO U3
ynoTpeOJieHus,, TOCKOJIbKY HMEJIHCh B BHJAY CJIydaW, KOTJa HMMEJIO MECTO
BBIPOXKJICHUE WM TOYTH BBIPOXKIACHUE HU3IIMX COCTOSHUH, BCJIEACTBUE YEro
NMpaBWIbHAas BOJHOBas (YHKIMS HE MOXET ObITh 3alucaHa B BHUAE OJIHOTO
JIETEPMUHAHTA.



Mpl HayHEM C KpaTKOrO H3J0XKEHHS (MM HANOMHHAHUSA) COBPEMEHHBIX
METO/OB y4eTa KOPPENSIUOHHBIX 3(p(EKTOB, KOTOPBIE CONEPKATCS MPAKTUYECKU
BO BCEX MPOTrPaMMHBIX KOMILJIEKCaX, JOCTYMHBIX HAIIUM IMOJb30BATEIsIM. OTH
METOABl MOXHO Pa3/leiuTh Ha JBE OOJbIIME TPYIIBL: METOJbl, OCHOBAaHHbIC HA
UCIOJIb30BaHUU OPOUTATIBHOTO MPHUOIIKEHUS, U METO (PyHKIIMOHANIA TUIOTHOCTH
(pakTHueckun ATO TOXKE TpyNIa METOJOB, ONEPUPYIOMINX Pa3IUYHBIMU
KOPPESIIMOHHBIMM ¥ OOMEHHBIMH  (pyHKIIMOHajgamu). Mbl  orpaHuuuMCs
pPacCMOTPEHHEM TOJBKO METOJOB, OTHOCSIIMXCS K mepBod rpymme. OmHaxo,
Ipex/e Bcero OyayT KpaTKO pacCMOTPEHBI Oa3ucCHble HAaOOpHI, MCIIOJIb3YeMbIE B
BBICOKOTOYHBIX pacyerax.

CoBpeMeHHbIe 0a3MCHbIE HA0OPBI

Hawnbonee momynsipao#t 6a30i JaHHBIX 0a3uCHBIX HAOOpoB siBisieTcs EMSL,
Basis Set Exchange (http://bse.pnl.gov/bse/panel). IIpuBeneHbl MpakKTUYECKU BCE
HN3BCCTHBIC K HAaCTOALICMY MOMCHTY 0a3ucel C COOTBCTCTBYIOIMMHA
JuTepaTypHbIMH cchUikaMu. [Ipu 3TOoM 0a3uchl mNpeacTaBieHbl B dopmaTax,
HCIIOJIBb3YCMBIX B M3BCCTHBIX IMPOIPaMMHBIX KOMIIJICKCAX, TaK 4YTO 0Oa3uchl MOT'yT

OBITh 0€3 BCSAKHMX 3aTPYJAHCHHUN BCTaBJICHBI BO BXOJHOW daitn (tuma .inp, .gjf,
.com).

CoBpeMeHHbIE 0a3uChl XapakTEpHbI TEM, YTO OHU OPUEHTHUPOBAHBI Ha
pacueTsl ¢ yuyeToM KoppensuuoHHbIX 3¢ ¢dekToB. IlepBoii cepuelr Takoro pona
rayccoBbIx 0azucoB ObLT Habop Jlanuunra cC-pvXz (N=2,3,4 wmu, nnaue, D,T,Q)
rie X — uuciao Oa3ucHbIX (YHKIMH BajleHTHOW SP-rpynmbl. [lpucyrctBue
noyspu3yromux GyHKIUd B 0azuce oOs3arenbHO. OYyHKIMHM SP-TPyHIbl OepyTcs
u3 pacueroB MeronoMm CCII, a 3KCHOHEHIMaNIbHbIE NApaMETPhl MOJSIPU3YIOLINX
GbyHKIIUN onTUMU3UPYIOTC B pacdyetax metoaom CISD. Jlns mydmied nepenauu
KOPPENSLUOHHBIX 3()(PEKTOB CyIIEeCTBEHHO BKIOYeHHE B Oa3uc A y3HbIX SP-
¢ynkuii. Takue O0a3uchl  HA3bIBAIOTCS KOPPEISILMOHHO COTJIACOBAaHHBIMU
(correlation consistent, orcrona npedukc cc-). O0mIas CTpyKTypa Takux 0a3HCHBIX
HabopoB BuaHa U3 Tabu. 1, B KOTOpOM MOKa3aHO YHMCIO MPUMHUTHUBHBIX U CHKATHIX
byHKUMNA 115 Kaxa0ro Oasuca.

Tabnuma 1.
Sp-rpymnmna
basuc [IpumuTHBHBIE Cxarble [Tomapusyromnue
cc-pvDz (9s4p) [3s2p] (1d)
cc-pvTz (10s5p) [4s3p] (2d1f)
cc-pvQz (12s6p) [5s4p] (3d2f1g)



http://bse.pnl.gov/bse/panel

Kak BugHO, mo wmepe yBennueHHMs ImapaMmeTpa X pacTeT M YHUCIO
MOJISIPU3YIOMUX Oa3UCHBIX (PYHKIIUNA, MPUYEM ITOCIEAOBATEIBHO MOIKITIOYAIOTCS
GbyHKUUKA ¢ OOJNBIIUM OPOUTANILHBIM YHCIOM. B TO BpeMs, Korja BBINOJHSIACH
pa3paboTka cc-0a3McOB, HE CYUIECTBOBAJIO MPOrpamMM pacyeTa MOJEKYJISPHbBIX
unterpanoB st 1=5 (h-opouraneii), mostomy 6a3ucer CC-pv5z (¢ h-pyHkumsIMK) 1
cc-pv6z (¢ I-bynkuusmu) B yKkazaHHOU cTaThe JlaHHMHTA OTCYTCTBYIOT. OHAKO,
K HACTOSIIEMYy MOMEHTY Takue Oa3uChl CYIIECTBYIOT H BKJIIOYEHBI B
COOTBETCTBYIOIMUE 0a3bl JaHHBIX. Kpome TOro, KOppessIimoOHHO COTJIACOBAHHBIE
0a3uchl pa3paboTaHbl TPAKTUYECKHU JIJIST BCEX OCTAJIbHBIX AJIEMEHTOB.

Bricokasi TOYHOCTH pacdeToB MpEANoiaraeT ydeT KOPpEeNsiuid BHYTPH
OCTOBHOW O0OOJIOYKH M MEKIY MIEKTPOHAMH OCTOBA M BAJICHTHBIMU JICKTPOHAMHU.
CootBercTByioIIMe Oa3uchl (0OO3HAYaeMble Kak CC-PCVXZ) MONydYaroT MyTeMm
BBEJICHUS JOMOJHUTEIBbHBIX 0a3UCHBIX (YHKIUK B CC-PVXZ 0Oazucel. CTpyKTypa
ATUX 0a3MCHBIX HAOOPOB MpejicTaBieHa B Taomure 2.

Tabnuna 2. KoppensinoHHO corjiacoBaHHbIE 0a3HCHI 7Sl QJIEMEHTOB ITEPBOTO
nepuona ( N - yucno ¢pyHKIM B 6a3ucHOM HAbope)

X cc-pV Xz N cc-pcV Xz N
D 3s2pld 14 | 4s3pld 18
T 4s3p2d1f 30 | 6s5p3d1f 43
Q 5s4p3d2flg 55 8s7p5d3f 1g 84
5 6s5p4d3f2g1lh 91 | 10s9p7d5f3glh 145
6 7s6p5d4f3g2hli | 140 | 12s11p9d7f5g3hli | 230

Heo6xoammMocTh TOYHBIX PacueToB JJIsi aHKOHHBIX CTPYKTYP CTUMYJIMPOBAJIO
pa3paboTky ©6a3uMcoB, 3a OCHOBY KOTOpPBIX TIpUHATHI 0a3ucbl CC-PVNz,
nomonHeHHbie (augmented) mpexae Bcero auddysapiMu QyHKIUAMUA. Kpome
TOTO, €Ile MOTIOTHUTEIHHO BBOAATCS AU(Py3HbIe PYHKIINU K COOTBETCTBYIOIINE
UM ToJsipu3yronuM. Takue 0a3uchl CHMBOJUYECKH 0003HA4YaroTCs Kak aug-Cc-
pvXz. Otu 0a3uChl MIUPOKO HCHOJIB3YIOTCS W TPHU pacdeTax HEUTPaTbHBIX
MOJICKYJI.

[TosiBJICHHE METOJOB pacyuera ¢ SBHBIM yUETOM KOPPEISIUOHHBIX 3PPEKTOB
(explicitly correlated) myrem BBesicHHS B pacyeT B SIBHOM BHC MEXIJICKTPOHHOTO
paccrosinuss R12 (wnm mpousBogHoit oT Hero ¢ynkuuum F12) npuseno
TIOSIBJICHUIO COOTBETCTBYIONIMX 0a3ucoB (Kak TPaBHIIO, 32 CUYET PACIIUPCHHUS



O0asucHbIX (yHkiuid CC-pvNz). [lpuBegem B KadecTBE NPUMEPOB HECKOJIBKO
0a3uCHBIX HAOOPOB PA3IUYHBIX THIIOB.

Tabmuma 3. basucusie Habopw! cc-pvDz, cc-pvTz, aug-cc-pvDz u

aug-cc-pvTz
cc-pvDz cc-pvTz
cC 0 cC 0

S 8 1.00 S 8 1.00
6665.0000000 0.0006920 8236.0000000 0.0005310
1000.0000000 0.0053290 1235.0000000 0.0041080
228.0000000 0.0270770 280.8000000 0.0210870
64.7100000 0.1017180 79.2700000 0.0818530
21.0600000 0.2747400 25.5900000 0.2348170
7.4950000 0.4485640 8.9970000 0.4344010
2.7970000 0.2850740 3.3190000 0.3461290
0.5215000 0.0152040 0.3643000 -0.0089830

S 8 1.00 S 8 1.00
6665.0000000 -0.0001460 8236.0000000 -0.0001130
1000.0000000 -0.0011540 1235.0000000 -0.0008780
228.0000000 -0.0057250 280.8000000 -0.0045400
64.7100000 -0.0233120 79.2700000 -0.0181330
21.0600000 -0.0639550 25.5900000 -0.0557600
7.4950000 -0.1499810 8.9970000 -0.1268950
2.7970000 -0.1272620 3.3190000 -0.1703520
0.5215000 0.5445290 0.3643000 0.5986840

S 1 1.00 S 1 100
0.1596000 1.0000000 0.9059000 1.0000000

P 3 1.00 S 1 100
9.4390000 0.0381090 0.1285000 1.0000000

2.0020000 0.2094800 P 3 1.00
0.5456000 0.5085570 18.7100000 0.0140310
P 1 1.00 4.1330000 0.0868660
0.1517000 1.0000000 1.2000000 0.2902160

D 1 100 P 1 1.00
0.5500000 1.0000000 0.3827000 1.0000000

P 1 1.00
0.1209000 1.0000000

D 1 100
1.0970000 1.0000000

D 1 100
0.3180000 1.0000000

F 1 1.00
0.7610000 1.0000000




aug-cc-pvDz aug-cc-pvTz
C 0 C 0

S 8 1.00 S 8 1.00
6665.0000000 0.0006920 8236.0000000 0.0005310
1000.0000000 0.0053290 1235.0000000 0.0041080
228.0000000 0.0270770 280.8000000 0.0210870
64.7100000 0.1017180 79.2700000 0.0818530
21.0600000 0.2747400 25.5900000 0.2348170
7.4950000 0.4485640 8.9970000 0.4344010
2.7970000 0.2850740 3.3190000 0.3461290
0.5215000 0.0152040 0.3643000 -0.0089830

S 8 1.00 S 8 1.00
6665.0000000 -0.0001460 8236.0000000 -0.0001130
1000.0000000 -0.0011540 1235.0000000 -0.0008780
228.0000000 -0.0057250 280.8000000 -0.0045400
64.7100000 -0.0233120 79.2700000 -0.0181330
21.0600000 -0.0639550 25.5900000 -0.0557600
7.4950000 -0.1499810 8.9970000 -0.1268950
2.7970000 -0.1272620 3.3190000 -0.1703520
0.5215000 0.5445290 0.3643000 0.5986840

S 1 1.00 S 1 1.00
0.1596000 1.0000000 0.9059000 1.0000000

S 1 1.00 S 1 1.00
0.0469000 1.0000000 0.1285000 1.0000000

P 3 1.00 S 1 1.00
9.4390000 0.0381090 0.0440200 1.0000000

2.0020000 0.2094800 P 3 1.00
0.5456000 0.5085570 18.7100000 0.0140310
P 1 1.00 4.1330000 0.0868660
0.1517000 1.0000000 1.2000000 0.2902160

P 1 1.00 P 1 1.00
0.0404100 1.0000000 0.3827000 1.0000000

D 1 100 P 1 1.00
0.5500000 1.0000000 0.1209000 1.0000000

D 1 1.00 P 1 1.00
0.1510000 1.0000000 0.0356900 1.0000000

D 1 1.00
1.0970000 1.0000000

D 1 1.00
0.3180000 1.0000000

D 1 1.00
0.1000000 1.0000000

F 1 100
0.7610000 1.0000000

F 1 100
0.2680000 1.0000000

IIpakTH4eCcKHn BCE COBPEMEHHBIE NMPOLEAYPBI, HAIIPABICHHBIC HA IMOJIYYEHUE
BBICOKOTOYHBIX 3HAYEHUM DHEPIUM, COIAEPkKAT B KAUYECTBE CBOEH COCTABIIAIOLIEH
DKCTPANOJISILIMIO Ha MOJHBIM Oa3uc. JleTtanbHoe omnucaHue HTOM MPOLEAYpPHI
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conepxutcs B I'n. 1 kauru [uocnosckoro. Kpome T0oro, B JaHHOM pPyKOBOJCTBE
OTM METOJbl OINHCAaHbl B PA3eNax, IOCBSALICHHbIM KOHKPETHBIM pPac4eTHBIM
IIPOLIETYPAM.

MeTtoabl pacyera JHepPruu JIEKTPOHHOH KOPpeIsiluu

Ilon sHepruen KOppensnuyu IMOHUMAKT Pa3sHOCTb MEXKIY TOYHOM dHEpruen
MoJieKynbl U dHeprueil Xaprpu-doka, paccUMTaHHON B TOJHOM Oaswuce.
O4eBUIHO, YTO TAKOE ONpPENENIEHUE HEAOCTATOYHO MPaKkTUYHO. PDaKTHYECKU
DHEPIUI0 KOPPEJSALMUA ONPEAENAIOT ISl KOHKPETHOro Oa3nca W KOHKPETHOI'O
METOMA:

Eopp.(0a3uc/meron)=E(0a3zuc/meron) — E(6azuc/X®D)

[TockonpKy mMpeanosiaraeTcsi, 4TO METOJ TOJHOTO KOH(PUTYPAIMOHHOTO
B3aUMOJICHCTBUS (CM. HWXKE) J1aeT TOYHOE 3HAUYCHWE DHEPIHH KOPPEIALUH IS
BBIOpaHHOTO 0asuca, TO MOXHO CTaBUTh BOIPOC O TOM, KaKOW MPOILEHT OT
KOPPEJSIMOHHON DJHEPruu sl JJaHHOro Oasuca JaeT TOT WM HMHOM METOJ
pacuera.

Memoo konghuzypayuonnozo e3aumooeiicmeus

OTOT METOJ HE HCHOJB3YETCS B pacyeTrax MOBBIILIEHHON TOYHOCTH. JTO
00yCIIOBIEHO MeMJIeHHOM cxoauMocThio psna KB u Hapymienuem tpebGoBaHus
OJTHOPOJHOCTH (Size-extensive) mpu oOpalieHun K CHCTEMaM Pa3HOro paszMepa.
Tem He MeHee, onucanue Merona KB mosne3Ho i jydimero oHMMaHHs METOJA
CBSA3aHHBIX KJIACTEPOB.

byaem umcxomuTe W3 TOTO, YTO HMMEETCS HAOOP OJHOPICKTPOHHBIX CITHH-
opOutaneit {yi}. BomaoBas ¢ynkmus N-31eKTpOHHOW CHCTEMBI 3aMMCHIBAETCS B
BU/IC TMHEHHOW KOMOWHAIINH CIPTEPOBCKUX JIETEPMUHAHTOB

Yo(1,2,.N) =D Co® (12...N)  (17.1)

rac
@, (12,..N) =det |y o Vo W |- (17.2)

31ech UHAEKCHI MPU CIIUH-OPOUTAISAX B CIITEPOBCKUX AETEPMUHAHTAX — ITO
WX HOMEpa B MHOXKECTBE HWHJIEKCOB cHuH-opOutane {yi}, a unaexkc “K”
yKa3blBaeT Ha TO, YTO JaHHAs CIHUH-OPOUTANb BXOAUT B JETEPMUHAHTHYIO



byaknuro @, (1,2,...N). DTH ngeTepMUHAHTHbIE (DYHKIUH OOBIYHO HA3BIBAIOT
KOHGhueypayusamu, TOCKOJNBbKY KaXJash W3 HUX COOTBETCTBYET ONPEACICHHOMY
pa3MEeNIeHUIO JIEKTPOHOB MO CHUH-0pOUTANIAM (Wiik opouTansam). HaGop ¢pyHkumit
@, (1,2,...N) obpasyet korpueypayuonnwvii 6azuc. Oynxums (17.1) Oyaer Tounoun
JUIS TIOJTHOTO KOH(UTypalHoOHHOTO 0a3uca (KOTOPOTr0 MOXHO OTOXKIAECTBHUTH C
OECKOHEYHOMW JJIMHOW Pa3NOKEHUs, XOTSI OYCBHIHO, YTO HA MPAKTHUKE BO3MOKHBI
JWINb Pa3joXKEHUS KOHEYHOW IJIMHBI). DTO MPHUBOIUT K TMpobieme oTdopa
KOH(UTYpAIHii, BKIFOUEHHBIX B pacyer.

B ¢yukiuu (17.1) BapualidioHHBIMU TTapaMeTpaMu SIBJISIOTCA KOA(DPUIIMESHTHI
pasnoxeHuss Cyo. Ho BoOOIIE ToBOps HET rapaHTHM, 4YTO CIHMH-OpOWTAIH,
UCIIOJIb30BAaHHBIE JI1 TOCTPOEHUS] KOHPUTypaluil, OyayT ONTHUMaIbHBIMU IS
JaHHOW MHOTOKOH(UTypanuoHHON ¢QyHKuuu. [leficTBUTENbHO, OOBIYHO B
MHOTOKOH(HUTYPallMOHHBIX pacueTax HCHOJB3YIOT OpOWUTa M, MOJyuYEeHHBIE B
pe3ysbTaTe peleHuss ypaBHeHurM Xaptpu-Poka € OJHOACTEPMUHAHTHOMN
BOJIHOBOM (yHKUMEH. DTH (PYHKIIMU «IOPOXKACHBD» IOJIEM, KOTOPOE OHU CaMu
(11K, TOYHEE, COOTBETCTBYIOIIEE UM paclpeesieHue IeKTPOHHON MIOTHOCTH) U
co3naroT. [Ipu nepexoae k MHOrokoHdpurypaurnonHon gyskiuu (17.1) ato moie
U3MEHHTCS, YTO JTOJDKHO MPUBECTH U K U3MEHEHHIO OpOUTamei {\i} — oHu OobIie
He OyAyT yJIOBJIETBOPSTH YCIOBUAM CaMOCOTJIACOBAaHHOCTU. MeETO/1bl, OCHOBAaHHBIE
Ha OJIHOBPEMEHHOHN ONTHMHU3ALMU (BaApbUPOBAHUHN) KOAP(HUIIUEHTOB Pa3OKEHUs
MHOT03JIEKTPOHHOM (PYHKIIMH MO KOH(UTYpaIusaM U KO3P(UIUEHTOB pas3ioKeHUs
MOJIEKYJISIPHBIX oOpOuTajgeld 1o Oa3ucHbIM (YHKIUAM (aTOMHBIM OpPOUTAJISAM)
HA3bIBAIOT MHO2OKOHQDUSYPAYUOHHBIMU MEMOOAMU CAMOCO2NACOBAHHO20 NOJA
(MKCCII). Meroa, oCHOBaHHBIN Ha BapbHUPOBAHUU TOJIHKO KOI(PPUIIMEHTOB MpHU
KOH(QUTYpAIHsIX, Ha3bIBAIOT METOJOM KOHQpueypayuornozo e3aumoodeticmsusi (KB
wm Cl). Bapuantsl metoga KB ompexpenstorcs npuHIMIIAMH TOCTPOCHUS
KOH@ueypayuornozo bazuca.

Bepuemcs x mpobieme orbopa u kinaccupukanuu koHpurypamwmii. [Ipexmae
BCET0 BBIOMPAIOT KOH(HUIYpalMio, KOTOPYIO Ha3bIBAIOT ccoulLiouno (Wian
pedepentroit, reference). B kadecTBe cChUTOYHON KOH(MUIYpaluud yao00HO
IPUHATH OJTHOJCTEPMUHAHTHYIO (PyHKIMIO MeToaa XapTpu-Doka

1
@, :W 7SR E

[TycTh OMHORIEKTPOHHBIE (DYHKIMH {\i} SBISIOTCS PCIICHUSIMH ypPaBHCHHUS
Xaptpu-®oka. bymem o006o3Hauate opOutanm, Bxojsmme B Dy (3aHATHIE
opbutanu), unaekcamu 1, J,... (i,j=1,2,...N) a Bce ocTampHbie (TO €CTb
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BUPTYyaJIbHBIC) OpOUTaNM - WHAEKCamH &, D,...(a,b=N+1,...2M, rne M — pa3mep
O0asuca B pacuere CCII). IloctpoeHune JeTEpMHHAHTOB, BXOIALUIMX B
KOH(QUTYypallMOHHBIM 0a3uc, MOYKHO OCYIIECTBUTh IyTEM 3aMEHbl OJHOM WU
HECKOJIBKUX CHUH-OpOUTalel i, j,...B @y HA TaKoe K€ YMCIO BUPTYaIbHBIX
COUH-OpOUTANed  Ya Wy, ... .Takue KOH(Urypanuum paccMaTpUBAIOT Kak
pe3ynbTaT BO30YKICHHUS DICKTPOHOB C OpOUTANEH i, Yj,... HA OPOUTAIIN ,, Wp,
.., @ YHUCII0O 3aMEH 3aHATBIX opOuTaneil Ha BUPTYyaJIbHBIE — KpPAMHOCMbIO
BO30yxaeHus. KoHurypauum ¢ OZHOKpaTHbIMU BO30YXIEHUSMU O0O03HAYAIOT
@, C IBYKPaTHBIMU BO30YXICHHUSIMU - D7’

ij »

C TPOMHBIMU - O 1 TaK JaJiee.

Bapuantel metoga KB, kak mpaBmio, KiaccuGUIUPYIOT O KPaTHOCTSIM
BO30YXKICHHBIX KOH(HTrypanuii, BKIIOYEHHBIX B Oasmc. Tak, ecium B
KOH(QUTYpaIIMOHHOM 0a3mce COIEp)KaTCs TOJBKO IBYKpPATHBIE BO30YXKICHUS, TO
ropopsaT o CID (Configuration Interaction, Doubles), ecim m ogHOKpaTHBIE H
nBykpatHeie Bo30yxmenuss — CISD (Configuration Interaction, Singles and
Doubles), coxpamenne CISDTQ o3Havaer, 4To ydTeHBI BCe BO30YKIEHHS BIUIOTh
10 yeTblpexkpaTHbiX. Tak, B BapuanTe CISD npoOHast pyHKIMS MMeEeT BU

3an. eupm. 3AH. 3AH. BUPN.BUDNT.

Yoo =Co@p + D D CIDI+D D > D Cro®.
i a i <j a <b

Ocoboe Mecto 3aHmmaer Tak HasbiBaemoe noaxnoe KB (full Cl, FCI) B
KOTOPOM paccMaTpHUBAIOTCS BCE BO3MOXKHBIC BO30ykaeHus. IHade roBops,
CTPOUTCS Ha0Op JETEPMHHAHTOB, KOTOPHIE COOTBETCTBYIOT BCEM BO3MOKHBIM
pasmemienussM N snektpoHoB 1o 2M  cnmH-opOuTansMm. [[ns  BBIOpaHHOTO
opOurtanbHOro 6aszucHoro Habopa meron FCIl pgaeTr camyio TOYHYIO BOJHOBYIO
GYHKUIHMIO M CaMyl0 HHU3KYI0 SHEPTUi0, KOTOPYI0 MOXXHO paccMaTpUBaTh Kak
MOYHYIO dHepaulo 8 OaHHOM Oa3uce. ITO TO3BOJISAET MPOBOJUTH TECTHUPOBAHUE
NPUOIMIKEHHBIX METOJIOB y4eTa S3JEKTPOHHOW Koppesiuuu. [lpw pacmmpenun
0a3uca BOJHOBas (PYHKIUS W DHEPTUS TPHUOIMKAIOTCI K TOYHOMY PEIICHHIO
HepensTuBUCTCKOro ypaBHeHusi lllpenunrepa. Paznocts snepruit meroma FCl u
Xaptpu-Poka AaeT TMOJHYK KOPPEJSIHUOHHYK) SHEPTHI0 JUIS  JAHHOTO
opOuTanbpHOrO 0asuca

E.. =E(FCI)—E(HF).

corr.

Ha mnpakTtuke mpuOeraroT C COKpalleHHI0 KOH(UTypalnuoHHOro Oaswmca.
[lepBbili (ONMUCAHHBIM BBHIIIE) CHOCOO TAaKOTO COKpAlleHUs — OrpaHuYEHUE
KpaTHOCTH  BO30OYyKaeHui  (Hampumep,  aABykpatHbiMu  (CISD)  wim
yetbipexkpaTHeiMU (CISDTQ)).
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Jpyroii myTh COKpaimleHuss pa3Mepa KOHGUTypalMOHHOro  Oasuca
3aKJII0YaeTCs B OTPAaHUYEHUHN aKmMueHo20 npocmpancmea. Bee opourtanu aenstcs
Ha AaKTHBHbIE U HeakTHBHble. HeakTuBHBIE OpOUTANM BXOASIT MM BO BCE
JIeTepPMHUHAHTBl KOH(PUTypanMoHHOTro 0Oasuca (WX 3aCelIeHHOCTb IPU 3TOM paBHA
JIByM — KaK MPaBUJIO, 3TO OPOUTAIN OCTOBA), WM HU B OJIMH U3 HUX (3aCEIEHHOCTD
TaKUX BUPTYaJIbHBIX OpOUTaNell paBHa HYI0). OcTanbHbIe OpOUTAIN U 00Pa3yIOT
akmuenoe npocmpancmeo pacueta KB. OHO Bximouaer B ceOd Te 3aHATHIE
opOuTanu, ¢ KOTOPBIX OYIyT MPOU3BOAUTHCA BO30OYKIEHHUS, U T€ BUPTYyaJbHbIC
opbutanu, Ha KOTOpbIe OYAYT «IIPUXOIUTH» BO30YXIaeMble dJIeKTpoHbI. Hakoner,
MOKHO HCIOJIb30BaTh B KauecTBE Oa3MCHBIX HE OTAEIbHBIC JETEPMUHAHTHI, a
cummempu3zogantvie (TMPEKAE BCEro MO CHUHY) PYHKIHH — KOHPUTYpaIlMOHHbBIC
¢ynkun  coctosuui, CSF. Coueras 3T IPUEMBI, MOXHO IOJIYYUTh
CYILIECTBEHHOE COKPAILEHUE YMCIIa MHOTOAIEKTPOHHBIX (pyHKINM O6a3uca KB.

B pacuerax Meronmom KB BosHOBas (QyHKIMS 3amUCBIBACTCS B BUAC
JUHEHMHONM KOMOHWHAIIMK JETEPMUHAHTOB, MOCTPOEHHBIX W3 CIUH-OpOUTATICH.
Ilepen moctpoeHueM Marpuubl omneparopa ['amMuwibTOHa  NPOU3BOAUTCS
npeoOpa3oBaHue JABYIEKTPOHHBIX MHTErPajoB OT aTOMHOTO K MOJIEKYJISIPHO-
opOutaibHOMY 0a3ucy. DTo mpeoOpa3oBaHUE OOBIYHO 3aHUMAET OOJIBIIYIO YacTh
BPEMEHU pacuera.

Mmuozokounguzypayuonnvie memoosl camocoznacoeannoz2o noas (MKCCII,
MCSCF).

Meroast MKCCII npennonararoT OZHOBPEMEHHYIO ONTHUMHU3ALMIO Kak
MOJICKYJISIpHBIX ~ opOuTaned, Tak U  KOI(POUIMEHTOB  pasjOkKEHUS IO
KoHQurypammsiM. Ha  3axmounTenbHOM — JTame  pacdera, Kak —TpaBuio,
pOM3BOAUTCS pacder merogoM KB wiam mo Teopuu BO3MYIIEHHUH C HOBBIMH,
ontuMu3upoBaHHbIMUA MO.

Meron MKCCII He wucnonp3yeTcs B pacuerax IMOBBIIMIEHHOW TOYHOCTH.
OpmHako, B MPUHIIUIE OH MOXET CIY)XKUTh MCXOJHOW TOYKOHN NJisg 00Jiee TOUHBIX
pacyeToB.

Memoo ceazanHbix Kracmepos

Meron csszannvix knacmepos (CC) (akTHUECKH MpPEACTaBIsET COOOU
BapuanT Meroga KB, KOTOpbId XapakTepu3zyeTcs CHEUHATbHOW METOAUKON
MOCTPOCHUSI KOH(urypaunonHoro 6asuca. B wmeroge KB B030yXIeHHbIE
KOH(Urypaluu MOJy4aroT AEHCTBUEM HA CCHUIOYHYIO (DYHKIMIO OIEpaToOpoOB

BO30Yk1eHus Ci, rie | — KpaTHOCTh BO30YXKICHUS:

11



. a Aa . ab Qb
C: chi t', C2 ZZZC” tij I (176)
i,a i>j a>b
Pe3ynbTar nefcTBUs ATHX OMEPaTOPOB HA CCHUIOYHYIO QPYHKIHMIO Dy MOXKHO
3aImcaTh CJIeIyoIUM 00pa3oMm:

ij

(Ci+Co+.. )0, =D cPDF + D D cP0P +...  (17.7)
ia i>j a>b
Hanmomuum, 49to Kk03QUIMEHTHI Npu  KOHPUTYpALMSX  SBISIOTCS
napamMeTpaMH, ONpeesieMbIMI BApHALIMOHHBIM METOJIOM.

B Merozme CBsI3aHHBIX KIIACTEPOB OMEpaTrop BO30OYKICHHS 3alKCHIBAIOT B
HKCMOHEHLIUATBHOU (hopme

A A 1/\2 1A3
|Wee)=6' |CDO>=(1+T+§T +§T +.)|D,),

A AN N

TA =T1+T2+Ts+...,

T:= th‘t?", T, = ZZt;‘btifb,
i,a

i>j a>b

Omneparopbl BO30yXIeHuss Ti ACUCTBYIOT Ha JACTEPMHUHAHTHBIE (PYHKIHH

n

TOYHO TaK e, Kak omeparopbl Ci. OOBIYHO mMmapaMeTpsl t7,t...Ha3bIBAIOT

aMIIINTyAaMHU. Kak u B MCTOJC KB, KJ'IaCCI/I(bI/IKaHI/ISI IMPOBOAUTCA IO KPAaTHOCTAM

A AN

BO30YXKICHHIA, BKIIOYaEMbIX B OIEpaToOp T. Tak, ecniu T =T1+T,T0 rOBOPSIT O
METOJIE CBSI3aHHBIX KJIACTEpPOB C YYETOM OJHOKPATHBIX U JBYKPATHBIX
B0o30yxneHuit (CCSD). Ecnu BKIIIOYEHBI TOJIBKO JIBYKpaTHBIE BO30YXKIEHUSI, TO
Takoi BapuaHT obOo3Hauaercs kak CCD wm Ttak mamee. OpgHako, B OTIWYHE OT

merona KB, BcrneiacTBue HKCIOHEHIMAIBHOM 3amucu omeparopa T peabHO
byaknus  Meroga CC  comepkuT  KOH(PUTYpallid, COOTBETCTBYIOITHE
BO30YXJI€HUSIM 00Jiee BICOKOM KPaTHOCTH, YEM BKJIIOYEHHBIE B onepaTtop T . Tak,

A AN

IS f =T1+T>
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A A A 1 A A
|Wee) = e |Dy) = (l+T1+T2+§(T1+T2)2 +..) | D) =

ZANAN

=(l+'|§1+TA2+;(T1T1+2'I§1'I'A2+'I'AZ'I'A2)+...)|<Do>=
a a al al 1 a al
:|®0>+Zti | @ >+Zztijb |(Dijb>+§zzti t? |CDijb>+

i>] a>j iha jb

1
+Ez DR D) + ...

i,a j>k,b>c

. (17.8)

Kak BHIHO, TOMHUMO OJHO- U JIBYKPaTHO BO30YXJICHHBIX KOH(PUTYpalui, B
¢ynkmuio Metoga CCSD  BxomaT U KOHGUTYypalMM, I[OJIydaeMble ITyTEM
TPEXKpATHBIX, UYETBIPEXKPATHBIX U Oo0jiee BBHICOKUX BO30YxaeHuil. OueBHUIHO,
MakCHUMajbHas KpPaTHOCTh BO30YXJCHWH OrpaHHYEHa 4YHCIOM DJIEKTPOHOB B
cucTeMe.

B ortnnuue ot metona KB (3a uckmtouennem noiaHoro KB) Meron cBsizaHHBIX
KJIACTEPOB JaeT OAHOPOJHOE (Size-extensive) ommcaHue CIIOKHBIX CHCTEM, YTO
o0ecrieuynBacT aJIMTUBHOCTh SHEPTHH MOJCUCTEM TIPU MX Pa3ICIICHUH.

Metoa CBsI3aHHBIX KIJIACTEPOB HE SBISETCS BapualmoHHbIM. HaxoxneHue
PHEPruid M aMIUTUTY]l JOCTUTAeTCsl IMyTEM pEeLIEHUs CHUCTEMbl ypaBHEHHH, B

a jab
L

KOTOphle B KadecTBe KOA(P(QUIMEHTOB MpPH HEU3BECTHBHIX (t .) BXOJIST

paszHoctu 3HEepruit MO u koMOMHAIMKM TpaHC(HOPMUPOBAHHBIX TBYXAJICKTPOHHBIX
WHTETPAJIOB. YPaBHCHUS pEIIAIOT HMTEPAIMOHHO JO0 JOCTIIKEHHUS 3aJaHHOU
TOYHOCTH. JlOCTAaTOYHO MOAPOOHO, XOTS W B HECKOJBKO WHOM KOHTEKCTE, 1ITa
MeToauka omucaHa B cratee J.Pople, M.Head-Gordon, K.Raghavachari,
J.Chem.Phys., 87 (1987) 5968. Ha npakTuke 4acTo UCIOJb3YIOT METO/] CBSI3aHHbBIX
kiactepoB B npudmmxenun CCSD, onHako, Kak MpaBuilo, CTAHAAPTHBIM SBIIAETCS
pacdyer, B KOTOPOM TpPOWHBIE BO3OYXIACHUS YYUTHIBAIOT METOJOM TEOPUU
BO3MYyIIeHUH (Takoi BapuaHT 3amuckiBaroT kak CCSD(T)). B Hacrosimee Bpems
JIOCTYIHBI pOrpamMMebl, peasu3yronue npuommxenne CCSDTQ.

BapuantoMm MeTonma CBSI3aHHBIX ~ KJIAcTepoB  siBisieTcss wmeton BD
(«OpakHepoBckux  nybnmetoB»). B 3ToM  npuOimkeHMH B KauyecTBe
OJTHORJIEKTPOHHBIX CIUH-OpOUTANCH HCHOJB3YIOTCS Takue, B 0a3uce KOTOpPBIX
aMIUTUTYABI t* (COOTBETCTBYIOIIME OJAHOKPATHBIM BO30YXKACHUSM) PaBHBI HYIIIO.

[TocTpoeHue 3THUX OpOMTANCH OCYIICCTBISCTCS MTEPAMOHHBIM METOJIOM ITyTeM
BpAIICHHI B OPOUTAIBHOM IPOCTPAHCTBE. DTOT METO]I HCIIOJIb3YETCS B MIPOLICAYPE
W1BD (cm. HIKe).
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Pacuet 1o MCTOAY CBA3AHHBIX KIJIACTCPOB, KAdK IIPABHIIO, MCIIOJB3YCTCS Ha
TOM HWJIM HHOM DJTall€ MNIpOLCAYPEI, HaHpaBHCHHOﬁ Ha TIIOJIYUYCHHC BBICOKOM
TOYHOCTH.

Memoo mHozouacmuunoi meopuu 603IMyuieHul

OauH U3 cnocoOOB yuyeTa 3JEKTPOHHON KOPPENSLUU — 3TO HCIOJIb30BaHHUE
Teopuu BO3MylIleHUH. ONMCcaHHBIA B JJaHHOM Maparpade MeToJ HOCUT Ha3BaHUE
Metona Meémnepa-Ilnecce (MPn, rme n — HauBBICHIMH TMOPSIOK TEOPUHU
BO3MYUIECHUH, UCTIOJIb30BAHHBIN B pacyeTe).

[lpexne Bcero HeoOXOAMMO BBHIOpaTh (QYHKIMIO M SHEPrHUI0 HYJIEBOT'O
npuOJIMKeHUsT W ormepaTtop Bo3MylleHHs. B kadecTBe (GYyHKIMH HYJIEBOTO
npuOIKeHus: 0epyT PYHKIHIO, MOTydeHHYI0 MeToaoM Xaptpu-doka, Y. Ilpu
yKa3aHHOM BbIOOpE BOJHOBOM (DYHKLIMH HYJIEBOTO MPHOIMKEHUS €CTECTBEHHO

N

IPUHATH B Ka4yeCTBE OIlepaTopa BO3MYIIEHHS W (IIyKTyallMOHHBIA MOTEHLMAI
F(r), KOTOpbIA y100HO 3amucaTh B BUJE

Bce nerepMunanTHBIe (QYHKUMH ¥, TOJy4EHHBIC M3 XapTpU-()OKOBCKOM

nyTeM 3aMeHbl opouTaniel B Wy ABIISIIOTCS COOCTBEHHBIMU (PYHKIIUSIMU H

Ho ¥ = Eq¥, -

OHeprus HyJeBOro NPUOIMKEHHS paBHA CYMME OpOUTAIIbHBIX SHEPTHid

3aHAm.

E®=>¢.

CyMmMa 3HEpruM HyJIE€BOIO MPUOJIMKEHUS W IMONPABKM K SHEPrUU IEPBOTO
IOpsIKa paBHA DHEPIMM, IIOYYEHHOM B pacuere MeronoM Xaprtpu-doka.
[TorpaBka BTOPOTO MOPSAKAa K SHEPTUU PACCUUTHIBACTCS MO OOBIYHON (opMmyiie
TEOPUHU BO3MYILICHUI
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[ (P W[ )

E(Z) - _
; EQ _EHF

Bce MaTpUYHBIE DIIEMEHTHI, COOTBETCTBYIOILIHE OJTHOKPaTHBIM
BO30YKJIEHHSIM, COTJIACHO Teopeme bpuiuttoeHa paBHbI Hy/t0. B 3HameHatelne Bce
YJICHBI TI0JI0KUTENbHBI, TaK Kak QyHKIMH ‘Yo MOIydeHBI IyTeM 3aMEHBbl 3aHATHIX
opbutaneit B Wyr Ha BupTyanbHble. [loaTOMy mompaBka BTOpPOro mHopsaka K
SHEPIruM BCErja OTpHUIIATENIbHA, U pacueT ¢ UCIoiab3oBaHueM Mmerojga MP2 Bcerna
MPUBOJIAT K TTOHWKEHUIO dHEprun. Meron teopuun Bo3MylueHud Méiepa-Ilinecce
— HeBapuWalMOHHBIM. Ha mnpakTuke mNpu onNTUMHU3ALMU TEOMETPHM C YYETOM
KOPPEJSIIMU UCIIONB3YIOT MeTog MP2, a yTouHeHHEe 3HEprur Nociie ONTUMHU3ALUN
r€OMETPUM IPOU3BOAAT MeTOI0M MP4.

Pa3pabotan Takke psg  BapuaHToB MeToma MP2  nnms  pacuera ¢
MHOTOKOH(UTYpallMOHHBIMA ~ (YHKIMSMU ~ HYyJIeBOro  npuOiamxeHus. B
peaNM30BaHHBIX  METOJMUKAX MHOTOJCTEPMHUHAHTHBIC (QYHKIUA  HYJIEBOTO

npubmmxenus nomydaroT metogoM CASSCF. Onepatop H, cTpouTcs Kak cymma

HEKOTOPBIX OJHO3JIEKTPOHHBIX OIEPAaTOPOB, MOCIE YEro IyTeM MpSIMOU
MUHHAMU3AIUHU TTOJTHONW SHEPTHH TOJIYyYar0T BOJTHOBBIC (DYHKITUHU MEPBOTO MOPSIKA,
C KOTOPBIMM M PAaCCUMTHIBAIOT MOMNPABKH BTOPOIrO MOpSAAKA K SHEPruu. Takum
0o0pa3oM, MOXHO paccUuTaTb B paMKax TEOPUU BO3MYIIECHUNA OJHOBPEMEHHO
HPHEPruM HECKOJBKUX COCTOSIHUHM, YTO OYEHb yJA00HO, B YaCTHOCTH, JJIsi pacuera
AIIEKTPOHHBIX CIEKTPOB MOJIEKYI.

Memoodul pacuema c A6HbIM YUEnOM KOPPENAUUOHHBIX I hekmoa

B mnocnegnue roapl MOSIBUIICS Psii METOJOB pacuera, OCHOBAaHHBIX Ha
BIIEPBBIC MPEIIOKECHHON XuiepaacoMm B 1929 r. mpu pacuere atoma reiusi ujee
BBEJICHUSI B BOJIHOBYIO (DYHKIIMIO MEKIJIEKTPOHHOI'O PACCTOSTHUS. DTOT METO]T OB
ucnons3oBan JlxeliMcom u KynumpkeM B cepeauHe TPUIAIATHIX TOJOB MpHU
pacderax moJiekyibsl Hy, MeToapl, paspaboTaHHbIe I UCTIOJIb30BAHUS BOJHOBBIX
GyHKIMI Takoro twia, obo3Hadaror kak MP2-R12, CCSD(T)-R12 u tak nanee.
Heckonbko 60s1ee TOUHBIE PE3yNbTATHI MOTYYaloT, €clid BMecTo R12 ucmons3yior
byaknuro F12 = exp(—yry2), TA€ Y — BapbHPyEMbI mapameTp, OJM3KUN K
equaMIe. B 3TOM ciiydae k metomy mobaBisieTcsi cocTaBHas dacth -F12. Ortum
METOIbI peann3oBaHbl B mporpamme Molpro, nmerometics 8 BLI CIIOIY.
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MeTombl, B KOTOPBIX KOPPEJSIMS YYUTHIBACTCS C IOMOIIBIO BBEICHHUS B
GYHKIMIO  MEXKIJIEKTPOHHOro paccrosiHusi  HasbiBaroT — explicitly  correlated
METO/IaMH.

B kauectBe mnpumepa mnpuBenem (Tabmuma 4, Puc. 1) cpaBHeHue
pe3ynbTaTOB pacuera MoJIeKyJdsl H; MeTogoM CBA3aHHBIX KJIacTEpOB C
pe3ynbTatamu pacuera Kosnoca u Pyrana, monydeHHbsie ¢ S0-4jleHHOM BOJIHOBOM
dynxmumeit s R=0.741324 A (W.Kolos, C.C.J.Roothaan, Rev. Modern Phys.,
1060, 32, 219). DroT pacyeT N0 CUX TOpP SBISETCS OJHUM W3 CaMbIX TOYHBIX,
MIPOBEICHHBIX JIJIS1 TOU MOJICKYJIBI.

Tabmuma 4. CpaBHeHHE pe3yabTaToOB pacueToB Metoaamu [lomHoro KB,
CCSD(T)-F12 u CCSD(T) (kommonenTa F12 B raMUIbTOHHAHE OTCYTCTBYET).

Basuc Full CI CCSD-F12/CCsD E(CCSD-
F12)-E(KR),
kJ/mol

cc-pvDz-f12 -1.170671 |-1.173463/-1.170669 2.59

cc-pvTz-f12 -1.172609 |-1.174045/-1.172607 1.06

cc-pvQz-f12 -1.173746 |-1.174336/-1.173744 0.29

CC-pv5z -1.174163 |-1.174396/-1.174223 0.14

CBS npenen -1.174462 -0.04

aug-cc-pvDz -1.171183/-1.164621 8.57

aug-cc-pvTz -1.173778/ -1.172634 1.76

aug-cc-pvQz -1.174254/ -1.173867 0.51

aug-cc-pv5z -1.174409/ -1.174252 0.10

CBS npenen -1.174522 -0.19

Kolos/Roothaan | -1.174448 0.

50-unennas

byHKIIHS

[Tpumeuanue. B pacuere FULLCI ¢ cc-pv5z B3sito Bcero 100 akTHBHBIX
BUPTYaJIbHBIX OpOuTaneir BMecto 139.

Kak BuOHO, 3HayeHUs DHHEPIrUM, IIOIy4YeHHbIe MeroaoM ImonHoro KB,
MPAKTUYECKA COBMAJAIOT C MOJYYEHHBIMH METOJIOM CBSI3aHHBIX KJIACTEPOB 0Oe€3
BKJIIOYCHHUS WICHOB, CBsI3aHHBIX ¢ F12, B raMmiabTOHHAHE. Hanny4mras
CXOAMMOCTB IoJTydaeTcst B pacyerax merogom CCSD(T)-F12, mpuueM oTiMdme OT
TOYHOTO 3HAYCHMS TOpsAKa JeCATHIX KJ[XK/MOJb AocTUraercs yxke npu X=3.
NHTEepecHO OTMETUTH, UTO IKCTPAIOJISAIINS Ha TIOJIHBINA 0a3uc gaeT O6ojiee pasyMHOE
3HaUYEHUE B ciiydae 0a3ucoB CC-pvXz-fl2, yem mist 6a3ucoB Tuma aug-cc-pvxz.
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Puc. 1. CxoauMocCTh pa3iuyHbIX BapUaHTOB METOJA CBSI3AHHBIX KJIACTEPOB B
pacyeTax MOJIEKYJIbI BOJOPOJIa K dHEpTruH, noixydeHHoi Konocom u Pyranom.

[Tpumepsr  ucmonb3oBanus  explicitly  correlated  meromoB B
KBaHTOBOXHMMUYECKUXT pacuyeTax MOKHO HAWTH B CTAThIX:

J.Zhang, E,E.Valeev, Prediction of Reaction Barriers and Thermochemical
Properties with Explicitly Correlated Coupled-Cluster Methods: A Basis Set
Assesment, J. Chem.Theory Comp., 2012, 8, 3175

W.Klopper et al., Atomization energies from coupled-cluster calculations
augmented with explicitly-correlated perturbation theory, Chem. Phys, 2009, 356,
14

J.M.L.Martin, M.K.Kesharwani,  Assesment of  CCSD(T)-F12
Approximations and Basis Sets for Harmonic Vibrational Frequencies, , J.
Chem.Theory Comp., 20114, 10, 2085

D.H.Bross et al., Explicitly correlated composite thermochemistry of
transition metal species, J. Chem. Phys., 2013, 139, 09432



[lonBenem  HEKOTOpBIE  UTOTM  PAcCMOTPEHUST  METOJOB  yyeTa
KOPPEJSILIMOHHBIX 3PPEKTOB.

1. Pasmep xondurypaunonsoro 6asuca meroga KB upesBbryaitHo
OBICTPO pacTeT C yBEIWYEHHEM 4Yucia Oa3ucHbIX (QyHKuud. OcoOeHHO
XOpOILIO 3TO BUJIHO B cirydae noiHoro KB. JIns Moiekys ¢ 4iMciIioM aTOMOB,
OoonpmM 4 — 5, 3TOT METOJ MPAKTUYECKH HE MOXKET OBbITh MCIOJB30BaH B
PYTHHHBIX pacyeTax, a HHM3IIME MPUOJIMKEHUS METOJa He 00eCrneyrBaroT
JIOCTaTOYHOM CTeneHu ydeTa Koppeysuuil. [ToatoMy B Hacrosimiee Bpems
3TOT METOJ HE WCIOJb3YeTCS B PACUETHBIX METOAaX IOBBIIIEHHOM
TOYHOCTH.

2. Hawnbonee mnogxomsmuM METOAOM IS pacueTa SHEPrHH
KOPpEJSILIUUA  SIBJISIETCSI METOJI CBSI3aHHBIX KJIACTEPOB, KOTOPBIM Jaet
3HAUEHHUS PHEPTUU KOPPETSAUU, BeChbMa OJIM3KME K MOJyYEHHBIM B pacuere
nosiHoro KB unu u3 skcnepumenTa. [lpu pa3paboTke HOBBIX BHICOKOTOYHBIX
IpOLIEIyp BCE Yallle UCTIOIB3YIOTCS TOJIBKO METOJ CBSI3aHHBIX KJIACTEPOB (B
OTJMYKEe OT 0oJiee paHHUX METOJOB, B KOTOPHIX IIMPOKO HCHOJIH30BAIHCH
meronsl MP2 u MP4). Omnako, METONI CBS3aHHBIX KIACTEPOB TpeOyeT
OOJBIIMX 3aTpaT BPEMEHH U PECypCcoB MaMsATH, YTO OTPAHMYUBAET €TO
UCIOJIb30BaHUE OTHOCUTEIHHO HEOOIBIIUMU MOJIEKYJIAMHU.

3. [Iupoko wHcHoOIb3yeMble B pacyeTax ©0a3uchl YMEPEHHBIX
pasmepoB (6-31G*, 6-311G*) pmator Bcero okono 50 — 60 % mnomHOI
sHeprun Koppemsuuu. [losTromy B HacTosiiee BpeMsl B pacderax
UCIONB3YIOT ~CHEHHMaNbHO pa3paboTaHHbIE M PACYETOB C  y4ETOM
KOPPETSAIUOHHBIX 3 (PEeKTOB 6a3MChI, PACCMOTPEHHBIC BHIIIIE.

4. K  wmeromam, yuuThiBarommM  3(PQEKThl  AIEKTPOHHOMN
KOppEJSIIIAKA, OTHOCHUTCS Takke Meroia ¢yHkiuoHana tuiotHoctu (DFT).
DTOT METOJl TO3BOJSET XOPOLIO OMUCAaTh TEPMOXUMHUYECKHE CBOMCTBA
OCHOBHOT'O COCTOSIHUSI 1 TE€OMETPUUYECKYIO CTPYKTYpYy Mojekyi. [loatomy B
pacuerax C MOBBIIIEHHOW TOYHOCTHIO MeToa DFT wucmonb3yercs TOJIBKO
JUIS  ONTUMHU3ALIMM  TEOMETPUYECKOM  CTPYKTYpbl W TOJXYYCHHS
TEPMOXHUMHUYECKUX  IApaMeTpoB, 4YTO  HeoOXomuMo  ais  ydyeTa
TeMIlepaTypHbIX 3(PQPEeKToB U Tmepexoga OT DISKTPOHHOM DSHEPruM K
SHTaNBNUU. B mocneanue rofpl s 3TOM LENH Yalle HCIOJIb3YIOT pacyer
METO/IOM CBSI3aHHBIX KJIACTEPOB.

S. Metoabl ¢ SBHBIM Y4YE€TOM KOPPESLUU MPEICTaBISIOT COOOM
BecbMa 3()PEKTUBHBIA MHCTPYMEHT yyeTa KOPPEISUUOHHBIX 3(PQHEKTOB U
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ciaenyer OXHnaaTb IOCTCIICHHOI'O BBCACHUA Hux B IIPAKTHKY
KBAHTOBOXMMHNYCCKHX PaCUYCTOB.

KoMmno3uTHbIEe METOAbI pacuera

HecmoTtpst Ha pa3BUTHE BBIYUCIUTENIBHBIX METOJOB, MO3BOJISIIOLIUX YYECTh
3HAYUTEIBHYIO JOJII0 3HEPTrUU KOPPEJSLHUH, IMOCTENEHHO K KOHIY JEBSITHCOT
BOCBMHUJIECATBIX T'OJIOB CTajO $ICHO, YTO OJHMH KakKOU-IIMOO METOJ, B3STHIA B
OTJICIbHOCTH, HE MOXET 00€CTIeYnuTh HEOOXOIUMYIO ISl psija MPUKIIAJAHBIX 3a71a4
TOYHOCTh pacyera. (Ocoboe BHUMaHUE YIEIUIOCH METOJaM, NpPU3BAaHHBIM
00ecreunTh BBICOKYIO TOYHOCTh pacyeTa TerioT o0pa3oBaHUs MOJEKYJ] (MM UX
DPHEPrui aToMM3alMu). 3HAHWE HTUX BEIMYMH HEOOXOAMMO TMpH H3YyYEHUU
DHEPreTUKH U CKOPOCTEH XMMHUYECKUX PEAKLHI, KOTOPBIE C TPYAOM MHOJAJAKOTCS
HKCIIEPUMEHTAJILHBIM MCCIIEIOBAHUSAM, WM KOTOPbIe HEOOXOAUMBI JJisi IPOBEPKHU
(GyHIaMEHTAJIbHBIX OCHOB TEOPHUH XHMHUYECKHUX IPOIECCOB, WM BaXHbI IPHU
U3YYEHUHU HKOJIOTUYECKUX MPOOIIEM.

B ocHOBe cOBpeMEHHBIX BBICOKOTOUHBIX METOAOB pacyeTa JEeKUT UJesl, YTo
MOJIHASL DHEPIHsl CHUCTEMbl MOXET ObITh 3alicaHa B BHJIE CyMMbl HECKOJIBKHX
BKJIQZIOB, K&XIbli U3 KOTOPHIX COOTBETCTBYET HEKOTOpOMY (U3HUECKU
obbsacanMomy b dexty. Takum obpazoMm, pazpabaTeiBaemasi Ipoleaypa JT0DKHA
COCTOSITh M3 PsAa MOCIEAOBaTEIbHBIX pacueToB. MX COBOKYMHOCTh OOBIYHO
paccMaTpuBalOT KaK MOOEIbHYI0 XUMUYECKYI0 meoputo, B KOTOPOH Ka)IbIi Imar
MIPOBOJIUTCS C UCIIOJIb30BAHNEM COBEPIIECHHO OMPEEICHHOTO METOoa 1 0a3HCHOTO
Habopa. D10 obecrneynBaeT OJMHAKOBBIA MOJAXOJ K pacyeTy JIIoObIX H3ydaeMbIX
MOJIEKYIL.

K Hacrosimiemy BpemMeHU pa3pabdOTaH psii TaKUX MOJEIBHBIX TEOpHil (uX
HA3bIBAIOT TAKXKE KOMIO3UTHBIMH METOJaMu). MBI OCTaHOBHMCS TOJBKO Ha
HEKOTOPBIX U3 HUX, M TIPEXKJIC BCErO HAa TEX, KOTOPhIE B MPOTPAMMHOM KOMILJIEKCE
GAUSSIAN odopmiensr B Buje 3aMKHYTHIX B ce0e mporenyp (Tuma «4epHoro
AIIAKa»), 3aMyCK KOTOPBIX OCYIIECTBISACTCS C TIOMOIIBIO COOTBETCTBYIOIIETO
«kimoueBoro ciopa» (cMm. pasgensl “CBS Methods”, “G1-G4 Methods” u “W1
Methods” B ciucke Gaussian 09 Keywords).

['pynmer nporienryp CBS u Gaussian-n (G-n, n=1-4) Opumn pa3paboTaHbI
NPaKTUYCCKH OAHOBPEMEHHO. MBI HAYHEM C PACCMOTPEHHS METOIOB TPyl G-N,
Kak HanOoJiee MUPOKO UCIIOIB3yEeMbIX Ha MPAKTHKE.
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Coznatenu mporpammbel  GAUSSIAN  moctaBunu  1enpio  pa3paboTaTh
IpoIelypy, B KOTOPOH MOJHAs! JIEKTPOHHAs SJHEPTUs Oblja OblI MpeacTaBleHa Kak
CyMMa psijia COCTAaBIISIONINX, KaKAasi U3 KOTOPBIX MOXKET OBITh PACCUUTAHO IPU
OTHOCUTEJIIBHO  HEOONBIIMX  3aTpaTax  BbIUMCIUTEIBHBIX  MOIIHOCTEH.
CoOTBETCTBYIOIIME MpPOTpaMMHBIE OJOKH COAEp>KaT pPsiA  MOCIeI0BATEIbHO
BBITIOJTHSEMBIX 3aJIaHHH, TEPEXOAbl MEXIy KOTOPHIMHU 3a/laHbl B NPOTPAMME H
OPOUCXOMAT 0e3 ydJacTus TOJb30BaTeNs. OTH  MPOUEAYPHl  MONYyYWIH
HauMmeHoBanue Gaussian-n (Gn, n=1,2,3,4). TouyHOCTh pE3yIBTATOB PACUYCTOB C
TEUECHHEM BPEMEHH (TO €CTh C YBEIHMUEHHEM IOPSIKOBOTO HOMEpa N) MOCTOSHHO
BO3pACTaJIo, XOTs oOmias CTPYyKTypa Hporpammbl coxpassiiach. llostomy s
NOHUMAaHHMS MOJIX0/Ia, 3aJI0’)KEHHOTO B ATUX MPOLEAYPaX, T0CTATOYHO PACCMOTPETh
OJIH U3 CYIIECTBYIOIINX BapUAHTOB.

Jumepamypa

N.J.DeYonker, Th.R.Cundari, A.K.Wilson, The correlation consistent composite
approach(ccCA): An alternative to the Gaussian-n methods, J.Chem.Phys. 2006,
124,114104

L.A.Curtiss, P.C.Redfern, K.Raghavachary, Gaussian-4 theory, J.Chem.Phys.,
2007, 126, 084108

J.A.Montgomery, Jr., M.J.Frisch, J.W.Ochterski, J.A.Petersson, A complete basis
set model chemistry. VI. Use of density functional geometries and frequencies,
J.Chem.Phys., 1999, 110, 2822

E.C.Barnes, G.A.Petersson, J.A.Montgomery, M.J.Frisch, J.M.L.Martin,
Unrestricted Coupled Cluster and Brueckner Doubles Variations of W1 Theory, J.
Chem. Theory Comput., 2009, 5, 2687

Memoo GA4.

[Ipocnenum nocnenoBaTenbHOCTh MIAroB npoueaypsl G4, OyayT oTMeueHbI
TaKXe OTJINYUS OT MPEABIAYIIUX BEPCUN TEOPUU.

1. TlepBsiil mar 3aKat04aeTCs B ONTHUMU3AMU T€OMETPUUECKON CTPYKTYPhI
Monekyasl MetogoM B3LYP/6-31G(2df,p). [lns cucteM ¢ CHHIJIICTHBIM
OCHOBHBIM COCTOSIHUEM HCIIOJIb3yETCSI OIPAHUYEHHBIM, @ B OCTaJIbHBIX
ciaydasix — HeorpanmueHHbli metoanl CCII. Beuio ycTaHOBIEHO, 4YTO
metoq B3LYP mpu pacuere reomerpun maer mydiiune pe3ybTaThl, YeMm
Metoq MP2, KoTopblii UCHOJB30BAJICA B paHHUX BapuaHTax Teopuu. C
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MCIOJIb30BaHUEM MOJIYYEHHON T'€OMETPUU MOJIEKYJIbl U TOTO ke Oa3uca
MPOU3BOIUTCS PaCUET TAPMOHUYECKUX KOJIEOATEIbHBIX YACTOT, KOTOPbIE
3aTe€M YMHOXKAIOTCS Ha MacCIITAOMPYIOMUN MHOXKHUTEINb, paBHbINA (0.9854.
C ucnpaBlieHHBIMU YacCTOTaMU PACCUUTHIBAETCS MOIpaBKa Ha HYJIEBbIE
kosnebanus (ZPE).

. Cepus KOPPEISILIMOHHBIX pacueToB npu (buKcupoBaHHOMN
reOMEeTPUUYECKOI CTPYKType, HaunHas ¢ mojHoro pacuera MP4 B 6a3uce
6-31G(d). K pesynbraty mobaBisieTcst psii KOPPEKTUPYIOIIUX MOTPABOK,
MOJIy4aeMbIX B PE3YJIbTATE CEPUU JOMOJTHUTEIbHBIX PACYETOB!

(a) mompaBka Ha Bkaaa qudGy3HbIX QYHKIUH
AE(+)=E[MP4/6-31+G(d)] — E[MP4/6-31G(d)],

(b) mompaBka Ha mMoONSIPU3YIONIHE (QYHKIIMK C Oo0Jiee BBICOKUMH
3HayeHusMH | :

AE(2df,p)=E[MP4/6-31G(2df,p] — E[MP4/6-31G(d)],

(C) mompaBka Ha KOppESIIMOHHBIC A(PQPEKTh 00Jiee BBICOKHX
MOPSIIKOB, KOTOpPAasl PAcCCUUTHIBAETCA C HCIIOJIB30BAHUEM METOJIA
CBSI3aHHBIX KJIACTEPOB:

AE(CC)=E[CCSD(T)/6-31G(d) — E[MP4/6-31G(d)],

(d) mompaBka Ha 3ddekT oT pacmmpeHus 0a3uca W BO3MOXHOU
HEaJIMTUBHOCTH, CBA3AHHOW C TNPEINOJOKEHHEM O HE3aBHUCHUMOCTHU
BKJIAJIOB OT AU(PPY3HBIX U MOIAPUIYIOMMNX QYHKIUI:

AE(G3LargeXP)=E[MP2(full)/G3LargeXP] - E[MP2/6-31G(2df,p]-
E[MP2/6-31+G(d)] - E[MP2/6-31G(d)].

3necs G3LargeXP — cnenuanbHO CKOHCTPYMPOBAHHBIN 0aswc,
COJIEP KAl MOBBIMIEHHOE YMCIIO MOSIPU3YIOMUX (PYHKIIUHN.

. ABa CCII pacuera ¢ monuduimpoBaHHbIMU Oa3ucamu aug-cc-pvQz u
aug-cc-pv5z. Pesymbrarhl 3THUX  pacyeTOB  HMCHOJB3YIOTCS  JUIS
AKCTPATOJIAIINY HA TOJTHBIA XapTpu-hOoKOBCKHil 0azuc. PazHocTs Mexmy
[OJIyYEHHOW MPEAECIbHOM SHEPrUEd W DHEPrUeH, PacCUUTAHHOM €
6azucom G3LargeXP, o6o3navaercst kak AE(HF).
. OtgenbHO onpenensercs BKJIQJ] oT CIIUH-OPOUTATBHOTO
B3anmoeicTeust, AE(SO). Drot Bkiag Oepercs U3 dKCIEPUMEHTATBHBIX
JaHHBIX WU U3 UMEIOIINXCS B JINTEPATYPE TOUHBIX PACUETOB.
. Hakonen, paccunmTaHHas »JIEKTpOHHAs OJHEPIHsl 3alUChIBACTCS Kak
E[MP4/6-31G(d)] 1 paccMOTpPEHHBIX BBIIIE MOMPABOK:
E(combined)=E[MP4/6-31G(d)] + AE(+) + AE(2df,p) + AE(CC) +
AE(G3LargeXP) + AE(HF) + AE(SO).
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[Momnast E,(G4) mnonywaercs myrem pobaenenms K [E(combined)
smnupuydeckoit monpaBku HLC:
HLC = -Ang JUISL MOJIEKYJT C 3aMKHYTBIMH 000JI0UKaMHU

= - A’ng-B(ny - Np) a1 MONEKYII ¢ OTKPBHITHIMU 000IOUKAMU

=-Cnf - D(n, - ng) ans aToMoB.
31eck Ny, N — YHCIIO BaJEHTHBIX 3JEKTPOHOB CO CIIMHAMMU 0. H [3, TpHYeM
IpeanonaraeTcs, 4ro N,=Ng. BBoAKUTCA TakkKe MONpaBKa, yYUTHIBAIONIAs
YKCJIO AJIEKTPOHHBIX Map.
Hakonen, monnas anektponHas sHeprus G4(0 K) mpu 0 momyuaercs
nyTeM J00aBJICHUs SHEPTUU HYJIEBBIX KOJICOaHMIA:

Eo(G4) = E.(G4) + E(ZPE).

JlobGaBiieHne TemieparypHbix momnpaBok K Eo(G4) mis temmeparypbl
298.15 K naet “ G4 Energy”.
Kak BUAHO, pacyeTsl BHICOKOTO YPOBHS C UCIOJIb30BAHUEM YMEPEHHBIX
0a3ucoB coyeTalOTCs € pacdyeramu 0oJjiee HHU3KOTO YPOBHS, HO C
pacmipeHHbIMu  Oa3ucamu. I[lpuBenem oOpasen BbIBOAA pe3yiIbTaToOB
pacuera mosekyibl CF.

Temperature= 298.150000 Pressure= 1.000000
E(ZPE)= 0.003019 E(Thermal)= 0.005389
E(CCSD(T))= -137.447249 E(Empiric)= -0.038081
DE(Plus)= -0.013390 DE(2DF)= -0.082032
E(Delta-G3XP)= -0.153552 DE(HF)= -0.016859
G4(0 K)= -137.748144 G4 Energy= -137.745774
G4 Enthalpy= -137.744830 G4 Free Energy= -137.768361

31ech HWCMONB30BaHbI (B CJErka W3MEHEHHOM BHJE) O0O0O03HAYCHHS
ONMHMCAHHBIX paHee BKJIAJAOB B TMOJHYI »dHepruto. IlogpoOHoe omnucanue
pacreyaTkd  pe3ysibTaTOB  COACPKHUTCS B NHCcTpykiun Kk mporpamme

GAUSSIANO09 (paznen G1-G4 Methods).

Ananornunyro CTpykTypy mmeror u meronsl tuna CBS (CBS-4M, CBS-
QB3, CBS-APNQ). O0e rpymmbl METOAOB COAEpXkAaT B KauyeCTBE COCTaBHBIX
qacTel SMIUPUYECKHUE MOMPABKH, YTO HECOMHEHHO SIBJISIETCS HEIOCTATKOM ITHX
MozedbHbIX Teopuil. Kpome Toro, 3Tu METOAMKH MO3BOJIIOT JOCTUYB JIUILb
«XUMHUYECKON» TOUHOCTH (1-2 KKII.MOJIB).
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Memoowt W1 (W1U, W1BD, W1RO) u W2

Paspaborunku metomo W1 (W1U, W1BD, W1RO) u W2 nocraBuim riepe
co0Ool creayrouye 3a1auu:

PaspaboraTe mnpouenypy pacuera DSHEPruUid, KOTOpas IO3BOJIIET, Kak
MPABUIIO, MTOJIYYUTh «CYOXUMHUYECKYI0» TOUHOCTH (1 kJ[>k/MOIIb)

B xynmem cinyyae ommbka He JOHKHA MTPEBOCXOIUTh 1 KKail/MOib

Hpoueﬂypa NOJKHA ITIO3BOJIMTHL IIPOBOJUTH pPaACUYCTbl Ha COBPCMCHHBIX
HACTOJIBHBIX KOMITBIOTCPAX

9MHI/IpI/I‘ICCKI/I€ IMOoIpaBKHU OOJIKHBI OBITH MOJTHOCTHIO UCKITIOUCHEI.

PaccMoTpuM  KpaTKo TONBKO BapwaHThl TpoTokosia W1, BKIIFOUEHHOTO B
nporpammHbiil komriekc GAUSSIANO9.

OnTumu3aus TEOMETPUYECKOW CTPYKTYPBI MOJEKYJBI MPOU3BOIUTCS
metogom B3LYP B Gasucax ymepeHHoro pasmepa. Ilocie 3Toro BbITOJIHSETCS
cepust pacuetoB MmetogomM CCSD (W1U) umu BD (W1BD) B 6a3ucax aug-cc-pvXz
(X=d, t, q), nononmnenubivu d u F-QyHKIMSIME ¢ yMEPEHHO OOJBIIUMU
3HAYEHUSIMU HKCIOHEHLHUAIbHBIX MapaMeTpoB. [Ipom3BoauTCs SKCTpanmossuus
XapTpu-(HOKOBCKUX M KOPPEISAIMOHHBIX JHEPrui Ha monHbINA Oaszuc. Hakowner,
BBINOJIHSIOTCS aBa pacuera tuna CCSD(T) B cnenmansHOM Oasuce, coieprKalieM
TOJILKO MTPUMHUTHUBHBIE TayccHaHbl. Llenb pacueToB — OICHUTH BKJIAJl BHYTPEHHUX
obomouek B  Koppemsnuio. HakoHem, oOIeHMBaeTCs BKJIAJ  CKaSIPHBIX
PEAATUBUCTCKUX 3(P(PEKTOB U CHMH-OPOUTAIIBHOIO B3aUMOACHCTBUSI.

Koneunple pe3ynbTaThl pacdeTa BHIIAIOTCA B BUJC TAOJMIIBI, MOXO0XKEH Ha
tabmuiyy Metoma G-4.  Ormermm, uyto pacuetr B npuOmmkenun  CCSD(T)
MO3BOJISIET YUECTh B HESIBHOM BHUJIE BKJIQ/IbI OT 0oJiee BBICOKUX BO3OYxaeHui (Q u
TaK jajuee).

HecmoTps Ha TO, 4TO pacCCMOTPEHHBIE KOMITO3UTHBIC METOBI 33 yMaHbl KaK
paboraronyie 1O MPHHLIUIY YEPHOTO SIIMKA, WMEETCS  OIpeesieHHas
BO3MOXKHOCTh BMEIIATENBCTBA IOJIb30BaTeNss B WX pabory. Hampumep, Ha
HEKOTOPBIX JTamax pacyeT NPOHM3BOIUTCS C HCIOJIB30BAaHUEM HECTaHIAPTHBIX
0azucHpIX HaOOpoB. OMHAKO, BO3MOXHO MOJYYUTh pPACHeyaTKy 3THX O0a3HCOB
IyTeM JOIMOJHEHUS KIIOYEBOTO CJIOBA, 3aITyCKAIOMIETO COOTBETCTBYIOIIYIO
npoIieIypy, KiIro4deBbIM cioBoM gfinput;

# G4 gfinput.
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HNmeeTcss BO3MOXHOCTh pacyeTa HE TOJNBKO A  KOHQUTYypaluu,
COOTBETCTBYIOIIE MHUHUMYMY Ha MOTEHIMAIbHOW MOBEPXHOCTU CHUCTEMBI, HO U
JUTsl TIPOM3BOJIBHOM TOUYKH Ha IMyTH peakuuu. B 3ToM ciydae cTpoka MHCTPYKUUN
OyJeT BBITJISAETh, HAPUMED, CIEIYIOIIUM 00pa3oM:

# W1U opt(modredundant)

DTO O3HAYaeT, YTO ONTUMHU3AIUS TEOMETPUU OYyJeT MPOU3BOAUTHCS MPH
(UKCUPOBAaHHOM pACCTOSHUM MEXIy aTroMamMu ¢ HoMmepamu 1 um 2. Orta
BO3MOXKHOCTh MOJKET OBITh HMCIOJIb30BaHa, HANpPHUMEp, JUIsl OIICHKH KOHCTaHT
CKOPOCTH peakuuil MeToA0M BaprallmOHHONW TEOPUU MEPEXOTHOTO COCTOSHUSA.

,leyzue MemoouKu BbICOKOMOUYHbBIX pacuemaoe

ITomumo PACCMOTPCHHBIX BBIIIC, H3BCCTCH pPAA MCTOJHMK BBICOKOTOYHBIX
pacueToB 3HEPTrUN MOJEKYJIAPHBIX CTPYKTYp, KOTOpble HE O(QOPMIICHBI B BHJE
3aMKHYTBIX TIponieyp. Huke OyneT kpaTko pacCMOTpPEH OJIMH U3 TaKUX TOJIX0I0B
— HEAT: High accuracy extrapolated ab initio thermochemistry 10 ectb
BricoxoTouHas HCOMITUPUYCCKAsA OKCTpAIIOJIUOHHAA TCPMOXHMHUA. M€T0)1
npeaHa3HavyeH ISl pacdyeTa SHEPruil aToMU3allud M DHTAJIbIUNA oOpa3oBaHUs
MOJIEKYJT M DSHTAJIBIHA peakuuid. ABTOpBl 3apaHEE YUHUTHIBAIM BO3MOKHOCTH
B3aMMHOW KOMIICHCAIIMK OITHOOK MPHU pacyeTe PEareHTOB U MPOJAYKTOB PEaKIIUN.
OTMeuaeTcsi TakKe JKeIaTeIbHOCTh (a B psAlAe CiaydyaeB M HEO0OXOIMMOCTH)
HCIIOJIB30BaHUA JOKCIICPUMCHTAJIBHBIX JAHHBIX TCILJIOT O6paSOBaHI/IH aTOMOB U3
MPOCTBIX BEIIECTB IIPHU pacueTax TEIUIOT 00pa30BaHUS MOJICKYI.

OnTuMH3anusi TeOMETPUUYECKON CTPYKTYpPbl U pacueTe SHEPruu HYJIEBBIX
KosiebaHui ucnoiab3yroT pacyer MetogoM CCSD(T) B 6asuce cc-pVQz. dopmyia,
0 KOTOPOM BBIYUCISIETCS JHEPrHsi MOJEKYyJbl B pamkax mnpotokoja HEAT,
COJIEP’KUT BOCEMb UJICHOB:

Eygar = Efr + AEcespry + AEccspr + AEcespro

[lepBhle aBa cClaraeMbIXx NPEACTABISIOT COOOM DKCTPAIONMPOBAHHBIE Ha
nonueii 6asuc sHeprur CCII ¥ KOppesiyH, PacCYMTaHHOW B MPHOIMKCHHH
CCSD(T) (o me mnomayto sHepruto Meroma CCSD(T)!). Pacuer xaptpu-
(OKOBCKO# 3HEPTHH MTPOU3BOAUTCS B Oazucax aug-c
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c-pcVXz (X=T(3), Q(4) u 5), sKCTpAIOJISIHS TPOBOIUTCS 11O GopMYyJIe
Effr = Efy + a exp(—bX).

OdeBuIHO, YTO ISl OTPECIICHUs HEU3BeCTHBIX Epy, & u b HeoOxommmo
BBITNIOJIHUTH TPH pacuera (Hampumep, ¢ X=T, Q, 5).

Jst AKCTPANOJIALINU SHEPTUn KOppesiuu MPUMEHSIOT
JBYXIApaMETPUYECKy10 (hopmMyITy

E()I(CSD(T) = ES%SD(T) +a/X>.

X 3_pY 3
E X3-E Y
0 __ Ecespm CCSD(T)
Torna Ecespery = X3_v3 -

Jisg  onpeneneHus EE%SD(T) JOCTaTOYHO IIPOBECTH JBa pacuera ¢

«COCeIHUMMY 3HaYeHUIMUA X U Y.

Tpetuit U yeTBepThId YJIEHBI MpEAHA3HAYEHBI [JIsI OLIEHKU BKJIAJOB OT
MOJIHOTO y4YeTa TPOWHBIX BO30OYKIEHWH W BO30YXKICHHA 00Jiee BBICOKHX
NOPSAKOB. YUTEHBl TaKKe BKJIAABl OT CKAIAPHOW PEIATUBUCTCKOW DJHEPTUU
(AERg;), nuaroHaibHOM momnpaBku bopHa-OrmreHreiiMepa Ha KOHEYHYIO Maccy
aToMHBIX sifiep (AEppoc) ¥ ciH-OpOuTaNIbHOE B3auMmoelictBue (AEgy).

Od4eBuaHO, YTO 9Ta OMHCAHHAs TMPOIEAypa MPUMEHHMA K OYEHb MaJbiM
CHUCTeMaM, BKJIOYAIOIIMM HE 0OJiee TPEeX «TSDHKEIBIX» aTOMOB (TO €CTh aTOMOB
MIEpPBOI0 MEPHUOJIA).

B nureparype ommcaHbl M Ipyrue€ METOJMKM TOYHBIX PACUYETOB SHEPTUU
aTOMU3ALMN U SHTAIBIUNA 00pa3oBaHus MoJieKyl. [Ipu 3TOM MOXXHO IpOCIEIUTh
CJIEYIOLME TEHICHIUY.

1. TlonHbIi OTKA3 OT HMCIOJIB30BAHUS METOAOB MHOTOYACTUYHOW TEOpUHU
BO3MYIICHUH B MOJIb3y METOIa CBSA3AHHBIX KJIACTEPOB.

2. bonpuioe BHUMaHuE K ONPENEICHUIO SHEPIMM HYJEBBIX KOJIEOaHUM,
npex;ie Bcero yuer 3(p¢pekToB aHrapMOHU3MA.

3. Otka3 oT pa3OueHHUs] PHEPTUN KOPPENSAIMUA Ha BKJIAAbl OT BAJICHTHBIX U
OCTOBHBIX 3JIEKTPOHOB, MPOU3BOJUTCS PACUET 3TOM BEIMYMHBI I BCEH
AJIEKTPOHHOM CHCTEMBI.

4. BkIlloueHHE B CXEMY pacueTa METObl SIBHOTO y4eTa MEX3JIEKTPOHHOTO
paccrostHus (R12 mmm F12) B ramuiibToHMaH U 6a3ucHBIN HAOOD.

B xauecTBe mpruMEpOB MOXHO PEKOMEHI0BAThH CIEAYIONIE PAOOTHI.
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W.Klopper, B.Ruscic, D.P.Tew, F.A.Bischoff, S. Wolfsegger,
Atomization energies from coupled-cluster theory calculations
augmented with explicitly-correlatrd perturbation theory, Chemical
Physics, 2009, 356, 14.

J.Zhang, E.F.Valeev, Prediction of Reaction Barriers and
Thermochemical Properties with Explicitly Correlated Coupled-Cluster
Methods: A Basis Set., J. Chem. Theory Comput., 2012, 8, 3175.

B.Nagy, B.Csontos, J.Csontos, P.Szakas, M.Kallay, High-Accuracy
Theoretical Thermochemistry of Fluoroethanes, J. Phys. Chem. A, 2014,
118, 4824

Cpaeuenue C IKcnepumernmom

TecTupoBaHn€ BBICOKOTOYHBIX METOJOB pPAcCyeTOB MPOBOJUTCS IyTEM
CpPaBHEHMS C AKCIEPUMEHTAIbHBIMUA JAHHBIMU MO DHTAIBIUAM 0O0pa30BaHUS WU
atomm3anui. OOBIYHO pacCMAaTPUBAIOTCS TAKXKE MOTYYCHHBIC 3HAUCHUS YHTPOITUU
NpU HOPMAJIbHBIX YCJIOBUSX. JOMOTHUTENHbHO AaHATU3UPYIOTCS JaHHBIE MO
MEXATOMHBIM PACCTOSTHUSAM M BaJICHTHBIM yTjlaM U Koyie0aTeabHbIM YacToTaM. Ho
MOHSATHO, YTO PE3yJIbTaThl PACUETOB ITUX MMAPAMETPOB SBJISIOTCS JUIIbL OJHOW U3
COCTAaBJIIONIUX 3HAYCHUH TEPMOXMMHUYECKMX BEJIMYMH, TOITOMY BBICOKAs
TOYHOCTh UX pacueTa He rapaHTUPYeT BBICOKOTO KayeCTBa PacueTOB IHTAILIUN
oOpa3oBaHusi M aroMu3anuu. [lodTOMy OCHOBHOE BHHMMaHHUE JOJKHO OBITh
yIEJIEHO OILIEHKE KaueCcTBa pacueTa 3JICKTPOHHOU SHEPTUHU CHUCTEMBI

Kak mnpaBuio, cpaBHEHME pe3yJbTATOB pacyeTra M OSKCIEPUMEHTA
OPOBOAMUTCA Ui CIEUUATbHO MOJOOpPAHHBIX TPYII U3 HECKOJIbKUX JIECATKOB
MOJIEKYJ, JUIsl KOTOPBIX HMMEITCS JOCTaTOYHO HAJEXKHbIE JaHHBIE [0
TEPMOXMMHUYECKUM XapakTepUCTUKaM. KayecTBO MeTroja OLIEHMBAETCS IyTEM
CpaBHEHUsI CpedHUX (M TMpEeXKIE BCEro, CPEAHEKBAIPATUYHBIX) OTKJIOHEHUU
PACUYETHBIX BEJIMYHUH OT SKCIIEPUMEHTATbHBIX.

HcTouHukoM cBeaeHU 00 OKCIEPUMEHTAJIbHBIX JaHHBIX  CIIy)KatT
pa3HooOpa3HbIe cripaBoYHbIe Ta0MHIBI. CChUTKH Ha OOJIBIIOE YHCIIO JOCTYIHBIX (B
YAaCTHOCTH, B UHTEPHETE) TaOJIMII 0 TEPMOXUMHUH COZepKaTcs B craThe B.RuUSCIC
et al., Introduction to Active Thermochemical Tables; Several “Key” Enthalpies of
Formation Revisited, J. Phys. Chem. A, 2004, 108, 9979. O0630p naHHBIX O
TOYHOCTH pPAacueToOB pa3HOOOpa3HBIX  CBOWCTB MOJIEKYJ] HEIMIUPUUECKUMU
METOJaMHi KBAaHTOBOM XMMHH MOYKHO HaWTH B paszaene 3.6.3 ydeOHOro mocoowus:
B.I'.Ilupenscon «KBanToBas xumus. MOJEKyIbl, MOJICKYJISPHBIE CUCTEMBI H
tBepabie Tena», M. BUHOM. JlaGopaTtopust 3nanuii, 2010.
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Bonpmoe uwncno pa3sHOOOpa3HBIX HSKCHEPUMEHTANBHBIX JAHHBIX MOYKHO
HalTH Ha caiite HanimonaneHoro uHctutyTa ctanaaptoB (CIIIA)

http://webbook.nist.gov/chemistry

Upe3BbluaiiHO MOJIE3HbIE CBEACHUS 110 COMOCTABICHUIO AKCIIEPUMEHTAIIbHBIX
Y PacyeTHBIX (KBAHTOBOXMMHUYECKHUX) IAHHBIX COAEPIKATCS HA TOM K€ cailTe

http://cccbdb.nist.gov

K coxanenuto, B paborax 3amaJHBIX aBTOPOB HET CCHUIOK Ha
byHmameHTaIbHOE W3AaHue «TepMoauHAMUYECKHE CBOMCTBA WHIWBHIYaTbHBIX
BEIIECTBY, omyOnuKkoBanHoe (o penakuueit B.I1.I'mymko) B 1978-1979 romax. B
CBSI3U C TEMATHKOM JAaHHOTO PYKOBOJICTBA OCOOBIN MHTEPEC MPECTABISIOT ToMa |
u 2. CripaBouHUK uMeeTcs B ouoimoreke Muctutyra xumuu CIIOTY.

B mocnegHue roapl B Ka4eCTBE «ITAJOHHBIXY» 3HAYCHUN TEPMOXUMHUYCCKUX
JAHHBIX BCE 4Yallle HCIOJIB3YIOTCA JaHHbIe, MojydeHHble B Tmipoekte ATcT
(AxTuBHBIE TepMoxumudeckue Tabnuubl). I[logpoOHOE omnUcaHue METOAUKU
IOCTPOCHHUS TaOJIUIL coaepkuTcs B ctathe B.Rustcic et al., Intriduction to Active
Thermochemical Tables: Several “Key” Enthalpies of Formation Revisited, J.
Phys. Chem. A, 2004, 108, 9979. KpaTtkoe u3oXeHUE UICH, peaM30BaHHBIX B
npotokosie ATCT, moxkHo Haiith B crathe B.Ruscic, J.V. Michael, P.C.Redfern,
L.A.Curtiss, K.Raghavachari, Simultaneous Adjustment of Experimentally Based
Enthalpies of Formation of CF3X, X=nil, H, CI,Br, I, CF3, CN, and a Probe of G3
Theory, J. Phys. Chem. A, 1998, 102, 10889. Msl Oyaem cieaoBaTh 3TOM
MyOJIMKALINH,.

TepMmoxumuyeckas ceTb MpEJCTaBiIsieT CcoOOW Ha0Op  u3eecmmHblX,
OKCHEPUMEHTAIBHO ONPEACIICHHBIX TEIUIOT XUMHUYECKUX PEAKLIUM, KOTOPBIE
CBA3BIBAIOT MEXJy COOOM 3JeMEeHThl OJIOKa, COAEPkKAIIEr0 UCKOMble TEIIOThI
oOpa3zoBanusi MoJiekyld. BooOmie roBopsi, HEKOTOpble W3 OSTUX DSHTAIBIUN
oOpa3zoBaHusi MOTYT OBITh TaKK€ W3BECTHBI C BBICOKOW ToyHOCTHIO. Ha Puc. 2
IIPE/ICTaBIICHA JIOKAJIbHAsS CETh, BKIIFOYAOIIas (TOPUIIBI YIIIEpOda B HEKOTOPBIE MX
MIPOU3BOJHBIE.

Paccmorpum peakiro AB+CI AC+D. TlpucBouM 3Toi peakIMy MHAEKC i,
nyctb A, H,gg(i) = A; £ A;, tne A; u A; — ompeneneHHble SKCIEPHUMEHTAIBHO
DHTAIBIMS PEAKIUMH W NOTPEHIHOCTh MW3MEPEHHUs, 3asBICHHAas aBTOpaMu
skcriepuMenTa. Termnotel obOpa3zoBanuss C u D Oyaem paccMmarpuBaTh Kak
MOCTOSTHHBIE, OTIPEIETICHHBIE U3 AKCIIEPUMEHTA. DHTaNIbINU oOpa3oBanus AB u
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Puc. 2 JlokansHas (5
TEPMOXHMHYECKAS ] @
CETE,
IpeHa3HAYEHHAS
UL OTIpEIENEeHHS
TEIUIOTEI
o0pa3zoBaHuA
(dhTOpYyIIIEpONOB H
HX [IPOM3BOJIHEIX

AC sBnsioTCS HEW3BECTHBIMU. MMess ckKa3aHHOE B BHIYy, TIIOCIE psjaa
npeoOpa3oBaHUil MMOTydaeM

ApHy95(AC) — ApHyo5(AB) = (A; £ A;) + ArHypog(C) — ApHyeg(D) =

Takum oOpazom, ceTh, copeprkamias M «3BEHbEB» (FHTAIBINN PeaKinii) u N
HEW3BECTHBIX (PHTAIBNHKA OO0pa30BaHUsA), MOPOXKIAET CHUCTEMY M JTHMHEHHBIX
ypaBHEHUH C N HEU3BECTHBIMU

Z] Cij x] = aii5i, j:l’ 2, N, i=1, 2, ..M.

Kak mpaBuiio, m > N, Tak 4T0 CUCTEMa SIBISETCS TIEPEONPEICIICHHOMN, KpoMe
toro, Matpuna C SBISETCS OYCHb Pa3pPEKECHHOHM, TaK KaK B KaXKIOW CTPOKE
cofepKarcs OOBMHO JMIIb OJMH — JBa HEHYNEBBIX Kod(duumenra ¢,
OTPAXAIOIIUX CTEXHOMETPHIO peaklHuu. PelieHne CUCTeMBl TPOU3BOJAUTCS
METOJIOM HaMEHBIIINX KBaIPaTOB.

OneHka TOYHOCTH pe3yJabTaTOB, INOJYYCHHDBIX PAa3HBIMHA METOAAMMHU

B IlpunoxeHusix Mbl BOCHPOU3BOJMM TEKCThI psijla CTATEW,
KOTOpBIE TO3BOJISIOT OoJiee MOAPOOHO O3HAKOMHUTHCS C PACUETHBHIMU
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poIeypaMH, KPaTKO ONMHCAaHHBIMH B MPEIIICCTBYIOIIEM TEKCTE.
Kpome Ttoro, 3t cTatbu Jar0T BO3MOKHOCTH OJIMkKE MO3HAKOMUTHCS C
BEJIMYMHAMHU DPAa3HbIX BKJIAJ0B B KOHEYHBIM pe3ysibTaT (Hampumep,
TEIJIOTY O00pa3oBaHUs MOJIEKYJIbI), a TaKXe CO 3HAYEHUSIMH
OTKJIOHCHHH OT OJKCIEPUMEHTAIBHBIX JaHHBIX JUII KOHKPETHBIX
COCMHEHHM. DTU PabOThI MO3BOJISIOT MPOCIEAUTh IMyTh OT METOJMOB,
YAaCTUYHO MCIOJIB3YIOMUX SMIUPUICCKUE TOMPABKH M METOJbl THUIIA
B3LYP, x mpouneaypam, noctpoeHHbiM (He cuutas CCII pacuera)
UCKIIIOUUTEIILHO Ha pacdeTax METOJIOM CBSI3aHHBIX KJIACTEPOB, B TOM
guciie Bkovaronux explicitly correlated BapuanTts aToro meroza.

B 93TuX crareAX MOXKHO HAWTU CTAaTUCTUYECKUN aHaAJIU3
OTKJIOHCHMM PACUYETHBIX JAHHBIX OT JKCIEPHUMEHTa HE TOJBKO s
SHTANBNHUN 00pa30BaHMs WJIM aTOMH3AIMU, HO W JUIS TIOTCHIIMAJIOB
MOHU3AIIUU, CPOJICTBY K MJIEKTPOHY U MPOTOHY.

W3 naHHBIX, MPUBENCHHBIX B YKA3aHHBIX WJIH YIOMSHYTBHIX B
TeKCTe paboTax, BHJIHO, YTO C TOYKH 3PCHHS TOYHOCTH pacyera
SHTANBIUN oOpa3oBanus Mojekyn metoasl G3/G4 u W1 crneayer
OTHECTH K METOJAM XMMHYECKO TouHocTH. Tak, mis meronoB G3/G4
CpeaHeKBagpaTUYHble OTKJIOHEHUS! (270 coeAMHEHU) COCTaBISIOT
1.67 u 1.19 xkai/mMoab COOTBETCTBEHHO. [[yisi Ooijiee TPya0eMKOTO
merona W1 sta Benmumna (97 coenuHeHuid) paBHA MPUOIU3UTEIHHO
0.6+0.5 xxan/monb. [lo-Buaumomy, OGoJiee MO3MHUE BapUaHTBI METOJA
JalT 00Jiee BHICOKYIO TOUHOCTb.

Mertoasl, onucanHeie B pabotax 3onTaca u ap. u HEAT,
MO3BOJIAIOT MMOJy4YaTh TEIJIOTHI OOpa3oBaHUsT C MOTPEHTHOCTHIO
nopsaka 0.5 x/[x/mMons. Ciaegyer OTMETUTh, YTO AT METOJbl BEChbMa
TPYJIOEMKH U TPEOYIOT UCIIOJIb30BAHUS HE BCEM JOCTYIHBIX MPOrpaMM
U PACIIUPEHHBIX BHIYUCIUTEIBHBIX BO3MOKHOCTEH.
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The Gaussian-4 theory (G4 theory) for the calculation of energies of compounds containing first-
(Li-F), second- (Na—Cl), and third-row main group (K, Ca, and Ga—Kr) atoms is presented. This
theoretical procedure is the fourth in the Gaussian-n series of quantum chemical methods based on
a sequence of single point energy calculations. The G4 theory modifies the Gaussian-3 (G3) theory
in five ways. First, an extrapolation procedure is used to obtain the Hartree-Fock limit for inclusion
in the total energy calculation. Second, the d-polarization sets are increased to 3d on the first-row
atoms and to 4d on the second-row atoms, with reoptimization of the exponents for the latter. Third,
the QCISD(T) method is replaced by the CCSD(T) method for the highest level of correlation
treatment. Fourth, optimized geometries and zero-point energies are obtained with the B3LYP
density functional. Fifth, two new higher level corrections are added to account for deficiencies in
the energy calculations. The new method is assessed on the 454 experimental energies in the G3/05
test set [L. A. Curtiss, P. C. Redfern, and K. Raghavachari, J. Chem. Phys. 123, 124107 (2005)], and
the average absolute deviation from experiment shows significant improvement from 1.13 kcal/mol
(G3 theory) to 0.83 kcal/mol (G4 theory). The largest improvement is found for 79 nonhydrogen
systems (2.10 kcal/mol for G3 versus 1.13 kcal/mol for G4). The contributions of the new features
to this improvement are analyzed and the performance on different types of energies is discussed.

© 2007 American Institute of Physics. [DOI: 10.1063/1.2436888]

I. INTRODUCTION

A number of approaches, based on quantum chemical
methods, have been developed over the past decade and a
half to make accurate predictions of thermochemical data.
The Gaussian-n (Gn) theories (n=1,2,3)," which we have
developed, employ a set of calculations with different levels
of accuracy and basis sets with the goal of approaching the
exact energy. In the Gn approach, a high level correlation
calculation [e.g., QCISD(T) and CCSD(T)] with a moderate
sized basis set is combined with energies from lower level
calculations (e.g., MP4 and MP2) with larger basis sets to
approximate the energies of more expensive calculations. In
addition, several molecule-independent empirical parameters
[higher level correction (HLC) terms] are included to esti-
mate remaining deficiencies, assuming that they are system-
atic. An alternate and more accurate approach for the calcu-
lation of thermochemical data is based on CCSD(T)
calculations using very large correlation consistent basis sets
extrapolated to the complete basis set limit with addition of
corrections for some smaller effects not included in the cal-
culations such as core-valence effects, relativistic effects, and
atomic spin-orbit effects.*”" This type of approach is limited
to smaller molecules because of the use of very large basis
sets. An intermediate approach referred to as correlation con-
sistent composite approach (ccCA) that uses correlation con-

0021-9606/2007/126(8)/084108/12/$23.00
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sistent basis sets with no parametrization has recently been
introduced.'*"* Other composite techniques related to the
Gaussian-n methods have also been introduced. These in-
clude the complete basis set methods of Montgomery, Jr. et
al."*" and the multicoefficient methods of Truhlar and
co-workers.'*!

Concurrent with the development of the Gaussian-n
theories, we have compiled a series of data sets of accurate
experimental data, which have been used in the assessment
of theoretical methods for energy calculations. The first in
this series was the G2 test set of 125 energies.2 This was
followed by the G2/97 (301 energies),”® G3/99 (376
energies),19 and G3/05 (454 energies)zo test sets. Each suc-
ceeding test set included energies from the preceding test
sets and additional species of larger sizes and of different
types. The test sets contain thermochemical data such as en-
thalpies of formation, ionization potentials, electron affini-
ties, and proton affinities chosen based on a listed accuracy
of 1 kcal/mol or better in critical compilations. The latest
test set, G3/ 05,20 contains 270 enthalpies of formation, 105
ionization energies, 63 electron affinities, 10 proton affini-
ties, and 6 hydrogen-bonded complexes. The expansion from
G3/99 to G3/05 was done by including 14 new enthalpies of
formation of nonhydrogen species, 58 energies of molecules
containing third-row elements, and 6 hydrogen bonded com-

© 2007 American Institute of Physics
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plexes. The nonhydrogens were added because these have
generally been the most difficult type of molecule for the Gn
methods to handle. The energies of the third-row elements
and hydrogen bonded complexes were added to the test set
for the first time in G3/05. This new test set provides a more
rigorous database with which to evaluate quantum chemical
methods than the previous ones.

When the G3 theory was originally published, it was
assessed on the G2/97 test set and was found to have an
average absolute deviation of 1.02 kcal/mol from
experiment.3 The two succeeding test sets, G3/99 and
G3/05, gave average absolute deviations of 1.07 and
1.13 kcal/mol, respectively, for the G3 theory.lg’20 The in-
crease in the error is partially due to the poor performance of
the method on the subset of first- and second-row nonhydro-
gen species with the deviation of that subset increasing from
1.66 kcal/mol (G2/97) to 2.10 kcal/mol (G3/99) to
2.34 kcal/mol (G3/05). Each succeeding nonhydrogen sub-
set contains, on average, larger species, which is also respon-
sible for the increase in the average error. (The average ab-
solute deviation given above for the nonhydrogen subset of
G3/05 does not include 18 species from the third-row entries
which are smaller and, when included in the statistics, reduce
the error to 2.10 kcal/mol.) The other contributor to the in-
crease in deviation from the G2/97 test set is an increase in
the error in the substituted hydrocarbon and inorganic hy-
dride subsets, although these are still under 1 kcal/mol.
Thus, molecules with no hydrogens are the most challenging
for the G3 theory.

In this paper, we describe modifications to the G3 theory
that help to improve its overall performance as well as its
performance on the nonhydrogen species. We refer to the
resulting method as the G4 theory. This methodology is con-
sistent with the Gn approach in past publications: i.e., it is a
composite technique aimed at getting accurate energies with-
out requiring extensive computer resources. This approach
depends on a cancellation of errors as well as well-defined
parameters to achieve this. The modifications included in the
G4 theory include (1) an extrapolation procedure to obtain
the Hartree-Fock (HF) limit for inclusion in the total energy
calculation, (2) increase of the d-polarization sets to 3d on
the first-row atoms and to 4d on the second-row atoms, with
reoptimization of the exponents for the 4d set, (3) the re-
placement of the QCISD(T) method by CCSD(T), (4) geom-
etries and zero-point energies obtained at the B3LYP/6-
31G(2df,p) level, and (5) two new higher level correction
parameters to account for deficiencies in radicals and in spe-
cies having only one electron pair in the valence space. The
HF energy extrapolation used here eliminates any error that
may be present due to the incompleteness of the basis set in
the HF energy, thus reducing the sources of error in the cal-
culation. This was partially implemented in a version of the
G3 theory published in 2001, referred to as the G3X theory,zl
in which a g function was added to the second-row atoms.
The use of density functional geometries and zero-point en-
ergies was also included in the G3X method. The details of
these five modifications are described in Sec. II. It is shown
in Sec. III that the G4 theory gives a significant overall im-
provement on the G3/05 test set, particularly for nonhydro-
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gens. In Sec. III, we also discuss reasons for the remaining
outliers, i.e., molecules with errors larger than 2 kcal/mol.
We present a “complete” version of the G4 theory that is
based on a single calculation using the full basis set. This
method, G4 (complete), corrects a problem with the G3
theory, where calculations without additivity approximation
have a significantly larger average absolute deviation than
the version with additivity. Conclusions are given in Sec. IV.

Il. DESCRIPTION OF THE GAUSSIAN-4 THEORY

The Gaussian-4 theory is a composite technique in
which a sequence of well-defined ab initio molecular orbital
calculations is performed to arrive at a total energy for a
given molecular species. The steps in the G4 theory and the
differences with the G3 theory3 are as follows.

(I) The equilibrium structure is obtained at the
B3LYP/6-31G(2df,p) level. Spin-restricted theory is
used for singlet states and spin-unrestricted theory for
others. This differs from the G3 theory in which the
geometries are calculated at the MP2(full)/6-31G”
level. As shown in our paper on the G3X theory,21 the
use of the B3LYP density functional theory22 for geom-
etries leads to an improvement in overall results com-
pared to using the MP2 theory, which was used in the
formulation of G1, G2, and G3 theories.

(2) The B3LYP/6-31G(2df,p) equilibrium structure is
used to calculate harmonic frequencies, which are then
scaled by a factor of 0.9854 (Ref. 21) to take account of
known deficiencies at this level. These frequencies give
the zero-point energy E(ZPE) used to obtain E|,. This is
a change from the G3 theory, in which HF/ 6-31G" was
used for zero-point energies and the scale factor was
appropriate for vibrational flrequencies.23 In most cases
this modification should be more reliable.

(3) The Hartree-Fock energy limit E(HF/limit) is calcu-
lated. This is a new step that was not included in pre-
vious methods. The Hartree-Fock basis set limit is de-
termined using a linear two-point extrapolation
scheme®*? and Dunning’s aug-cc-pVnZ basis sets, 20728

EyFjang-ce-pvnz = Enpnimic + B exp(- an), (1)

where n is the number of contractions in the valence
shell of the basis set and « is an adjustable parameter.
The above formula yields a set of two linear equations
with two unknowns from which the Hartree-Fock limit
can be determined analytically, Eppimi(n,n+1)
=(Enpsne1— Enprn exp(=a))/(1-exp(-a)). We investi-
gated various pairs of n,n+1 values and « values. We
found that calculating the Hartree-Fock limit using n
=4, n+1=5 (aug-cc-pVQZ and aug-cc-pV5Z basis
sets), and a=1.63 gave nearly converged values for a
set of large molecules from the G3/05 test set. In order
to reduce the computational time required, we modified
the standard aug-cc-pVQZ and aug-cc-pV5Z basis sets
by reducing the number of diffuse functions on heavy
atoms and by reducing the hydrogen basis set as de-
scribed in Appendix A. These basis set modifications
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saved significant computer time, without reducing the
accuracy.

A series of single point correlation energy calculations
is then carried out. The first is based on the complete
fourth-order Moller-Plesset perturbation theory with the
6-31G(d) basis set, MP4/6-31G(d). This is modified
by corrections from additional calculations.

(a) a correction for diffuse functions,

AE(+) = E[MP4/6-31 + G(d)] - E[IMP4/6-31G(d)],

(2)
(b) a correction for higher polarization functions,
AEQ2df,p) = E[]MP4/6-31G(2df,p)]
— E[MP4/6-31G(d)], (3)

(c) a correction for correlation effects beyond a fourth-

order perturbation theory using a coupled cluster
theory,

AE(CC) = E[CCSD(T)/6-31G(d)]
— E[MP4/6-31G(d)], (4)

(d) a correction for larger basis set effects and for the

nonadditivity caused by the assumption of separate
basis set extensions for diffuse functions and higher
polarization functions,

AE(G3LargeXP) = E[MP2(full)/G3LargeXP]
— E[MP2/6-31G(2df,p)]
— E[MP2/6-31 + G(d)]
+ E[MP2/6-31G(d)]. (5)

The basis sets in (a)—(c) are the same as those in the
G3 theory.” In step (d) the G3LargeXP basis is used
instead of the G3Large basis set’ to correct for some
additivity problems discussed in Sec. III. The differ-
ence between the two basis sets is added
d-polarization functions in G3LargeXP (with XP
standing for extra polarization functions). The new
exponents and a description of how they were ob-
tained are given in Appendix A. The 2df polariza-
tion set in G3Large on the first row is replaced by a
3df set in G3LargeXP, the 3d2f polarization func-
tions on the second row (Al-Cl) are replaced by
4d2f, and no changes are made for Na, Mg, K, Ca,
and Ga—Kr. The other difference in step 4 is that the
QCISD(T)/6-31G" calculation is replaced by
CCSD(T)/6-31G". This is done because in some
cases the QCISD(T) method has rather dramatic
failures, which does not occur for the CCSD(T)
method.*** The MP4 and CCSD(T) calculations
are done in the frozen core approximation, while the
MP2 calculation with the large basis set is done with
all electrons correlated. The electrons included in
the frozen core for the G4 theory are the same as
those for the G3 theory; i.e., the 3d on Ga—Kr and
3s and 3p on K and Ca are included in the correla-
tion space and the 2s,2p on Na and Mg are included

(5)

(6)
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in the valence space. This has been defined
elsewhere®’ as the “small core” treatment of
correlation.

The MP4/6-31G(d) energy and the four correlation
corrections from step 4 are combined in an additive
manner along with a correction for the HF limit (step 3)
and a spin-orbit correction, AE(SO)

E(combined) = E[MP4/6-31G(d)] + AE(+)

+ AEQ2df,p) + AE(CC)

+ AE(G3LargeXP) + AE(HF)

+AE(SO). (6)
The AE(HF) is calculated as the difference between
E(HF/G3LargeXP) calculated in step 4 and

E(HF/limit) calculated in step 3 [i.e., AE(HF)
=E(HF/limit) - E(HF/G3LargeXP)]. A spin-orbit term
is included for atoms, as described previously for the
G3 theory for the first- and second-row” and for the
third-row main group elements.”* ™ This is taken from
experiment35 where  available and  accurate
calculations®™® elsewhere. The atomic spin-orbit cor-
rections are listed in Table I. A spin-orbit correction is
also included for all molecules with first order correc-
tions (*IT diatomics). In this case the spin-orbit correc-
tion is taken from accurate theoretical calculations and
are given in Ref. 32.

A HLC is added to take into account remaining defi-
ciencies in the energy calculations,

E,(G4) = E(combined) + E(HLC). (7)

The form of the HLC is the same as for the G3 theory3
except that two additional parameters (A" and E) have
been added. The HLC parametrization used in the G4
theory is —An 8 for closed shell molecules, —A'n 8
—B(n,—ng) for open shell systems, and —Cng—D(n,
—ng) for atoms (including atomic ions). The ng and n,,
are the number of B and « valence electrons, respec-
tively, with n,=ng The number of valence electron
pairs corresponds to ng. The A’ parameter has been
added to the G4 theory to account for deficiencies in
pairs of electrons in radical molecular species including
ions. In addition, we have added a parameter, E, that
corrects for the energy of pairs of electrons in molecu-
lar and atomic species whose valence electrons consist
only of one pair of s electrons (not including systems
having one or more 1s electrons). These single electron
pair species represent a special case for which the basis
set requirements are not as great. The A, A’, B, C, and
D values are chosen to give the smallest average
absolute deviation from experiment for the whole
G3/05 test set. The value of E is determined by the
minimization of the root mean square deviation of the
energies involving the subset of 13 species from the
G5/03 test set that involve single pairs of electrons
(see Table IV for this subset). For the G4 theory,
A=6.947 mhartree, = B=2.441 mbhartree, C=7.116
mhartree, D=1.414 mhartree, A’ =7.128 mhartree, and
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TABLE I. Total G4 energies (in hartrees) of atomic species and spin-orbit corrections (in mhartrees).

Atomic Atomic Atomic

species species Ey(G4) AE(SO)? species E\(G4) AE(SO)*
H (%) H (%) -0.501 42 0.0 F* (P) -99.066 11 -0.67
He ('5) He ('S) -2.90491 0.0 Ne* (°P) —-128.108 67 -1.19
Li (35) Li (38) —7.466 36 0.0 Na* ('S) -161.928 92 0.0
Be ('$) Be ('5) —14.657 65 0.0 Mg* (%) -199.630 07 0.0
B (°P) B (°P) —24.646 65 -0.05 Al* (15) —-242.001 35 0.0
C (°P) C (’P) —-37.834 17 -0.14 Sit (°P) —288.937 90 -0.93
N (%5) N (%5) —-54.573 67 0.0 P+ 3P) —340.749 63 -1.43
0 (°P) 0 (°p) ~75.045 50 -0.36 St (49) -397.601 63 0.0
F (?P) F (°P) -99.704 98 -0.61 cI* (p) -459.540 26 -1.68
Ne (') Ne ('S) —128.900 99 0.0 Ar* (°P) —-526.82278 -2.18
Na (%) Na (%) -162.117 89 0.0 K* ('S) —-599.553 54 0.0
Mg ('S) Mg (1S) -199.912 04 0.0 Ca* (%9) -677.13971 0.0
Al (°P) Al (°P) —242.22107 -0.34 Ga* ('S) —1924.129 16 0.0
Si (°P) Si (°P) -289.237 04 -0.68 Ge* (°P) -2076.150 05 -5.37
P (45) P (%) —341.134 63 0.0 As* 3P) —2234.95193 -8.04
s (p) s (p) -397.980 18 -0.89 Se* (45) —2400.620 74 0.0
Cl (>P) Cl (>P) -460.015 05 ~1.34 Br* (°P) -2573.15178 -6.71
Ar (1S) Ar (1S) —527.400 45 0.0 Kr* (°P) 275271329 -8.16
K (%) K (%5) -599.712 19 0.0 Li~ ('5) —7.490 42 0.0
Ca ('5) Ca (15) -677.36261 0.0 B~ (°P) -24.65571 -0.03°
Ga (°P) Ga (°P) —1924.350 57 -2.51 Cc (*s) —37.879 08 0.0
Ge (°P) Ge (°P) -2076.440 70 -4.41 0™ (*P) ~75.098 47 -0.26
As (4S) As (%S) —2235.31207 0.0 F ('5) —-99.833 64 0.0
Se (°P) Se (°P) —2400.977 97 -43 Na™ ('S) ~-162.13976 0.0
Br (*P) Br (°P) —2573.585 37 -5.6 Al CP) —242.23593 -0.28"
Kr ('S) Kr ('S) —2753.225 82 0.0 Si~ (48) —-289.286 57 0.0
He* (35) He* (35) -2.001 39 0.0 P (*P) —341.159 86 -0.45°
Lit (18) Lit (18) -7.26761 0.0 S~ (P) —-398.055 13 -0.88°
Be* (25) Be* (25) -14.31378 0.0 cr- ('s) —-460.146 71 0.0
B* (1) B* ('5) —24.34323 0.0 K- (') —-599.730 00 0.0
ct (°P) ct (?P) —37.421 83 -0.2 Ge™ (*5) —-2076.487 18 0.0
N* (°P) N* (°P) —54.040 65 -0.43 Br ('S) -2573.710 12 0.0
o+ (*S) o (%) —74.547 31 0.0

™)

“Spin-orbit corrections are from Ref. 33, except where noted.

®Calculated value, Ref. 34.

E=2.745 mhartree. The effect of adding the two new
parameters is discussed in more detail in the next sec-
tion. Note that in the case of the third-row species (K,
Ca, and Ga-Kr) the HLC is based only on the valence
electrons, i.e., 4s and 4p, although more orbitals are
included in the correlation calculation (see step 4
above). This is slightly different from what was done in
the G3 theory for the third row>” where the HLC for K
and Ca included 3s and 3p as valence electrons for the
calculation of the HLC.

Finally, the total energy at 0 K is obtained by adding
the zero-point energy, obtained from the frequencies of
step 2, to the total energy,

E,(G4) = E,(G4) + E(ZPE). (8)

The energy E| is referred to as the “G4 energy.”

The single point entry calculations in the G4 theory are

summarized in Fig. 1. The final total energy is effectively at
the CCSD(T,full)/G3LargeXP+HFlimit level if the differ-
ent additivity approximations work well. The validity of such
approximations is discussed in the next section. All calcula-

tions in this paper were done with the GAUSSIAN 03 computer
program.37 All of the basis sets in the G4 theory, with the
exception of G3LargeXP and the third-row basis sets, are
standard in GAUSSIAN 03. The latter basis sets are available
on the web®® and in the supplementary information.”

HF MP2 MP4 CCSD(T)
6-31G(d) X . X X
6-31+G(d) X X X
6-31+G(2df,p) X X X
G3LargeXP X X
Limit e

FIG. 1. Single point energies used in the G4 theory (bold entries are new or

modified from the G3 theory).
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TABLE II. Comparison of average absolute deviations and root mean
square deviations for G3 and G4 theories for the G3/05 test.

Average absolute Root mean square
deviation (kcal/mol) deviation (kcal/mol)

Type of energy G3 G4 G3 G4
Enthalpies of formation (270) 1.19 0.80 1.78 1.10
Nonhydrogens (79) 2.10 1.13 2.85 1.49
Hydrocarbons (38) 0.69 0.48 0.93 0.70
Substitutes hydrocarbons (100) 0.82 0.68 1.12 0.94
Inorganic hydrides (19) 0.95 0.92 1.19 1.12
Radicals (34) 0.83 0.66 0.97 0.79
Tonization energies (105) 1.09 0.91 1.61 1.45
Electron affinities (63) 0.97 0.83 1.35 1.03
Proton affinities (10) 1.14 0.84 1.29 1.04
Hydrogen bonded complexes (6) 0.60 1.12 0.77 1.53
All (454) 1.13 0.83 1.67 1.19

lll. ASSESSMENT OF THE G4 THEORY
ON THE G3/05 TEST SET

The G3/05 test set’® contains 454 energies including
enthalpies of formation of neutrals, atomization energies,
ionization potentials, electron affinities, proton affinities, and
hydrogen bond energies. This test set includes energies for
species containing first-, second-, and third- and (K, Ca, and
Ga—Kr) row elements. The enthalpies of formation at 298 K
were calculated as in Ref. 18. The ionization potentials, elec-
tron affinities, atomization energies, and proton affinities
were calculated at 0 K.'®

The G4 theory was used to calculate the energies of
atoms, molecules, and ions in the G3/05 test set. Table 1
contains the G4 total energies of the atomic species and the
spin-orbit corrections AE(SO), which are included in the to-
tal energies. The G4 total energies for the molecules and
their geometries are available elsewhere,3 839 s are the G4
deviations from experiment of all 454 energies. Table II con-
tains a summary of the average absolute deviations and root
mean square deviations of the G4 theory from experiment,
with results for G3 included for comparison.

A. Comparison of G3 and G4 theories

The results in Table II indicate that for the 454 energies,
the average absolute deviation from experiment at the G4
level is 0.83 kcal/mol, which is a significant improvement
over 1.13 kcal/mol for the G3 theory. The root mean square
deviation of the G4 theory (1.19 kcal/mol) also significantly
improves compared to that of the G3 theory (1.67 kcal/mol).
The G4 theory especially improves for enthalpies of forma-
tion (1.19 kcal/mol for G3 versus 0.80 kcal/mol for G4),
with the largest improvement occurring for nonhydrogens,
although all of the other enthalpy types (hydrocarbons, sub-
stituted hydrocarbons, inorganic hydrides, and radicals) also
show improvement due to the changes made in the G4
theory. The average absolute deviation for enthalpies of for-
mation of 79 nonhydrogens decreases from 2.10 kcal/mol
(G3) to 1.13 kcal/mol (G4). The improvement for the re-
maining species is smaller since the G3 theory is already
well within the target accuracy of 1 kcal/mol. The next larg-
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FIG. 2. Comparison of accuracies of Gn methods for the G2/91 (also re-
ferred to as the G2 test set) and G3/05 test sets.

est improvement occurs for the 38 hydrocarbons for which
the average absolute deviation decreases from 0.69 kcal/mol
(G3) to 0.48 kcal/mol (G4). The average absolute deviation
for the 100 substituted hydrocarbons decreases from
0.82 to 0.68 kcal/mol, while that for the 34 radicals de-
creases from 0.83 to 0.66 kcal/mol. Finally, the enthalpies
for 19 inorganic hydrides improve slightly from
0.95 to 0.92 kcal/mol.

The G4 theory also has significant improvements over
the G3 theory for ionization energies electron affinities, and
proton affinities. These three quantities have average abso-
lute deviations of 0.91, 0.83, and 0.84 kcal/mol, respec-
tively, at the G4 level compared to 1.09, 0.97, and
1.14 kcal/mol at the G3 level. The only type of energy for
which the accuracy decreases is hydrogen bond energies,
which have an average absolute deviation of 1.12 kcal/mol
at the G4 level compared to 0.60 kcal/mol at the G3 level.
This increase is due to poor results for the water and hydro-
gen fluoride dimers where the B3LYP/6-31G(2df,p) geom-
etries fail. This will be discussed in more detail later.

The G3X theory,21 which we previously published, is an
extension of the G3 theory that has two of the new features
that are included in the G4 theory. The average absolute de-
viation of G3X from experiment is 1.01 kcal/mol for the
G3/05 test set. The G4 theory has an additional three new
features that make a substantial improvement over G3X to
reduce the average absolute deviation to 0.83 kcal/mol.
First, the HF limit step in G4 is more rigorous than the in-
clusion of a single g function on second-row atoms for the
G3X theory. While the inclusion of a g function is an im-
provement, it can still miss significant HF energy. For ex-
ample, for SFq the HF basis set in G3X still misses
1.8 kcal/mol of the HF binding energy compared to the ex-
trapolated limit. Second, the expanded d-polarization set in
the G4 theory corrects a problem in the complete (i.e., non-
additive) version of G3 and G3X theories, as discussed in
Sec. III C. Third, the higher level correction parameter set is
increased from four to six. A comparison of the accuracy of
the Gn methods, n=1-4, is shown in Fig. 2.
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TABLE III. Contributions of different modifications of G3 theory to the performance of G4 theory on the G3/05 test set. [G3//B2df uses
B3LYP/6-31G(2df,p) optimized geometries and scaled zero-point energies instead of MP2/6-31G" geometries and HF/6-31G" scaled zero-point energies;
G3(CC)//B2df replaces QCISD(T)/6-31G" with CCSD(T)/6-31G"; G3(CC,HF)//B2df adds the estimated HF limit to the energy where AE(HF)
=E(HF/limit) - E(HF/G3Large); G3(CC,HF,XP)//B2df includes extra polarization functions on the G3Large basis set, i.e, G3LargeXP. See text for more
details of the modifications. In each case the HLC as defined for the G4 theory was reoptimized using the G3/99 test set.]

Average absolute deviation (kcal/mol)

H-bond
All (454) Neutral enthalpies” 1Ps EAs PAs complexes
G3 1.13 1.19(2.10,0.69,0.82,0.95,0.83) 1.09 0.97 1.14 0.60
G3//B2df 1.06 1.09(1.88,0.55,0.82,0.87,0.75) 1.04 0.99 1.09 1.06
G3(CC)//IB2df 1.06 1.08(1.85,0.55,0.81,0.83,0.79) 1.06 1.01 1.05 1.06
G3(CC,HF)//B2df 0.92 0.87(1.26,0.61,0.68,0.88,0.78) 1.07 0.93 0.83 1.13
G3(CC,HF,XP)//B2df 0.90 0.84(1.27,0.47,0.69,0.89,0.68) 1.01 0.95 0.84 1.12
G3(CC,HE,XP,HLC5) 0.87 0.83(1.27,0.48,0.68,0.87,0.65) 0.92 0.93 0.83 1.12
G3(CC,HF,XP,HLC6)=G4 0.83 0.80(1.13,0.48,0.68,0.92,0.66) 091 0.83 0.84 1.12

“Values in parentheses are for the molecules in the subsets in the following order: nonhydrogens, hydrocarbons, substituted hydrocarbons, inorganic hydrides,
and radicals. The neutral enthalpy subset here includes results for atomization energies for third-row species that were added to the test set in Ref. 18.

B. Assessment of the new features of the G4 theory

We calculated the contributions of the five new features
in the G4 theory to the average absolute deviation from ex-
periment relative to the G3 theory in a stepwise manner,
including reoptimization of the HLC at each step. The results
for the G3/05 test set are summarized in Table III and are
discussed in this section.

1. Geometries and zero-point energies (G3// 2df)

The use of B3LYP/6-31G(2df,p) geometries and zero-
point energies (steps 1 and 2) reduces the overall average
absolute deviation from 1.13 to 1.06 kcal/mol with the im-
provement largely coming from the enthalpies for formation.
The use of density functional geometries is most important
for the nonhydrogens where the average absolute deviation
of the subset decreases from 2.10 to 1.88 kcal/mol. This has
been noted in our paper on the G3X theory,21 with examples
such as PFs5, SO,, SOs, and SF, where the density func-
tional theory gives improved geometries. On the other hand,
as noted above, the B3LYP/6-31G(2df,p) method does
poorly on geometries of several hydrogen bonded dimers
(hydrogen fluoride and water dimers), which increases the
average absolute deviation for this set.

2. CCSD(T) [G3(CC) /I 2df]

The use of the CCSD(T) method [step (4)(c)] results in
no change in the average absolute deviation for the G3/05
test set, as expected based on previous studies.”** The
change from QCISD(T) to CCSD(T) is expected to help in
specific cases where the former fails. Such cases are not
included in the test set, but may be encountered in applica-
tions of the methods.

3. HF limit [ G3(CC, HF) I 2df]

Of the five modifications, the inclusion of the HF limit
energy in the formulation of the G4 theory (steps 3 and 5)
has the largest effect, as it reduces the overall average abso-
lute deviation from 1.06 to 0.92 kcal/mol. The improvement
largely comes from the enthalpies of formation where it de-

creases the  average  absolute  deviation  from
1.08 to 0.87 kcal/mol. In particular, the inclusion of the HF
limit is most important for the nonhydrogens where the HF/
G3LargeXP energy is farthest from the HF limit. The aver-
age absolute deviation of the 79 molecules in the nonhydro-
gen set decreases from 1.85 to 1.26 kcal/mol. Most of the
other subsets show some improvement from this new feature,
but not as large.

The use of smaller basis sets than those described in step
3 to obtain the extrapolation to the HF limit was investigated.
We tried using the aug-cc-pVTZ and aug-cc-pVQZ basis sets
for the extrapolation in Eq. (1), but this pair of basis sets did
not converge adequately for larger nonhydrogen species. We
also investigated extrapolations based on the G3Large basis
set with variation of the polarization sets and found that this
approach was also not adequate for obtaining the HF limit
energy. Finally, Martin® reported that tight polarization
functions had a significant effect on the atomization energy
of SO, at the HF level. We have investigated the inclusion of
tight polarization functions in the basis sets used for the SO,
HF extrapolation and found that the proposed extrapolation
gives essentially the same result whether or not tight polar-
ization functions are added.

4. Basis set change [ G3(CC, HF, XP)// 2df]

The addition of more d functions to the G3Large basis
set [step (4)(d)], i.e., G3LargeXP, for use in the MP2(full)
calculation leads to a slight improvement in the average
absolute deviation from 0.92 to 0.90 kcal/mol. The largest
improvement is for hydrocarbon enthalpies and ionization
potentials (see Table III). This change also corrects some
deficiencies in the complete calculation, i.e., without the use
of any additivity approximations, as discussed in Sec. III C.

5. Higher level corrections

The addition of the two new HLC parameters reduces
the average absolute deviation from 0.90 to 0.83 for the
whole test set, with both parameters contributing to this im-
provement. The addition of the added A’ parameter for mol-
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TABLE IV. Comparison of deviations for energies involving species having
a single valence electron pair in the G3/05 test set. (Not including those with
one or more 1s electrons.)

Deviation (kcal/mol)

G3(CC,HE XP,HLC5) G4
AH/(BeH) -1.01 1.81
AH/(Liy) 2.33 -0.30
AH/(Nay) 3.74 L11
AH (LiNa) 321 0.58
AH/(BeF,) -3.45 -0.82
AH/MgCl,) -0.72 1.91
Dy(K>) 227 0.36
IP(Be) ~3.54 -0.86
IP(Mg) -0.30 —0.62
IP(Ca) -1.65 1.03
EA(Li) -3.52 ~0.84
EA(Na) -3.77 ~1.09
EA(K) -2.33 0.35

“Results without inclusion of the HLC parameter (E) for the single electron
pair species.

ecules provides for a different parameter for paired electrons
in the closed shell species (A) compared to open shell spe-
cies (A'), including radical ions and neutrals. This is impor-
tant since spin polarization in the latter case can lead to dif-
ferences in the correction needed compared to closed shell
systems. Note that a similar parameter could be added for
atoms, but since there are few closed shell atomic systems in
the test set (He, Ne, Ar, Kr, F~, CI™, B, and Al"), this is not
as important. The closed shell atoms Be, Mg, and Ca are
covered by the new E parameter. The most significant im-
provement from the addition of the A’ parameter occurs for
ionization potentials (IPs) whose average absolute deviation
decreases from 1.01 to 0.92 kcal/mol. The neutral radical
enthalpies also improve from 0.68 to 0.65, and the electron
affinities improve slightly from 0.95 to 0.93 kcal/mol. The
overall average absolute deviation for the G3/05 test set de-
creases from 0.90 to 0.87 kcal/mol with the addition of this
parameter. The addition of the HLC parameter for single
pairs (E) further reduces the average absolute deviation to
0.83 kcal/mol, with the largest effect on molecules and at-
oms having a single valence electron pair. A summary of the
energies involving these species is given in Table IV, show-
ing the overall improvement when this HLC parameter is
added. The E parameter is smaller by about 4 mhartree than
the value for A, indicating that the reason for doing this was
valid, i.e., that the basis set requirement and hence the cor-
rection required for these systems are much smaller.

Finally, we note that when the HLC is not included in
G4 theory, the average absolute deviation increases to
8.6 kcal/mol, which is slightly lower than the value of
9.1 kcal/mol for the G3 theory. A detailed table of the de-
viations without the HLC included in the G4 theory is given
in the supplementary tables.*

6. Timings

The cost of a G4 calculation is increased compared to a
G3 theory calculation due largely to the two HF calculations
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TABLE V. Relative CPU times used in G2, G3, and G4 single point energy
calculations.

Method SiCly Benzene Hexane Heptane
G2 2.4 1.9 - e
G3 1.0 1.0 1.0 1.0
G4 1.9 3.0 3.0 2.5

used to extrapolate to the HF limit in step 3. The ratios of
computer times for a G4 calculation compared to a G3 cal-
culation for four representative molecules, benzene, hexane,
octane, and silicon tetrachloride, are given in Table V. Also
given are the relative times for a G2 calculation for benzene
and silicon tetrachloride. For these molecules the G4 calcu-
lation takes two to three times more CPU time than G3, so
that the savings that was gained in G3 compared to G2 is
eliminated. However, since this increase is a result of HF
calculations, which scale only as ~n3*, the increase is not a
serious problem for these calculations. The CPU increase is
less for nonhydrogens (e.g., SiCly) compared to hydrocar-
bons due to the basis sets on the hydrogens in the HF calcu-
lations.

C. Assessment of additivity approximation
in G4 theory

The additivity approximations in the Gaussian-n ap-
proach to the computation of molecular energies are essential
to reducing computer resource requirements. These approxi-
mations can be assessed by calculating energies at the high-
est correlation level [QCISD(T) or CCSD(T)] with the larg-
est basis set of the specific method and reoptimization of the
HLC. Ideally, the geometries and zero-point energies from
this level of theory would also be used, but due to the cost
we have not done this. The additivity approximations in the
G2 theory were previously investigated by calculating
QCISD(T)/6-311+G(3df,2p)/ /MP2(full)/6-31G"  ener-
gies, scaled HF/6-31G" zero-point energies, and a reopti-
mized HLC.*' This type of calculation has been referred to as
G2(complete). A comparison of the G2(complete) results for
the G2 test set of 125 energies found the approximations to
work well, with only two energies differing by more than
1 kcal/mol (the electron affinities of NH, and OH). The av-
erage absolute deviation of the full basis set calculation was
very close to that using the additive approximation
(1.17 kcal/mol vs 1.21 kcal/mol).

In the current work we have investigated the additivity
approximations of the G4 theory along with those of the G3
theory, which were not previously investigated. Results using
analogous G3(complete) and G4(complete) methods have
been obtained for the G2 test set of 125 energies. The
G4(complete) method uses CCSD(T,full)/G3LargeXP//
B3LYP/6-31G(2df,p) energies along with scaled
B3LYP/6-31G(2df,p) zero-point energies, Hartree-Fock
extrapolation, atomic spin-orbit corrections, and reoptimized
HLC parameters. The G3(complete) method uses
QCISD(T, full)/G3Large//B3LYP/6-31G(2df,p) energies
along with scaled HF/6-31G" zero-point energies, atomic
spin-orbit corrections, and reoptimized HLC parameters. A
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TABLE VI. Comparison of G3 and G4 methods with and without additivity approximation on the G2 test set
of 125 energies.™”

Average absolute deviation (kcal/mol)

Breakdown G2 G2(complete) G3 G3(complete) G4 G4(complete)
All (125) 1.21 1.17 0.95 1.07 0.72 0.79
AH, 0.87 0.99 0.65 0.78
1P 0.95 0.90 0.70 0.84
EA 1.01 1.45 0.82 0.70
PA 1.32 1.34 1.01 1.00

#G3(complete) is a QCISD(T,full)/G3Large//MP2(FU)/6-31G” energy calculation with scaled HF/6-31G"
zero-point energies. G4(complete) is a CCSD(T, full)/G3LargeXP//B3LYP/6-31G(2df,p) plus HF/limit ex-
trapolation calculation with scaled B3LYP/6-31G(2df,p) zero-point energies.

°All methods have HLC parameters individually optimized for the G2/91 test set. HLC parameters for the G4
theory: A=8.669 mhartree, B=3.126 mhartree, C=8.723 mhartree, D=2.337 mhartree, A’=8.949 mhartree,
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and E=3.216 mhartree. HLC parameters for G4(complete): A=9.815 mhartree, B=3.727 mhartree,
C=9.534 mhartree, D=2.872 mhartree, A’=9.871 mhartree, and E=4.904 mhartree.

summary of the results is given in Table VI. Previous results
for the G2 theory are also included. The results in Table VI
are surprising because G3 and G4 theories both perform bet-
ter than the corresponding versions without the additivity
approximations. The average absolute deviation of G3 is
0.12 kcal/mol smaller than G3(complete) and that of G4 is
0.07 kcal/mol smaller than G4(complete). In each case about
11 species differ by more than 1 kcal/mol. These species fall
into two categories. The first is enthalpies involving silicon
and phosphorus (specifically, SiH,, SiH;, SiH,, PH,, PHj,
SiO, and Si,Hg) and the second is the electron affinities of O,
F, OH, and NH,.

The problem with the enthalpies of formation of the Si
and P species is largely due to the correlation treatment of
core electrons. Martin er al.** have pointed out that the
MP2(full)/G3Large level of theory gives a reasonable ac-
count of core correlation due to a cancellation of errors from
using MP2 instead of CCSD(T) (that typically leads to an
overestimation) and a relatively small basis set (that leads to
an underestimation). From our calculations we find that the
evaluation of core correlation at the MP2 level versus the
QCISD(T) [or CCSD(T)] level is responsible for most of the
difference between Gn and Gn(complete), n=3,4, for the
enthalpies of the seven Si and P species listed above. The use
of MP2(full)/G3Large for core correlation in the additive
methods gives better agreement with experiment due to the
cancellation of errors.

There are two sources for the nonadditivity of the G3
and G4 methods in the calculation of electron affinities. The
first source, which has been corrected in the G4 theory, is a
deficiency in the d-polarization functions and the second,
which is not corrected in the G4 theory, is due to nonaddi-
tivity of the effects of d-polarization and diffuse functions at
the higher correlation levels. The d-polarization function de-
ficiency is caused by the use of two types of basis sets, i.e.,
6-31G(d) in QCISD(T) and MP4 calculations and
6-311G(d) basis in the large basis set (G3Large) for MP2
calculations. The 6-311G(d) basis has a much tighter d func-
tion (e.g., 1.75 for F) than 6-31G(d) (e.g., 0.8 for F). This
causes a problem in G3(complete) because the QCISD(T)/
G3Large calculation uses a 2df polarization set’ having a

small d exponent (e.g., 1.75/2=0.875 for F) that is not dif-
fuse enough for electron affinities (EAs) of species such as F
and OH. This is not a problem in the G3 theory because it
includes a MP4/6-31G(2df,p) calculation that has a more
diffuse d-function exponent (e.g., 0.8/2=0.4 for F). The first
nonadditivity problem is corrected in the G4 theory by the
G3LargeXP basis set, which has an expanded polarization set
of 3df on the first row and of 4d2f on the second row. Use of
the expanded polarization set results in a dramatic improve-
ment for electron affinities with the average absolute devia-
tion of G4(complete) being 0.70 kcal/mol compared to
1.45 kcal/mol for G3(complete) for the G2 test set. The sec-
ond source of error, i.e., nonadditivity due to the separation
of d-polarization and diffuse functions in the higher correla-
tion calculations, is still present in the G4 theory. As a result,
the G4(complete) electron affinities of F, O, OH, and NH,
differ by more than 1 kcal/mol with the G4 theory, but
G4(complete) is now in better agreement with experiment
than the G4 theory in these cases.

The average absolute deviation of the G4 theory
(0.72 kcal/mol) is still smaller than that of the G4(complete)
theory (0.79 kcal/mol) for the G2 test set. The poorer agree-
ment with experiment for the complete method is largely due
to the problem with the core correlation calculation for the
seven Si and P species. If these seven species are not in-
cluded in the assessment, the average absolute deviations of
the two methods are about the same.

D. Analysis of problem energies

While the G4 theory is significantly improved relative to
the G3 theory on the G3/05 test set as discussed above, there
are still some problem energies. Of the 454 energies only 35
have errors greater than 2 kcal/mol. These are listed in Table
VII. In this section we discuss reasons for the larger errors in
cases where there exists an apparent explanation.

1. Enthalpies of formation of neutrals

Eighteen of the 270 enthalpies of formation (or atomiza-
tion energies in the case of third-row species) in the G3/05
test deviate from experiment by more than 2 kcal/mol. Three
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TABLE VII. Outliers in the G3/05 test set that are greater than 2 kcal/mol. (Units are kcal/mol. Experimental values are from Refs. 16-18).

Expt.- Expt.-
G4 G4
Property Species Expt. (kcal/mol) Property Species Expt. (kcal/mol)
AH /(298 K) BF; -271.4 -2.8 1P CH, 291.0 -24
COS -33.1 2.5 BF; 358.8 24
CS, 28.0 3.0 BCl; 267.5 -2.6
C,F, —154.4 32 B,F, 278.3 8.9
c,Cl, -3.0 3.1 see-CH, 170.0 -2.9
CH,=CHCI (vinyl chloride) 8.9 3.6 CN 313.6 -3.7
C,H,N, (pyrimidine) 46.8 25 CH,F 287.6 -2.6
CH,-C(=—0)-CCH 15.6 -2.6 B,H, 223.7 23
Si(CHj), (tetramethylsilane) -55.7 -34 Si,Hjs 175.3 -2.5
PF; -38.1 -23 NaBr 191.6 -4.7
POCI, -133.8 -24 EA F 78.4 -2.3
CL0,S -84.8 22 CH, 1.8 22
PCl4 -69.0 -2.8 C, 75.4 22
AIF -63.5 2.3 CH,NC 24.4 -23
Al,Clg -309.7 5.2 HS 54.4 2.3
CIFO; =5.1 —4.2 HB H,O dimer, AH, -3.6 -2.3
D, KF 117.6 2.3 HF dimer, D, -2.97 -2.6
GeH, 270.5 =25

species (C,F,, C,Cly, and CH,CHCI) may have problems
with the experimental values. This has been discussed
elsewhere.'”* Of the remaining 15 energies, 12 are nonhy-
drogens. Only three of these have errors greater than
3 kcal/mol (CS,, Al,Clg, and CIFO5). The difficulties with
these nonhydrogens are probably due to the slow conver-
gence of correlation energy with basis set and errors in core
correlation effects that cannot be accounted for adequately
by the current higher level correction.** In addition, relativ-
istic effects are not included in the G4 theory, and for some
nonhydrogen systems these are probably not accounted for
by the higher level correction. The remaining three energies
in this group are for substituted hydrocarbons [Si(CHj),,
C,H,N,, CH;COC,H].

2. lonization potentials

Ten of the 105 ionization potentials from the G4 theory
deviate by more than 2 kcal/mol from experiment. The IPs
of CH,, BF;, and BCl; are too large because the B3LYP
method fails for the Jahn-Teller distortions in the ions, as
discussed previously.45 These errors are corrected when
MP2(full)/6-31G”™ geometries are used, as shown in Table
VIIIL. The large error for the IP of B,F, is probably due to
errors in the experimental IP, as discussed previously.19 The
error for CN is probably related to the fact that CN* is iso-
electronic with C,, which is known to be a challenging mol-
ecule. The large error (—4.9 kcal/mol) in the IP of NaBr is
similar to the error found for the G3 theory.32 In that case we
investigated the need to include the Na 2s and 2p electrons
in the correlation treatment and found that this did not
improve the results. In addition, the calculation of this IP
with G4 (complete) gives about the same result. We note
that the error is much less at the G2 level of theory
(=2.4 keal/mol)* so the large error may be due to a basis set

effect. The reasons for the >2 kcal/mol errors in the remain-
ing four IPs in Table VI (C3H;, Si,Hs, CH;F, and B,H,) are
unclear.

3. Electron affinities

Five of the 63 electron affinities from the G4 theory
deviate from experiment by more than 2 kcal/mol. The F
electron affinity is too large due to the additivity problem of
the basis sets in the G4 theory, as discussed in Sec. III C.
This is corrected when done without additivity approxima-
tions. The error for C, is likely due to the highly correlated
nature of the neutral C, molecule that is known to be a chal-
lenge to describe accurately. The CH; radical weakly binds
an electron (EA=1.8 kcal/mol), so it is not surprising that it
is underbound by 2.2 kcal/mol due to the lack of enough

TABLE VIII. Effect of use of improved geometry on H-bonded dimers and
ionization potentials involving cations with Jahn-Teller distortions.

Expt. Theor. (kcal/mol)

G4 with improved

G4 geometry"
H,0 dimer, D, 228 ~0.48
CH-OH dimer, D, 0.02 0.46
CH,(CO)CH; dimer, D, ~1.36 ~1.33
HCI dimer, D, -0.25 -0.24
CH;COOH dimer, D, 0.19 0.15
HF dimer, D, -2.61 -0.15
CH,, IP 2240 ~0.93
BF,, IP -238 0.28
BCl,, IP 257 ~0.92
AAD (kcal/mol) 1.56 0.55

“For hydrogen bonded complexes the improved optimized geometries are
from B3LYP/6-31+G(2df,p) calculations, and for the Jahn-Teller species
they are from MP2(full)/6-31G" calculations.
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TABLE IX. Basis sets used in single point HF energy calculations for the G4 theory.

aug-cc-pVQZ aug-cc-pV5Z

Atoms Literature® G4 modified” Literature® G4 modified”

H,He 4s3p2d1f+diffuse spdf 4s2pd 5s4p3d2f1g+diffuse spdfg 5s3p2d

Li-Ne Ss4p3d2f1g+diffuse spdfg S5s4p3d2f1g+diffuse sp 6s5p4d3f2g1h+diffuse spdfgh 6s5p4d3f2g1h+ditfuse sp
Na, Mg 6s5p3d2flg 6s5p3d2flg Ts6p4d3f2glh Ts6p4d3f2g1h
Al-Ar 655p3d2f1g+diffuse spdfg 6s5p3d2f1g+diffuse sp 7s6p4d3f2g1h+diffuse spdfgh Ts6p4d3f2g1h+diffuse sp
K.Ca Ts6pad2flg Ts6pad2flg 8sTp5d3f2glh 8s7p5d3f2glh
Ga—Kr 7s6p4d2f1g+diffuse spdfg Ts6p4d2f1g+diffuse sp 8s7p5d3f2g1h+diffuse spdfgh 8s7p5d3f2g1h+diffuse sp

“See Appendix A for references.
"Modified basis set used in the G4 theory (see Appendix A).

diffuse functions. This was also true for the G3 theory. The
reason for the errors of greater than 2 kcal/mol for the re-
maining two systems (HS and CH,NC) is unclear, but they
are only slightly more than 2 kcal/mol.

4. Hydrogen bonded dimers

As discussed earlier, two hydrogen bonded dimers, the
water dimer and the hydrogen fluoride dimer, have errors of
>2 kcal/mol due to the need to include diffuse functions in
the basis set used for geometry optimization,20 which is not
included in the G4 theory. Results for the G4 energies for all
hydrogen bonded dimers when a diffuse function is included
in the basis set (6-31+G(2df,p)) are given in Table VIIL
The errors in the water and hydrogen fluoride dimers are
reduced to under 1 kcal/mol and the average absolute devia-
tion is reduced from 1.12 kcal/mol to 0.47 kcal/mol.

We note that an analysis of the overall absolute deviation
for the G3/05 test set using improved geometries in the case
of the hydrogen bonded complexes and Jahn-Teller systems
gives a value of 0.81 kcal/mol. In addition, if the four
energies with probable problems with the experimental data
(enthalpies of C,F,, C,Cl;, and CH,CHCI and ionization
potential of B,F,) are excluded, the average absolute devia-
tion is reduced to 0.78 kcal/mol.

IV. CONCLUSIONS

In this paper we have presented Gaussian-4 theory (G4
theory) for the calculation of energies of molecular species
containing first-row (Li—F), second-row (Na—Cl), and third-
row main group elements. The G4 theory modifies the
Gaussian-3 (G3) theory in five ways, including an estimate
of the HF energy limit, an expanded polarization set for the
large basis set calculation, use of CCSD(T) energies, use of
DFT geometries and zero-point energies, and two added
higher level correction parameters. The overall average ab-
solute deviation for the 454 energies in this test set is
0.83 kcal/mol, a significant improvement over the G3
theory. The largest improvement occurs for enthalpies of for-
mation of nonhydrogen species, which are reduced to
1.13 kcal/mol. With the exception of hydrogen-bonded com-
plexes the other types of energies in the G3/05 test set are
also improved in the G4 theory. The inclusion of the HF limit
energy in the G4 method contributes to the largest improve-
ment over the G3 theory. The addition of the two new higher

level correction parameters, one for paired electrons in open
shell species and the other for species with only one pair of
valence electrons, also contributes to a significant improve-
ment. Finally, the expanded d-polarization set corrects a
problem with nonadditivity that is present in the G3 theory
for some anions.
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APPENDIX A: BASIS SETS FOR HF LIMIT
EXTRAPOLATION

These basis sets are based on aug-cc-pVQZ or aug-cc-
pV5Z basis sets®® ™ available from the EMSL database
(http://www.emsl.pnl.gov/forms/basisform.html) with the ex-
ception of potassium.46 In most cases the basis sets were
modified to save CPU time. The basis set compositions are
summarized in Table IX. The G4 quadruple zeta basis sets
for H and He use the s part of cc-pVQZ combined with the
2pd polarization functions from the smaller cc-pVTZ basis
set. They have no diffuse functions. The G4 quadruple zeta
basis sets for the other atoms use the standard aug-cc-pVQZ
basis set, but include only s and p diffuse functions (no d, f,
or g diffuse functions). The only exceptions to this are Na,
Mg, K, and Ca, which have no diffuse functions added. The
57 basis set for H and He uses the s part of cc-pV5Z com-
bined with 3p2d polarization functions taken from cc-pVQZ.
They have no diffuse functions. The other atoms use the
aug-cc-pV5Z basis set, but include only s and p diffuse func-
tions (no d, f, g, or h diffuse functions). The only exceptions
to this are Na, Mg, K, and Ca, which have no diffuse func-
tions added. The basis sets are included in the supplementary
information® and are available on the web.”®

APPENDIX B: EXPANDED d-POLARIZATION BASIS

In the expanded d-polarization set in the G3LargeXP
basis set, the 2df polarization set in G3Large on the first row
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TABLE X. Polarization exponents used in the G3LargeXP basis set.

Atom 4d d dl4 4th d MP2(full)/G3LargeXP
LI 0.8 0.2 0.05 —7.464 22
Be 1.02 0.255 0.0638 —-14.635 86
B 1.604 0.401 0.1003 -24.614 20
C 2.504 0.626 0.1565 -37.798 67
N 3.652 0.913 0.2283 —54.538 46
O 5.168 1.292 0.323 —-74.998 55
F 7.0 1.75 0.4375 —-99.650 43
Ne 9.126 2.304 0.576 —-128.843 11
Na 0.7 0.175 0.0438 -162.102 97
Mg 0.7 0.175 0.0438 —199.890 69
Al 2.16 0.54 0.135 0.39 —242.189 16
Si 3.04 0.76 0.19 0.47 —289.198 96
P 3.68 0.92 0.23 0.61 —341.093 58
S 4.08 1.02 0.26 0.59 -397.926 05
Cl 4.8 1.2 0.3 0.72 —459.951 86
Ar 5.6 1.4 0.35 0.85 —527.332 84

is replaced by a 3df with a 4:1:1/4 geometrical progression,
and the 3d2f polarization functions on the second row (Al-
Cl) are replaced by 4d2f. We investigated the need to reop-
timize the first-row exponents and found that it was not nec-
essary, but that optimization of the 4d exponents was
required. This was done by optimizing the 3d set and a
fourth d exponent sequentially until converged. The resulting
d exponents for both first and second rows are listed in Table
X. The species used in the Al through Kr optimizations were
Al, AlF;, Si, SiHy, SiF,, P, PH;, PF;, S, SO,, SH,, Cl, HC],
CCly, and Ar. Values for a given atom type were averaged.
Note that the fourth exponent falls approximately midway
between the two smaller exponents of the 3d set. A similar
type of exponent spread has been found recently by Dunning
and co-workers*”* to be necessary for an accurate descrip-
tion of the second row. The 3d2f polarization set is still used
for Na and Mg in the second row. The d functions in the
3d2f polarization set were not changed for the third row (K,
Ca, Ga-Kr) from their values in G3Large because of the
filled d shell. The f exponents, diffuse exponents, and tight
polarization functions in the G3LargeXP basis set remain the
same as in G3Large.
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The Gaussian-3 (G3) and Gaussian-4 (G4) ab initio post-Hartree-Fock composite methods were
employed to estimate the gas phase standard state (298.15K, 1 atm) enthalpies of formation (AfH{,))
for 38 representative C;(n = 15) and C;(n = 23) chlorofluorocarbons (CFCs) and hydrochlorofluorocar-
bons (HCFCs). Using the atomization approach, good agreement was found between experimental AfH,,

and corresponding G3 and G4 estimates. Where significant differences between G3/G4 and experimental
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theoretical methods.

AsHj,, exist, the errors may be due to problems with the experimental data rather than deficiencies in the

© 2010 Elsevier B.V. All rights reserved.

Chlorofluorocarbons (CFCs) and hydrochlorofluorocarbons
(HCFCs) are refrigerants, propellants, solvents, and coolants [1,2].
Their thermodynamic properties are of interest [3-5] for use in
environmental modeling efforts, the design of new industrial
materials, and for benchmarking theoretical methods on small hal-
ogenated molecules.

Application of the atomization enthalpy approach to calculations
at the G3 [6] and G4 [7] levels on 38 representative C;(n = 15) and
Cy(n = 23) CFCs and HCFCs using Gaussian 09 [8] yields the esti-
mated gas phase standard state (298.15 K, 1 atm) enthalpies of for-
mation (AsHp,) given in Table 1. Full GO9 archive entries are
provided in the Supplementary Materials with optimized geome-
tries, energies at each stage of the G3/G4 calculation process, and
frequency information for thermochemical and spectroscopic
analysis.

A review of experimental AfH,, data from Refs. [5,9,10] reveals
there is substantial uncertainty for a number of these compounds,
often ranging up to 15-20 kJ/mol (and sometimes higher) for a sin-
gle member. For example, in the NIST database, CH,CICCI; has two
ArH(, values of —135.6 and 152.3 +2.4kJ/mol. Similarly, the
AsH{,) of —100 =+ 20 k]/mol for CCl4 reported in the NIST database

* Corresponding author. Tel.: +1 250 487 0166.
E-mail address: rayne.sierra@gmail.com (S. Rayne).

0166-1280/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.theochem.2010.04.031

is an average of six individual literature datapoints that range over
31 kJ/mol [from —94 + 2 to —125.0 + 4.6 k]/mol]. CFCl,CF,Cl has a
AsH{, of —726.8 +4.3 kJ/mol in the NIST database; the corre-
sponding experimental AfHg,, given in Ref. [5] is —706.3 k]/mol.
This variability is not surprising, given the potential lack of sample
purities and difficulty in ensuring complete combustion where
applicable. In short, the CFCs and HCFCs effectively lack a coherent,
consistent, and high accuracy experimental thermochemistry
database.

Clearly some experimental AsH{, values given in Table 1 are
still unsatisfactory due to their absence in the NIST database but
presence in other compendia, and large deviation from the G4 cal-
culations (which should achieve consistent near chemical accuracy
for these small compounds). For example, we doubt the AsH(,, of
fluoroethane is —263.2 kJ/mol; it is likely closer to —274.8 kJ/mol
based on the G4 results. Otherwise, if one assumes that the error
between G3/G4 estimates and experimental values should increase
with increasing numbers of C-F and C-Cl bonds on a given hydro-
carbon framework (a prerequisite for reliable application of bond
additive correction (BAC) methods, as has been attempted for these
compounds), there appears no rational way to explain the low
accuracy for fluoroethane, but high accuracy obtained for 1,1-
difluoroethane (the G4 AsH(,, differs from the experimental value
by only 0.4 kJ/mol), reasonable agreement for CHF,CH,F (deviation
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Table 1

Comparison between experimental and G3/G4 calculated A;H, for 38 CFCs and
HCFCs. Values are in k]J/mol and deviations from the experimental dataset at each
level of theory are given in parentheses.

Expt. G3 G4
CHy4 —74.5 —75.6 (—1.1) -74.4(0.1)
CH3F —2343 —237.2 (-2.9) -2354 (-1.1)
CH;Cl —82.0 —81.1 (0.8) —81.1 (0.8)
CH,F, —450.7 —452.5 (-1.8) —450.3 (0.4)
CH,FCl —261.9 —264.2 (-2.3) -262.2 (-0.2)
CH,Cl, -95.1 -93.0 (2.1) -92.5 (2.6)
CHF; —695.4 —698.1 (-2.7) —695.1 (0.3)
CHF,Cl —481.6 —484.3 (-2.7) —480.4 (1.2)
CHEFCI, —283.3 —285.9 (-2.7) -282.2 (1.1)
CHCl3 -102.7 —102.5 (0. 2) —-100.4 (2.3)
CF4 -933.2 -935.4 (-2.2) -931.7 (1.5)
CF5Cl —707.9 —713.0 (-5.1) —707.6 (0.3)
CF,Cl, —491.6 —499.2 (-7.5) —492.2 (-0.6)
CFCl3 —288.7 —295.1 (-6.4) —288.3 (0.4)
CCly —100.0 -102.5 (-2.5) -98.1 (1.9)
CHg —83.8 —84.6 (—0.8) —82.8 (1.0)
CyHsF —263.2 —273.8 (-10.6) —270.6 (-7.4)
C,HsCl —109.0 -111.1 (-2.1) -109.7 (-0.7)
CH5CHEFCI -3134 —313.0 (0.4) —308.6 (4.8)
CH,FCH,F —433.9 —450.9 (-17.0) —446.7 (—12.8)
CH;CHF, -500.8 —506.2 (-5.4) —501.2 (-0.4)
CH,CICH,Cl -132.0 —132.6 (-0.6) -131.3 (0.7)
CH3CHCl, —132.5 —135.4 (-2.9) —133.0 (-0.5)
CH3CF3 —749.0 —757.2 (-8.2) —750.3 (—1.3)
CHF,CH,F —664.8 —672.3 (-7.5) —666.1 (—1.3)
CH;3CCl5 —145.0 —150.1 (-5.1) -146.1 (-1.1)
CHCI,CH,Cl —148.0 -149.9 (-1.9) —147.1 (0.9)
CH,FCF; —895.8 -914.5 (-18.7) -906.4 (—10.6)
CHF, CHF, —877.8 —887.4 (—9.6) —879.3 (—1.5)
CHCI,CHCl, —156.7 -161.9 (-5.2) -157.1 (-0.4)
CH,CICCl3 -152.3 -160.4 (-8.1) —155.3 (-3.0)
CHF,CF3 —1104.6 -1121.2 (-16.6) -1111.5 (-6.9)
C,HCls —155.9 —169.0 (-13.1) -161.7 (-5.8)
CyFg —1342.7 —1353.7 (-11.0) —1342.1 (0.6)
CF,CICF3 —-1118.8 —1145.1 (-26.3) -1131.5 (-12.7)
CF,CICF,Cl —930.0 -937.3 (-7.3) -921.9 (8.1)
CFCl,CF,Cl —726.8 —739.9 (-13.1) —724.3 (2.5)
C,Clg —148.2 -172.2 (-24.0) -161.6 (—-13.4)

of 1.3 kJ/mol between G4 and experimental), and high accuracy ob-
tained for hexafluoroethane (0.6 kJ/mol difference between the G4
and experimental).

As noted by others in recent works on a wide range of hydrocar-
bons (including hydrofluorocarbons), [4,11,12] where there is large
and otherwise unusual disagreement between Gaussian-3 (and
now Gaussian-4) AsHj,, and experimental data, one may quite rea-
sonably distrust the experimental data to an equal - and possibly
greater — degree than the high level calculations (assuming the lowest
energy conformation is obtained - typically not a major issue for C;

and C, derivatives). Additional experimental A;H(,, data of major
concern include those for CH,FCH,F,CH,FCF;, CHF,CF;3, C;HCls,
Cl:“zcl(:l:37 CcmlCcml and Czclﬁ

Using our experimental A;Hj, values, we obtain MAD/RMSD/
MSD of 2.9/3.5/—2.5 k]/mol and 9.4/11.8/—9.3 k]/mol at the G3 level
for the C; and C, compounds, respectively, and an overall G3 MAD/
RMSD/MSD of 6.8/9.4/—6.6 kJ/mol. At the G4 level, our MAD/RMSD/
MSD drop to only 1.0/1.3/0.7 kJ/mol (C,), 4.3/6.1/—2.7 kJ/mol (C,),
and 3.0/4.8/—1.3 k]/mol (overall). The acquisition of more recent
and reliable experimental AfHj,) values for these compounds ap-
pears likely to result in even higher accuracy for the G3/G4 methods,
given how many of the current AfH{,, values in the experimental
database (particularly for the C, CFCs and HCFCs) vary widely and
make it effectively impossible to reliably benchmark high level the-
oretical methods on this class of compounds. Thus, the G4 AfH,,, re-
ported herein may be useful surrogates for presently uncertain
experimental data until discrepancies are satisfactorily resolved.
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A theoretical model chemistry designed to achieve high accuracy for enthalpies of formation of
atoms and small molecules is described. This approach is entirely independent of experimental data
and contains no empirical scaling factors, and includes a treatment of electron correlation up to the
full coupled-cluster singles, doubles, triples and quadruples approach. Energies are further
augmented by anharmonic zero-point vibrational energies, a scalar relativistic correction, first-order
spin—orbit coupling, and the diagonal Born—Oppenheimer correction. The accuracy of the approach
is assessed by several means. Enthalpies of form@tidhK) calculated for a test suite of 31 atoms

and molecules via direct calculation of the corresponding elemental formation reactions are within
1 kJmol ! to experiment in all cases. Given the quite different bonding environments in the product
and reactant sides of these reactions, the results strongly indicate that even greater accuracy may be
expected in reactions that preseriather exactly or approximatelythe number and types of
chemical bonds. ©€2004 American Institute of Physic§DOI: 10.1063/1.1811608

I. INTRODUCTION methods based on calorimetry, kinetics, spectroscopy, and
various ion cycles have been used for decades to determine
At a time when the majority of practitioners have essenthese important quantitiés. As a result of this intense area
tially abandoned the field in favor of density-functional of research, relatively tight bounds<10 kJ mol'Y) have
theory, traditional quantum chemistfyomprising what have been established for enthalpies of formation for many mol-
come to be known—somewhat pejoratively in someecules that are stable enough to be studied easily in the
circles—as “wave function method$’has evolved so that laboratory® However, in two fields that are strongly depen-
methods are now available that are capable of determiningent on accurate thermochemical information—combustion
molecular properties at a very high level of accuracy. Insteadnd atmospheric chemistry—many, and perhaps a majority,
of providing rough estimates of quantities such as vibrationabf the most important compounds are transient species. Ac-
frequencies and structural parameters, routinely applicableordingly, error bars on the enthalpies of formation for these
modern techniques are capable -0 cm * accuracy for radicals and other reactive molecules tend to be significantly
fundamentalibrational frequenciés’ and ~0.002—0.003 A larger than those for simple closed-shell species. As an ex-
accuracy in equilibrium bond distancévith the seemingly ample, the enthalpy of formation for the hydroperoxy radical
constant improvements made in computer hardware techno{HO,) has only recently been determined to better than 1
ogy, both the level of accuracy and the scope of systemkJmol ..’
suitable for treatment at a given level of accuracy will con-  The extent to which modern high-levab initio (“wave
tinue to grow. function”) calculations can be competitive with experiment
One area where extremely high accuracy is generallyn the precise determination of thermodynamic parameters
useful and has significant impact is in the determination ofdepends to a large extent on the size of the molecular species
thermochemical parameters. Enthalpies of formation, heah question. For the smallest moleculés dozen or fewer
capacities, and standard entropies of molecular species ealectrong, there is little question that theory can provide
tirely determine their thermodynamic fate. Experimentalvery accurate total electronic energies, irrespective of how

0021-9606/2004/121(23)/11599/15/$22.00 11599 © 2004 American Institute of Physics
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“difficult” the molecule is. For molecules that can be easily reaction as possible. Another approach, rarely used in prac-
studied experimentally, theory can offer competitive preci-tice, would be to calculate the enthalpies of formatitin
sion for thermochemical parameters; for transient species noéctly, meaning that the molecular energyMfand those of
amenable to experimental characterization, theory is arguts constituent elements in their most stable form are used.
ably better. A case in point are very recent studies of CH andror example, ifM were water, the reaction considered would
CH,,%® where accuracies estimated to k.5 kimol!  be
were achieved for the enthalpies of formation, as well as
others of nearly comparable accurdcy2° )

Of course, it is not the total energies of molecules that Hz+ 30,—H;0. ©)
are relevant for thermochemistry, but rather appropriately de-

fined energy differences. Hence, it is not necessary for %he enthalpy of formation for water is given, by definition,

. . l
rn(ettr:o?j to obFaln_ a gl\éen tlevelhqf aciﬁra((s,ay 1 IkJ TOTf) as the difference of ground state energies in the reactants and
In total energies in order to achieve the same IeVel of acCUs,y otg jn Eq.(3), and its calculation therefore does not

racy for energy d|ffere.n.ces.. Instead, one can benefit fro ake any use of experimental quantities. This method does
error cancellation; deficiencies of the total energy calculahave some serious limitations, however. For example, any
tions for the various species have many common source%.rganic molecule would require aimpossible calculation

Total molecular energies, of course, are those relative to thg, graphite: sulfur would necessitate calculations on a mol-

separated atoms of the molecule in question, all completglgcule with 128 electrons (% chlorine would requireab

lonized with the electrons at rest and the nugle| n the'ri itio calculations of the liquid and the enthalpy of vaporiza-
ground states. For example, the total electronic energy

e ot N on, etc. Moreover, while chemical bonds can indeed be
carbon monoxide i€£(C™") +E(O™) + E(14e ) ~E(CO). found on both sides of Eq3), it is clearly not an isodesmic

However, it is a much simpler task to calculate the bondreaction, or even nearly so. While it might be easier to cal-

H 3 3 _ 1
energy of CO, viz. E[C(°P)]+E[O(P)]-E[CO(X)] culate this energy difference accurately than that of the at-

since the core electrons—which make the largest Conmbu()mization reaction bO—2H+ O, the benefits of doing S0

tion to the total energy due t_o strong nuclea_r attractiony o marginal. The atomic enthalpies of formation for H and
forces—of C and O are only slightly perturbed in the mo-

. > - O are also known so precisely:0.01 kJ mol'%) that there is
lecular environment. The more “similar” th& andB species P el )

really no advantage in eliminating the use of this experimen-
involved in the energy differencé(A) —E(B), the less de- y v ge in elimina’ing u IS expen

ding is th lculati ded t hi i tal information. Hence, due to simplicity, the well-defined
manding 1S the caiculation needed 1o achieve a Speciliefay o of the process, and the generally straightforward prob-
level of accuracy. This was realized long ago; so-calle

“isod o tion&—th ) hich th b d ems posed by atoms to theoretical treatment, the atomization
|so_es.m|c“ reacﬂlon —Nose in whic € number an energy approach has been the method of choice for quantum
qualitative “types” of bonds inA and B are the same—are

. . . chemical practitioners in estimating enthalpies of formation
known to be those in which calculated energy dlfference%r molecules with various model chemistries
tend toward the highest accuray. )

(perhaps ajl “theoretical model chemistrie$®=2° (those in
which all species are treated at a consistent and well-defin
level of approximationuse atomization energies as the basi
for thermochemistry. In this approach, total molecular ener
gies are calculated at some level of theory. Atomization en
ergies, defined for the molecu=A_B,---Z, as

d collaboratofs), we propose a method that cannot be
e(‘aﬁgnerally applied to all “small”(loosely defined here as
hose having five or fewer non-hydrogen atgmwlecules.
Rather, it is our intent to define an approach that is essen-
tially the best that can be done—with current computer
technology—for very small moleculegour or fewer total
AE(M)=aE(A)+bE(B)+---+2zE(Z)—E(M) (1)  atoms, and to assess the level of accuracy achieved. It is our
belief that this is not an academic exercise with only a nar-
are then calculated using total atomic energies obtained abw practical benefit. First, there are still molecules of this
the same level of theory. The enthalpy of formationf¥bat  size where accurate<1 kJmol'?) enthalpies of formation
0 K is then given by Hess'’s law as are not availabfe[for example, NH, NH and, until recently,
AH =aA H(A)+ bAH(B)+- -+ zAH'(Z) — AE(M), OH (Ref. 13 and HGQ (Ref. 7]. Seconq, thg accuracy that
@) theory can gchleve for small systems is of mtrmsm interest,
because it is useful to know how large a role is played by
where the atomic enthalpies of formation are set to literatursome usually neglected effedtsoupling of core and valence
values. With the notable exceptions of carbon and flud¥ine, correlation, relativistic corrections, the diagonal Born—
enthalpies of formation are known quite precisely for atomsOppenheimer correction, anharmonic contributions to zero-
in the first two rows of the periodic table, so the inherentpoint vibrational energies, spin—orbit coupling, gio. over-
error in this approach is often localized almost entirely in theall accuracy. Third, and most important, since the methods
atomization energies. However, it is very difficult to calcu- used in our work are “size extensivé?’ (meaning that the
late atomization energies. By definition, all bonds in the mol-quality of the energy calculation is not degraded by the size
eculeM are destroyed in the reaction that is used as the basisf the molecule described within a given one-particle basis
for the calculated quantity; it is as far from an isodesmicse, the accuracy achieved for the benchmark systems stud-
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TABLE |. Contributions to the HEAT total energies for the 31 species studied in this work. All values are in atomic units. Conversion factor us@ds2625.4
kJ mol''=1E,.

Species Efr AEcesom AEccspr AEccspr AEgeL AEzpe AEpgoc AEso Total
N, —108.993257 —0.549274 0.000507 -0.001457 —0.058658 0.005379  0.003 982 0.000 000—109.592 778
H, —1.133661 —0.040911 0.000 000 0.000 000 —0.000010 0.009 892 0.000 460 0.000000 —1.164 230
F> —198.774570 —0.756 425 0.000100 -0.001536 —0.174461 0.002095 0.005175 0.000 000 —199.699 622
0, —149.691925 —0.635217 0.000112 -0.001854 —0.104607 0.003641 0.004 711 —0.000012 —150.425151
C —37.693774 —0.151041 -0.000466 —0.000030 —0.015090 0.000000 0.001660 —0.000144  —37.858885
F —-99.416800 -0.318033 —0.000199 —0.000116 —0.087268 0.000000 0.002591 —0.000574  —99.820 399
H —0.500 022 0.000 000 0.000 000 0.000 000 —0.000 007 0.000 000 0.000 272 0.000000 —0.499 757
N —54.404657 —0.184700 —0.000344 —0.000042 —0.029435 0.000000 0.002 007 0.000 000 —54.617171
(0] —74.819232 —0.248562 —0.000338 —0.000078 —0.052 459 0.000 000 0.002 366 —0.000 312 —75.118 615
Cco —112.790997 —0.535543 0.000097 -0.000951 —0.067285 0.004945 0.004 000 0.000 000 —113.385 734
C,H, —76.855684 —0.480411 0.000223 -0.000911 -0.029760 0.026253  0.003674 0.000 000 —77.336616
CCH —76.183645 —0.428923 —0.001147 —0.000928 —0.029761 0.013 842 0.003 503 0.000 000 —76.627 059
CH, —38.941051 —0.207841 —0.000458 —0.000082 —0.014865 0.017167 0.002161 0.000 000 —39.144 969
CH —38.284553 —0.194296 —0.000628 —0.000076 —0.015029 0.006 463 0.002 063 —0.000 067 —38.486 123
CH, —39.581308 —0.254300 —0.000408 —0.000120 —0.014835 0.029573  0.002 404 0.000 000 —39.818 994
CcO, —187.725719 —0.876 563 0.000567 —0.001753 —0.119 227 0.011 580 0.006 314 0.000 000—188.704 801
H,0, —150.852930 —0.711472 0.000227 -0.001280 —0.104313 0.026192  0.005078 0.000 000—151.638 498
H,O —76.067761 —0.371594 0.000033 —0.000453 —0.052040 0.021228 0.002 710 0.000 000 —76.467 877
HCO —113.304 223 —0.553349 —0.000125 -—0.000943 —0.067 113 0.012 960 0.004 336 0.000 000 —113.908 457
HF —100.071316 —0.389 256 0.000056 —0.000392 —0.086955 0.009391  0.002 735 0.000 000—100.535 737
HO, —150.253106 —0.661501 —0.000447 —0.001116 —0.104 469 0.014 110 0.004 996 0.000 000—151.001 533
NO —129.309786 —0.589993 —0.000094 —0.001291 -—0.081577 0.004364 0.004351 —0.000275 —129.974301
OH —75.428343 —0.310311 —0.000289 —0.000259 —0.052 261 0.008 461 0.002 619 —0.000 297 —75.780 680
HNO —129.850244 —0.634 499 0.000253 —-0.001469 —0.081448 0.013680 0.004 732 0.000 000 —130.548 995
CN —92.242929 —-0.477290 —0.002005 —0.001378 —0.044284 0.004858 0.003629 0.000 000 —92.759 399
HCN —92.915916 —0.517 656 0.000413 -—0.001230 —0.044175 0.015 898 0.003 819 0.000 000 —93.458 847
CF —137.239487 —0.551585 —0.000435 —0.000525 —0.102084 0.003002 0.004239 —0.000178 —137.887 053
NH, —55.592445 —0.287829 —0.000368 —0.000224 —0.029 194 0.018 882 0.002 564 0.000 000 —55.888614
NH, —56.225187 —0.339348 —0.000104 —0.000316 —0.029045 0.034069  0.002 609 0.000 000 —56.557 322
NH —54.986522 —0.235129 —0.000454 —0.000127 —0.029 323 0.007 412 0.002 353 —0.000 001 —55.241 791
OF —174.211642 —0.674172 —0.000938 —0.000994 —0.139570 0.002426  0.004 951 —0.000414 —175.020 353

ied here will be the same as that for larger molecules thaapproximate conservation of bond types. Such an approach
will be amenable to the treatment in the future. was recently used by us to determine the enthalpy of forma-
Finally, the systems studied here become the initiation of HO, to an accuracy 0&0.5 kJ mol %, nearly an order
members of a database of compounds that can be used fof magnitude better than the definition of “chemical accu-
any number of thermochemical studies. Specifically, we beracy” (1 kcal mol'? or 4.184 kJmol%), and by Schuurman
lieve that thebestway to calculate a molecular enthalpy of et al. in a study of HNCO isomer¥.
formation is to use approaches other than atomization en- The next few sections define the theoretical model chem-
thalpy and direct elemental reaction strategies summarizeidtry that we have named HEAT. This is an acronym for
above. In an ideal world, an isodesmic reaction can be de*high accuracy extrapolatedab initio thermochemistry,”
signed in which all participants other than the target mol-which emphasizes two things—apart from energy extrapola-
ecule M have enthalpies of formation that are known pre-tion schemes, the approach involves no empirical scaling
cisely from experiment. Then, if total electronic energiesfactors or adjustments, and that the principal area of applica-
from the high-level theoretical model chemistry defined intion that we envision for HEAT will be in the area of ther-
this paper are available for all species, the reaction energmochemistry. After defining the method, and discussing the
can presumably be obtained with negligible theoretical errorvarious theoretical approaches used to determine the total
Adjustment of the reaction energy to the enthalpy of forma-energies that are the “bottom line” of HEAT for any atom or
tion of M (by appropriate addition and subtraction of experi-molecule, the approach will be applied to a test suite of at-
mental enthalpies of formation for the other spegisbould oms and molecules. While quantities such as atomization
then giveA;H’ for M with extraordinary precision. However, energies and enthalpies of formation calculated from them
it is recognized that this will not usually be possible, either(using the approaches discussed abaswell as from el-
because of inability to design a truly isodesmic reactionemental reactiongsexcepting carbonwill be presented and
(radicals can be difficult in this regardr the lack of precise discussed, we emphasize that it is the total energies obtained
thermochemical knowledge about some of the species in alpy the HEAT protocol that are the most important numbers
appropriate reaction. Then, alternative strategies can be folocumented in this work. Hopefully, the total energies for 31
lowed, using reactions that are not isodesrtbat clearly atoms and molecules found later in this pafkble )—and
superior to atomization schemgddut involve at least an straightforwardly calculabléat least in principlg for other
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species—will form the initial members of a database that casimple, nonrelativistic Born—Oppenheimer approximation:
be used by experimentalists and theorists alike to calculatAEpgoc is the diagonal Born—Oppenheimer correction,
enthalpies of formation using suitableaction-basedap- AEgg is the spin—orbit correction, anlEgg, is the scalar

proaches. relativistic contribution to the energy.
We now describe how the individual terms in E4) are
IIl. DEFINITION OF HEAT MODEL CHEMISTRY calculated.

In order to determine standard enthalpies of formation af*: Molecular geometries

0 K,?%itis always necessary to know the ground state energy  The geometrié¥ of species are taken from optimizations
of the target species. Within the Born—Oppenheimer apcarried out at the CCSD) level of theory with the
proximation, the ground state energy may be partitioned int@orrelation-consistent cc-pVQZ basis s&té recent bench-
electronic and vibrational contributions. The former is givenmark study has demonstrated that this level of theory gives
by the lowest eigenvalue of the electronic Hamiltonialec-  equilibrium geometries that are accurate<t6.003 A (bond
tronic energy at the equilibrium geometry; the latter by the |engthg and <0.5° (angle$ of experimentally inferred val-
lowest eigenvalue of the nuclear Hamiltonian containing aues, where the latter are available. This level of accuracy is
potential described by electronic energies as a function ofomparable to the best that can be achieved solely through
position. In some cases, the lowest rotational state is prohikanalysis of experimental data, since experimental measure-
ited by nuclear spin statistics, but we ignore this here. ments of geometrical parameters never correspond to equi-
The electronic part, as usually calculated, involves use ofibrium distances and angles, but rather some type of aver-
the nonrelativistic electronic Hamiltonian. The three simplestaged quantitieéz_ Moreover, we correlatall electrons in the
improvements upon this are to include “scalar” relativistic geometry optimizations, not just the valence electrons. While
effect$® using perturbation theorgwhich is believed to be this is clearly not as good as using a properly defitet
entirely adequate for atoms in the first two rows of the peri-much largey core correlation basis (cc-p&Z),*? it is con-
odic tablé9), splitting of the energy—and lowering of the siderably cheaper and the aforementioned benchmarktudy
ground state energy—Dby spin—orbit interactions, and to comdemonstrated that the approach used here gives geometries
pute the so-called diagonal Born—Oppenheimer correcthat differ only negligibly for molecules containing first- and
tion.3'~3*The latter is given by the expectation value of thesecond-row atoms from those obtained in full-blown
nuclear kinetic energy operator over the electronic waveCCSO(T)/cc-pCVQZ optimizations. These geometries are
function (that which diagonalizes the electronic Hamil- then used in all subsequent calculations of quantities contrib-
tonian, and is a first-order correction to the simple Born—uting to the HEAT energy, and the vibrational problem re-
Oppenheimer approximation that does not spoil the concepjuired for AEpg is solved with CCSIT)/cc-pVQZ at this
of a potential energy surface. geometry, as well. For closed-shell molecules, the restricted
In practice, all of the contributions above need to beHartree—FocKRHF) orbitals are used in all calculations. For
calculated approximately. First, finite basis sets must b&pen-shell molecules, there are two obvious choices: unre-
used. Even if the treatment of correlation was complte  stricted or restricted open-shell Hartree—FogkHF and
configuration interaction, or Fl the resulting energies ROHF, respectively It was our intent to define the HEAT
would be compromised by limitations of the one-particle ba-strategy in terms of UHF-based calculations. There are at
sis set. It is nonetheless impossible to do FCI calculations foleast two cogent reasons for this choice. At very high levels
all but the smallest molecules—even then in necessarilpf theory such as CCSDT, differences between UHF- and
small basis sets—so approximate measures for treating COROHF-based total energies are usually very small, so that the
relation are called for. In HEAT, as in all other model chem-choice of reference function should have no impact on the
istries that we know of, size-extensive many-body methodgnergy calculations. Second, ROHF methods are more prone

are used in the treatment of electron correlation. to symmetry-breaking and related effettsind its use very
The total energy defined by the HEAT protocol may beoften gives rise to nonsensical vibrational frequencies. How-
expressed by a formula that contains eight terms ever, in the course of this work, a rather curious problem was

noted for the diatomic NO: UHF-based calculations give ab-
surd parameters for the anharmonic force field; these se-
+AEgg T AEzpet AEpgoct AEgo. (4)  verely degrade the quality of the calculated vibrational zero-

In Eq. (4), E%- and AEZ are the HF-SCRHartree— point energy. This problem has been analyzed, and our
Fh T —HE _—ccsam) : . findings can be found in a separate publicaffdrlence, for
Fock self-consistent fie)dand correlation energies, the latter . .
. . the moment, the HEAT method will use UHF orbitals as the
given by the coupled-cluster singles and doubles méthod

with a perturbative treatment of triple excitatiotifyoth ex- default for.HF-SCF and CC.S(D) calculat|o_ns on open-shell
) o L molecules; systems for which ROHF orbitals turn out to be
trapolated to the basis set limit. The next term is intended to ; . .
LT . .- more appropriate will be so designated.
account for deficiencies in the treatment of triple excitations
in CCSO(T), the fourth term to account, approximately, for
differences between the CCSORef. 38 and FCI correla-
tion energies, where the latter is approximated by the Together, theE}: and AEccspy) terms give the esti-
CCSDTQ method? AE ¢ is the zero-point vibrational en- mated exact nonrelativistic electronic energy within the

ergy. The remaining terms remedy shortcomings of thesimple Born—Oppenheimer approximation, using the well-

Enear=Efrt AECcsom T AEccsprt AEcespro

B. CCSD(T) total energy
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known CCSDT) method to account for electron correlation correctiori’ is based on perturbation theoYy.For cases
effects. Following a relatively common convention, HF-SCFwhere triples corrections are large, or alternativddyt not
and CCSDT) correlation energies have been obtained in aentirely independentlywhen there are severe problems as-
hierarchical series of basis sets, and then extrapokdpd-  sociated with the reference function, there is cause to inves-
rately to obtain estimates of the corresponding basis set limtigate the extent to which CC3D) differs from the com-
its. For closed-shell molecules, the restricted Hartree—Focklete treatment of triple excitations defined by the CCSDT
method has been used. Open-shell molecules were treatagproximatior’® However, it is not possible to perform full
using the UHF approach. CCSDT calculations using the large basis sets met with in
For the HF-SCF energy, calculations were carried outhe extrapolated CCSD) energies defined above. Due to
using the augmented correlation consistent basis setsoth the relatively small differences expected and the fact
aug-cc-pC\KZ [X=T(3), Q(4) and 3 (Ref. 46 which are that it appears that correlation effects beyond CCSzan
designed to treat core correlation effects properly. Thesbe estimated with smaller basis sets, we have chosen to es-
three energies were then extrapolated with the formula advdimate this contribution with the cc-pVTZ and cc-pVQZ ba-
cated by Fellef! sis sets and to correlate only the valence electrons. Implicitly
X w assumed here is that effects due to diffuse functions and core
Eie=Enet aexp(—bX), ® correlation are already given sufficiently well by the extrapo-
whereE>H<F is the HF-SCF energy obtained with the aug-cc-lated HF-SCF and CCSD) energies. Our formula for the
pCVXZ basis set. The parametess b, and the extrapolated CCSDT-CCSDT) energy difference AEccspy) iS
HF-SCF energ¥, -, are determined uniquely from the three

energies. AEccsor= Ecesor(fe) — Esom)(fo), (7)
For the correlation energy, a formqla4;notivated by thewhere TQ denotes that the corresponding contribution has
atomic partial wave expansion is us€dsiz. been obtained by the correlation energy extrapolation for-
a mula[Eq. (6)] using the frozen-core CCSDT and CCSp
AE)écs =AE® +— (6) energies obtained with the cc-pVTZ and cc-pVQZ basis sets.
oT) ccso) 3’ - .
X For radicals, both the CCSDT and CCQID calculations

whereAEXcsqm is the CCSDT) correlation energynotthe  Were performed using UHF reference functions.

total CCSOT) energy, which includes the HF-SCF contribu- __ Despité its computational complexity and cost, even
tion] obtained with the aug-cc-pCVXZ basis set. Here, theré&cCSDT does not give correlation energies that are suffi-
are two parameters and the estimated complete basis setCi€ntly ~ accurate ~ for  the ~ most  demanding

limit CCSD(T) correlation energyAEfcqnn. These are applications’?>47:525However, coupled-cluster calculations

uniquely determined by two correlation energies; the aug-cc2eYond CCSDT have only been generally possifiie small

PCVQZ and aug-cc-pCV5Z energies are used in the HEmmolecules, of courgewith the development of general
protocol. coupled-cluster code$%° Recently, Ruden and collabora-
tors studied the impact of connected quadruples on atomiza-

At this point, it is important to note a distinct difference e . X ! X
between the HEAT approach and other model chemistries 42" €nérgies in double- and triplequality basis sets for six
molecule€® The authors found that the contribution of qua-

well as most isolated efforts to obtain very accurate thermo-* o
chemical parameters. Wip notattempt to separate valence druple excitations, as measured by the CCSDTQ CCSDT
correlation effects from those arising from correlation of the®Nergy difference, converges rapidly with basis set size. In

core electrons. All of the calculations carried out in deter-abSOIlJte terms, changes are largely negligible when going

mining the extrapolated CCSD) energy use basis sets that °€yond a polarized valence doulfiéasis. In a more recent

are designed to treat core correlation as well as valence cortudY flc(qugsémg Orr‘l "’(‘j Ia'rgﬁr samplle of molecules, Boese and
relation, and no electrons are dropped from the correlatioffO-WOrKErS™reached simiiar conciusions.

treatment in the individual CCSD) calculations. While it is Based on these findings, the effects of higher-level cor-
true that one can obtain similar extrapolated valence-onij€lation effectsithose beyond CCSDTare estimated in the

estimates of the correlation energy and then add a correctign=~A1 Protocol by subtracting the CCSDT and CCSDTQ
for core correlation effects calculated with significantly Corrélation energies obtained with the cc-pVDZ basis set in

smaller basis sets, we have chosen not to make the assunf€ frozen-core approximation:
tion of separation. Again, the point of this work is to do the AEccsprom EgcépS\I/DDT%(fC) — ESRO%(f). (8)
best calculations possible in a common current computa-
tional environment with as few approximations as possibleDue to program limitations that existed while the data were
However, we do recognize that this approach of combining?eing compiled for this research, thécsprgcorrection is
core and valence correlation effects runs counter to the conpased on ROHF reference functions for the radical species.
mon practice of many of our colleagues, but point out thatThere is an implicit assumption here—that the CCSDT total
our strategy is undeniably more rigorotfs. energies for radicals are independent of the reference
function—but this seems to be justifiél.
This approximation, which is intended to account for the
difference between CCSDT and an exact treatment of corre-
Despite the never-ending success story that is théation, is clearly important and is further discussed in the
CCSOT) method, it must not be forgotten that tH&) appendix.

C. Higher level correlation effects
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D. Zero-point vibrational energy o X
ero-point vibrational energies for all speci¢apart T2 =4

from atoms, where it vanishewere determined from anhar-

monic force fields calculated at tHall electronn CCSOT) E. Diagonal Born—Oppenheimer correction

level of theory with the cc-pVQZ basis sets, using RHF or- It tal iated that the electroni
bitals for closed-shell systems and UHF orbitals for most of IS not always appreciated that the electronic energy, as

the open-shell moleculé?. Using standard spectroscopic obtained from traditional electronic structure calculations, is

rovibrational perturbation theofy, the vibrational energy r|_1|ot ?I?u'\./alem to tt?]e e>|<petctat.|on| valu% of tlhe molecular
levels are given by the expression amiltonian over the electroni¢clamped-nucleys wave

function. The difference lies in the contribution of the

nuclear kinetic energy operator, which can be viewed as a
, first-order correction to the usual electronic energy. Nonethe-
) less, the simple potential energy surface picture of a mol-

ecule is not lost, as each geometry continues to be associated

where w; are the harmonic frequencies. Explicit equations™ith @ specific value of the energyor a given electronic
for the anharmonicity constants are given, for example, in statg although this surface becomes mass dependent. For

1
Ui+_

5|\ vit

Uj E

1
Ui+§

E(v)=Go+X,

+i2>j X

Ref. 63. Hence, the ground state energy is given by atoms, this correction—known as the diagonal Born—
Oppenheimer correctiolDBOC)—accounts for the finite
; Xij mass of the nucleus. This diagonal Born—Oppenheimer
Ezpe= Go+2 7+i2>j 7 (100 correctiort'~3+71-"3s calculated by the expectation value
AEpgoc=(Ve(r;R)[Ty|Pe(r;R)), (12

within this model. The second term is the familiar harmonic ~ o

approximation, while addition of the third an@specially ~ WhereT, is the nuclear kinetic energy operator afid(r;R)

first terms are rarely included in quantum chemical investi-'S the normahz_e_d electronic wave function obtained at the set
gations. Work over the past six years in our laboratories haSf nuclear positions parametrized By _

led to the development of analytic second derivative methods ~ Despite its deceptively simple form, it is not straightfor-
for the CCSDT) method®® and parallel developments ward to calculate the DBQC; efforts in this Q|rectlon have
have provided the avenue toward accurate and efficierflOStly been(for an exception, see Ref. yimited to the
evaluation of quartic force fields via numerical differentia- HF-SCF_or multiconfigurational SCEMCSCH level of

tion of analytic second derivatives. In fact, it is now possibleth€ory. The landmark paper of Handy, Yamaguchi, and
to calculate the cubic and quartic force fields, many physicaPchaefer” was the first which reported DBOC energies for a

quantities that depend upon them, and the second and thif¢imber of polyatomic systems. Recent stuffié$indicate
terms of Eq.(10) by simply “pushing a button.® The first that the use of correlated electronic wave functions has only

term is an oft-forgotten constaritloes not depend on the & modest effect on the DBOC corrgction. Thus we believe
vibrational stat ternf”®® which contributes to the vibra- that DBOC cgr.rect|ons calculated with HF-SCF wave func-
tional energy. Recent efforts in our laborafShas well as tions are sufhuently accurate for the purposes of this study.
otherd®™ have led to the development of explicit formulas Therefore, it has_been chosen for the HEAT protocol. The
for G, in terms of quantities calculable from the quartic 219-CC-PVTZ basis set has been used to calcll&ggoc at
force field. However, our efforts in this direction have only theé HF-SCHRHF and ROHF for closed and open-shell sys-
provided equations that apply to asymmetric tops, althougﬁem?’ respectlve)ylevel. Thls particular choice for the basis
we are working on the required modifications to treat sym-S€t is motivated by a previous stJay_vhere the DBOC cor-
metric tops, spherical tops, and polyatomic linear moleculeg€ction was found to converge relatively rapidly to the one-
Because of our inability to calcula@, for all molecules, we ~Particle basis limit, provided that diffuséow-exponent
have chosen to neglect this contribution in the zero-poinfunctions are included in the basis set.

energies. However, we take some solace from the recent

work of Schuurmaret al,*® where this term was included in
an exhaustive study of the enthalpies of formation for HNCO
and its isomergwhich, notably, used a reaction scheme of  Calculations performed within the framework of a non-
the sort that we advocate rather than being based strictly orelativistic Hamiltonian give a weighted average over the
atomization energig@sThey found thatG, was typically less  energies of various states involving different coupling of spin
than 10 cm® in magnitude, similar to what we have found in and orbital angular momentum. Consideraffuof this short-

pilot application€® and below that which is inherent in the coming of nonrelativistic theory is necessary for some of the
calculation of the other twgand numerically more signifi- species considered in this work. The relative energies of vari-
cand contributions to Eq(10). Hence, neglect of this con- ous states split by the spin—orbit interaction can be calcu-
stant term is not expected to cause significant errors, alated from a Hamiltonian that includes the spin—orbit opera-
though it should be checked in selected ca®ésH,O, in  tor. The calculated energy lowering of the lowest spin—orbit
the following sectiom and eventually included when general state (which is of course the ground state of intejesith
formulas are available. However, for now, the HEAT zero-respect to the averaged state obtained in a nonrelativistic
point vibrational energy contribution will be defined as calculation can be used to adjust the ground state energy.

F. Spin—orbit correction
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Since the magnitude of this effect is relatively small for first- H. Computational details
and second-row atoms, these calculations need not be per-

formed at_levels of theory rivaling those used in the ENerYavel relative to the weighted average energy were performed
extrapolations. , with coLumBus,”® while most of the calculations & Epgoc

. The calculations 0AEso (defined here as the €Ner9Y were carried out with thesiz.2electronic structure program
difference between the ground state and the statistically .. so CCSDTQ calculations were done with a string-based
weighted average of all spin—orbit states—which is nOtmany-body cod&” All HF-SCF, CCSD, CCSDT), and
equivalent to the spin—orbit coupling constartiive been  ~~gpt energy calculations as \;vell as e,valuationA’EfQ
performed with a spin—orbit configuration interacti¢@l) and someA Epgoc calculations come from a local versiger of
procedure. For a detailed description, see Ref. 75. In SUM; 581 Anharmonic force fields used fak Epe Were cal-

mary, the core electrons are described by relativistic eﬁeCtiV%ulated withacesz using the algorithm described in Ref. 82
core potential¢RECP including spin—orbit terms that allow All calculations, some of which involved more than 500 ba-

a straightforward calculatlop of the spin—orbit |nteract|on_|n—SiS functions, were performed on personal computers running
tegrals. The Cl wave functions are constructed by consider,

ing all single and double excitations out of a valence com-ﬁhe LINUX operating system.
plete active space reference function. To reduce the

computational effort, the double-group symmetry that oftenlll. RESULTS
facilitates relativistic quantum calculations can be used. The
cc-pVDZ basis set developed by PitZetogether with the

corresponding RECP&ef. 779 were used in the calcula-

Calculations of the stabilization of the lowest spin—orbit

Total HEAT energies, as well as the individual contribu-
tions defined in the preceding section, are listed for 31 atoms
tions and molecules in Table I. Species in the test suite contain

It should be noted that we consider only first-order spin-Only hydrogen, carbon, oxygen, nitrogen, or fluorine atomg;
L . o there are 12 closed-shell systems and 19 are doublets, trip
orbit interactions in this work. Hence, the only molecules for

which the AEq, contribution is nonzero are radicals in de- lets, and quartets. The complete documentation of the indi-

: . vidual energy contributions should be of use to others inter-
generate ground states. Second-order spin—orbit effects 9y

A . . .. ested in expanding the HEAT database, as they can be used
which involve coupling of the ground state with excited . . .
. . . . to provide a check on calculations. However, the most im-
states of different spin through the spin—orbit operator, are

. s ortant numbers in Table |l—and indeed in the entire
not included and are expected to be of negligible import fo . . . )
. manuscript—are those in the rightmost column: the HEAT
thermochemistry.

One could of course use measured spin—orbit splittin total energies for each species. In the following sections, we
P PUINGY) strate use of the HEAT energies in calculating atomiza-

to calculate the correction. It is clearly the contribution ap- . . . .
S ) : .~ .7 tion energies and standard enthalpies of formation at 0 K.
pearing in Eq.(4) for which experimental determination is

clearly superior to computational estimation. However, sinceA. Atomization energies

onle_zttmlght wa?t to _|In\l/jst|gate spfeueti where thtetsplnl—orblt Atomization energies calculated from HEAT energies are
SPItting 1S not avaliable, we preter the computationa ap'given in Table Il for the 27 molecular species in the test

proach. I.t IS a_lso in keeping W'th.the spirit of th_e_ HEAT suite, along with the individual contributions. Among other
method, in V.Vh'Ch appeals_ to experiment and empiricism ar‘ﬁwings, the first two columns of the table show the well-
kept to a minimum. A quick check reveals that experimen- . - anomalous behavior of fluorine AFand also OF,

tally measured and calculated valuesidEs for the mol- i are both unbound at the UHF level and owe their

ecules in this work differ by less than 10 chin all cases. stability as molecules to electron correlation. There are also
several other species {(HNO, HO,,NO) for which corre-
lation effects account for more than half of the atomization
energy; Hartree—Fock and correlation contributions are es-
sentially equal for N, H,O,, and CN. It is not particularly
surprising that the magnitude of higher-level correlation
The effect of so-called scalar relativistic contributihs contributions—defined here as those beyond CO3BH-
to the HEAT total energyAEgg,) are included by contract- correlates strongly with the overall correlation contributions
ing the one-particle density matrix obtained at the CCBD identified above. The largest values ®Ecsprqare found
aug-cc-pCVTZ level with(one-electrop Darwin and mass- for N,, F,, O,, CO,, H,0,, NO, HNO, CN, and HCN, all
velocity terms. As discussed by Davidson, Ishikawa andout HCN mentioned above in the context of having large
Malli,”® this is a reasonable approximation for relativistic overall correlation contributions to the atomization energy.
effects when first-row elements are considered. Recentlysor each of these species, the effect of correlation beyond
Boese et al?® compared the sum of Darwin and mass- CCSDT—a tract of the quantum chemical landscape that is
velocity contributions obtained at high levels of theory to therarely trod upon in practice—is to increase atomization en-
second-order Douglas—Kroll contributions. While the com-ergies by more than 3 kJ mdl Given that the standard defi-
parison there is complicated a bit by the lack of a commomition of chemical accuracy is 4.184 kJ mb] one realizes
basis set or method, the results suggest that negligible errdiat this time-honored goal of quantum chemistry is still not
is incurred with the simpler first-order treatmdot first- and  easily obtained, at least in the context of atomization ener-
second-row atoms gies.

G. Scalar relativistic effects
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TABLE II. Contributions to atomization enthalpies for the molecules in the test set. All values are in & mol

Species  Eje AElcsnm  AEcesor AEccspro AErer  AEzpe  AEpgoc  AEgp  Total
N, 482.94 472.26 —-3.14 3.61 —0.56 -14.12 0.08 0.00 941.07
H, 350.81 107.41 0.00 0.00 -0.01 -25.97 0.22 0.00 432.46
F> —154.98 316.00 —-1.31 3.42 —0.20 —5.50 0.02 -3.01 154.44
O, 140.36 362.56 —2.07 4.46 -0.82 -956 0.06 —1.61  493.39
CcO 729.86 356.91 —2.37 2.21 —-0.69 -—12.98 0.07 —1.20 1071.82
C,H, 1228.97 468.20 -3.03 2.23 —-1.14 -68.93 050 -0.76 1626.06
CCH 777.34 333.02 0.56 228 -—-1.12 -36.34 0.23 —-0.76 1075.23
CH, 649.11 149.13 —0.02 0.14 —0.63 —45.07 0.11 -0.38 752.39
CH 238.28 113.57 0.43 0.12 -0.18 -16.97 -0.34 -0.20 334.70
CH, 1017.30 271.11 —0.15 0.24 —-0.72 -77.64 0.19 -0.38 1209.93
CO, 1033.08 599.66 —4.49 4.11 —2.05 —30.40 0.20 —2.02 1598.10
H,0, 562.96 562.77 —2.37 2.95 —-1.63 —68.77 0.52 —-1.64 1054.81
H,0O 652.40 323.02 -0.97 0.99 —1.14 -—-55.73 0.53 -0.82 918.26
HCO 764.53 403.66 -1.78 2.19 -1.16 -34.03 -0.10 -1.20 113211
HF 405.62 187.00 —0.67 0.72 —0.84 —24.66 0.34 -—-151 566.01
HO, 300.93 431.57 —0.60 2.52 —-1.20 -—37.05 0.02 -1.64 694.56
NO 225.52 411.50 —1.54 3.07 —0.83 —11.46 0.06 -0.10 626.22
OH 286.41 162.12 -0.13 0.48 -054 -2221 0.05 -0.04 426.14
HNO 331.69 528.35 —2.45 3.54 -1.19 -3592 -0.23 -0.82 82297
CN 379.38 371.64 3.14 343 —-0.63 -—12.75 0.10 -0.38 743.92
HCN 833.50 477.62 -3.21 3.04 —-0.94 -—-41.74 0.32 —-0.38 1268.20
CF 338.46 216.63 —0.60 1.00 -0.72 —7.88 0.03 -—-1.42 545.50
NH, 492.92 270.76 0.06 0.48 —-0.67 —49.57 -0.03 0.00 713.95
NH; 841.38 406.03 —0.63 0.72 —1.08 —89.45 0.56 0.00 1157.53
NH 214.88 132.40 0.29 0.22 -0.31 -19.46 -0.19 0.00 327.83
OF —64.04 282.44 1.05 210 -0.41 -6.37 0.02 -1.24 213.56

The overall difference between the exact correlation controns and the number of bonding electrdidH, NH,, and
tributions (as estimated by HEATand those associated with NH, form an interesting sequence here, as does OH and
AECcspT also includes\Eqcspr, Which is intended to rem-  H,0—it seems to indeed be well-approximated by “bond
edy deficiencies in the CCSD) treatment of triple excita- contributions” that can be inferred from the tapland will
tion effects. And here, one can only say that CCBXomes  become more important as one moves down the periodic
through again. While thé\Eccsprg contributions are uni-  table. The same is true for spin—orbit effects. The DBOC, on
formly positive, those associated WifEcsprare generally  the other hand, is most important for light atoms as can
negative, indicating that a HEAT thermochemistry based ortlearly be seen by noting its essentially negligible magnitude
CCSOT) energies instead of estimated exact correlation enfor molecules that do not contain hydrogen atoms.
ergies would outperform one based on CCSDT eneftfies.  Zero-point vibrational energy contributions to the atomi-
When these two contributions are combirjéitereby provid-  zation energies are obviously negative in all cases. Enthalp-
ing an estimate of the difference between CCBDand jes of formation calculated from atomization energies and
FCI], excellent cancellation is found in many cases. Excepexperimental atomic enthalpies of formation will be dis-
tions, where the net effect exceeds 1 kJpare(kJmol'*  cussed subsequently.
in descending orde&rCN (6.57), OF (3.15, CCH (2.84), O,
(2.39, F, (2.12, HO, (1.92, NO (1.53, and HNO(1.09,
most being radicals where the perturbative nature of(ihe
correction to the energy is most susp&cthe particularly Most theoretical model chemistries present atomization
large value seen for CN also reflects differences in Ca3D energies as the primary thermochemical data remind the
energies calculated with UHF and ROHF reference funcreader that the total HEAT energies in Table | Hreprimary
tions; it is quite likely that this value would be smaller if the data of this paper but one could also base the calculations
ROHF-based CCS@O) method>%®was used in determining on different elemental reference compounds. One choice
the AEccgpr contribution. would be the elements in their standard state, in which case

Continuing to the right in Table I, we see that scalarthe reaction energies determined would be equivalent to stan-
relativistic effects systematically reduce the atomization endard enthalpies of formation. However, standard states as
ergies by as much as 2 kJ md) corrections to the simple defined for many elements are not amenable to computation
Born—Oppenheimer approximation generally—but not(carbon, chlorine, boron, to name a feand this approach
always—increase the atomization energy by no more thahas not been followed in the literature of model chemistries.
0.5 kJmol L. Stabilization of the lowest spin—orbit level can Nevertheless, we will have a go at it here.
amount to as much as 2 kJ mdl Here, it is important to Table Ill lists reaction energies calculated from HEAT
consider the scope of the molecules in the test suite. Scalaata for the formation of the test suite species from molecu-
relativistic effects will increase with the total number of elec- lar reference compounds. For H, N, O, and F, the standard

B. Formation from the elements
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TABLE lll. Contributions to reaction enthalpies for the formation of the test compounds from the elemental
reactions, as defined in the text. All values are in kJthol

Species  Ej AEccspt) AEccsor AEccsprq AErer  AEzpe  AEpsoc  AEso Total

C 729.86 356.91 —2.37 2.21 -0.69 —12.98 0.07 —-1.20 1071.82
F —77.49 158.00 —0.65 1.71 -0.10 -—-2.75 0.01 -151 77.22
H 175.41 53.71 0.00 0.00 -0.01 -12.99 0.11 0.00 216.23
N 241.47 236.13 —1.57 1.80 -0.28 —7.06 0.04 0.00 470.54
O 70.18 181.28 —1.03 2.23 -0.41 —4.78 0.03 -0.80 246.69
CyH, 581.57 353.03 -1.70 2.19 —0.26 16.99 -0.14 -164 950.04
CCH 857.79 43451 —5.30 2.15 -0.27 -261 0.01 -1.64 1284.64
CH, 431.57 31519 -2.34 2.08 —0.08 6.12 0.18 -0.82 751.89
CH 666.99 297.05 —2.79 2.09 -0.52 —9.00 0.52 -1.00 953.35
CH, 238.79 246.92 -2.21 1.98 0.02 25.70 0.21 —0.82 510.58
CO, —162.86 119.81 0.05 2.56 0.54 7.86-0.08 —-0.79 —32.90
H,0, —71.79 —92.80 0.30 151 0.80 33.24 —0.24 0.03 —128.96
H,O —231.40 —34.33 —0.06 1.24 0.72 2498 —-0.28 0.02 —239.11
HCO 210.92 188.24 —1.62 2.25 0.06 3.28 0.31 -0.80 402.63
HF —307.71 24.71 0.02 0.99 0.74 8.92 —0.22 0.00 —272.55
HO, 1483 —15.30 —1.47 1.94 0.38 14.50 0.14 0.03 15.05
NO 86.13 5.91 —1.06 0.96 0.15 -0.38 0.01 -0.71 91.01
OH —40.83 72.87 -0.91 1.75 0.12 4.45 0.09 -0.76 36.78
HNO 155.37 —-57.23 —0.15 0.49 0.50 11.09 0.41 0.02 110.49
CN 591.96 221.40 —7.07 0.59 -034 —7.29 0.01 -0.82 798.44
HCN 313.24 169.13 -0.72 0.98 —0.04 8.71 -0.09 -0.82 490.38
CF 313.91 298.28 —2.42 2.93 -0.07 -—7.85 0.05 -1.29 603.54
NH, 99.36 72.78 —1.63 1.32 0.38 16.54 0.30 0.00 189.05
NH3 —73.69 —8.78 —0.94 1.08 0.79 43.43 —0.19 0.00 —38.30
NH 202.00 157.43 —-1.86 1.58 0.03 -0.59 0.35 0.00 358.94
OF 56.73 56.84 —2.74 1.84 -0.09 -—1.16 0.02 -1.07 110.36

definition of the corresponding diatomic molecule is used, so  The remaining contributions are also similar in magni-
that the tabulated reaction energies for molecules containinde in the two cases, except fAE ¢ since now there are
only these elements are equivalent to the standard enthalpigibrational modes in all species in the chemical equation.
of formation. For carbon, where the elemental standard state
is graphite, we use carbon monoxide in a way most easilyt

communicated by example. For acetylene, the reaction used
is In Table IV, enthalpies of formation at 0 KA¢H,) cal-

culated from HEAT energies are given for all members of the
2C0+Hy—CoH,+ 20, (13 test suite. The calculations were done by two different pro-
while cedures. In the firstl), HEAT atomization energies were
corrected to standard enthalpies of formation according to
Oz +Hp—HOOH (14 Eq. (1),8” using experimental gnthalpies of formation for t%e
is used for the stoichiometrically similar hydrogen peroxide.atoms. Procedure Il is based on the elemental reactions sum-
In the former case, the calculated reaction energy is nomarized in the preceding section. For all molecules not con-
equivalent to the enthalpy of formation, differing from it by taining carbon, values af;H® obtained by procedure Il are
twice the difference of the enthalpies of formation of CO equal to the reaction energies given in Table Ill. This under-
and O. scores one relative advantage of the elemental reaction ap-
All in all, the relative magnitudes of the Hartree—Fock proach, specifically that it is based on reference compounds
and correlation contributions to the reaction energies is notvhose enthalpy of formation is precisely zero by definition.
entirely dissimilar to that found for atomization energies. This is advantageous only in extremely accurate calculations
Correlation corrections dominate in magnitude in a fewsuch as those presented here, since it avoids errors associated
cases, and others exhibit comparable contributions. with atomic enthalpies of formation for species such as C
Higher-level correlation contributions are also compa-and F Since one cannot do a HEAT calculation on a chunk
rable in magnitude using the atomization and elemental reef graphite, however, an alternative approach was used. The
action calculations. While th& Eccsprq contributions are  reference for carbon used in approach Il was carbon monox-
decidedly smaller for the lattefno contributions above 3 ide, as described in the preceding section. CO was chosen
kJ mol ! while 8 of the 26 atomization energy contributions since its experimentally determined enthalpy of formation
exceed this value the mean absolute post-CCQD corre- [—113.81+0.17 from Ruscic’s Active Thermochemical
lation contributiongthe sum ofAEccsprandAEccsprg are  Tables(ATcT) Refs. 89—-91is not tied to that of the carbon
about the same: 0.82 kJ mdlfor the atomization energies aton?? and should therefore be a relatively stable reference.
and 0.90 kJ mol* for the elemental reactions. Given the CO value as well as that for Q{H"=246.84

Enthalpies of formation
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TABLE IV. Standard enthalpies of formatidin kJ mol ™), calculated from The astonishing accuracy of HEAT energies in predict-
HEAT atomization energies and experimental atomic enthalpies of formaing the enthalpies of formation for the well-characterized
tion (I) and the elemental reaction approath. Experimental values are . w . .

from the ATcT (Ref. 89 (superscript awhere available. Remaining values compounds in Table IV S_UQQGSIS that they are “better” esti-
come from the NIST-JANAF compendium. Fixed values are in parenthesismates than those found in the NIST-JANAF database for all

of the remaining compound&xcept perhaps ammonjan

Species AR A Expt. the sense that the error bar associated with the HEAT values

N, 0.11 0.00 0.08:0.00 (which we assign as 1 kJ mdi for all but difficult casesis

H, —-0.39 0.00 0.08:0.00 roughly an order of magnitude smaller. An interesting case

F —0.02 0.00 0.08:0.00 that warrants further study is the HNO molecule, where the

82 (713'3;3) 713'23 71%07%8'2% NIST-JANAF uncertainty is rather smal0.42 kJmol?),

F 7723 1799 17 9%0.28 while the HEAT value is about 8 kJ mal higher. N

H (216.03 216.23 216.020.00* The compounds that appear to be the most difficult cases

N (470.59 470.54 470.580.08! for HEAT are GH, and H,0O,. Calculated enthalpies of for-

0 (246.89 246.69 246.840.00 mation (0 K) for both are well outsidérelatively speaking

EOH (_;g"ég _1212358714 _122532%8';; the range of values from ATcT, which merits some discus-

o 564.39 56334 56330 65 sion. For GH,, the error appears to result from a neglect of

CH, 391.47 391.24 390.650. 54 connected pentuple excitatiofsee appendix while the dis-

CH 593.12 592.70 593.1€0.36" crepancy for HO, is unclear. It is perhaps significant that

CHs 149.96 149.93 149.940.1F H,O, stands alone amongst the test suite molecules in hav-

CG; —39263  —39355 -—393.110.0F ing a low-frequency torsional mode. The way in which

H20; 12005 12896 ~129.62:0.08 AE,pg is calculated in the HEAT protocol is ideally suited

H,0 -239.35  —239.11 —238.92-0.04 ZPE 1S ' -

HCO 42.55 41.98 42.090.38 for semirigid molecules where both the harmonic approxima-

HF —272.76 ~ —272.55 —272.73-0.24 tion and second-order vibrational perturbation th&dmre

HO, 15.16 15.05 14.960.64 expected to work well. It may well break down for torsional

NO 91.22 91.01 90.580.09 modes such as that in,B,, at least at the level of tenths of

OH 36.74 36.78 37.090.05° 1 . . .

HNO 110.50 110.49 102.560 .49 a_kJ mol ~. A de_talled analysis of _lz'Dz_ is underway, and

CN 438.47 437.79 436.8010.0¢F will be reported in a separate publicatioh.

HCN 130.21 129.73 135.538.40°

CF 243.50 242.89 251.668.00°

NH, 188.71 189.05 193.256.30° IV. DISCUSSION

NH, -38.84 -38.30  —38.91+0.40

NH 358.80 358.94 376.5116.70" As continually stated throughout this paper, the total

OF 110.50 11036 108.0010.00 HEAT energies given in Table | represent the princigzaid

Mean absolute errbr 0.37 0.24 indeed, the only nonredundamesults of this research. It is

Mean signed errér -0.28 -0.06 hoped that the 31 examples studied here are just the begin-

RMS errof 0.56 0.35 ning of a fairly significant database of systems for which

Maximum errof 1.39 0.86 HEAT results are available. To this end, we have already
%From active thermochemical tables. begun calculations on a few additional systems, and invite
PFrom NIST-JANAF compilation. other members of the quantum chemical community to join
‘Based only on active thermochemical tables data. the effort. Although the results presented in the preceding

section for the enthalpies of formation are already extremely

accuratgmore so, in fact, than we had anticipated when this
+0.002), elemental reaction energies—as defined earlier—project bega)jy even greater accuracy can be obtained if the
need to be adjusted by 360.65 kJ moper carbon atom to theoretical results are used to calculate enthalpy changes for
give enthalpies of formation. reactions in which the bonding environments of atoms on the

The results are startling. For compounds that have wellleft and right side of the chemical equation are similar. There

established and self-consistent enthalpies of formation, as essentially a continuum between atomization energies
determined by Ruscic’s ATcT approath’*the HEAT values  (which are undoubtedly the most difficult quantities to cal-
determined by method Il are within 1 kJmdlin all cases! culate accuratelyand isodesmic reactions in which the local
Indeed, for only one example—B, (—128.96 versus environment of every atom is preserved on both sides of the
—129.82+0.08 kJ mol )—does the calculated HEAT value equation. In isodesmic and nearly isodesmic reactions, one
fall more than 0.5 kJ mol* outside the range estimated by expects correlation effects to be less severe. Hence, the
the ATcT approach. Using method I, bothHf, and HO,  AEccspr and AEccsprg contributions to the HEAT energy
fall more than 0.5 kJ mof* outside the ATcT estimate. For should be considerably smaller in magnitude. This is advan-
set |, 7 of the 16 HEAT values are within the ATcT error bars,tageous, because unlikgx and AE¢csyr), these higher-
while 8 set Il values fall within the estimated bounds. Theorder correlation contributions are not extrapolated as
statistical analysis shown at the bottom of Table IV givesthroughly nor are they free of the assumption of negligible
further support that enthalpies of formation determined bycore correlation effects.
the atomization energy approa¢h are not quite as good, Some evidence that this is the case can be found in Table
although the performance difference is decidedly small.  V, where HEAT thermochemistry values are given for sev-
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TABLE V. Individual contributions from HEAT energies to reaction enthalpies at 0 K. All values in kJ‘'mol

Reaction Eie AECcsom AEccsor AEccsoro AEgeL AEzpe AEpgoc AEso Total
H+H,0,—HO,+H,0 —103.95 —29.70 —0.92 —0.08 0.17 1.80 0.02 0.78 —131.88
CH+ C,H,— CCH+ CH, 40.80 99.62 —-3.15 —0.06 0.43 —4.48 -0.19 0.18 133.14
CH,+ C,H,—CCH+CHs3 83.44 13.20 —3.47 -0.14 0.08 —0.01 0.19 0.00 93.29
HCO+C—CH+CO —203.62 —66.82 0.16 -0.14 -0.29 —4.07 0.18 0.20 —274.40
N+NH; — NH,+ NH 133.58 2.86 —0.98 0.02 —0.10 —20.41 0.79 0.00 115.75
2NH — N+ NH, —63.16 —5.96 0.51 —0.03 0.04 10.65 —0.36 0.01 —58.29
HCN+C—CH+CN 215.84 —7.59 —6.77 —-0.51 -0.13 —12.02 0.56 0.20 189.59
CH—C+H 238.28 113.57 0.43 0.12 —0.18 —16.97 —-0.34 —0.20 334.70
CH,—CH+H 410.83 35.56 —0.45 0.02 —0.45 —28.10 0.46 —0.18 417.69
CH;—CH,+H 368.19 121.98 -0.13 0.10 —0.10 —32.57 0.08 0.00 457.54
NH—N+H 214.88 132.40 0.29 0.22 —-0.31 —19.46 —0.19 0.00 327.83
NH,—NH+H 278.04 138.36 —0.23 0.25 —0.36 —-30.11 0.16 0.00 386.12
NH;—NH,+H 348.46 135.26 —-0.69 0.24 —-0.41 —39.87 0.60 0.00 443.58
OH—O+H 286.41 162.12 —0.13 0.48 —0.54 —22.21 0.05 —0.04 426.14
H,0—OH+H 365.98 160.90 -0.85 0.51 —0.60 —33.52 0.48 -0.78 492.12
HF—F+H 405.62 187.00 —0.67 0.72 —0.84 —24.66 0.34 —1.51 566.01

eral chemical reactions. The first group of reactions ardess systematic, but this is less of a problem since it is com-
isodesmic or nearly so; the typgsartners and bond ordesf  paratively cheap to calculate.

chemical bonds are preserved in the reactions, although free An example of how we feel the HEAT energies are best
atoms appear in the last four reactions and the seventh reagsed is provided by the NH and NHnolecules. Uncertain-
tion involves a dramatic difference in the location of an un-ties in NIST-JANAF values foA (H° for these molecules are
paired electron. Nonetheless, thdccgprq corrections are  rather large(16.7 and 6.3 kJ mof, respectively. While the
less than 1 kJmol in all cases, in contrast to the atomiza- yalues in Table IV are likely to be within 1 kJ mdj, there is
tion and elemental reactions documented in Tables Il and llignother approach which is potentially superior. The calcu-
whereAEccsprg>1 kJ mol* is the norm. Hence, enthalpies |ated HEAT reaction energies for NH:NH,+H, NH,
calcu_late_d from_HEAT energies that exclude lzhECC_SDTQ —NH+H and NH—=N+H in Table V are surely more pre-
contribution which is—at least for the larger species—thegjse than enthalpies of formation calculated from the rela-
most expensive calculation met with in the HEAT protocol, iyely difficult atomization energies or elemental formation
should be considerably more accurate than atomization Qfnergies in Table IIl. These can be combined with the rather
elemental formation reactions based on the same approx'mﬁ'recisely knownAH° value of H and NH (216.03 and
tions. We note in passing that some of th&gpt Contri- —38.91+0.4 kJmol'Y) to yield values of 188.64 kJmot
butions are large for these reactions, specifically those inénd 358.73 kJ moft for A;H* of NH, and NH, respectively.
volving the isoelectronic CCH and CN radicals for which It should be noted that both of these nur’r;bers are also in
UHF-CCSOT) performs poorly due to spin-contamination good agreement with those in Table IV.

effects¥ ) . .
Several follow-up studies are in order. First of all, we

Also interesting is the second set of reactions in Table V . . .
S . : recognize the computationally demanding nature of the
all of which involve breaking of aiX-H bond, whereX is a . o
HEAT procedure. The calculations oAEccsnr and

first-row element. In all of these, there is just one difference . . L
in the bonding of products and reactaitisere is an extra AEccspro: in particular, are the most arduous. Simplifica-
X-H bond in the formex, and these should benefit from can- tion of these steps would certainly result in a theoretical
cellation of errors. And indeed, higher-order correlation ef—,m()deI chemistry that would be more widely applicable. But
fects are quite small, with bothEccgprand AEccsproal-

just how accurate would it be? F&Eccgyr, there are
ways below 1 kJmol’. Even beyond this, there is a striking some alternatives that come to mind. First of all, the extrapo-

regularity in the AEccspro contributions to these reaction lated energy could be based on aug-cc-pCVTZ and aug-cc-
energies. The magnitude of this contribution is always posiPCVQZ calculations, which would avoid the aug-cc-pCV52Z
tive, and increases systematically with the electronegativitf@lculations that involve, for example, 543 basis functions
of X. Alternatively, it increases with decreasingH dis-  for & molecule as small as GOAnother course of action
tance. Moreover, it is remarkably constant for the sequence&ould be to invoke separation of core and valence correla-
XH—X+H, XH,—XH+H, etc. This can be used advanta- tion. One could even dispense with diffuse functiéhand
geously in HEAT studies in which this expensive contribu-calculate extrapolated CC$D energies with the cc-pvVQZ
tion is excluded. For example, if one was interested in deterand cc-pV5Z (or cc-pVTZ and cc-pVQZ basis sets in
mining the enthalpy of formation of an alkoxy radical from dropped core calculations. Effects of core correlation could
the corresponding alcohol, it would seem pragmatic to skighen be estimated from relatively small basis séts-

the CCSDTQ calculation and simply assume that the differpCVDZ or cc-pCVTZ in all electron calculations. These
ence iNAEccsprgenergies of the alcohol and alkoxy radical values, when combined, would represent an approximation
is 0.5 kJmol®. The behavior ofAEccspt is considerably  to AEécqu)- Ultimately, basis set extrapolations are em-
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pirical in nature. Explicitly correlated coupled-cluster meth-tion under OTKA Grant No. T04718®.G.S. and M.K, and

ods such as the linear R12 methtdsould be used to evalu- OTKA Grant No. T047185%A.G.C). During the latter stages
ate AECéCSEXT) more accurately and reliably than by the of this research, P.G.S. was supported by the Fulbright Foun-
extrapolation-based schemes used here M&¥cspro, €sti-  dation during a sabbatical at the University of Texas at Aus-
mation of quadruple effects by a noniterative approximatiortin. The research presented in this paper is part of a current
would be desirable. Although there is no shortage of sucland future work by a Task Group of the International Union
noniterative approaches that have been suggested in tlwé Pure and Applied Chemistry Grant N@000-013-2-100
literature?’ little has been done in the way of testing them to determine structures, vibrational frequencies, and thermo-
for nontrivial systems. Recent work by some ofiisas led  dynamic functions of free radicals of importance in atmo-
to the derivation and implementation of a noniterative cor-spheric chemistry. We also thank Branko Rus@egonne
rection to CCSDT that corresponds—in the sense of pertuNational Laboratory for his enthusiastic support of our re-
bation theory—to théT) correction to CCSD. It is also dis- search as well as guidance in the subtle world of high-
tinct from any other approach that has been advocated faxccuracy thermochemistry.

correcting the CCSDT energy. One of the potential applica-

tion areas for this “CCSD1Q)” method will be in the area APPENDIX: COMMENTS ON CALCULATIONS

of thermochemistry. Alternatively, it is also sensible to dis-USING CCSDTQ AND BEYOND

pense completely with the quadruples correctiothermo-

: ) . We begin with a few comments on the cost of these
chemical parameters are calculated from (nearly) isodesmi

. ol if o5 b han 1 kJ i %alculations. The largest CCSDTQ calculation, which was
reactlons_ especially If accuracies better than ) '€ carried out for the HCO radical using the cc-pVTZ basis set,
not required. Other areas worthy of study are: correIatlor]nvolv(_:‘S the simultaneous solution of roughly 6220 non-

effects_ _in 172 the diagonal Born—Oppenheimer ;oo equations. The most demanding CCSDT@Rich in-
approximatioi”® (where we have also recently focused cludes complete treatment of single, double, triple, qua-

some theoretical effdf), the importance of anharmonicity druple, and pentuple excitationsalculation was carried out

in the zero-poiljt vibrational correction,_ a”f’ the importancey,, H,O,, where the dimension of the nonlinear system was
Zfl the fthus far |gnorﬁjdbconstaﬁio cofntcrzlcbutloln tIOA_EZPEt; (ilightly greater than 1:810°. These calculations required
sgnglr;ter?st wouf e.t c lzeho h cat():ul_atlon.:,] aj,? everal weeks of computer time, and are clearly beyond the
on reterence unct|_ons. . thoug we be leve t a_t_ I'scope of anything that could remotely be characterized as a
ferences in the final energies will be negligible, the partition- o in o application. Despite this, none of the CCSDTQ cal-

ing of AEccsp), AEccspr: and AEccspro Will undoubt- oo n with the cc-pVDZ basis s@hose specified in the

edly change in interesting ways, which might render More = A protoco) required more than three days amux-
systematic behavior in the individual contributions. gased personal computers

Studies along the lines suggested above will be carrie To test the suitability of the approximation used for
out. The results, however, are predictable. Use of simplified, additional CCSDTQ calculations were per-
HEAT strategies will likely result in a level of accuracy that forngncesc’jDTf%r a subset of moleculeéhe smaller ones, of

is comparable to that obtained in other sophisticated theore&-Ourse using cc-pVTZ and cc-pVQZ basis sets, and at the
'C?! ?ﬁdel (E)hem|str|eks OTUCh ‘;S Gg’ CI?(S(-jQ, Vg% and WgcCSDTQP level with the cc-pVDZ basis. The effects of
which have been worked out, benchmarked, an ocumentqﬂese on values oA(H" calculated according to method Il

in excellent detail in the literature. We are not interested in(elemental reactionsre documented in Table VI. From this
proliferating the population of roughly equivalent methods,it can be seen that the cc-pVDZ basis &&e only member

o) the_ community will not be subjected to foIIow—up.paper.sOf the cc-p\KZ hierarchy that can really be used for
repprtlng HEAT2, HI.EAT3_, etc., methods. However, mvesu_—AECCSDTQ for all of the molecules gives results that are
gation of the approximations suggested above should be Irh’uite suitable for the present purposes. In fact, from an in-
teresting, especially with regard to the utility of the nonitera’spection of Table VII, it appears that the cc-pVbZ basis set
tive approximation for quadruple excitation effects and for;¢ superior to the cc-pVTZ basis set, since it gives
any light that_it might shed on the magnitude and SyStE"maﬁC&CSDTQ - CCSDT differences that are closer to those based
of the error introduced by assuming that core and valencg Ccc-pVTZ/cc-pVQZ extrapolations for systems small
correlation effects can be separated. enough to permit CCSDTQ/cc-pVQZ calculations. These
calculations also indicatésee Table V) that the cc-pVDZ
ACKNOWLEDGMENTS contr'il.)ution to the elemen'gal reaction ent.halpies are not very
sensitive to further extension of the basis. The fact that the
This work grew from a discussion involving three of the magnitude of the cc-pVDZ CCSDTQ - CCSDT energies ap-
authors(A.G.C., P.G.S., and J.F)Sin Budapest during a pears to be slightly too small with respect to cc-pVTZ, cc-
meeting of the IUPAC task force on free radical thermo-pVQZ, and extrapolated results was in fact the basis for an
chemistry. We therefore thank IUPAC for providing the empirical scaling of quadruple excitation effects by Boese
stimulus for this excursion into computational thermochem-et al. in their W3 modeP® However, we have not chosen to
istry. Financial support for this work comes from the U.S.scale our calculated quadruple corrections.
National Science Foundation and the Robert A. Welch Foun-  Of perhaps greater interest is the effect of connected
dation (J.V., B.A.F., and J.F.3.the Fonds der Chemischen pentuple excitations. While CCSDTQP calculations are
Industrie(M.K. and J.G), the Hungarian Research Founda- clearly at least a few decades from becoming routinely ap-
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TABLE VI. Contribution of quadruple and pentuple excitations to enthalp- 436.8+10 kJ mol'L. Of some interest here, however, is Rus-

ies of formation in different basis sets. All values are in kJhol cic’s recommendatici of AH° (CN)= 438.5
CCSDTQ.CCSDT +4.0kJmol*, based on relatively recent experimetfts.

CCSDTQP-CCSDTQ Hence, it appears that pentuple excitation effects are respon-

Species  cc-pVDZ - ce-pVTZ cc-pvDz sible for the relatively poor performance of HEAT for acety-
C,H, —2.27 —2.52 —0.54 lene, which is one of the two prominent outliers seen in
c —0.01 0.08 -0.11 Table IV (the other being K0,).1%! Fortunately, there is
gg"' ’%‘% 7266823 ’0(')534 ample evidence that effects of hextuple and higher excita-
. - : : ; 60,102
CH, o018 002 012 tions can be safely ignored. Some recent work “has
CH 014 —0.05 ~0.11 indicated that contributions to molecular properties from
CH; -0.25 -0.12 -0.12 connected excitations decrease by an order of magnitude
CN —1.64 —2.03 —0.40 upon each increase in the excitation level. This, together with
(F:OZ (ﬁi L6 0.08 the results documented in this appendix, suggests that ne-
H,0, 151 ' 028 glect of higher than pentuple excitations results in errors of
H,0 124 152 0.21 <0.05 kdmol?! (which, after all, is less than 5 cm), at
HCN -1.25 —1.40 -0.29 least for states that are relative free of strong nondynamic
HCO 0.02 0.04 —0.02 correlation effects. Examples such as ozone would be an
:Eo g-ig 127 é’f; interesting test, but unfortunately are too large to be calcu-
HO, 1.94 027 lated beyond CCSDTQ even with the cc-pVDZ basis set.
N 1.80 1.94 0.24 1see, for example, the special issues of Spectrochim. B&t&599—-898
NH, 1.32 1.54 0.21 (2002
333 122 133 8;2 2For a representative and chemically relevant example, see E. R. Jochnow-
' ' ’ itz, M. R. Nimlos, M. E. Varner, G. B. Ellison, and J. F. Stanton, J. Am.
NO 0.96 0.95 0.12 Chem. Soc(to be published
o 2.23 2.22 0.24 3K. L. Bak, J. Gauss, P. Jgrgensen, J. Olsen, T. Helgaker, and J. F. Stanton,
OF 1.84 1.96 0.18 J. Chem. Physl14, 6548(2001).
OH 175 1.92 0.23 “4For a review, see S. J. Blanksby and G. B. Ellison, Acc. Chem. B&s.
255(2003.
5B. Ruscic, J. E. Boggs, A. Burcat al, J. Phys. Chem. Ref. Dat@n
press.

p|icab|e’ their importance in accurate thermochemistry is ap- SWell-known tabulations of molecular enthalpies of formation include:

ki : _ ; + e o M.W. Chase, Jr., ilNIST-JANAF Thermochemical Tabldsh ed. Journal
parently nonvanishing. With the cc-pVDZ basis set, it is in of Physical Chemical Reference Data, Monograph Vo(1998, p. 1;

teres_ting_ to note that the magn_itUde of th? largest 3. p. Cox, D. D. Wagman, and V. A. Medved@QDATA Key Values for
contributions of pentuples to enthalpies of formation calcu- ThermodynamicgHemisphere Publishing Corp., New York, 1980. V.

|ated by procedure |{the elemental reactlon approacﬁre GUrViCh, . V. Veyts, and C. B. Alcock]'hermodynamic Properties of

roughly 0.5 kJmol'. These large contributions found for @'&"i‘gg;“bgamewh ed.(Hemisphere Publishing Company, New

acetylene, CCH, and CN can be applied for “superHEATed” 7. a. Flowers, P. G. Szalay, J. F. Stanton, M.llsg, J. Gauss, and A. G.
reaction enthalpies of these species. Adding these contribu- Cs®za, J. Phys. Chem. A08 3195(2004, and references therein.
tion to those found in Table IV, one findAfH° (C2H2) 8A. G. Csaza, P. G. Szalay, and M. L. Leininger, Mol. Phys00, 3879

_ 1 (2002.
=228.20kJmol - versus the ATcT value of 228.2(D.64 9A. G. Csaza, M. L. Leininger, and V. Szalay, J. Chem. Phg48 10631

kImol'* (1); A{H°(CCH)=562.78kJmol* versus the (2003
ATCT value of 563.320.65 kJmol'; and A¢H°(CN) 0M. S. Schuurman, S. R. Muir, W. D. Allen, and H. F. Schaefer, J. Chem.
— 1 - Phys.120, 11586(2004.
437.39kJmot* versus the NIST-JANAF value of s, Parthiban and J. M. L. Martin, J. Chem. Phys4, 6014(2001).
12Before the development of the Active Thermochemical Tables, atomic
enthalpies of formation for O and N were also not known precisely.

TABLE VII. Difference of CCSDTQ and CCSDT total energies  However, uncertainties in these values have been dramatically reduced in
(Eccsor-Eccsprg in different basis sets and with basis set extrapolation  the ATCT approach, B. Rusci@rivate communication

(1Ep). 3B, Ruscic, A. F. Wagner, L. B. Hardirgf al, J. Phys. Chem. A06, 2727
(2002.
DT T 1A, L. L. East and W. D. Allen, J. Chem. Phy89, 4638(1993.
cc-pVDZ  cc-pVTZ  cc-pVQZ extrapolation extrapolation 15D, A. Dixon, D. Feller, and G. Sandrone, J. Phys. Chenl08 4744
(1999.
c —30 —43 —44 —49 —45 16C. W. Bauschlicher, J. M. L. Martin, and P. R. Taylor, J. Phys. Chem. A
F —115 —60 —-90 —-37 —-112 103 7715(1999.
N —42 —43 —57 —43 —67 173. M. L. Martin and G. de Oliveira, J. Chem. Phyd1, 1843(1999.
o —78 —51 =75 —40 —-92 18T, Helgaker, W. Klopper, A. Halkier, K. L. Bak, P. Jgrgensen, and J.
CH —76 —-93 —105 —99 —114 Olsen, Quantum Mechanical Prediction of Thermochemical Data
NH —127 —107 —129 —98 —145 (American Chemical Society, Washington DC, 1998
OH —259 —167 —206 —128 —234 19K. L. Bak, P. Jgrgensen, J. Olsen, T. Helgaker, and W. Klopper, J. Chem.
HF —392 —-209 —258 —-132 —294 Phys.112 9229(2000.
CH, —-82 —-80 —96 —-80 —108 20Quantum Mechanical Prediction of Thermochemical Dagalited J.
NH, —224 —196 —230 —185 —254 Cioslowski (Kluwer, Dordrecht, 20011
Error 29 42 18 58 21w, J. Hehre, L. Radom, P. V. R. Schleyer, and J. A. Popelecular

Orbital Theory(Wiley, New York, 1986, p. 298.
aMean absolute error with respect to TQ extrapolated values. 22The reader is reminded that isodesmic reactions are those which would be
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thermoneutral in the limit that additivity of “bond energies” gave a pre-
cise picture of chemical thermodynamics.

2’Notable in this regard are the(&ussiah n (n=1, 2, and 3 family of
methods developed by Pople and co-worké&tsRaghavachari and L. A.
Curtiss in Ref. 2y the W(eizmann n (n=1, 2, and 3 methods of Martin
and co-workerdRef. 17 (W1); Ref. 11 (W2); Ref. 25(W3)]; and the
CBS methods of Peterss¢@®. A. Petersson, in Ref. 20A related ap-
proach is the focal-point strategy advocated by Allen and collaborators
(Ref. 24; see Ref. 10 for a recent example.

24A. G. Csaza, W. D. Allen, and H. F. Schaefer lll, J. Chem. Ph¢99§
108 (975)).

25A. D. Boese, M. Oren, O. Atasolyu, J. M. L. Martin, M. Kay, and J.
Gauss, J. Chem. Phy%20, 4129(2004.

26R. J. Bartlett, Annu. Rev. Phys. CheB2, 359 (1981).

27An exception is our calculation of spin—orbit coupling, which uses a
non-size-extensive approach.

2Throughout the text, the term “enthalpy of formation” refers to the dif-
ference in ground-state energies, i.e., the enthalpy of formation at 0 K.

2R. D. Cowan and M. Griffin, J. Opt. Soc. An6§, 1010(1976; R. L.
Martin, J. Phys. ChenB7, 750(1983.

30As is customary in the quantum chemistry world, the second row of the
periodic table is taken to be that containing Li, Be, B, C, N, O, F, and Ne.

31H. Sellers and P. Pulay, Chem. Phys. L&03 463(1984.

32N, C. Handy, Y. Yamaguchi, and H. F. Schaefer, J. Chem. F8#st481
(1986.

33N. C. Handy and A. M. Lee, Chem. Phys. L2562, 425 (1996.

34W. Kutzelnigg, Mol. Phys90, 909 (1997).

351t should be noted that inclusion of these effects shifts the position of the
equilibrium internuclear distance. Nonetheless, we ignore this complica-
tion, and base all of our calculations on equilibrium geometries deter-
mined with CCSIT)/cc-pVQZ. The issue of equilibrium geometry is not
of numerical significance. In the vicinity of the true minimum, the energy

Tajti et al.

result according to Eq6), if X is defined such that it corresponds to a
basis set in which sets of orbitals associated with all angular momenta up
to and includingl (=0 for s, 1, for p, etc) are saturated. Use of this
formula for molecules stands upon a rather flimsy theoretical foundation
in the first place, due to the lack of spherical symmetry. It is however an
even more extrem@lbeit widely useflapproximation to treat a basis set
such as aug-cc-pCVTZ as though it is saturated ittunctions for
first-row atoms, since it has but tWidunctions. Nevertheless, extrapola-
tion schemes based on the formula work well in practice and seem to be
as good as any others that have been advocated for this purpose.

49T, Helgaker, W. Klopper, H. Koch, and J. Noga, J. Chem. Ph§§, 9639
(1997.

%070 test the significance of the combined treatment of core and valence
correlation, the total energy of C, O, CO, and {ihs been calculated at
the frozen core CCSQ) level extrapolated from aug-cc-pVQZ and aug-
cc-pV5Z results. The core correlation effects have been calculated by
comparing the extrapolatg@5) frozen-core and all electron energies at
the CCSDT) level, the latter using aug-cc-pCVXZ basis sets. In all
cases, this procedure gives lower total energies compared to the direct
inclusion of core correlation effect as used in the HEAT protqfa23,

0.52, 0.17, and 0.50 kJ mdi for C, O, CH,, and CO, respectively
From these data the enthalpy of formation of CO changes significantly
(by 0.21 kd mol?); that of CH, shifts by less than 0.1 kJ mdi.

51]. F. Stanton, Chem. Phys. Le281, 130(1997).

52D, Feller, J. Chem. Phy411, 4373(1999.

53D, Feller and J. A. Sordo, J. Chem. Phy43 485(2000.

54M. Kallay and J. Gauss, J. Chem. Ph§&0, 6841(2004.

%53, Hirata and R. J. Bartlett, Chem. Phys. L&21, 216 (2000.

56J. Olsen, J. Chem. Phy$13 7140(2000.

5M. Kallay and P. R. Sufja, J. Chem. Physl15 2945(2009).

%8M. Kallay and P. R. Sufja, J. Chem. Physl13 1359(2000.

593, Hirata, J. Phys. Chem. 207, 9887 (2003.

changes only in second order when the nuclei are displaced. Taking &°T. A. Ruden, T. Helgaker, P. Jargensen, and J. Olsen, Chem. Phys. Lett.

typical (and large value for a bond stretching force constéh® aJ A ?),
an error of 0.005 A in the equilibrium bond length translates to a calcu-
lated energy error of 0.08 kJ mdl

36G. D. Purvis and R. J. Bartlett, J. Chem. Phy8, 1910(1982.

7K. Raghavachari, G. W. Trucks, J. A. Pople, and M. Head-Gordon, Chem.
Phys. Lett.157, 479 (1989.

38J. Noga and R. J. Bartlett, J. Chem. Pt86.7041(1987; G. E. Scuseria
and H. F. Schaefer, Chem. Phys. L&®2 382(1988); J. D. Watts and R.

J. Bartlett, J. Chem. Phy83, 6104(1993.

393, A. Kucharski and R. J. Bartlett, Theor. Chim. A&@, 387 (1991); J.
Chem. Phys97, 4282(1992; N. Oliphant and L. Adamowiczpid. 94,
1229(1991).

400ptimized all-electron CCS@)/cc-pVQZ geometries used in all calcu-

lations:  GH,—rcc=1.20410A, rcy=1.06126A; GH—rc
=1.20530A, rcy=1.06190A; CF-r=1.27089A; CH—r¢y
=1.07436A, 6,cy=133.73°; CH—ry;=1.07511A; CH-rgy
=1.11667 A; CN—rcy=1.167 39 A; CO-rco=1.12891A;

CO,—rco=1.16013A; B—r=1.41112A; H—r,=0.74186 A;
H,O—rop=0.956 23 A, 6,40,=104.25°; HO,—r,=0.960 96 A, 10

=1.44952A,  60,00=100.00°,  dpoon=112.44°;  HCN-—rcy
=1.15378A, rcy=1.06449A; HCGO-ro=1.17586A, rcy
=1.11617A, 0yc0=124.57°, HF-r =0.91516A; HNG-r\o
=1.20816A, ryyW=1.05095A, 6, 0=108.09°; HQ—ro
=0.96867A, roo=1.32776A, Onoo=104.30°; N—rnn
=1.09809A; NH—r=1.03472A; NH—r\y=1.02259 A, O nn
=102.89°; NH—ry=1.01014A, 6,;,y,=106.36°; NG—ryo
=1.14788A; NQ—r©0=1.19285A, 6y00o=134.26°; Q—rgo

=1.20577 A; OF-roe=1.350 11 A; OH—r,=0.967 98 A.

41T H. Dunning, J. Chem. Phy80, 1007(1989.

42K, Kuchitsu, inAccurate Molecular Structuregdited by A. Domenicano
and |. Hargittai(Oxford University Press, Oxford, 1982op. 14—-46.

4R. A. Kendall and T. H. Dunning, J. Chem. Phg§, 6796(1992.

4See, for example, J. F. Stanton and J. Gauss, Adv. Chem. PRys101
(2003.

4p, G. Szalay, C. S. Simmons, J.amez, and J. F. Stanton, J. Chem.
Phys.121, 7624(2004).

46D. E. Woon and T. H. Dunning, J. Chem. Ph{€3 4572 (1995.

4D. Feller, J. Chem. Phy$6, 6104(1992.

371, 62 (2003.

61Test calculations were carried out for several species, including the CN
and CCH radicals that are plagued by significant spin contamination at
the UHF level. In no cases did the absolute energies obtained with ROHF
and UHF reference functions at the CCSDT level differ by more than 0.1
kJ mol2,

52For NO, CCH, CF, CN, and FO, th&Epg contribution was obtained at
the ROHF/CCSD) level with the cc-pVQZ basis set, at the correspond-
ing equilibrium internuclear distances of 1.150 40; 1.2089@381), and
1.062 14(CO); 1.27090, 1.171 85, and 1.351 09 A, respectiy.ehl
other contributions to the HEAT energy were obtained with UHF refer-
ence functions.

831, M. Mills, in Modern Spectroscopy: Modern Researetited by K. N.
Rao and C. W. Matthew&Academic, New York, 1972 pp. 115-140.

64J. Gauss and J. F. Stanton, Chem. Phys. D&, 70 (1997).

8p, G. Szalay, J. Gauss, and J. F. Stanton, Theor. Chim 186 (1998.

66J. F. Stanton and J. Gauss, Int. Rev. Phys. CH&n61 (2000.

57H. H. Nielsen, inHandbuch der Physjkedited by S. Flgge (Springer,
Berlin, 1959, Vol. 37, Part 1, p. 171. H. H. Nielsen, Rev. Mod. Phg3,
90 (1951).

%8D. G. Truhlar, J. Comput. Cheni2, 266 (1991).

593, Vazquez and J. F. Stantdaonpublishedl For asymmetric topsG, is
given in lowest order, by the expression

1 . d’kkk 3 o B
Go=—3 2B+ 64E Paaec 5762 “Ha tr—o?

1 ¢klmwkw|wm 1

- BS(Za),

4520 Dim E 2 K

whereBg is the equilibrium rotational constant corresponding to dife
inertial axis, ¢ and ¢;; are cubic and quartic force constants in the
dimensionless normal coordinate representatignis the harmonic fre-
quency of normal modé ¢, is the Coriolis coupling constant between
modesk andl with respect to theth inertial axis, and,, is defined as
(0t 0+ o) (0 — o, — o) (et 0 — o) (0— o+ o). This equa-

tion has been checked by a direct summation procedure, in which the
rovibrational Hamiltonian is constructed explicitly ancEgz)
=(0W|H,|0@) +(0O|H,|0®) (H, and G are thenth/order Hamil-

81t can be shown that the atomic correlation energy converges to the exact tonian and ground state wave function, respectivbys been evaluated
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numerically. Our result also agrees with the unpublished result of Allen relatively large difference between the NIST-JANAF value and that from
and co-workergW. D. Allen (private communicatior. It should be the active table$711.79 vs 711.19 kJ mot) for carbon.

noted that this equation differs from that published in Ref. 70, although 8The idea of the Active Thermochemical Tables is presented in detail in:
G. von Laszewski, B. Ruscic, P. Wagstraeh al, in Lecture Notes in

the numbers in that.paper are consistent Wlt.h our.expressmn rather than Computer Sciencesdited by M. ParashaSpringer, Berlin, 2002 Vol.

that which was published. We have also derived higher-order terms con- 5534 pp. 25-38.

tributing toG,, but they are of no significance for the hydrogen peroxide %°The ATCT results presented in this paper were privately communicated by

example addressed later in this paper. B. Ruscic, and were obtained from Active Thermochemical Tables, ver.
0V, Barone, J. Chem. Phy420, 3059(2004). 1.20 operating on the CoréArgonne Thermochemical Network ver.
71D, W, Schwenke, J. Phys. Chem.185, 2352 (2001 1.032(2004. A small subset of these valugd, O, H,O, CO,, F, and
72E_ F. Valeev and C. D. Sherrill, J. Chem. Phg48, 3921(2003. HF) will appear in: B. Ruscic, R. E. Pinzon, M. L. Morton, G. V.

73 ‘o . Laszevski, S. J. Bittner, S. G. Nijsure, K. A. Amin, M. Minkoff, and A. F.
O. L. Polyansky, A. G. Csza, S. V. Shirin, N. F. Zobov, P. Barletta, J. Wagner, J. Phys. Chem. A08 9979 (2004.

Tennyson, D. W. Schwenke, and P. J. Knowles, Sci€®&539(2003. 91A very basic description of the Active Thermochemical Tables is also
74P, Pyykkq Adv. Quantum Chemil1, 353(1978; P. Pyykkg Chem. Rev. scheduled to appear as: B. Ruscic, Astive Thermochemical Tables
(Washington, D.Q.88, 563(1989; K. BalasubramaniarRelativistic Ef- McGraw-Hill 2005 Yearbook of Science and Technold@dcGraw-Hill,

New York, 2004.
92B. Ruscic(private communication
75 ) . %For H,0,, the constant contribution to the zero-point enefr@y in Eq.
J. L. Tilson, W. C. Ermler, and R. M. Pitzer, Comput. Phys. Commun. (10)] appears to be important. For the elemental formation reactign, H
76128 128 (2090' ) o . +0,—H,0,, the calculated contributiofd. Vazquez and J. F. Stanton,
R. M. Pitzer (private communication see also http:// unpublishedl of G, at the CCSIT)/DZP level of theory is-32.7 cn’?,

fects in Chemistry, Part A: Theory and Techniques and Part B: Applica-
tions (Wiley, New York, 1997.

www.chemistry.ohio-state.edu/pitzer or about —0.4 kJmol'l. When this is added to the HEAT value of
'W. C. Ermler, R. B. Ross, and P. A. Christiansen, Adv. Quantum Chem. A;H° (H,0,), agreement with experiment is improved significantly. Note
19, 139(1988, and references therein. also that an independent variational estimie Mladenovic, Spectro-
"8E. R. Davidson, Y. Ishikawa, and G. L. Malli, Chem. Phys. L84, 226 chim. Acta58A, 809(2002] of the ZPE is 22.4 cm" below the value in
(1981). Table I.

) . . 9For a discussion concerning CCH, see P. G. Szalay, L. S. Thagersen, J.

79 ) ' ) ,
H. L_|schka, R. Shepard, |. Shavit al, coLumus, an Ab Initio Elec Olsen, M. Kdlay, and J. Gauss, J. Phys. Chem18§, 3030(2004.

BotI‘OHIC Structure Program, release 5.9, 2003. _ %0ne could even question why diffuse functions are used in the HEAT
T. D. Crawford, C. D. Sherrill, E. F. Valeest al, Psi 3.2, 2003. Freely approach. If indeed the extrapolation formulas gave the correct result for

available at http://www.psicode.org/. any sequence of hierarchical basis detspCVXZ or aug-cc-pCVXZ,
813, F. Stanton, J. Gauss, J. D. Watts, W. J. Lauderdale, and R. J. Bartlett, then the use of diffuse functions in the HEAT method would offer no
Int. J. Quantum Chens26 879 (1992. benefit whatsoever. However, the extrapolation formulas are essentially

82 empirical in naturgsee Ref. 48 Also, if diffuse functions are of impor-
J. F. Stanton, C. L. Lopreore, and J. Gauss, J. Chem. Riog.7190 tance, then the sequence of basis sets containing them should converge to
83(199& ] ) ] o ) the exact result more rapidly than that which omits them.
For a discussion of CCSDT in the context of atomization energies, see:% 3 Noga, W. Klopper, and W. Kutzelnigg, Recent Advances in Coupled-
K. L. Bak, P. Jgrgensen, J. Olsen, T. Helgaker, and J. Gauss, Chem. Phys. Cluster Method$World Scientific, Singapore, 1997p. 1.
Lett. 317, 116 (2000. 97S. A. Kucharski and R. J. Bartlett, Chem. Phys. L&&8 550(1989; J.

84Especially when there is strong spin contamination or symmetry breaking%Chem' Phys108 9221(1998. )
Y. J. Bomble, M. K#lay, J. Gauss, and J. F. Stantampublished

(equivalent to unphysical sp!n Iocallzatl.or'1 when apprgprlate symmetry 97 Tafji, M. Kallay, P. G. Szalay, J. Gauss, and J. F. Starftampub-
elements are not pres¢nin this context, it is not surprising to note that lished.

CN has by far the largest post-CC8D correction, as it is the most 1003 Berkowitz, G. B. Ellison, and D. Gutman, J. Phys. Chéd). 2744
significantly spin-contaminated species in the study. An ROHF-based (1994.

Ene+ AEGcspr analysis would be interesting in this context, but is be- 104t should be noted that calculation 4fH° for C,H, using the second and
yond the scope of this initial presentation and study of the HEAT ap- third isodesmic reaction in Table V together with ATcT valueg-ffor
proach. CCH, CH,, and CH yields 227.70 and 229.32 kJ mbl respectively,

853 Gauss. W. J. Lauderdale. J. F. Stanton. J. D. Watts. and R. J. Bartlett which clearly differ appreciably. The discrepancy is removed to some

C.hem Pr’1ys. Léttl82, 207(:[95])' . ' o " degree by using\H° values for CH and Ckl from Csaza and co-

a6 workers(Refs. 8 and 9(592.47 and 390.45 kJ mol, respectively, with
87‘]' D. Watts, J. Qauss, and R J. Bartiett, J. Chem. F!}iy§371.8(’1993.. the former notably outside the ATcT range, which givegH" (C,H,)
Atomic enthalpies of formatioi0 K) were taken from Ruscic's Active =228.16 kI mol® (second reaction in Table)Vand 229.52 kJ mof

Thermochemical Tablg@TcT): H (216.034-0.000 kJ mol !); C (711.79 (third reaction. Error in these calculations arises almost exclusively from
£0.21 kImol’); N (470.592:0.045 kJmol’); O (246.844-0.002 uncertainities in the values used in the subtraction procedure; the calcu-
kImol'Y); F (77.21+0.24 kI moll). These values have considerably lated reaction enthalpies are unlikely to be in error by more than 0.5
smaller error bars than those from the CODATA compilation, and have kJmol %, This example illustrates the pros and cons of using reaction-
been chosen in this work for that reason. based approaches, where the theoretically calculated contribution can be
excellent but the experimental uncertainty annoying, and the elemental

JANAF databasésee Ref. fare 711.18:0.46 kJ mol * and 77.28-0.30 forr_natlon l;eactlon where there is ab_solutely no ‘uncertalnty in the “ex-
perimental” numbers, but the theoretical calculations are more demand-

1 o
kJ mol™*). Note that these uncertainties are larger than the mean absolute ing. Note that pentuple excitations, essential for the calculation of
errors in the enthalpies of formation determined with HEAT. Recent work AH° (C,H,) from elemental reactions, is not at all important with the
by some of ugB. Ruscic, A. G. Cssza, and J. F. Stanton, to be pub- isodesmic reaction.

lished has focused on an improved estimate dgH°(Cy.9. Note the  °2M. Kallay, P. G. Szalay, and J. Gauss, J. Chem. Phy8. 2991(2003.

88Enthalpies of formation for carbon and fluorine atoms given in the NIST-
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Abstract: Unrestricted coupled cluster spin contamination corrected [UCCSD(T)] and unre-
stricted Brueckner doubles [UBD(T)] variations of the Weizmann-1 theory (W1), denoted as
W1U, W1Usc, and W1BD, respectively, are compared with the restricted open-shell W1 theory
[W1(RO)]. The performances of the four W1 variants are assessed with 220 total atomization
energies, electron affinities, ionization potentials, and proton affinities in the G2/97 test set, for
consistency with the error analysis of the original W1(RO) study. The root-mean-square deviations
from the experiment of W1U (0.65 + 0.48 kcal/mol), W1Usc (0.57 + 0.48 kcal/mol), W1BD
(0.62 + 0.48 kcal/mol), and W1(RO) (0.57 + 0.48 kcal/mol) show that the four methods are
virtually indistinguishable. This error analysis excludes the “singlet biradicals,” C, and O, since
single determinantal methods are not really adequate for these strongly multireference systems.
The unrestricted W1 variants perform poorly for such highly spin-contaminated and multireference
species (the largest deviation from experiment for W1Usc is —4.2 4+ 0.1 kcal/mol for the O3
EA). W1(RO) performs much better than its unrestricted counterparts for these pathological
cases (the deviation from experiment is reduced to —1.5 4 0.1 kcal/mol for the O3 EA), though
the errors are significantly larger than those for the overall test set. The examples of C,, O,
and the F, potential energy curve indicate that an advantage to using W1BD is that the error in
(&%) correlates with the magnitude of the error in energy, whereas W1(RO) loses accuracy without
such a warning.
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l. Introduction

Advances in computational methods and computer hardware
have made possible the accurate ab initio calculation of
energies for small- and medium-size molecules. Combined
with Pople’s model chemistry concept, these calculations
provide reliable thermochemical predictions, which are a
significant achievement of modern computational chemistry.'

* Corresponding author. E-mail: gpetersson @wesleyan.edu.

" Wesleyan University.

* Gaussian, Incorporated.

TWeizmann Institute of Science

¥ Current address: Department of Physics, University of Con-
necticut, 2152 Hillside Road, U-3046, Storrs, CT 06269-3046

A “theoretical model chemistry” is a complete algorithm
for the calculation of the energy of any molecular system.>
It cannot involve subjective decisions in its application. It
must be size extensive, giving energies that are additive for
separated systems, so that the energy of every molecular
species is uniquely defined. A model chemistry is useful if
for some class of molecules it is the most accurate calculation
we can afford to do. A number of “black-box” computational
methods have emerged in the past two decades, through the
development of composite theoretical model chemistry
methods such as the complete basis set (CBS) model
chemistries of Petersson et al.,*”® the Gaussian-n methods
of Pople and co-workers,””'? the Weizmann-n (Wn) theories
of Martin and co-workers,'>~!7 the high-accuracy extrapo-

10.1021/ct900260g CCC: $40.75 © 2009 American Chemical Society
Published on Web 08/31/2009
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lated ab initio thermochemistry (HEAT) protocol of the
Gauss and Stanton groups,'® ° and the correlation-consistent
composite approach (ccCA) of Wilson and co-workers,>!*>
to name a few.

The Wn computational protocols of Martin and co-workers
offer a sequence of models of increasing cost and accu-
racy,”> 2 the converging hierarchy of which currently ranges
from W1 to W4.4. W1 theory, the most computationally
accessible member of the evolving Wrn family, is often
employed as a benchmark for more approximate methods
in the absence of accurate experimental data. Some of the
key accomplishments of W1 theory are:

i. It achieves 0.44 kcal/mol mean absolute deviation (0.56
kcal/mol rms deviation) for 220 total atomization energies
(TAES), electron affinities (EAs), ionization potentials (IPs),
and proton affinities (PAs) of the G2/97 set;

ii.As a properly defined theoretical model chemistry, it is
applicable in a “black-box” manner by a nonspecialist; and
iii. It is completely devoid of parameters adjusted to fit
experimental data.

The present study compares the performance of several
unrestricted variants of W1 theory: unrestricted W1 (W1U),
WI1U with a spin contamination correction (W1Usc), and
unrestricted Brueckner doubles W1 (W1BD). Standard W1
will be explicitly referred to as WI(RO) in this study, in
order to avoid confusion in the comparison.

Il. Restricted vs Unrestricted Reference

One of the major issues in computational studies of open-
shell species is the selection of a restricted or an unrestricted
reference wave function. Each has its well-known advantages
and disadvantages. For example, restricted open-shell coupled
cluster singles and doubles®’ 3! with perturbative triples,>> >
[ROCCSD(T)], dissociate to the wrong energy limit, while
the unrestricted coupled cluster [UCCSD(T)] wave function
dissociates to the correct energy limit, but the wave function
becomes significantly spin contaminated as a bond dissoci-
ates. Several approaches have been used through the years
to alleviate the spin contamination problem. For example,
the spin correction term in W1Usc was introduced for this
purpose.®®

Whether one chooses a restricted or an unrestricted
reference determinant, it is best to be consistent. Although
it is common practice in the application of unrestricted
methods to treat many unrestricted Hartree—Fock (UHF)-
unstable species (e.g., F,, alkenes, or polyenes) with a
restricted reference, problems arise in reactions involving
these “closed-shell” molecules. For example, the methyl
C—H bond dissociation energy (BDE) of UHF-unstable
1-butene gives a radical product, H,C=CHCH,CH,, that
would be described by an unrestricted determinant. Employ-
ing a restricted reference for 1-butene and an unrestricted
reference for the 1-buten-4-yl radical would create consis-
tency problems between reactant and product energies and,
thus, generate spurious BDE contributions. No matter how
distant a radical center is, an unrestricted treatment of the
radical will induce spin polarization of the UHF-unstable
m-bond. These problems are eliminated if one employs a
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restricted open-shell Hartree—Fock (ROHF) reference for the
radical or a UHF reference for the parent alkene.

Another alternative to unrestricted Hartree—Fock (HF) and
coupled cluster is the use of charge coupled device (CCD)
calculations with Brueckner orbitals,>’ ~*? coined as “Brueck-
ner doubles” (BD) by Handy et al.*! This method employs
a reference configuration, BDRef (from which the singles
coefficients are zero for the coupled cluster wave function
truncated at the doubles level), in place of the HF reference
typically employed in the coupled cluster ansatz. The
Brueckner condition implies that the corresponding reference
determinants give the best overlap of a one-configuration
approximation of the wave function with the exact wave
function.* Such a reference was introduced by its namesake
Brueckner in 1954, as part of a self-consistent method in
nuclear physics,?” and was first employed by Nesbet®® for
use in the configuration interaction (CI) expansion of a wave
function. In the field of computational chemistry, the
resurgence of interest in Brueckner orbitals in the past two
decades was prompted by Chiles and Dykstra*® and later by
Handy and co-workers.*! Similar studies that demonstrate
the robustness of BD as an alternative to its coupled cluster
counterpart**~*> have been carried out over the years. Since
the species considered in the previous paragraph (i.e., F, and
alkenes) are not UBD-unstable, the problems of consistency
between the reactant and the radical product are also
eliminated by using a BD-based method.

lll. Computational Details

A. Components of W1. The justification for the selection
of each component calculation in W1(RO) has been presented
in detail'*'> and will not be repeated here. The W1U and
WIBD methods retain the essential features of standard
WI1(RO) but replace the sequence of ROHF, ROCCSD, and
ROCCSD(T) calculations with their spin-unrestricted coun-
terparts for W1U for calculations involving open-shell species
and with the BDRef, BD, and BD(T)46 sequence for W1BD
theory. All calculations were carried out with Gaussian 09,*
which uses the ROCCSD(T) definition of UCCSD(T) in a
basis of semicanonicalized ROHF orbitals,*>*® with the
semicanonicalization carried out before the integral trans-
formation. The triples contribution to BD(T) is evaluated with
semicanonical Brueckner orbitals.

The UB3LYP/cc-pVTZ+1d geometry optimization and
frequency calculations are retained from the original W1(RO)
implementation. Optimized geometries and energy compo-
nents for all species are available in the accompanying
“geometries.txt” and “components.pdf” files as Supporting
Information. In the original implementation of W1(RO),
scalar relativistic corrections were obtained with the
Martin—Taylor small (MTsmall) basis sets**° as one-
electron Darwin and mass—velocity terms”'? from averaged
coupled pair wave functions,”® while corresponding com-
ponents in this study were obtained with Douglas—Kroll—Hess
(DKH) second-order scalar relativistic calculations™* 8 using
a Gaussian nuclear model®® (also employing the MTsmall
basis sets). Spin—orbit calculations were taken directly from
ref 14. The spin correction term in W1Usc,
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AE(spin) = —6.28mE, X A% yur (1)

minimizes the difference between ROCCSD(T) and
UCCSD(T) energies for some highly spin-contaminated
species.>®

B. Implementation of Brueckner Doubles. The BD
algorithm employed throughout this study involves macro-
iterations to update the orbitals, wherein each macroiteration
involves an integral transformation and a CCD calculation.
Thus, BD calculations appear, at first glance, to be signifi-
cantly more expensive than the corresponding CCSD cal-
culations. In practice, however, W1BD calculations are only
slightly more expensive than the corresponding ones in W1U
or W1(RO). The two main reasons for this are as follows:
i. Since W1 involves a sequence of calculations, the
converged orbitals and amplitudes from each step can be
used to start the next. As a result, most of the extra CC
iterations required are performed in the first BD(T) calcula-
tion, which uses the smallest basis set in the sequence of
calculations. For the largest basis set (i.e., the BD/aug-cc-
pVQZ+2df step), typically only two or three BD macroit-
erations are required, and the second and later macroiterations
require only a few CC iterations.
ii. Calculations involving even three heavy atoms spend a
significant amount of time in the (T) steps, (the only O(N”)
parts of W1), and calculations on systems having four or
more heavy atoms are dominated by these steps. The triples
calculations have the same cost for CCSD(T) and BD(T).

The result is that the extra cost of doing W1BD over W1U
or W1(RO) is in the range of 20—40% for two heavy-atom
systems, about 20% for three heavy-atom systems, and going
down further to less than 20% for systems with more than
three heavy atoms and/or those involving second-row atoms
and beyond. (W1 calculations involving two or more second-
row or heavier atoms are dominated by the last calculation,
which includes triples and correlates core electrons. As noted
previously, the triples part of this step has the same cost for
CCSD(T) and BD(T), and the BD iterations converge quickly
since they use the orbitals, amplitudes, and basis set from
the preceding frozen-core calculation as an initial guess.)

All but one of the correlation energy calculations in W1
use the frozen-core (FC) approximation, which substantially
speeds up the calculations as compared to correlating all
electrons (Full). Previous papers on the BD method have
not discussed the issue of frozen-core with this model, and
some programs, such as Gaussian 03, freeze the core orbitals
at their initial values during BD iterations. This means that
the converged BD(FC) energy varies with different initial
guess orbitals. For example, in CN, the UHF solution is
highly spin contaminated, while the BD(Full) reference
determinant has very minimal spin contamination. Hence, a
BD(FC) calculation starting from the UHF orbitals will freeze
a core that is more spin polarized than that of a BD(Full)
calculation and produce a different energy than, say, a
BD(FC) calculation that starts with (also much less spin
contaminated) B3LYP orbitals. The consistent approach to
frozen-core BD calculations is to update all orbitals, including
the core, during the BD iterations but to restrict the
amplitudes in the CCD calculations to those involving only
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valence orbitals. The results are then independent of the
initial orbitals, and the core is spin polarized only to the
extent that the BD valence is. This approach is used in all
BD results reported here.*’

IV. Results and Discussion

Since the four flavors of W1 theory are virtually the same
for closed-shell species, we shall focus on their performance
for open-shell systems. The extent to which the ROHF and
UHF reference determinants differ can be measured by the
error in (S?) for the reference configuration.

A. Spin-Contaminated Species. The restricted and un-
restricted variations of W1 theory have been evaluated with
bond dissociation enthalpies (BDEs), EAs, and IPs of some
radicals and biradicals (Table 1). The sample of 11 reactions
was selected on the basis of sizable errors in (S?)yyr and the
availability of reliable experimental data.®®~¢’

The rms deviation from experiment (Table 1) is not
surprisingly the largest for W1U (1.3 + 0.3 kcal/mol), in
the absence of any rectification of the spin contamination
problem. The spin correction in W1Usc indeed reduces the
rms error to 0.6 £ 0.3 kcal/mol but is not always reliable.
For example, AE(spin) in eq 1 overestimates the correction
for the first C—H bond dissociation in acetylene by 0.8 +
0.02 kcal/mol and worsens the deviation with experiment
of the first C—H bond dissociation of propene by 0.8 & 0.4
kcal/mol (Table 1). The rms deviations for W1U, W1Usc,
WIBD, and W1(RO) are 1.3 £+ 0.3, 0.6 £ 0.3, 0.8 = 0.3,
and 0.6 £ 0.3 kcal/mol, respectively, demonstrating the
comparable accuracy of W1Usc, WI1BD, and W1(RO) in
handling these UHF spin-contaminated species. Note that
both W1BD and W1(RO) attain these results in the absence
of the empirical spin correction in W1Usc.

The following interesting observations are made for the
three most spin-contaminated species of the G2/97 test sets,
C,, O3, and CS™, selected on the basis of A{S*)yyr values
greater than 0.6:°%

i. First is the existence of multiple solutions, which com-
plicates the use of “black-box” methods. To compound the
problem of multiple solutions for both restricted and
unrestricted versions of both HF and Brueckner determinants
for C,, the relative energies of the solutions are switched
between the HF vs the CCSD(T) levels of theory for both
restricted and unrestricted reference configurations. That a
single reference method produces several solutions comes
as no surprise in these cases, since C, and Oj are known to
possess a significant multiconfigurational character in their
wave functions. If there are indications of near degeneracies
of configurations (such as a large error in (5?) for UHF or
UBDRef or a negative eigenvalue for a virtual orbital as in
neutral C,), then it is necessary to explore multiple solutions
in addition to checking for the correct number of imaginary
frequencies. A more thorough discussion is presented as
Supporting Information (see “Problem_species.pdf” file),
which includes an example of solutions crossing between
the BD vs BD(T) levels of theory.

ii. Second, the reactions involving these severely spin-
contaminated systems indicate that A{S?)yur values do not
correlate as well with the energy error in a W1U calculation
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Table 1. Deviations (Experiment—theory) of Calculated BDEs and adiabatic IPs and EAs from Experiment of Selected

Spin-Contaminated Species, in kcal/mol

W1U A(S?) W1BD A(S?) deviation (experiment—theory) experiment
species? reaction reactant product reactant product WiU W1Usc W1BD W1RO?
o-Radicals
BDE AHys H—CN —H + -:C=N 0.00 0.37 0.00 001 -19 -04 -10 -08 126.29+0.2°
H—-C=CH —H + -C=CH 0.00 0.35 0.00 0.03 -0.6 0.8 0.0 0.1 133.46 &+ 0.02¢
H—CH=CH, — H + -CH=CH, 0.00 0.18 0.00 0.01 -04 0.3 -0.1 -0.1  110.71 £ 0.6°
IP AE, C=0—e¢e +C=0" 0.00 0.21 0.00 0.02 -09 -01 -06 —0.2 323.17+0.01°
N=C—-C=N —e + N=C—-C=N" 0.00 0.35 0.00 003 -18 -04 -13 —1.0 308.42+0.2f
EA AE, CH,=C=CH — e~ + CH, =C=CH 0.00 0.21 0.00 0.03 -0.7 01 -04 03 20.59 + 0.17
C=N—e™ +C=N 0.00 0.37 0.00 0.0t -18 -03 -10 -07 89.06 + 0.1¢
m-Radicals
BDE AHogs HCH,—CH=CH, —H + -CH,—CH=CH, 0.00 0.20 0.00 0.04 0.5 1.3 0.8 0.9 88.79 4+ 0.49
EA AE, CH,CHCH,™ — e~ + CH,CHCH, 0.00 0.20 0.00 0.04 -05 03 -03 -0.1 11.09 + 0.2
Singlet Biradicals
BDE AHxs F—F—F+F 0.30 0.01 0.00 0.01 1.8 0.6 1.1 1.0 38.00 + 0.2
Triplet Biradicals
EA AE, H-C—-C=N"—e~ + H-C-C=N 0.12 0.36 0.02 0.07 -05 05 -03 -0.2 46.20 + 0.3"
MAD 1.1 0.5 0.6 05 +02
rms 1.3 0.6 0.8 06 +03
LD —-2.1 1.3 -1.3 -1.0

2 Geometries are optimized at the UB3LYP/cc-pVTZ+1d level and available as Supporting Information. ? W1(RO) energies were
calculated with Gaussian 09 (ref 47). °ref 60. “ref 61. ° ref 62. "ref 63. 9 ref 64. " ref 65.

as A(S®)upprer values do for W1BD errors (vide infra). A
sizable A{S®)ugpret value appears to be a useful warning of
when to be skeptical of W1BD results (refer to Supporting
Information Table S—III and discussion on pages 11—12 of
“Problem_species.pdf” file for details).

B. G2/97 Test Set. The G2—1°""" and the G2—2°"7° test
sets, collectively referred to as the G2/97 data set of Curtiss
et al. were employed to calibrate the accuracy of W1(RO)
for EAs, IPs, and PAs, while the G2—1 test set and a subset
of the G2—2 data set (26 out of 93) of heats of formation
were used in the calibration of total atomization energies
(TAEs).!* The selection of TAEs, EAs, IPs, and PAs is
retained in assessing the performance of W1U, W1Usc, and
WIBD, in order to facilitate comparisons with W1(RO)
values in the literature.'*'> A thorough discussion on the
notable discrepancies with experiment for some problematic
cases has already been presented by one of the authors.'* A
comprehensive breakdown of the G2—1 and the G2—2 TAE,
EA, IP, and PA energetic components and error statistics
for W1U, W1Usc, W1BD, and W1(RO) are available as
Supporting Information. The error analyses for 220 reactions
from the G2/97 data set are summarized in Table 2. The
reported uncertainties in the deviations from experiment
represent the uncertainties in the experimental data.*®

The overall G2/97 rms errors for W1U, W1Usc, W1BD,
and W1(RO) (excluding C, and O3) are 0.65, 0.57, 0.62,
and 0.57 £ 0.48 kcal/mol, respectively. Comparison of the
calculated energies with experiment is rather problematic due
to the large experimental uncertainties (£ 0.65 for TAEs, +
0.32 for EAs, and 4 0.35 kcal/mol for IPs, Table 2). The
experimental uncertainties are of greater magnitude than the
differences in rms errors between the methods themselves,
making W1 variants virtually indistinguishable from one
another for the G2/97 test set (Table 2).

C. F, Potential Energy Curve. Although the Wn meth-
ods are intended for the thermochemistry of molecular

systems at equilibrium geometries, the potential energy curve
for the F, '27 ground-state dissociation provides insight into
the differences between the UCCSD(T), the spin-corrected
UCCSD(T), the UBD(T), and the ROCCSD(T) levels of
theory. Deviations of the potential energy curves from the
exact solution in the cc-pVDZ basis are shown in Figure 1.
A constant geometry-independent shift of the energy from
the full configuration interaction (FCI) reference would
display as zero error throughout the potential energy curve.

Neither restricted nor unrestricted CCSD(T) give a reliable
description of bond-breaking reactions. These qualitative fea-
tures of restricted and unrestricted methods along a potential
energy curve for bond dissociation are well-known.”" The spin
correction successfully reduces the UCCSD(T) error in energy
but shows fluctuation and dissociates improperly, reminiscent
of problems encountered with a restricted reference (Figure 1).
Furthermore, Ochterski et al. pointed out that the spin contami-
nation error increases linearly with A(S®yur for AS®unr less
than 0.6.%% This is consistent with our observations for Cy, Os,
and CS* (see “Problem_species.pdf” file given as Supporting
Information) and strongly suggests that eq 1 is also not
applicable for A(S?)ynr > 0.6 on the F, potential energy curve
(A{S*)uur = 0.6 is marked by the vertical dashed line at 1.5 A
in Figure 1).

The Brueckner doubles approach possesses compensating
advantages over both the RHF- and the UHF-based methods.
First, there is very good agreement between the UBD(T) and
the ROCCSD(T) potential energy curves in the vicinity of
the equilibrium geometry, where UCCSD(T) is already
contaminated with unwanted contributions from higher spin
multiplicities. This efficacy of Brueckner orbitals in reducing
spin contamination over a wider range of geometries
compared to UHF-based methods is also well documented.”?
Furthermore, the Brueckner doubles curve is practically
indistinguishable from that of ROCCSD(T), up to the point
where the UBD(T) energy errors exhibit extreme sensitivity
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Table 2. Error Analysis (kcal/mol) for TAEs (298 K), EAs, IPs, and PAs of Select Molecules in the G2/97 Test Set for the

Different Variations of W1 Theory?

G2/97 subset? method MAD rms LD species/LD
TAEzgsx (81)°
W1U 0.60 £+ 0.41 0.75 £ 0.65 1.72 +0.10 CINO
W1Usc 0.56 £+ 0.41 0.70 +£ 0.65 1.79 £ 0.10 CINO
W1BD 0.61 £ 0.41 0.77 £ 0.65 1.97 £ 0.10 CINO
W1(RO) 0.55 £+ 0.41 0.67 + 0.65 1.75+0.10 CINO
EA (55)¢
W1U 0.46 £ 0.22 0.60 £ 0.32 —1.96 £+ 0.60 CH,NC
W1Usc 0.41 £0.22 0.53 +£ 0.32 —1.64 £ 0.60 CH,NC
W1BD 0.43 £ 0.22 0.55 £ 0.32 —1.81 £ 0.60 CH.NC
W1(RO) 0.43 £0.22 0.53 +£ 0.32 —1.74 £ 0.60 CH,NC
IP (76)°"
W1U 0.41 £0.16 0.57 £ 0.35 —2.10 £ 0.23 CS
W1Usc 0.33 £0.16 0.42 £ 0.35 1.39 £ 0.05 P
W1BD 0.37 £ 0.16 0.49 £ 0.35 —1.48 £0.18 N (3% cation)
W1(RO) 0.35 £0.16 0.46 + 0.35 1.42 +0.05 P>
PA (8)¢
W1U 0.42 0.48 —0.83 CoHo
W1BD 0.42 0.49 —0.88 CoH,
W1(RO) 0.43 0.49 -0.83 CaoHo
Total (220)
W1U 0.49 £ 0.27 0.65 £ 0.48
W1Usc 0.44 £ 0.27 0.57 £ 0.48
W1BD 0.48 £ 0.27 0.62 £ 0.48
W1(RO) 0.44 + 0.27 0.57 + 0.48

2 C, and Oj are excluded in all statistics. Optimized geometries, total energies, and energy changes of species and reactions in the G2/
97 sets are given in the Supporting Information “geometries.txt”, “components.pdf’, and “Test_set.pdf” files, respectively. The uncertainties in
the deviations from experiment represent the uncertainties in the experimental data (see “Test_set.pdf’). ® The number of reactions
considered in each subset is indicated as the number in the parentheses in the first column. € See Supporting Information Tables S—III and
S—IV for individual TAEs. ¢ See Supporting Information Tables S—V and S—VI for individual EAs. ¢ See Supporting Information Tables
S—VII and S—VIII for individual IPs. Excludes CN (°IT), CN ('=*), B,H,4, sec—CsH;, and Si2Hs (see ref 14). 9 See Supporting Information
Table S—IX for individual PAs. Calculated proton affinities are considered converged at the W1 level (ref 14), agreeing well with experiment.
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Figure 1. The error (mE;) in the UCCSD(T), the spin-
corrected UCCSD(T), the UBD(T), and the ROCCSD(T)/cc-
pVDZ potential energy curves for the F, 'S ground state.
W1U/W1Usc and W1BD results beyond A(S?)yur = 0.6 (1.5
A) and A(S?)uepres = 0.1 (1.75 A), respectively, (indicated by
dashed rather than solid curves) are considered unreliable.
Spin contamination errors cease to have a linear relationship
with energetic errors beyond these cut-offs.

to geometry changes and the restricted coupled cluster begins
to break down (1.2R, or 1.75 A in Figure 1). This RBD(T)/
UBD(T) instability point is an unambiguous demarcation
between the absence and the onset of significant BD energy
errors, holding promise as a diagnostic tool for assessing
the reliability of BD calculations. The good correlation
between the WIBD A(S?) values and the energy errors is
consistent with the results for CS* and O;. The potential
energy curve for the restricted wave function proceeds toward
the wrong energy limit without such a warning.

V. Conclusions

The unrestricted flavors of W1 theory presented in this study
are viable alternatives to W1(RO). W1U benefits significantly
from a spin correction term for the 11 spin-contaminated
reactions (Table 1), reducing the rms error from 1.3 to 0.6 &
0.4 kcal/mol. The accuracy of the W1Usc, the W1BD, and the
W1(RO) theories are indistinguishable from one another when
evaluated with the moderately spin-contaminated data set (Table
1) and the 220 total atomization energies, electron affinities,
ionization potentials, and proton affinities in the G2/97 test set
(Table 2). Unlike W1U, the W1BD method demonstrates good
correlation between the A{S®)upprer and the energetic errors and,
thus, gives a clear indication of the onset of energetic errors
associated with spin contamination. W1(RO) gives no such
straightforward warning when its single determinant reference
wave function is inadequate. We, therefore, recommend the use
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of W1BD, rather than W1Usc, as an unrestricted alternative to
WI1(RO) in studies of potentially pathological cases. Multiple
solutions were obtained for both the restricted and the unre-
stricted methods for C, and O;, demonstrating the need for
exploring multiple solutions with single-reference wave func-
tions even in the “black-box” context. Of course, testing for
the correct number of imaginary vibrational frequencies is
always necessary.
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1. Introduction

ABSTRACT

The atomization energies of the 105 molecules in the test set of Bakowies [D. Bakowies, J. Chem. Phys.
127 (2007) 084105] have been computed with an estimated standard deviation (from the values
compiled in the Active Thermochemical Tables) of +0.1 k]/mol per valence electron in the molecule.
Equilibrium geometries and harmonic vibrational frequencies were calculated at the all-electron
CCSD(T)/cc-pCVTZ level, that is, at the level of coupled-cluster theory with singles, doubles and non-iter-
ative triples in a correlation-consistent polarized core-valence triple-zeta basis. Single-point energy
calculations were performed at the all-electron CCSD(T) level in a correlation-consistent polarized
core-valence quadruple-zeta basis (cc-pCVQZ), and several corrections were added: (i) a correction for
the basis-set truncation error, obtained from second-order perturbation theory using Slater-type gemi-
nals (MP2-F12 theory), (ii) a correction for the effect of anharmonicity on the zero-point vibrational
energy, (iii) a relativistic correction, (iv) a correction for the difference between the full CCSDT model
(coupled-cluster theory with singles, doubles and triples) and the CCSD(T) approximation, and (v) a cor-
rection for connected quadruple excitations obtained from CCSDT(Q) calculations. The correction for the
basis-set truncation error was obtained from MP2-F12 calculations by scaling the MP2 basis-set trunca-
tion error by an empirically optimized “interference factor” of fi, = 0.78. The reference values from the
Active Thermochemical Tables for 73 molecules in the test set, the equilibrium geometries, the harmonic
vibrational frequencies, and all of the energy corrections represent valuable data for performance assess-
ments of additivity schemes that will be developed in the future, in which the basis-set truncation error
will be calculated at the level of coupled-cluster theory using Slater-type geminals (CC-F12 theory). Such
a scheme will be free of empirical corrections and scaling factors.

© 2008 Elsevier B.V. All rights reserved.

in correlated calculations on many-electron atoms and molecules,
where |mn) is an antisymmetrized product of two spin orbitals that

The purpose of the present article is to provide a set of bench-
mark data in anticipation of rigorous assessments of various
explicitly-correlated coupled-cluster R12 and F12 methods (CC-
R12 and CC-F12).

These CC-R12 and CC-F12 methods have been developed since
the publication of the pioneering work by Kutzelnigg on the He
atom in 1985 [1], in which the conventional He-atom configura-
tion-interaction expansion in terms of orbital products was aug-
mented with one extra two-electron function that was linear in
the interelectronic distance ry,. Furthermore, in this 1985 paper,
it was proposed to use basis functions of the form

Yomm) = Quaf (112)|mn) (1)

* Corresponding author. Tel.: +49 721 6087263; fax: +49 721 6083319.
E-mail address: klopper@chem-bio.uni-karlsruhe.de (W. Klopper).

0301-0104/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.chemphys.2008.11.013

are occupied in the Hartree-Fock reference wave function, where
Q12 =(1-041)(1 - 0,), with O =}, |m)(m|, is a projection opera-
tor taking care of strong orthogonality [1-4], and where
flri12) =r12. (It has recently become common practice to speak of
R12 methods when f(ry,) = 12 and of F12 methods when a particu-
lar function of ry; is used.) For many-electron systems, first R12 re-
sults were published at the level of Mgller-Plesset perturbation
theory (MP2) in Ref. [2] and the general theory for all matrix ele-
ments needed in configuration-interaction with singles and doubles
(CISD), as well as second- and third-order Maller-Plesset perturba-
tion (MP3) theories, was published in Ref. [3]. First R12 results ob-
tained at the configuration-interaction with doubles (CID) and MP3
levels were published in Ref. [5].

A few years later, Noga et al. developed the CC-R12 methods [6].
In a landmark paper, Noga and Kutzelnigg presented a comprehen-
sive diagrammatic derivation of the CC-R12 equations in the so-
called “standard approximation B” at the levels of coupled-cluster
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theory with singles, doubles, and triples (CCSDT) as well as at the
level of fourth-order Mpgller-Plesset (MP4) perturbation theory
[7]. Fifth-order non-iterative corrections were also discussed.

An integral-direct CC-R12 program denoted DIRCCR12-05 Was
developed soon thereafter [8,9], both for closed- and open-shell
species [10]. Recent examples of the performance of the pirccri12-0s
program can be found in Refs. [11-13].

In the years 2002-2004, two important developments triggered
renewed interest in the R12 methods. In 2002, Klopper and Samson
introduced an auxiliary basis set for the resolution-of-the-indenti-
ty (RI) approximation that is used to avoid the calculation of three-
and more-electron integrals [14]. In the aforementioned standard
approximation (SA), the same basis set was used for the orbital
expansion and the Rl insertion, which simplified the equations dra-
matically [7], but which required a very large basis set of atomic
orbitals to achieve reliable results, as can be seen in Refs. [11-
13]. This problem was alleviated by the introduction of the auxil-
iary basis set.

In 2004, Ten-no proposed to use Slater-type geminals (STGs) of
the form f{(r;,) = exp(—yr;2) in place of the linear ry, terms [15].
The use of STGs was a significant improvement on the linear r;,
terms in particular in calculations with small basis sets, which had
become possible by using an auxiliary basis set for the RI
approximation.

Since 2004, a number of approximate CC-F12 methods have
been developed using an auxiliary basis set and STGs.

Fliegl et al. have introduced an approximation to the CCSD-F12
method with singles, doubles, and STGs, which was denoted
CCSD(F12) [16]. The corresponding model CCSD(T)(F12) includes
a correction for non-iterative connected triple excitations [17].
Tew et al. showed that this CCSD(T)(F12) approach can provide
quintuple-{ quality CCSD(T) correlation energies in just a triple-{
basis set, not only when optimizing all STG amplitudes [18] but
also when keeping these amplitudes fixed [19] at their values dic-
tated by the electron-electron cusp conditions (for a recent discus-
sion of the cusp conditions, cf. Ref. [20]), as first done by Ten-no at
the MP2-F12 level [21,22].

Adler et al. have introduced a much simpler approximation to
the CCSD-F12 model [23], and in a series of papers, Valeev and
co-workers [24-26] have developed the approximate model
CCSD(2)gg3, which treats the R12- or F12-dependent terms through
Lowdin perturbation theory. Also the fixed-amplitudes approach
and corrections for connected triple excitations have been included
in the CCSD(2)zz model.

Based on an automated implementation by means of computer-
ized symbolic algebra, Shiozaki et al. have implemented a full
CCSD-F12 method that relies neither on the SA, nor on truncations
or other approximations such at the generalized (GBC) and ex-
tended (EBC) Brillouin conditions [27,28]. Instead, these autors
use multiple RI insertions. In contrast to this, Bokhan and co-work-
ers have implemented a fixed-amplitude CCSD(T)-F12 method on
the basis of the SA, without auxiliary basis [29].

The present work aims at providing benchmark data for future
work on performance assessments of the CCSD-F12 method and its
approximations.

In the next section, we shall briefly introduce the additivity
scheme that is used to calculate the atomization energies of a test
set of 106 molecules. This is the same test set that was investigated
by Bakowies [30]. It contains 105 closed-shell molecules, plus
dihydrogen. The latter was added because it often occurs in assess-
ments of reaction enthalpies.

It is important to note that the additivity scheme given below is
not meant as a new “model chemistry” or “composite” or “multi-
coefficient” method. Rather, the purpose of the present work is to
provide accurate equilibrium geometries and a number of energy
corrections such that, when added to CCSD-F12 energies, it should

be possible to obtain calculated atomization energies to within a
standard deviation of ~0.1 kJ/mol per valence electron from the
ATCT reference values (cf. Section 3.1).

Various additivity schemes and model chemistries already exist
in the literature (a recent brief review can be found in Ref. [31]).
Among these are the Gaussian-n (n=2,3,4) theories of Curtiss
et al. [32-34], the correlation-consistent composite approach
(ccCA) of DeYonker et al. [35,36], the complete basis set (CBS)
methods of Petersson and co-workers [37,38], the focal-point anal-
ysis (FPA) approach of Allen and co-workers [39,40], the multicoef-
ficient correlation methods (MCCMs) of Fast et al. [41-43], the
HEAT protocol of Tajti et al. [44], Bomble et al. [45] and Harding
et al. [46], and the Weizmann-n (n = 1-4) theories of Martin and
co-workers [47-50]. Many of these model chemistries contain
extrapolations, empirical corrections, and empirical scaling factors.
Also Feller, Dixon and co-workers (cf. Refs. [51-56] and references
therein) have developed an approach to calculate molecular ther-
modynamic properties based on fc-CCSD(T) coupled-cluster theory
using correlation-consistent basis sets, extrapolations to the basis-
set limit, and inclusion of a number of corrections such as core-va-
lence interactions, scalar and spin-orbit relativistic effects and
zero-point vibrational energies (ZPVEs).

As already said, the additivity scheme given below, which in its
present form contains an empirical scaling factor, should not be
misunderstood as a new black-box tool with broad applicability
in computational thermochemistry. Rather, the hope is expressed
that an accurate and reliable additivity scheme can be designed
in the future based on the CCSD(T)(F12)/def2-QZVPP level, for
example, free of extrapolations, empirical corrections, and empiri-
cal scaling factors. Such a scheme will be studied in future work,
using the data compiled in the present work.

The present article is organized as follows: In Section 2, we give
a brief overview of the additivity scheme used. More detailed infor-
mation on the calculation of the individual contributions to the
additivity scheme is given in Section 3. Results are presented in
Section 4, including a discussion of the remaining sources of error
in Section 4.2. Our conclusions are collected in Section 5.

2. Overview of the additivity scheme

In the following, we shall give a brief overview of the additivity
scheme used before we turn to the full computational details pre-
sented in Section 3.

We shall denote total electronic energies as E and electron-cor-
relation contributions as JE. For example,

Etc-cesp)/cc-pviz = EHartree—Fock/cc-pvtz + OEgc-cesp(m) jee-pvrz- (2)

The total electronic energy is obtained by adding various correc-
tions to the fc-CCSD(T)/cc-pCVQZ//ae-CCSD(T)/cc-pCVTZ energy,

Eotal = Efe-cesp(ny/ce-pevaz + AEcy + AEzpyve + AEann + AEg2
+ AEmvp + AEso + AET + AE(Q). 3)

All of these corrections except AEa,, were computed at the
ae-CCSD(T)/cc-pCVTZ equilibrium geometry of the molecule in
question (cf. Section 3.3). AEcy is a correction for core-valence cor-
relation effects, which was obtained as the difference between the
ae-CCSD(T)/cc-pCVQZ and fc-CCSD(T)/cc-pCVQZ energies. AEzpyg is
the harmonic zero-point vibrational energy calculated at the
ae-CCSD(T)/cc-pCVTZ level. AEay, is a correction to the harmonic
ZPVE due to anharmonic effects, calculated at the fc-MP2/cc-pVDZ
level. AEg; is a correction for the basis-set truncation error. It was
calculated as follows:

5EF12 :fint (5Efc—Ml’2—F12 - 5Efc—Ml’2/cc—pCVQZ): (4)
AEFIZ = EHartree—Fock/detZ—QZVPP - EHartree—Fock/cc—pCVQZ + (SEFIZ-, (5)
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where fi,; is an empirical “interference” factor [57-60]. In the
course of the present work, an optimization of this factor by mini-
mizing the mean deviation from the ATcT reference values yielded
fine = 0.78, but we also report the statistical analysis of the calcu-
lated atomization energies obtained with fi,;=0.0 and fi, = 1.0.
Concerning Eq. (5), we note that the Hartree-Fock energy in the
def2-QZVPP basis was always lower than in the cc-pCVQZ basis.

AEnmvyp is a correction for scalar-relativistic effects (one-electron
Darwin and mass-velocity terms) calculated at the ae-CCSD(T)/
cc-pCVTZ level [61,62]. For the atoms C, O, and F, the spin-orbit
corrections to the total electronic energy amount to AEsp=
—0.35399, —-0.93278, and —1.61153 kJ/mol, respectively [63].

Finally, a full correction for connected triple excitations and a
perturbative correction for connected quadruple excitations were
computed as

AEr = Eccspryce-pviz — Ecespm)jec-pviz, (6)
AEq) = Eccspr(q)/ecc-pvpz — Ecespr/ce-pvpz.- (7)

Note that AEt does not refer to the total contribution of con-
nected triples excitations but only to the difference between the
CCSDT and CCSD(T) models.

3. Computational details
3.1. Active Thermochemical Tables

Accurate, reliable, and internally consistent thermochemical
values were taken from the Active Thermochemical Tables (ATcT)
[64-67]. As opposed to the traditional sequential approach, the
ATCT derive their results from a thermochemical network (TN)
using all available knowledge. The thermochemical values used
in the present work have been obtained from the latest version
of the Core (Argonne) Thermochemical Network, C(A)TN, which
is currently under development [68] and describes ca. 900 species
interconnected by ca. 10,000 experimental and theoretical
determinations.

3.2. Computer programs

All coupled-cluster and second-order Mgller-Plesset (MP2) cal-
culations were carried out with the Mainz-Austin-Budapest 2005
version of the Aces 1 program [69] and with the Mrcc program
[70,71]. The coupled-cluster calculations performed with Aces 1
were carried out at the level of coupled-cluster theory with singles
and doubles (CCSD, cf. Refs. [72,73]) including a non-iterative cor-
rection for connected triple excitations (CCSD(T), cf. Refs. [74-78]).
Kallay’s mrcc program was used for coupled-cluster calculations
with singles, doubles, and triples including a non-iterative correc-
tion for connected quadruple excitations (CCSDT(Q), cf. Refs.
[79,80]).

Explicitly-correlated calculations [81,82] were carried out at the
level of second-order perturbation theory (MP2-F12) with the
TURBOMOLE program [83].

3.3. Geometries and zero-point vibrational energies

All molecular equilibrium geometries were optimized at the all-
electron CCSD(T) level [ae-CCSD(T)] in the correlation-consistent
polarized core-valence triple-zeta basis set (cc-pCVTZ) of Dunning
[84] and Woon and Dunning [85]. Using the cc-pCVTZ basis implies
that this basis is used for C, N, O, and F in conjunction with a cor-
relation-consistent polarized valence triple-zeta basis set (cc-
pVTZ) for H [84]. Harmonic vibrational frequencies and harmonic
ZPVEs were computed at the same level, that is, at the ae-
CCSD(T)/cc-pCVTZ level.

The ae-CCSD(T) calculations of the closed-shell molecules were
performed using a restricted Hartree-Fock (RHF) reference
determinant.

3.4. Anharmonic corrections

MP2 calculations were carried out to obtain anharmonic correc-
tions to the ZPVEs. The cubic force field and those parts of the quar-
tic force field that are required for the determination of
anharmonic effects were obtained by means of numerical differen-
tiation of analytical Hessians about the fc-MP2/cc-pVDZ equilib-
rium structure, as implemented in the Mainz-Austin-Budapest
2005 version of the aces n program [69,86]. The MP2 calculations
of the closed-shell molecules were done using an RHF reference,
in the frozen-core approximation, and in the correlation-consistent
polarized valence double-zeta (cc-pVDZ) basis set of Dunning [84].
Thus, harmonic ZPVEs were obtained at the ae-CCSD(T)/cc-pCVTZ
level and anharmonic corrections to these were obtained at the
fc-MP2/cc-pVDZ level.

3.5. Coupled-cluster single-point energies

The CCSD(T) single-point energy calculations of the closed-shell
molecules were performed using an RHF reference determinant.
The corresponding calculations of the atoms C, N, O, and F were
done using a restricted open-shell Hartree-Fock (ROHF) reference
as implemented in Acks 11, employing semi-canonical orbitals [78].

The single-point energy CCSD(T) calculations were performed in
the correlation-consistent polarized core-valence quadruple-zeta
(cc-pCVQZ) basis set (cc-pVQZ for H), both in an all-electron treat-
ment [ae-CCSD(T)/cc-pCVQZ] and in a frozen-core treatment [fc-
CCSD(T)/cc-pCVQZ]. The difference between these two calculations
is referred to as core-valence (CV) contribution.

The single-point energy CCSDT and CCSDT(Q) calculations were
performed in the correlation-consistent polarized triple-zeta (cc-
pVTZ) and double-zeta (cc-pVDZ) basis sets [84], respectively, in
the frozen-core approximation. The corresponding calculations of
the atoms C, N, O, and F were done using an unrestricted
Hartree-Fock (UHF) reference as implemented in mrcc. The (Q)
contribution was obtained as the difference between the fc-
CCSDT(Q)/cc-pVDZ and fc-CCSDT/cc-pVDZ energies, using RHF
and UHF reference determinants for the molecules and atoms,
respectively. Similarly, the full-triples-minus-(T)-triples correction
was obtained as the difference between the fc-CCSDT/cc-pVTZ and
fc-CCSD(T)/cc-pVTZ energies.

3.6. Explicitly-correlated perturbation theory

The MP2-F12 calculations were carried out using a Slater-type
geminal with exponent y = 1.4 a;', represented by a linear combi-
nation of six Gaussians with exponents and coefficients taken from
Ref. [87].

The implementation of the MP2-F12 method in the ricc2 module
[88,89] of TursoMOLE is described in detail in Refs. [90,91]. The ro-
bust density-fitting technique of Manby was used to avoid the
computation of four-index integrals [92], and a complementary
auxiliary basis set (CABS) [93] was used for the resolution-of-
the-indentity (RI) approximation of explicitly-correlated theory.
The approach 2B of explicitly-correlated theory [90,91] was used
and the amplitudes were optimized in an orbital-invariant manner
[94]. The matrix representation of the core Hamiltonian, T+V,
was used for the commutator approximation that avoids the
two-electron integrals over the operator [T,f(ru)] [90,95]. For the
open-shell MP2-F12 calculations of the atoms, an ROHF reference
function and semi-canonical orbitals were used. The core orbitals
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(1s for C, N, O, and F) were not included in the MP2-F12 approach
(fc-MP2-F12).

The fc-MP2-F12 calculations were performed in the def2-QZVPP
basis [96]. For the density-fitting approximation, the aug-cc-
pwCV5Z MP2 fitting basis of Hattig was used (aug-cc-pV5Z for H)
[97]. The def2-QZVPP Hartree-Fock exchange fitting basis was
used in two different manners. On the one hand, it was used as
CABS, and on the other hand, it was used for computing matrix ele-
ments of the Fock operator using the RI-JK approximation [98].

3.7. Relativistic corrections

Darwin and mass-velocity energy corrections [99] were com-
puted analytically [78,100] as first-order molecular properties at
the ae-CCSD(T)/cc-pCVTZ level, using RHF and ROHF reference
wave functions for the molecules and atoms, respectively.

4. Results and discussion
4.1. Final results

The computed atomization energies are reported in Table 1 and
are compared with the ATcT values where available. The deviation
of the computed atomization energies from the ATcT values are gi-
ven in the second-last column. In Table 1, the reported CCSD(T)
values refer to the fc-CCSD(T)/cc-pCVQZ//ae-CCSD(T)/cc-pCVTZ le-
vel, which is the baseline of the additivity scheme. The values pre-
sented in the other columns are the corrections described in Eq.
(3).

In the last column of Table 1, the D1 diagnostic of Jansen and
Nielsen is given [101], which is an indicator for the multireference
character of the molecule’s electronic ground state. Since all of the
calculations performed in the present work are of the single-refer-
ence type, we expected larger deviations for the molecules with
large D1 values than for those with small D1 values. To investigate
this, we plot in Fig. 1 the deviations of the computed atomization
energies from the ATcT values as a function of the molecule’s D1
value (from 0 to 0.06). If the F12 correction is omitted, there are
large deviations when D1 is large, but there are also large errors
for relatively small D1 values (e.g., for cyclopropane, where the er-
ror amounts to —29.6 kJ/mol while D1 is only 0.015). Hence, for the
molecules under study and in contrast to our expectations, the er-
ror is not dominated by the high-level excitations (beyond the
CCSDT(Q) model) of coupled-cluster theory, which become more
important with increasing multireference character. After adding
the F12 correction from MP2-F12 theory (but without scaling with
the interference factor f,;), we observe a very weak trend of
increasing error with increasing D1 diagnostic, but after scaling
with the empirical factor of fi,; = 0.78, the remaining deviations ap-
pear to be independent of D1. Hence, the final deviations between
the calculated atomization energies and the ATcT reference values
are independent of D1 up to values of D1 = 0.06. The deviations for
N,03 and N,O4 (with D1 > 0.07, not shown in Fig. 1) are quite large,
however. For fi,; = 0, the deviations are —42 and —52 kJ/mol, and
for fine = 1, they are 13 and 14 kJ/mol, respectively.

The errors reported in Table 1 are statistically analyzed in Table
2. For fi,: = 0.78, we observe that the mean deviation between cal-
culation and ATcT amounts to —0.12 kJ/mol, with a mean absolute
deviation of 0.9 kJ/mol and a root-mean-square (RMS) deviation of
1.2 kJ/mol. Table 2 also reports these errors for calculations with-
out F12 corrections from MP2-F12 theory (fi,¢ = 0.0) as well as for
calculations with F12 correction from MP2-F12 theory but without
empirical scaling (finc = 1.0). In both cases, the errors are substan-
tially larger. In the cases fi,¢ = 0.0 and fi, = 1.0, the errors are about
20 and 5-6 times larger, respectively, than for fi,=0.78. This

means that already adding the unscaled F12 contribution repre-
sents an improvement over the fully uncorrected results, reducing
the error by roughly a factor of 3-4. However, a satisfactory agree-
ment between computed and ATcT values is only obtained for
fine=0.78.

In Section 4.2, we shall analyze the uncertainties of the individ-
ual contributions of the additivity scheme together with the possi-
ble errors due to neglected terms. As we shall see, these
uncertainties and errors are of about the same order of magnitude
and add up (in terms of a Gaussian error propagation) to the ob-
served deviation between the calculated atomization energies
and the ATCcT reference values. In Section 4.2, we shall focus on
the RMS errors per valence electron when we discuss the errors of
the individual contributions. We do this for two reasons. Firstly,
as Harding et al. [46] have pointed out, it is a necessary conse-
quence of size extensivity that the characteristic relative error in
atomization energies will remain constant while the absolute error
will grow linearly with the size of the system. We have chosen to
take the number of electrons in the valence shells (1 for H, 4 for C, 5
for N, 6 for O, 7 for F) as a measure of the size of the system. Sec-
ondly, for the propagated estimate of the error to be a legitimate
estimate of a standard deviation g, all of the components also must
be a ¢ or best estimates thereof (e.g., RMS or experience-based-
95%-confidence-interval/2, but nothing based on mean absolute
errors).

Figs. 2 and 3 show that not only the deviations per molecule
(Fig. 2) but also the deviations per valence electron (Fig. 3) appear
to form normal distributions (Gaussian distributions). In these fig-
ures, the points represent the number of molecules with an error
within the corresponding interval (e.g., 16 molecules have a total
deviation between —1.5 and —0.5 k]/mol), and the bell curves are
simple non-linear fits to these points.

4.2. Error estimation of individual contributions

4.2.1. Hartree-Fock contributions

Concerning the Hartree-Fock level, our additivity scheme is
based on Hartree-Fock calculations in the def2-QZVPP basis [cf.
Eq. (5)]. This basis yields Hartree-Fock contributions to the
atomization energies closer to the limit of a complete basis than
the cc-pCVQZ basis, but the basis-set truncation error is still not
negligible. To estimate this error, we have computed the Har-
tree—Fock contribution in the cc-pCV5Z basis for the 18 molecules
shown in Table 3. For these molecules, the RMS deviation between
the def2-QZVPP and cc-pCV5Z contributions to the atomization
energies amounts to 1.0 kJ/mol per molecule or 0.08 kJ/mol per
valence electron. We adopt this RMS error of 0.08 kJ/mol per
valence electron for our overall error analysis (cf. Section 4.2.7).

4.2.2. Core-valence contributions

In Table 3, the core-valence contributions to the atomization
energies are presented for a selection of 18 molecules, obtained
at the CCSD(T) level in the cc-pCVQZ and cc-pCV5Z basis sets as
well as from a two-point X3 extrapolation [102] based on the
cc-pCVQZ and cc-pCV5Z results, which is denoted cc-pCV(Q5)Z.
For the final results presented in Table 1, the CCSD(T)/cc-pCVQZ
data were used, and the accuracy of these data can be estimated
from the difference between the cc-pCVQZ and cc-pCV(Q5)Z
core-valence contributions. The mean absolute and RMS devia-
tions for these 18 molecules amount to 0.36 and 0.46 kj/mol,
respectively. Expressed in terms of error per valence electron, the
mean absolute and RMS deviations are 0.033 and 0.042 kJ/mol.

In Ref. [49], Karton et al. report core-valence contributions for
the 14 molecules Hzo, C2H2, CH4, COz, CO, Fz, FH, Nz, H3N, Nzo,
03, CoHy, CH,0 (formaldehyde), and HNO, as obtained in W4 the-
ory, that is, at the extrapolated CCSD(T)/aug-cc-pwCV(TQ)Z level.
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Fig. 1. Deviation of the calculated atomization energy (in kJ/mol) from the ATcT
reference value, as a function of the D1 diagnostic. Results are shown for the
additivity scheme using either unscaled (*) or scaled (O) F12 contributions. The
deviations are also shown for the additivity scheme without F12 correction (+).

Our CCSD(T)/cc-pCVQZ data agree to within 0.36 k]/mol (RMS er-
ror) with the W4 values. Expressed in terms of error per valence
electron, the RMS deviation between our values and the W4 values
amounts to 0.032 kJ/mol.

We adopt an RMS error of 0.04 k]/mol per valence electron for
the core-valence contribution.

4.2.3. Zero-point vibrational energies

For the same 14 molecules that were discussed in the previous
section, Karton et al. [49] report the accurate ZPVE used in W4 the-
ory. For these molecules, our anharmonic zero-point vibrational
energies agree with those given in Ref. [49] to within a mean abso-
lute deviation of 0.27 kJ/mol (the RMS deviation amounts to
0.47 kJ/mol). On a per-valence-electron basis, the mean absolute
and RMS deviations are 0.028 and 0.055 k]/mol, respectively.

30 T T

25 |

20 |

Number of molecules
N
(9]
1

X

Deviation in kd/mol

Fig. 2. Distribution of the errors per molecule of 73 molecules (in kJ/mol).
Molecules are counted with errors in the same 1 kJ/mol wide interval.

Harding et al. [46] report ZPVEs for the molecules Ny, H», F,, CO,
C,H,, CO,, H,0,, H,0, CHN (cyanic acid), FH, HNO, and H3N. Our
values deviate from these ZPVEs with an RMS error of 0.24 kJ/
mol (0.023 kJ/mol RMS per valence electron).

We also note that, in our calculation of the anharmonic ZPVE,
we have neglected the constant Gy term in the expression [45]

w; 1
EZPVE:GO+Z7I+Z ZXU' (8)
i i

In Ref. [44], it was found that neglecting the constant G, term
leads to errors of the order to a few tenths of a k]/mol in the enthal-
pies of formation (at 0 K) of molecules/radicals such as C;H,, CH,,
HCO, and HO,.

In view of the agreement with the HEAT (Ref. [46]) and W4 (Ref.
[49]) data, and in view of the missing Go contribution, we expect
that the zero-point vibrational energies reported in Table 1 are
accurate to within +0.06 kJ/mol per valence electron (RMS error).

Table 2

Statistics of the deviations of the computed values from the ATcT reference data (all deviations in kJ/mol).

F12 scaling N? Save? Smad® SemsS 95% © Smmaxt Molecule®
Errors per molecule

fine=0.0 73 —21.7 21.7 23.1 463 —52.4 N,0,4
fine=0.78 73 —-0.12 0.90 1.22 2.44 4.1 CoH5F
fine=1.0 73 5.98 5.98 6.52 13.0 141 N,04
Errors per valence electron®

fine=0.0 73 -133 133 1.36 2.72 -19 HiN,
fine=0.78 73 —0.01 0.06 0.08 0.16 0.2 C,HsF
fine=1.0 73 0.37 0.37 0.38 0.77 0.7 H3N; (cis-diazene)

¢ Number of molecules in assessment.
Mean error.

Mean absolute error.
Root-mean-square error.

95% confidence limit.

Maximum deviation.

Molecule with largest error.

R R

Statistics of the error per valence electron. For each molecule, the deviation is divided by the number of valence electrons.
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Fig. 3. Distribution of the errors per valence electron of 73 molecules (in k]/mol).
Molecules are counted with errors in the same 0.05 kJ/mol wide interval.

Table 3
Basis-set convergence of the core-valence contribution (kJ/mol) as obtained at the
CCSD(T) level.

Nr.? Molecule® cc-pCvVQzZ cc-pCV5Z cc-pv(Q5)Z
1 CEN Cyanogen fluoride 6.92 7.26 7.61
9 CHN Hydrogen cyanide 6.59 6.95 7.32
10 CHN Hydrogen isocyanide 5.78 6.06 6.35
15 CH, Singlet methylene 1.59 1.65 1.71
20 CH,0 Formaldehyde 5.21 5.43 5.65
30 CH4 Methane 4.99 5.19 5.40
34 Cco Carbon monoxide 3.76 3.96 4.17
35 CO, Carbon dioxide 7.00 7.33 7.68
40 CH, Acetylene 9.60 10.10 10.62
73 FH Hydrogen fluoride 0.77 0.77 0.77
74 FHO Hypofluorous acid 0.64 0.62 0.60
79 F, Difluorine —0.29 —0.32 —0.35
92 H,N, Diazene (trans) 3.34 3.44 3.56
95 H,0 Water 1.61 1.63 1.66
97 HsN Ammonia 271 2.80 2.88
101 N, Dinitrogen 3.38 3.55 3.74
102 N,O Nitrous oxide 5.03 5.21 5.41
105 (01 Ozone 0.24 0.17 0.09

4 Same number and same molecule as in Ref. [30].
P The ae-CCSD(T)/cc-pCVTZ equilibrium geometry was used for each molecule.

4.2.4. Relativistic corrections

For the same 14 molecules that were discussed in Section 4.2.2,
the scalar-relativistic corrections (MVD) given in Table 1 agree
with their W4 counterparts of Ref. [49] to within a mean absolute
deviation of 0.026 kJ/mol (the RMS deviation amounts to 0.037 kJ/
mol or 0.0025 kJ/mol per valence electron). In W4 theory, the sca-
lar-relativistic corrections are obtained at the second-order Doug-
las-Kroll-Hess CCSD(T)/DK-aug-cc-pV(Q+d)Z level. We feel that
the two-electron Darwin term as well as higher-order terms such
as the Breit interaction and second-order spin-orbit coupling can
safely be neglected for the light molecules studied in the present
work, and that both our values and the W4 values are accurate
to within +0.003 kJ/mol (RMS) per valence electron. Atomic spin-

orbit coupling terms were taken from the experimental fine struc-
ture and their uncertainty is insignificant [63]. We adopt an RMS
error uncertainty of 0.003 kJ/mol per valence electron for the rela-
tivistic corrections.

4.2.5. Full triples and perturbative quadruples

Table 4 shows post-CCSD(T) contributions to the atomization
energies of a selected set of 18 molecules, obtained using the cc-
pVDZ and cc-pVTZ basis sets at the fc-CCSDT(Q) level. In Table 4,
the results shown for X = (DT) refer to the results obtained from
the two-point extrapolation procedure of Helgaker et al. [102]
using the cc-pVXZ contributions with X = D and T, which is the le-
vel of calculation used in W4 theory [49]. Indeed, the CCSDT-
CCSD(T) contributions for the molecules N, (—3.26 kJ/mol), F,
(-=1.50 kJ/mol), CO (-2.35kJ/mol), FH (-0.57 kJ/mol), and H,0
(—0.85 kJ/mol) completely agree with the data presented in Ref.
[50]. Karton and co-workers not only report CCSDT-CCSD(T) con-
tributions at the (DT) level but also at the extrapolated (TQ) and
(Q5) levels, and it seems that the (DT) extrapolation yields useful
estimates. The mean and RMS deviations between the (DT) and
(Q5) extrapolated data for the 16 molecules studied in Ref. [50]
amount to 0.09 and 0.2 k]/mol, respectively. This accuracy is quite
remarkable in view of the large differences between the cc-pVDZ
and cc-pVTZ results (Table 4).

Although the (DT) extrapolated data for the CCSDT-CCSD(T)
contributions computed by Karton et al. appear to be astonishingly
accurate, we nevertheless feel that the difference between the cc-
pVDZ and cc-pVTZ basis sets is too large to use them as a basis for a
trustworthy extrapolation. Therefore, we have decided to use the
plain fc-CCSDT/cc-pVTZ energies. For the same 14 molecules that
were discussed in Section 4.2.2, the fc-CCSDT-fc-CCSD(T) contribu-
tions in the cc-pVTZ basis deviate from the W4 data (i.e., the (DT)
extrapolated values) by 0.7 kJ/mol on average, with the cc-pVTZ
data always underestimating the magnitude of the corresponding
W4 corrections. The RMS deviation amounts to 0.8 kJ/mol. Hence,
we expect that our CCSDT-CCSD(T) contributions may be a few
tenths of a k]J/mol up to 1.5 kj/mol too small in magnitude. Fortu-
nately, this error is partly cancelled by the CCSDT(Q) contribution.

Concerning the CCSDT(Q) contributions for connected quadru-
ple excitations, Karton et al. note that the (DT) extrapolation does
more harm than good [49]. Therefore, these authors prefer to use
the fc-CCSDT(Q)/cc-pVTZ results scaled by an empirical factor of
1.1. Thus, in W4 theory, the sum of the contributions denoted T
and (Q) in Table 1 is computed as

AET+(Q)(W4) = Efc—CCSDT/cc—pV(DT)Z - Efc—CCSD(T)/cc—pV(DT)Z + 1.1

X (Ege-ccspr(@)/ec-pviz — E fe-ccspr/ec-pvrz)- 9)
In the present work, however, we compute this sum as

AEr, )(present work) = Etc-cespr/cc-pvrz — Efe-cesp(m)jee-pviz
+ Efc-ccspr(Q) jce-pvpz
- Efc»CCSDT/cc»pVDZ (1 O)

For the 18 molecules of Table 4, the difference between Egs. (9)
and (10) can be computed from the data reported. For these mole-
cules, the mean deviation between Eqs. (9) and (10) amounts to
0.1 kJ/mol, with mean absolute and RMS deviations of 0.40 and
0.60 kJ/mol, respectively. Measured per valence electron, the mean,
mean absolute, and RMS deviations amount to 0.015, 0.033, and
0.044 kJ/mol.

We therefore feel that Eq. (10) is sufficiently accurate for our
present purposes, partly because there is some fortuitous error
compensation between the T and (Q) terms. We adopt an RMS er-
ror of 0.05 kJ/mol per valence electron for the combined full-tri-
ples-and-perturbative-quadruples contribution.
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Table 4
Basis-set convergence of the CCSDT-CCSD(T) and CCSDT(Q)-CCSDT contributions (kJ/mol), obtained in cc-pVXZ basis sets with X =D, T, and (DT).
Nr.?2 Molecule” AEr AEq AEr+ AEq

D T (DT) D T (DT) D T (DT)
1 CFN Cyanogen fluoride —0.72 -3.14 —4.16 491 5.02 5.06 4.19 1.88 0.90
9 CHN Hydrogen cyanide —0.64 —2.48 —3.26 3.67 4.03 4.18 3.03 1.55 0.92
10 CHN Hydrogen isocyanide 0.13 -1.64 —-2.39 242 2.78 2.93 2.55 1.14 0.55
15 CH, Singlet methylene 1.06 0.91 0.84 0.35 0.41 0.44 1.41 1.32 1.28
20 CH,0 Formaldehyde 0.11 -1.54 -2.23 2.50 2.46 2.44 2.61 0.92 0.21
30 CHy4 Methane 0.21 —0.19 —0.36 0.33 0.30 0.29 0.54 0.11 —0.07
34 Cco Carbon monoxide 0.10 -1.62 -2.35 2.66 2.74 2.77 2.76 1.12 0.42
35 CO, Carbon dioxide -0.76 -3.30 —4.37 5.10 491 4.83 434 1.60 0.45
40 CoH, Acetylene —0.60 —2.31 —3.02 2.59 2.99 3.16 1.99 0.69 0.14
73 FH Hydrogen fluoride 0.04 —0.39 —0.57 0.79 0.46 0.32 0.83 0.07 —0.25
74 FHO Hypofluorous acid 0.26 -1.16 -1.76 3.30 3.12 3.05 3.56 1.96 1.29
79 F, Difluorine 0.31 —0.96 -1.50 3.89 3.82 3.79 4.20 2.86 2.29
92 H,N, Diazene (trans) 0.07 -1.79 —2.58 3.27 3.55 3.66 3.35 1.75 1.08
95 H,0 Water 0.13 —0.56 —0.85 1.10 0.80 0.68 1.23 0.24 -0.17
97 HsN Ammonia 0.37 —0.28 —0.56 0.79 0.69 0.65 1.16 0.41 0.09
101 N> Dinitrogen —0.49 —2.44 —3.26 431 4.57 4.67 3.81 213 141
102 N>O Nitrous oxide —2.04 —5.04 —6.30 9.23 9.47 9.58 7.19 443 3.28
105 03 Ozone —0.59 —4.21 —5.74 17.63 18.72 19.18 17.04 14.51 13.44

¢ Same number and same molecule as in Ref. [30].
> The ae-CCSD(T)/cc-pCVTZ equilibrium geometry was used for each molecule.

20

T and (Q) contributions in kJ/mol
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D1 diagnostic

Fig. 4. AEr = Eccsprjee-pviz — Eccsperyjecpvrz () and AEq) = Eccspr(Q)jec-pvpz — Eccspry
ce-pvpz (O) contributions (in k]/mol) as a function of the D1 diagnostic.

We furthermore note that the T, (Q), and higher excitation
terms are likely to become more important for molecules with dis-
tinct multireference character. Indeed, Fig. 4 shows that the Et and
E(q) terms tend to increase in magnitude with increasing D1 diag-
nostic [101]. In other words, the errors discussed here may not be
applicable to molecules with very large D1 diagnostics, for which a
single-reference correlation treatment is inadequate.

4.2.6. Neglected contributions

In our additivity scheme, a number of contributions have so far
not been taken into account. Among these are valence-shell elec-
tron-correlation effects beyond the CCSDT(Q) level, core-valence
correlation effects beyond the CCSD(T) level, and non-Born-

Oppenheimer effects such as the diagonal Born-Oppenheimer cor-
rection (DBOC). What errors can be expected due to neglecting
these terms? In Ref. [50], Karton et al. find that in the cc-pVQZ ba-
sis, the frozen-core CCSDTQ-CCSDT(Q) contribution amounts to
—0.69, —0.41, —0.06, and —0.09 kJ/mol for the molecules N,, CO,
FH, and H,O0, respectively. In the cc-pVDZ basis, the valence-shell
correlation contribution due to connected quintuple excitations
amounts to 0.48, 0.13, 0.01, and 0.03 kJ/mol, respectively, for the
same four molecules. In view of the opposite signs of the
CCSDTQ-CCSDT(Q) and connected quintuples contributions, we
expect that neglecting these two terms will not give rise to errors
significantly larger than +0.02 kJ/mol per valence electron (RMS
error).

Also, core-valence correlation effects beyond the CCSD(T) level
are expected to be small (estimated at about 0.03 kJ/mol per va-
lence electron RMS). For the molecules N,, F,, CO, FH, H,0, and
C,H,, Karton et al. [50] report CCSDT(Q)-CCSD(T) core-valence
contributions of 0.14, 0.08, 0.16, 0.02, 0.03, and 0.13 kJ/mol.

The DBOC may also contribute a few tenths of a kJ/mol to the
atomization energy of our molecules, in particular to those with
X-H bonds (X=C, N, O, F). For a molecule such as trans-butadien,
for example, a DBOC of the order of 0.45 kJ/mol was computed
by Gauss and co-workers at the coupled-cluster level [103]. Using
perturbation theory, values of 0.6 and 1.1 kJ/mol were obtained for
benzene and naphthalene [104]. Hence, corrections of the order of
0.1 kJ/mol per X-H bond seem quite reasonable, which implies er-
rors of up to a few tenths of a kj/mol for the 106 molecules of our
test set due to neglecting the DBOC. In Ref. [46], Harding et al. have
calculated the DBOC of 26 molecules. In their work, neglecting
these contributions would have led to an RMS error of 0.14 k]/
mol per molecule, or 0.02 kJ/mol per valence electron. We adopt
this latter RMS error as an estimate of our error due to neglecting
the DBOC.

4.2.7. Total statistical uncertainty

If we assume that the errors discussed above are statistical in
nature, then we may compute the expected accuracy of our com-
puted atomization energy by Gaussian error propagation. For this,
we use the following RMS errors per valence electron: +0.08 kj/mol
for the Hartree-Fock contribution, 0.04 k]/mol for the core-va-
lence contribution, +0.06 kJ/mol for the zero-point vibrational en-
ergy, £0.003 kJ/mol for the relativistic correction, +0.05 kJ/mol for
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full triples and perturbative quadruples, +0.02 kJ/mol for valence-
shell post-CCSDT(Q) effects, +0.03 kJ/mol for core-valence post-
CCSD(T) effects, and +0.02 kJ/mol for the DBOC. The result of the
error propagation may be expressed as

0 = Tlyalence electrons X 0.13 1<J/IT1()17 (1 1)

where nyajence electrons 1S the number of electrons in the valence shell.
For molecules such as methane, ethane, and propane, Eq. (11) yields
total uncertainties of ¢ = 1.0, 1.8, and 2.6 kJ/mol, respectively. For
diatomics such as N, and CO, the uncertainty amounts to
o = 1.3 kJ/mol. We feel that these are very reasonable estimates of
the accuracy of our additivity scheme. Only six of the 105 molecules
of the Bakowies test set (H, is a somewhat special case) for which
reference ATcT values are available, show a deviation from these
values larger than the uncertainty given by Eq. (11). None of the
molecules except H, show a deviation larger than 2, which can
be interpreted as an estimate of the 95%-confidence limit.

5. Conclusions

The atomization energies of the 105 molecules in the test set of
Bakowies [30] have been computed with an estimated standard
deviation from the ATcT values of +0.1 kJ/mol per electron in the
valence shell of the molecule. This accuracy has been achieved
by adding an empirically scaled MP2-F12 correction for the
basis-set truncation error of the cc-pCVQZ basis, in which the
ae-CCSD(T) calculations were carried out. Without adding such a
correction, the standard deviation would have been as large as
1.3 kJ/mol per valence electron. Hence, the errors were reduced
by more than an order of magnitude by the F12 corrections.

In the present work, we have introduced an empirical scaling
factor of f;,; = 0.78 to account for the interference effect in the ba-
sis-set truncation error, that is, for the fact that at the level of sec-
ond-order perturbation theory, the basis-set truncation error is
significantly larger (ca. 25%) than at the full configuration-interac-
tion level. However, even without resorting to such an interference
factor, that is, by adding 100% of the MP2-F12 correction, the errors
in the computed atomization energies would have been reduced
already by a factor of 3-4.

In future work, we shall investigate the performance of various
coupled-cluster CC-F12 methods to see how these methods could
be used to replace the scaled MP2-F12 corrections in the present
additivity scheme. When using CC-F12 methods, no empirical fac-
tors will be needed, and an additivity scheme using F12 methods
and no empirical factors is a very appealing prospect—from the
point of view of both theory and efficiency.

Concerning the latter, we notice that our scheme, which in-
cludes the AEg;, correction for the basis-set truncation error, is
more efficient than the schemes that are based on CCSD(T) calcu-
lations in very large basis sets such as aug-cc-pCVQZ and aug-cc-
pCV5Z followed by extrapolation (e.g., in the HEAT345 approach
[46]). To demonstrate this, let us take fluoroperoxide (FHO;) as
an example. On our hardware, the fc-CCSD(T) calculations of this
molecule in the cc-pCVQZ and aug-cc-pCVQZ basis sets took 4
and 23 h, respectively, on a single processor. The corresponding
calculation in the aug-cc-pCV5Z basis has not been carried out
but we estimate that the computation time for this calculation
would have amounted to about 180 hours. The Hartree-Fock and
MP2-F12 calculations (correlation energy only) in the def2-QZVPP
basis each took only 6 min while the corresponding fc-CCSD(F12)/
def2-QZVPP calculation took 5 h. In other words, by using explic-
itly-correlated theory, the computation time needed for the fc-
CCSD(T) part of the composite scheme can be reduced by a factor
of 35-45, from about 180 to 4 or 5 h, for fluoroperoxide. Neverthe-
less, considerable computation time is still required for the fc-

CCSDT/cc-pVTZ and fc-CCSDT(Q)/cc-pVDZ calculations, and for
the ae-CCSD(T)/cc-pCVTZ calculation of the harmonic vibrational
frequencies. For fluoroperoxide, these calculations took 28, 13
and 40 h, respectively. Of course, as soon as very large basis sets
are no longer needed at the CCSD(T) level by virtue of using explic-
itly-correlated theory, other contributions will become the compu-
tationally most demanding steps in the additivity scheme.
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High-precision quantum chemical calculations have been performed for atmospherically important halomethane
derivatives including CF, CF3, CHFz, CHzF, CFz, CF4, CHF, CHF’;, CH3F, CH2F2, CCI, CC13, CHC]Q, CH2C1,
CCl,, CCly, CHCI, CHCIl;, CH;Cl, CH,Cl,, CHFCI, CF,Cl, CFCl,, CFCl, CFCl;, CF,Cl,, CF;Cl, CHFCl,,
CHF,CI, and CH,FCI. Theoretical estimates for the standard enthalpy of formation at 0 and 298.15 K as well
as for the entropy at 298.15 K are presented. The determined values are mostly within the experimental
uncertainty where accurate experimental results are available, while for the majority of the considered heat
of formation and entropy values the present results represent the best available estimates.

Introduction

As stated in the Fourth Assessment Report of the Intergov-
ernmental Panel on Climate Change (IPCC), “The observed
widespread warming of the atmosphere and ocean, together with
ice mass loss, support the conclusion that it is extremely unlikely
that global climate change of the past 50 years can be explained
without external forcing and very likely that it is not due to
known natural causes alone.”! Emission of greenhouse gases
(GHGs) and ozone depletion agents as a byproduct of human
activities is among the most important factors which drive
climate change.

To facilitate the discussion of global warming, the concept
of radiative forcing (RF) was introduced. It is used to measure
how the energy balance of the Earth—atmosphere system is
affected by a given factor, such as volcanic eruptions, solar
irradiance, or GHG emission. The best estimate for the total
net RF due to human activities is +1.6 W/m2.? Most of the
positive RF is originated from the emissions of GHGs, such as
CO, (1.66 W/m?), CH, (0.48 W/m?), N,O (0.16 W/m?), and
haloalkanes (0.34 W/m?). Although, the concentration of ha-
loalkanes is about a millionth of that of carbon dioxide in the
atmosphere, haloalkanes have a noticeable 13% share in the
positive RF. This quite large contribution can be explained by
considering their higher global warming potentials, which are
typically a couple of thousand times of that of the reference
CO,.

The other, previously mentioned, global environmental
issue, ozone depletion, is also linked to anthropogenic
haloalkane emission.> Halogen atoms produced from haloal-
kanes by ultraviolet light efficiently destroy ozone molecules
in the stratosphere. Because of their importance, global
warming and ozone depletion are covered by international
treaties, such as the Kyoto* and Montreal® protocols, respec-
tively. Chlorofluorocarbons (CFCs), hydrochlorofluorocar-
bons (HCFCs), and halons are subject of the Montreal
protocol as ozone depletion substances, while hydrofluoro-
carbons (HFCs) and perfluorocarbons are covered by the
Kyoto protocol. Nevertheless, global warming and ozone

*To whom correspondence should be addressed. E-mail: jesontos@
mail.bme.hu.

depletion are not independent processes. For instance, CFCs
are primarily responsible for ozone depletion but they are
the largest contributors to RF, too, or HCFC emission is
controlled by the Montreal protocol but HCFCs are even more
dangerous as GHGs since they have large global warming
potentials and considerably smaller ozone depletion potential.
Further connection is that ozone depletion eventually causes
indirect negative RF. It deserves attention that the two,
probably, greatest challenges for mankind in the 21st century
are linked to the same chemical class of molecules, haloal-
kanes.®

To understand and predict how human activities alternate
the climate, several climate models have been developed.
Among them the so-called chemistry-climate models®’ take
into account the chemical processes taking place in the
atmosphere. The precise knowledge of the thermodynamic
and kinetic properties of the atmospheric reactions as well
as of the physical parameters of the corresponding species
is required for the chemistry-climate models. Though several
databases, including NIST-JANAF,® CODATA,’ ATcT,"
JPL,!! and Burcat’s Third Millennium Thermodynamic Da-
tabase,'> contain the relevant physicochemical parameters,
many discrepancies exist and numerous data have consider-
ably large error bars. The source of the latter uncertainty is
mostly due to the fact that the chemistry of the troposphere
and stratosphere is dominated by free radical reactions and
experimental determination of physical and chemical param-
eters of radicals and radical reactions is still challenging. In
general, experimental inaccuracy for open-shell systems is
usually larger than that for closed-shell molecules.

In recent years computational chemistry evolved to a stage
where the calculation of thermodynamic functions of small
molecules are possible with experimental or even higher
accuracy. Models, which can achieve this level of accuracy
are usually based on the observation that different contribu-
tions to the energy reach convergence at different levels of
theory. Furthermore, the additivity of the applied approxima-
tions is taken for granted, and empirical corrections, cali-
brated on a reference set of compounds, are frequently used
as well. The Gaussian-n (Gn) family of approaches of Pople
and co-workers!*!* was the first among these, so-called,

10.1021/jp105268m  © 2010 American Chemical Society
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model chemistries, which primarily were designed for
applications in thermochemistry. Pople’s idea has served as
a template for several other schemes. The complete basis
set (CBS) approach of Petersson and associates'>!® was
developed to correct those errors which are originated from
the truncation of one-electron basis sets. More accurate model
chemistries introduced recently take aim at the ambitious 1
kJ/mol accuracy range, include also relativistic, post-
Born—Oppenheimer, and high-order correlation effects, and
furthermore avoid the use of empirical parameters. This group
includes the focal point approach proposed by Allen and
associates,'”!8 the Wn theories of Martin et al.,'*2! methods
used by Feller and co-workers?? and Helgaker et al.,”> and
the HEAT family of protocols.?*~2¢ Using the latter methods,
it has been proven for several free radicals and reactions of
importance in atmospheric chemistry that high-accuracy
calculations can provide superior precision to experimental
methods, 20-24.27-34

In this study a model chemistry inspired by the W3 and
HEAT protocols is used to determine accurate heats of formation
and entropies for atmospherically important fluorinated and
chlorinated methane derivatives, and the obtained results are
compared to existing thermochemical data.

Theoretical Methods

Total Energies. In any theoretical model chemistry aimed
at the calculation of thermochemical properties the basic
quantities are the total energies of atoms and molecules. In the
present study total energies were calculated invoking coupled-
cluster theory (CC)* and Dunning’s correlation consistent
cc-pVXZ,*%7 aug-cc-pVXZ,® and cc-pCVXZ? basis sets. Except
the geometry optimizations, vibrational frequency, and core
electron correlation calculations, the core electrons were kept
frozen. In all calculations restricted and unrestricted Hartree—Fock
(HF) orbitals were used for closed- and open-shell molecules,
respectively.

The structures of the molecules were taken from geometry
optimizations carried out by the coupled-cluster singles, doubles,
and perturbative triples [CCSD(T)] method* with the cc-pVQZ
basis set. This approach was demonstrated to give highly
accurate geometries*' and was also validated in several ther-
mochemical studies including the HEAT project.?*

In the energy calculations the additivity of the various
contributions was assumed according to the following scheme

E=Ey + AECCSD(T) + AEccspr + AECCSDT(Q) +
AE, . + AE;pr + AEpgoc + AEgyg (1)

core

In eq 1 Eyr is the basis set limit Hartree—Fock (HF) self-
consistent field energy. Eyr was obtained by extrapolating the
aug-cc-pVXZ (X = T, Q, 5) HF energies using the three-point
exponential formula of Feller.*? The correlation energy of
valence electrons was evaluated as a sum of three contributions,
AECCSD(T)s AECCSDT’ and AECCSDT(Q)~ AECCSD(T) is the correlation
energy calculated by the CCSD(T) method extrapolated to the
basis set limit. For the CCSD(T) correlation energy a two-point
extrapolation formula put forth by Helgaker and co-workers was
used*® in conjunction with the aug-cc-pVQZ and aug-cc-pV5Z
basis sets. The iterative triples and the perturbative quadruples
contributions are defined by AEccspr = Eccespr — Eccspery, and
AEccspr) = Eccspr) — Eccspr, respectively, where Eccspr)
stands for the CCSD(T) total energy, and Eccspr denotes the
CC singles, doubles, and triples (CCSDT) total energy,* while
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Eccspr) 1s the energy calculated by the CCSDT with a
perturbative treatment of quadruples [CCSDT(Q)] approach.*346
The triples and quadruples contributions were calculated with
the cc-pVTZ and cc-pVDZ basis sets, respectively, and not
extrapolated.

To evaluate the core correlation energy, AE.q., frozen-core
(FC), and all-electron (AE) CCSD(T) calculations were per-
formed with the cc-pCVTZ and cc-pCVQZ basis sets. The
difference of the AE and FC values was extrapolated to the
basis set limit using the aforementioned two-point formula.

According to vibrational perturbation theory*’ the zero-point
vibrational energy (ZPE) is given by

AE, = Gy + Z%JFZ% 2

iz

where G is a constant term independent of the vibrational level,
w; are the harmonic frequencies, x; are anharmonicity constants,
and the summation runs through all vibrational modes. The ZPEs
were determined from CCSD(T) calculations correlating all
electrons. For harmonic frequencies the cc-pVQZ basis set and
analytic second derivative techniques were used,*®*° while the
Gy term and the anharmonicity constants were taken from cc-
pVTZ cubic force fields obtained by numerical differentiation
of analytic second derivatives.?>*°

The deficiencies of the Born—Oppenheimer (BO) approxima-
tion were corrected by adjusting the energy with the diagonal
BO correction (DBOC) calculated at the CCSD level with the
cc-pCVTZ basis and the formalism of Gauss et al.”!

The relativistic contributions (AEgg; ) were taken into account
by evaluating the expectation value of the mass-velocity and
one- and two-electron Darwin operators at the CCSD(T)/cc-
pCVTZ level. The energy lowering of the lowest spin—orbit
(SO) state with respect to the energy evaluated within a
nonrelativistic approximation was also included for particular
species. For the carbon atom and the CCI molecule these
contributions were calculated from the experimental fine-
structure splittings available in the NIST Atomic Spectra
Database,’? and for the CF molecule the theoretical value of
—0.000178 E;, from ref 24 was taken.

CCSDT(Q) calculations were carried out with the MRCC suite
of quantum chemical programs> interfaced to the CFOUR
package,> while all other calculations came from CFOUR.

Thermodynamic Functions. Relying on the calculated total
energies, harmonic frequencies, and rotational constants standard
enthalpies (H?) and entropies (S%) were computed at 7= 0 and
298.15 K at a pressure of 1 bar via the standard formulas of
statistical thermodynamics (STD) within the ideal gas ap-
proximation.*

In the case of the systems where the electronic ground state
splits due to spin—orbit interaction the spin—orbit states of the
ground state were considered at the calculation of partition
functions. For the other molecules excited states lie far above
the ground state and were not taken into account for the
calculation of thermodynamic functions.

For the rotational and vibrational degrees of freedom the
rigid-rotor, harmonic oscillator (RRHO) approximation was
invoked. Exceptions are those four-atom systems, where the
inversion mode was treated by approximately determining
the lowest eigenvalues of a one-dimensional effective Schro-
dinger equation of the inversion motion. This investigation
was conducted on those molecules where (i) the barrier
between the two minima of the large amplitude motion was
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low compared to the characteristic energy of the linear
oscillator fitted to a single valley of the potential energy
surface (PES) and (ii) the normal mode belonging to the
inversion motion was well-defined.

Our approach is based on the work of Rush and Wiberg,*’
who used the zero-order rotational-large-amplitude-motion
Hamiltonian® to describe the inversion motion of ammonia
isotopomers. The reaction coordinate was defined as the
distance between the central carbon atom and the plane
determined by the ligands. For each investigated point of
the reaction coordinate the internal coordinates were relaxed.
To the calculated points of the minimal energy path of the
inversion motion, an eight-order polynomial was fitted. The
calculation of the vibrational—rotational G matrix requires
the atomic coordinates in the center of mass system as a
function of the reaction coordinate (and also the derivative
of this function). These data were also fitted by eight-order
polynomials. After the determination of the PES and the G
matrix, the one-dimensional Schrodinger equation was solved
numerically using the log derivative method.>® The obtained
vibrational energies were used in the calculation of the heats
of formation and entropies. At the calculation of the ZPE
via eq 2, (i) the contribution of the harmonic frequency of
the inversion motion in the second term was replaced by the
lowest solution of the one-dimensional Schrédinger equation
and (ii) the diagonal elements of the anharmonicity matrix
x;; belonging to the inversion motion were dropped from the
third term, while the off-diagonal elements describing the
interactions of different normal modes were retained. For
the evaluation of entropies as well as temperature corrections
to enthalpies the partition functions were explicitly calculated
for the inversion motion considering all the eigenvalues of
the vibrational Hamiltonian which give a noticeable contribu-
tion at 298 K. The harmonic oscillator partition functions
for the inversion modes were replaced with the latter partition
functions.

Heats of Formation. Heats of formation can be obtained in
several ways from the calculated absolute enthalpies. As is
common practice in quantum chemistry heats of formation at
temperature T (A¢H?) can be calculated from the corresponding
atomization enthalpies. An alternative approach relies on the
formation reaction of the species from the elemental reference
compounds,* that is, for a halomethane CH,F,Cl, the

X Z
C+IH+ %FQ + 5Cl, = CHF,CL, 3)

reaction. Since the elemental standard state of carbon is graphite,
for which it is currently not possible to perform high-accuracy
calculations, we use the gaseous carbon atom as a reference
state. A straightforward derivation shows that the heat of
formation of the halomethane compound can be evaluated as

AHYCHF,CL) = H}CHF,Cl) — H}C

gas) -

gHOT(Hz) —~ %H‘;(Fz) —~ §H;(C12) + AHYC,,) (4

As it is pointed out in ref 24, the elemental reaction approach,
which is pursued in this study, may be more advantageous than
that based on atomization energies because eq 3 is closer to the
ideal case of the isodesmic reaction than an atomization process,
where all the chemical bonds are broken.
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For the heat of formation of the carbon atom at 0 K
[AtHG(Cyg)] the ab initio value of ref 30, 711.65 £ 0.32 kJ/
mol, was adopted. To calculate the heat of formation at 298.15
K, the thermal corrections (AiHSos — AtHg) were obtained from
the NIST-JANAF tables resulting in AgHS503(Cyas) = 717.13 £
0.32 kJ/mol.

Results

Estimated Errors of the Protocol Used. To validate our
computational scheme, we performed test calculations for a set
of 26 molecules and atoms for which accurate experimental
results (error bars smaller than 1 kJ/mol) are available. A group
of 17 first-row species including F, N, O, CO, C,H,, CCH, CH,,
CH, CH3, COz, HzOz, HzO, HCO, HF, HOQ, NO, and OH was
selected from the original HEAT test set.>* Since the above
species do not contain chlorine atoms, we also collected those
chlorine compounds whose heat of formation is precisely known.
Only 9 species have been found, namely, Cl, Cl10, HCI, CIF,
HOCI, CH;Cl, CH,Cl,, CHCl;, and CCl,.%° The heats of
formation for the above species have been calculated by the
present scheme and, for comparison, by the HEAT approach.
For the HEAT calculations a slightly modified version of the
HEAT345-(Q) protocol® was employed: the DBOC contribu-
tions were computed at the CCSD instead of HF level of theory,
as well as the fine structure splittings for Cl and C1O were taken
from experiment.® In the HEAT calculations the last four
chlorinated methane derivatives were not considered since some
of the calculations prescribed by the HEAT protocol are
currently not feasible for these molecules.

The calculated heats of formation are compiled in Table 1
together with the statistical measures of error. Considering first-
row species, the performance of our protocol is highly satisfac-
tory. On average our calculated heats of formation deviate by
about 0.5 kJ/mol from the experimental results, and only by
about 0.1 kJ/mol less accurate than the much more expensive
HEAT values. All of our calculated results are within 1 kJ/mol
except CO,, the only molecule containing three non-hydrogen
atoms, where the deviation is 1.1 kJ/mol. Similar conclusions
can be drawn for the chlorine compounds containing only one
chlorine atom. The results are satisfactory; in avarge the
difference with respect to the experiment and the HEAT results
(see values in parentheses in Table 1) is not larger than 0.5 and
0.1 kJ/mol, respectively, and all values are within 1.1 kJ/mol
of experiment. The errors for the remaining halomethane
derivatives, CH,Cl,, CHCl;, and CCly, are significantly larger;
however, we should note that these are larger systems than the
former ones, and obviously the error increases monotonically
with the system size.

To reveal the sources of the significant errors for the
chlorinated hydrocarbons, we analyzed further the approxima-
tions made. Since the size of the larger (hydro)chlorocarbons
prohibits calculations which are more accurate than the present
ones, the smallest chlorocarbons, CCI and CCl,, were considered
in these studies in addition to the above test suite, and we
attempted to deduce conclusions relying on the comparison of
the present scheme and the more rigorous but still feasible
HEAT approach. Our computational scheme contains three
major sources of error: i.e., (i) the core and valence separation
and the basis-set error of the CCSD(T) correlation energy, (ii)
the basis-set error of the SCF energy, and (iii) the iterative triples
correction, which was determined with the relatively small cc-
pVTZ basis set. First we considered these three approximations.

The separability of the core and valence correlations and the
basis set error of the CCSD(T) contributions were recently
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TABLE 1: Heats of Formation at 0 K (kJ/mol) Calculated
Using the Present Scheme and the HEAT Protocol in
Comparison with Experimental Values

species this work HEAT experiment

F 77.41 77.34 77.11 £ 0.16°
N 470.82 470.86  470.59 4 0.05”
(0] 246.80 246.77  246.84 4+ 0.00”
CO —114.18 —113.84 —113.82 £0.03°
C,H, 228.56 229.37  228.82 +0.30°
CCH 564.64 564.18  563.94 +0.31¢
CH, 391.28 391.64  390.96 £+ 0.27¢
CH 593.18 59320  592.96 4+ 0.25¢
CH; 150.74 150.30 149.97 + 0.10°
CO, —394.17 —393.83 —393.11 £0.01°¢
H,0, —129.45 —129.20 —129.78 £ 0.07¢
H,0 —239.30 —239.16 —238.91 £ 0.03°
HCO 41.05 42.06 41.92 +0.26¢
HF —272.78 —272.39 —272.73 £ 0.24¢
HO, 14.56 14.74 15.21 £ 0.25¢
NO 90.03 90.89 90.59 4+ 0.08¢
OH 36.87 36.85 37.09 £ 0.05¢
mean absolute error 0.43 0.33

mean signed error 0.09 —0.13

rms error 0.51 0.39

maximum error 1.06 0.72

Chlorinated Species

Cl 120.66 119.35 119.62 4+ 0.01¢
ClO 100.65 101.62 101.04 + 0.13¢
HCI —=92.07 —92.24  —91.99 £+ 0.10¢
CIF —55.53 —55.23  —55.71 £ 0.42°¢
HOCI —73.87 —73.58 —73.97£0.13
CH;CI —74.35 - —=74.70 £ 0.35¢
CH,Cl, —86.53 - —88.55 £+ 0.74¢
CHCl; —94.64 - —98.35 £ 0.77¢
CCly —88.66 - —93.20 £ 0.55¢
mean absolute error 1.38 (0.36)" 0.39

mean signed error —1.28 (—0.17)" —0.19

rms error 2.10 (0.51)" 0.41

maximum error 4.54 (1.04)" 0.58

@ ATcT values from ref 12. » ATcT values from ref. 24. ¢ ATcT
values from ref 25. ¢ Experimental values from ref 8. ¢ Experimental
values from ref 67. /Experimental values from ref 34. ¢ ATcT values
from ref 12; temperature correction from ref 76. " Calculated excluding
CH;Cl, CH,Cl,, CHCl;, and CCly.

analyzed by Harding et al.?® It was demonstrated that the error
caused by these approximations is not larger than 0.5 kJ/mol
for the atomization energies of the molecules of the HEAT test
set. Using the elemental reaction approach an even smaller error
is expected. To gain some insight into the effect of the
core—valence separation for chlorine-containing species tests
have been conducted for our test set and for CCl and CCl,. In
the HEAT heats of formation the CCSD(T) contributions, which
were originally determined using all-electron aug-cc-pCV(Q,5)Z-
extrapolated CCSD(T) correlation energies, were replaced by
the sum of the AEccspr and AE,. correction calculated
according to the present protocol. We found that this separation
of core and valence correlation changed the mean absolute error,
the mean signed error, the root mean square (rms) error, and
the maximum error, respectively, to 0.31, —0.12, 0.37, and 0.72
kJ/mol for first-row molecules and to 0.26, —0.16, 0.30, and
0.43 for chlorine compounds. That is, surprisingly the errors
are somewhat smaller. Concerning the two chlorocarbon
radicals, this approximation caused a slight deviation with
respect to the HEAT results, 0.07 and 0.17 kJ/mol, respectively,
for AHG(CCl) and AHG(CCl,).
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If the aug-cc-pCV(T,Q,5)Z-extrapolated self-consistent field
(SCF) energies are replaced by the aug-cc-pV(T,Q,5)Z ones,
the respective statistical errors for first-row compounds are
slightly worsened to 0.35, —0.15, 0.42, and 0.80 kJ/mol, while
for the chlorine derivatives they are surprisingly reduced to 0.23,
—0.09, 0.27, and 0.44 kJ/mol. For A;H§(CCl) and AH§(CCl,)
the deviations are again moderate, 0.12 and 0.26 kJ/mol,
respectively. We note that the effect of the above two contribu-
tions seems to compensate each other for the species of the test
set. If both the SCF energy and the CCSD(T) correction are
replaced simultaneously in the HEAT energies, we arrive at
statistical errors rather close to the original ones. However, for
CCI and CCl, no such error cancellation occurs and differences
of 0.19 and 0.42 kJ/mol are obtained.

To assess the impact of the small basis set used for the
CCSDT calculations, we performed a similar statistical analysis.
The extrapolated cc-pV(T,Q)Z T-(T) contributions to the total
HEAT energies were replaced by the T—(T) increments
calculated with the cc-pVTZ basis set. The mean absolute error,
the mean signed error, the rms error, and the maximum error
changed, respectively, to 0.42, 0.08, 0.52, and 1.47 for first-
row and to 0.37, —0.31, 0.46, and 0.81 for chlorine-containing
molecules. Using the cc-pVTZ basis set for CCSDT resulted
in a value for A¢H3(CCl) and A{H§(CCl,) which differs by 0.23
and 0.58 kJ/mol, respectively, from the original one. These
results suggest that the CCSDT contribution may be the largest
error source.

The present computational scheme includes two further
approximations with respect to the HEAT345-(Q) protocol;
however, their effects are significantly smaller. First, in contrast
to HEAT we evaluate the scalar relativistic contribution using
the cc-pCVTZ basis set instead of aug-cc-pCVTZ. This
simplification causes a negligible loss in accuracy, i.e., less than
0.02 kJ/mol. Second, a triple-{ basis set is used for the
calculation of the anharmonic contributions to the ZPE instead
of quadruple-¢ basis sets. Our test calculations for the first-row
test set revealed that the anharmonic contribution obtained with
the cc-pVTZ basis set usually differs from the cc-pVQZ value
only by less than 0.1 kJ/mol, while the effect is negligible for
chlorine-containing species. We note that the strongly anhar-
monic molecules are treated separately and are discussed later.
We also note that in contrast to the original HEAT approach®*
we evaluate the contribution of quadruple excitations at the
CCSDT(Q) level instead of the parent CCSDTQ approach. This
replacement was validated in ref 25 and has been justified in
several further studies. The changes in the statistical measures
of error are less than 0.1 kJ/mol for the HEAT test set when
using CCSDT(Q), and, in fact, the results are usually somewhat
better due to fortunate error cancellation.

Finally, if all the aforementioned approximations are intro-
duced, the average loss of accuracy with respect to the more
rigorous HEAT approach is about 0.1 kJ/mol for the molecules
of the test suite (see above). For CCI and CCl, deviations of
0.40 and 0.12 kJ/mol are observed. This means that the errors
of the individual contributions cancel each other to some extent
both for the molecules of the test set and for the latter
chloromethane models (note that the sums of the absolute
deviations of the particular contributions are 0.4 and 1.0 kJ/
mol for CCl and CCl,). However, a closer inspection of Table
1 as well as the deviations for CCl and CCI, reveals that the
error compensation is less pronounced for the chlorine com-
pounds. This is probably a consequence of the relatively large
error in the total energy of the chlorine molecule, which is
needed for the calculations of the heat of formation of each
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TABLE 2: Contributions to the Total Energies for the Species Studied in This Work (All Values in Atomic Units)

species Eyr’ AECCSD(T)h AEccspr’ AECCSDT(Q)d AE o AEZPE[ AEpgoct AERELh total

CF —137.239546 —0.430313 —0.000578 —0.000601 —0.122843 0.003004 0.004 383 —0.108 170 —137.894 665

CF; —336.302 698 —1.045206 —0.000295 —0.001432 —0.256846 0.012362 0.009 677 —0.291 121 —337.875 558
CHF, —237.387791 —0.763623 —0.000413 —0.000985 —0.190481 0.019216 0.007291 —0.199 403 —238.516 190
CH,F —138.477 109 —0.481103 —0.000474 —0.000533 —0.124 124 0.024022 0.004 905 —0.107 696 —139.162 111

CF, —236.781 267 —0.758 661 —0.000402 —0.001236 —0.189495 0.007014 0.007 050 —0.199 695 —237.916 692
CF, —435.863 760 —1.365 178 0.000 047 —0.001 819 —0.323449 0.017070 0.012329 —0.382 742 —437.907 502
CHF —137.826261 —0.471279 —0.000646 —0.000685 —0.123053 0.012316 0.004 797 —0.107 904 —138.512715

CHF; —336.944 336 —1.084595 —0.000113 —0.001417 —0.256981 0.026 027 0.009941 —0.291 070 —338.542 544
CH;F —139.110578 —0.520913 —0.000321 —0.000570 —0.124266 0.038 573 0.005161 —0.107 669 —139.820 583

CH,F, —238.022 124 —0.802776 —0.000237 —0.000997 —0.190589 0.032876 0.007 564 —0.199 364 —239.175 648
CCl —497.268 428 —0.383459 —0.001212 —0.000612 —0.493986 0.002002 0.007 802 —1.461479 —499.599 371

CCl, —1416.398 966 —0.901 905 —0.001253 —0.001346 —1.370717 0.007379 0.019956 —4.350534 —1422.997 386
CHCl, —957.465 159 —0.665302 —0.001 134 —0.000901 —0.933093 0.015511 0.014 135 —2.905584 —961.941 527
CH,Cl —498.525 055 —0.430745 —0.000874 —0.000490 —0.495410 0.023347 0.008319 —1.460 743 —500.881 651

CCl, —956.821 767 —0.662933 —0.001 257 —0.001229 —0.931878 0.004224 0.013895 —2.906 100 —961.307 045

CCly —1875.940341 —1.179214 —0.000813 —0.001 848 —1.808324 0.009 755 0.026 037 —5.795691 —1884.690 439

CHCI —497.863 344 —0.422065 —0.001 165 —0.000685 —0.494279 0.011242 0.008208 —1.461 046 —500.223 135

CHCl, —1417.021 008 —0.938 922 —0.000885 —0.001365 —1.370732 0.019764 0.020214 —4.350622 —1423.643 557

CH;Cl1 —499.157 187 —0.468918 —0.000 647 —0.000517 —0.495522 0.037486 0.008 559 —1.460 758 —501.537 503

CH,Cl, —958.092 545 —0.701 980 —0.000822 —0.000922 —0.933 116 0.029327 0.014390 —2.905 637 —962.591 305

CHFCI —597.422945 —0.714416 —0.000829 —0.000928 —0.561760 0.017403 0.010714 —1.552506 —600.225 265

CF,Cl —696.329470  —0.997 572 —0.000 707 —0.001 373 —0.628 070 0.010537 0.013 106 —1.644 292 —699.577 841

CFCl, —1056.361 068 —0.949912 —0.001 033 —0.001 349 —0.999363 0.008 861 0.016532 —2.997428 —1061.284 760
CFCl —596.796 330  —0.710625 —0.000927 —0.001232 —0.560629 0.005494 0.010474 —1.552923 —599.606 697

CFCl; —1515.914 658 —1.226025 —0.000733 —0.001789 —1.437073 0.011387 0.022612 —4.442437 —1522.988716
CF,Cl, —1155.893930 —1.272494 —0.000554 —0.001 759 —1.065842 0.013372 0.019186 —3.089191 —1161.291212
CF;Cl —795.877299 —1.318854 —0.000288 —0.001 767 —0.694 635 0.015357 0.015758 —1.735955 —799.597 683

CHFCl, —1056.989368 —0.987647 —0.000720 —0.001349 —0.999463 0.021697 0.016793 —2.997431 —1061.937 489

CHF,CI —696.963 964 —1.036108 —0.000459 —0.001363 —0.628212 0.023563 0.013368 —1.644 246 —700.237 420
CH,FCI —598.054 148 —0.752356 —0.000577 —0.000943 —0.561844 0.031046 0.010978 —1.552 498 —600.880 343

C —37.693785 —0.095914 —0.000463 —0.000021 —0.055802 0.000000 0.001710 —0.016 425 —37.860 701

H, —1.133 661 —0.040912 0.000 000 0.000 000 0.000 000 0.009 929 0.000522 —0.000013 —1.164 135

F, —198.774 680  —0.625 595 0.000 008 —0.001 694 —0.132755 0.002092 0.005351 —0.183912 —199.711 184
Cl, —919.011 008 —0.498 088 —0.000814 —0.000708 —0.875347 0.001 264 0.012186 —2.889943 —923.262 458

@ Eyr was obtained by extrapolating the aug-cc-pVXZ (X = T, Q, 5) HF energies. * AEccspry is the CCSD(T) valence correlation energy
extrapolated to the basis set limit using the aug-cc-pVXZ (X = Q, 5) basis sets. “ AEccspr is defined as Eccspr — Eccsper) using the cc-pVTZ
basis set. ¢ AEccsprq) is defined as Eccspr) — Eccspr using the cc-pVDZ basis set. © AE,,. was obtained by extrapolating the difference of the
frozen-core and all-electron CCSD(T) correlation energies to the basis set limit. The cc-pCVTZ and cc-pCVQZ basis sets were used. / The
ZPEs were determined from all-electron CCSD(T) calculations. For harmonic frequencies and anharmonic contributions the cc-pVQZ and
cc-pVTZ basis sets were used, respectively. ¢ AEpgoc was calculated at the CCSD/cc-pCVTZ level. " AEgg. was calculated at the CCSD(T)/
cc-pCVTZ level, and it includes spin—orbit corrections which are —0.000 178, —0.000 307, and —0.000 135 E, for CF, CCl, and C,

respectively, and vanish for other species.

chlorinated molecule. Since the deviation for the heat of
formation of the chlorine atom (see Table 1), i.e., half of the
dissociation energy of Cl,, is 1.3 kJ/mol, the largest for the test
set, we have a good reason to suppose that the total energy of
the chlorine molecule is affected by a relatively large error.

In conclusion, our observations suggest that (i) the errors of
the individual contributions are moderate, but grow with the
size of the system, and none of the contributions can be
identified as the principal source of error; (ii) the sum of the
errors of the individual contributions is significant, however,
the errors cancel each other; and (iii) the remarkably larger errors
for the chlorocarbon species seem to be caused by the lack of
error compensation.

The comparison of the calculated and experimental thermo-
chemical quantities is highly facilitated if sufficient and well-
defined error bars are attached to both. While for the experi-
mental results it is standard to give an error estimate, it is not
customary to do so for theoretical values. The definition of error
bars for theoretical results is a delicate issue. Basically there
are two possibilities to estimate the errors of a calculation. On
the one hand one can estimate the intrinsic errors of the methods
employed and sum up these numbers. In this way usually a far
too big error bar is determined since this approach does not

account for the cancellation of the errors of the individual
contributions. On the other hand one can benchmark the
theoretically obtained quantities to experimental ones and derive
some error estimate from this analysis. For this purpose the
double of the rms deviation calculated for a test set has been
proposed, which corresponds to a 95% confidence limit (ap-
proximately two standard deviations) used in experimental
thermochemistry.?3* However, this error bar should be applied
to molecules with size similar to those used in the test set since
in general it does not seem reasonable to suppose that the size
of the error is independent of the size of the molecule. For this
reason we attempt to give another definition on a per-atom basis,
which is thus intrinsically size-dependent. To that end, we
calculated the error per atom for each first-row molecule in our
test set (i.e., we divided the error with respect to the experiment
by the number of atoms in the molecule) and calculated the
rms value for those quantities. For the chlorine compounds, we
performed the same procedure but, to be more conservative,
we only weighted the errors by the number of chlorine atoms.
In this way we obtained rms deviations of 0.20 and 0.76 kJ/
mol; consequently we propose to take 0.4 and 1.5 kJ/mol for
each first-row and chlorine atom, respectively, and sum up these
atomic contributions to calculate the error bar for the given
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molecule. For instance, our error bar for CHF,Cl is calculated
as 4 x 0.4 kJ/mol + 1 x 1.5 kJ/mol = 3.1 kJ/mol. For all of
the 26 molecules in our test set the difference between the
current and the experimental results is not larger, usually much
smaller, than our error bar.®! This gives us confidence that our
error estimates for the heats of formation are on the conservative
side.

In the case of CF, CF,, CHF, CHF;, CH,F,, CCl, CCl,, CHC,
CHCl;, CH;5Cl, CH,Cl,, CECl;, CF;Cl, CF,Cl,, and CH,FCI,
very accurate (the uncertainty is less than 0.5 J/(K+<mol))
entropy values are available in the NIST-JANAF database. In
these cases the entropies determined with our protocol were
compared with those listed in the NIST-JANAF compilation.
The root-mean-square error was 0.6 J/(K+mol), and the largest
deviation was 1.2 J/(Kemol). Therefore our conservative
estimate for the error associated with our protocol is 1.5
J/(K+mol) for the computed S5 data.

Corrections Specific to Four-Atom Radicals. Four-atom
radicals with nonplanar equilibrium geometry investigated in
this study can be classified into three groups on the basis of the
characteristic features of the inversion motion.

(1) The energy barrier along the path of the inversion motion
is large in comparison with the energy of the appropriate normal
mode. Thus, the contribution of the inversion motion to the heat
of formation at room temperature can be treated harmonically.
CF;, CF,Cl, and CFCl, belong to this group with an energy
barrier of 10 170, 5138, and 2150 cm™!, respectively.

(i1) The energy barrier is low along the path of the inversion
motion, and one normal mode gives the main contribution to
the inversion motion. In these cases the contributions for AHg,
A¢HS5s, and SSg were approximated by solving the one-
dimensional effective Schrodinger equation for the given
reaction coordinate. CH,F and CCl; belong to this group with
an energy barrier of 99 and 564 cm ™!, respectively.

(iii) The energy barrier is low along the path of the inversion
motion; however, two normal modes give significant contribu-
tion to the inversion motion. Therefore an accurate treatment
of these molecules would require the mapping of a two-
dimensional PES and the calculation of the eigenvalues of a
two-dimensional Schrodinger equation. However, this is out of
the scope of the present study; thus we simply used the harmonic
frequencies and anharmonicity corrections as described above
to calculate the thermodynamic properties of these systems. In
turn, the error bars attached to the calculated thermodynamic
functions were increased. The estimated increases in the
uncertainties are based on the one-dimensional results obtained
for CH,F and CCls. In the case of CH,F the corrections were
0.62, 1.02, and 3.4 J/(K+mol), respectively, for A¢Hf, AHSog,
and S3yg, while for CCl; the corresponding values are 0.01, 0.07,
and 0.46 J/(K<mol), respectively. To be conservative for the
corresponding molecules, the error bars were increased by
significantly larger numbers than the former values, that is, by
1.0, 2.0, and 5.0 J/(K-mol) for AgHZ, AiHSs, and SSos,
respectively. Radicals with one H atom, CHF,, CHCI,, and
CHEFCI, belong to this group, for which the barrier heights are
2490, 133, and 869 cm™!, respectively.

Although CH,ClI has planar geometry, its out of plane motion
has a strong anharmonic character;%? thus, its more accurate
treatment was also required, and the one-dimensional effective
Schrodinger equation was solved to calculate the vibrational
levels.

Total Energies and Thermodynamic Functions. As it is
can be seen in Table 2, the increment in the CCSD(T) correlation
energy due to the addition of hydrogens is small. It is noteworthy
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TABLE 3: Temperature Corrections and Heats of
Formation (kJ/mol) and Entropies (J/(K-mol)) for Species
Studied in This Work

heats of formation

species HSog — H ¢ AHG A¢H3og entropy”
CF 9.1 243.3 247.0 212.9
CF; 114 —464.8 —467.6 264.1
CHF, 10.6 —2394 —243.0 255.8
CH,F 10.9 —27.9 —31.2 232.5
CF, 10.3 —193.6 —193.2 240.6
CF, 12.6 —927.8 —933.8 260.9
CHF 10.0 148.9 149.0 223.1
CHF; 11.5 —687.7 —694.9 259.2
CH;3F 10.1 —228.5 —236.9 222.5
CH,F, 10.6 —442.6 —450.5 246.3
Ccl 94 429.6 433.3 224.3
CCl, 14.2 73.7 73.1 301.3
CHCl, 12.1 91.2 88.8 280.7
CH,Cl 10.9 119.4 116.0 236.3
CCl, 114 228.9 230.0 264.5
CCly 17.1 —88.7 —91.0 308.6
CHCI 10.1 320.1 320.3 234.6
CHCl, 14.1 —94.6 —99.7 294.8
CH;Cl 10.4 —74.3 —82.6 234.0
CH,Cl, 11.8 —86.5 —93.7 269.7
CHECI 11.2 —64.6 —67.8 273.5
CF,Cl 12.2 —272.2 —274.4 285.5
CECl, 13.1 —91.8 —93.3 297.4
CFECl 10.9 31.2 32.0 258.9
CECl;4 15.9 —282.7 —286.0 308.6
CFE,Cl, 14.8 —487.9 —492.1 300.2
CF;Cl 13.7 —703.4 —708.6 284.7
CHECI, 13.2 —277.3 —283.1 292.4
CHEF,CI 12.3 —475.7 —482.2 280.5
CH,FCI 11.2 —256.3 —263.9 263.8
C 6.5 0.0 0.0 158.1
H, 8.7 0.0 0.0 130.3
F, 8.8 0.0 0.0 202.6
Cl, 9.2 0.0 0.0 222.8

“Including translational, rotational, vibrational, and electronic
contributions. Translational temperature corrections are 1.24 kJ/mol
for each translational and rotational degree of freedom. Electronic
contributions are 0.38, 0.55, and 0.34 kJ/mol for CF, CCI, and C,
respectively, and vanish for other species. It also includes
corrections for the inversion mode of CH,F, CCl;, and CH,CI,
which are 0.40, 0.07, and —0.84 kJ/mol, respectively. ® Including
the following contributions. Electronic contributions are 11.4, 11.1,
and 18.2 J/(K-mol) for CF, CCl, and C, respectively. Furthermore,
for polyatomic molecules with doublet ground states the electronic
contribution is 5.8 J/(K<mol), and it vanishes for other species.
Inversion mode corrections for CH,F, CCl;, and CH,Cl are 2.7, 6.2,
and —6.2 J/(K-mol), respectively.

but expected that, since only valence electrons are correlated
and the fluorine atom is more compact than the chlorine atom,
the CCSD(T) contribution for a F atom is larger than that for a
Cl atom. Consequently, as it can be seen from Table 2, the
CCSD(T) contribution is always larger for a CH,F,Cl. molecule
than for the corresponding CH,CIL,F, molecule if y > z (for
instance, CHF,Cl vs CHFCl,, or CF; vs CCly). In addition,
several regularities can be recognized for fluorocarbons, chlo-
rocarbons, HFCs, hydrochlorocarbons (HCCs), and CFCs. For
fluorocarbons (CF,) and chlorocarbons (CCl,) the CCSD(T)
contribution increases with increasing n. For HFCs, CH,_,F,
(n=1, .., 4)and CH;3 F, (n = 1, ..., 3), the magnitude of the
CCSD(T) contribution always increases with an increasing
number of F atoms. [Please note that CF, is not a HFC but it
can be regarded as a chemically interesting extension to the
CH,-,F, series. A similar convention is followed in other series



Fluorinated and Chlorinated Methane Derivatives

J. Phys. Chem. A, Vol. 114, No. 50, 2010 13099

TABLE 4: Heats of Formation (kJ/mol) and Entropies (J/(K-mol)) for the Halomethane Derivatives Studied in This Work

species AHY AcH508 %08 source” species AHY AiH508 598 source”
CF 2429 4+ 0.6 246.6 + 0.6 ref 24, this work” 498.3 + 20.0 502.1 £20.0 22454+04 ref8
246.9 +0.7 ref 12, ATcT 428.9 433.6 224.6 refs 12 and 80, CCSD(T)
2433 4+0.8 247.0+£0.8 2129+ 1.5 this work CCl; TI.1£25 ref 84
2464 +0.8 ref 22, CC 70.6 + 3.7 ref 83, ET
251.6 + 8.0 2552 4+ 8.0 213.0+00 ref8 73.7+£49 73.1+49 301.3 £ 1.5 this work
CF; —464.8 £ 1.6 —467.6 £ 1.6 264.1 £ 1.5 this work 80.1 £ 8.0 79.5 + 8.0 296.8 £6.3 ref8
—469.0 £ 1.7 ref 22, CC 79.1 ref 65, MP2
—467.4+£2.0 ref 12, ATcT CHCl, 89.0 £3.0 280.0 £ 7.0 refs 11 and 89
—465.7 £2.1 ref 64 922439 ref 83, ET
—4675+42 —4703 £4.2 265.1 £4.2  refs 8, 63 98.3+5.0 ref 86
—470.2 ref 65, MP2 912 +48 88.8 £5.8 280.7 £ 6.5 this work
CHF, —2394+£26 —243.0£ 3.6 255.8 £ 6.5 this work 933+ 84 ref 88
—239.0 £4.0 ref 66 929+ 8.4 ref 88
—236.6 + 10.0 ref 69, CCSD(T) 96.7 £ 10.0 ref 69, CCSD(T)
—254.0 258.5 ref 12 97.5 95.8 285.5 ref 12
—241.2 ref 70, QCISD(T) 100.8 ref 87
—239.8 ref 70, G3 91.8 ref 70, G3
—247.3 ref 68, BAC-MP4 81.3 ref 65, CBS-RAD
CH,F —279+ 1.6 —312+1.6 232,54+ 1.5 this work 90.4 ref 85, QCISD(T)
—28.0+£42 ref 71, CC 91.1 ref 70, QCISD(T)
—32.0 £ 8.0 ref 66 104.8 ref 65, MP2
—26.9 +10.0 ref 69, CCSD(T) CH,Cl 1194 +2.7 116.0 £2.7 2363 £ 1.5 this work
—32.0 236.5 ref 12 117.3 £ 3.1 271.0 £7.0 refs 11 and 89
—29.0 ref 70, QCISD(T) 121.8 £4.2 ref 86
—27.2 ref 70, G3 1155+42 ref 71, CCSD(T)
—314 ref 68, BAC-MP4 121.7 £ 4.5 ref 83, ET
CF, —193.6+£12 —1932+12 240.6 £ 1.5 this work 1125+ 8.4 ref 88
—194.1 £ 1.3 ref 22, CC 119.2 £ 8.4 ref 88
—191.7+ 14 —1913+ 14 ref 12, ATcT 118.7 £ 10.0 ref 69, CCSD(T)
—1825+£63 —182.0£6.3 240.8 £0.0 ref 8 122.3 119.2 242.6 ref 12
CF, —9272+£0.5 —933.4+£0.5 261.5 ref 12, ATcT 117.0 ref 70, QCISD(T)
CF, —9272+13 —9332+£13 261.44+03 ref8 116.7 ref 85, QCISD(T)
—933.24+0.8 261.5 refs 9, 11, 108, and 109 118.8 ref 70, G3
—927.8 £2.0 —933.8 £2.0 260.9 £ 1.5  this work 114.6 ref 91, CBS-RAD
—933.0£4.2 ref 71, CC 126.9 ref 91, MP2
—930.2 £ 10.0 ref 69, CCSD(T) CCl, 2290+ 1.9 230.1 £ 1.9 264.5+ 1.5 this work?
—930.5 ref 103, BAC-G2 2134+ 84 ref 95
—930.7 ref 103, BAC-G2(MP2) 230.1 £ 8.4 refs 11 and 74, ET
—931.2 ref 103, BAC-CBS-4 239.3 +£16.8 ref 94
—933.7 ref 103, BAC-CBS-Q 2373 +21.0 238.54+21.0 2653 ref 8
—918.7 ref 79, AAC-G2 230.5 230.7 266.1 ref 12
—936.9 refs 64 and 78, G3 CCly —93.7+£ 0.6 —95.8 £ 0.6 309.9 ref 76
CHF 1489+ 1.2 149.0 £ 1.2 223.1 £ 1.5 this work —95.6 £ 0.6 ref 108
143.1 £ 12.0 ref 74 —954+£0.6 ref 12, ATcT
108.8 £ 12.6 ref 72 —938+2.1 —96.0 £ 2.1 309.8+£0.0 ref8
156.9 £ 18.0 ref 73 —933+£42 ref 71, CC
1252 £29.0 12554290 2234402 ref8 —88.7+ 6.4 —91.0+ 64 308.6 = 1.5 this work
132.6 ref 74, G2 —99.3 £ 10.0 ref 69, CCSD(T)
131.7 ref 75, BAC-MP4 —-92.9 308.8 ref 108
CHF; —687.7£2.0 —694.9 £ 2.0 259.2 + 1.5 this work —103.0 ref 78, G3
—6953+£2.0 ref 12, ATcT —84.6 ref 103, BAC-MP4
—6929 £ 2.1 refs 11 and 64, ATcT CHCI 320.1 £2.3 3203 +23 234.6 £ 1.5 this work
—690.1 £3.3 —697.1 £3.3 25974+ 0.3 refs 8 and 63 3264 + 8.4 ref 74, ET
—697.1 ref 102, MP4 316.7 +20.1 ref 73
CH;F —228.5+£2.0 —236.9 +£2.0 22254+ 1.5 this work 334.0 £42.0 335.0+£42.0 2349402 ref 8 NF
—231.5+27 —239.6 £2.7 222.8 ref 12, ATcT CHCl, —98.0+0.8 —1029+0.8 295.5 refs 76, 108, and 110
—2364+42 ref 71, CC —98.4+0.8 —103.3+£0.8 295.9 ref 12, ATcT
—229.6 £8.0 —238.0 £ 8.0 222.8 refs 11 and 76 —983+13 —103.2£1.3 2956 £0.0 ref 8
—236.4 £ 10.0 ref 69, CCSD(T) —946+53 —99.7+£53 294.8 £ 1.5 this work
—2263 £33.0 —23434+29.0 2228 ref 8 CH;Cl —82.6 £ 04 ref 12, ATcT
—221.8 ref 77, MP4 —74.0 £ 0.6 —81.9+0.6 234.2 refs 76, 108, and 111
—2344 ref 78, G3 —82.8 £ 1.7 ref 22, CC
—234.5 ref 79, AAC-G2 =758 £2.1 —83.7+£2.1 2344 4+04 ref8
—233.7 ref 79, AAC-G2(MP2) —743 £3.1 —82.6 £3.1 234.0 £ 1.5 this work
—233.8 ref 68, BAC-MP4 —86.2 £4.2 ref 71, CC
CH,F, —445.1£0.8 —452.7+0.8 246.6 refs 76 and 110 —83.1 £ 10.0 ref 69, CCSD(T)
—4447 £ 1.0 —452.7+£ 1.0 246.3 ref 12 and 67 —77.6 ref 78, G3
—4519+1.2 ref 22, CC —83.4 ref 79, AAC-G2
—443.0£ 1.7 —450.7 £ 1.7 246.7+0.0 ref 8 —81.8 ref 79, AAC-G2(MP2)
—442.6 £2.0 —450.5 £ 2.0 246.3 £ 1.5 this work —83.3 ref 77, MP4
—450.6 £ 4.2 ref 71, CC —84.1 ref 103, BAC-MP4
—449.7 +10.0 ref 69, CCSD(T) CH,Cl, —954+£0.7 270.4 ref 12, ATcT
—451.6 ref 78, G3 —88.5+0.8 —95.1+£0.8 270.3 £0.0  refs 76, 108, and 110
—444.7 ref 79, AAC-G2 —92.0+2.1 ref 22, CC
—444.6 ref 79, AAC-G2(MP2) —865+42  —93.74+42 2697+ 15 this work
—451.1 ref 68, BAC-MP4 —93.7+42 ref 71, CC
—433.5 ref 77, MP4 —93.1 £ 10.0 ref 69, CCSD(T)
ccl 430.0 £ 1.1 4337+1.1 2243+1.5 this work? —91.1 ref 78, G3
4314+ 1.7 ref 82, CC —94.0 ref 79, AAC-G2
443.1 £ 13.0 ref 81 —92.9 ref 79, AAC-G2(MP2)
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TABLE 4: Continued

Csontos et al.

species AHS AcH508 S508 source® species AHY AtHS9g S598 source”
—94.1 ref 77, MP4 —495.0 ref 103, BAC-G2(MP2)
—94.6 ref 103, BAC-MP4 —498.3 ref 103, BAC-CBS-4
CHECI —64.6 £ 3.7 —67.8 £4.7 2735+ 6.5 this work —493.4 ref 103, BAC-CBS-Q
—59.7 £ 10.0 ref 69, CCSD(T) CF;Cl1 —704.9 £2.2 —=710.0 £2.2 2854 ref 12, ATcT
—60.7 £ 10.0 266.5 refs 11 and 86 —709.2 £29 285.2 refs 11 and 64
—80.0 + 25.0 refs 12 and 67, NF —703.4 £3.1 —708.6 £ 3.1 284.7 £ 1.5 this work
—64.4 ref 70, G3 —702.8 £3.3 —=7079 £33 2854 4+04 ref8
—63.8 ref 70, QCISD(T) —707.9 £3.8 ref 96
CF,Cl1 —2722+£2.7 —274.4 £2.7 285.5+ 1.5 this work —714.3 refs 64 and 78, G3
—279.3 £ 8.0 ref 97 —709.4 ref 103, BAC-G2
—273.0£250 —275.0+25.0 2874 refs 12 and 67, NF —709.1 ref 103, BAC-G2(MP2)
—274.7 ref 70, QCISD(T) —=711.4 ref 103, BAC-CBS-4
—272.1 ref 70, G3 —709.2 ref 103, BAC-CBS-Q
—283.6 ref 98, G2 CHFCl, —2773+42 —283.1 £42 2924 4+ 1.5 this work
—276.2 ref 99, MP2 —284.9 + 8.8 293.2 refs 12 and 96
CFCl, —91.8 £ 3.8 —933+£3.8 297.4 £ 1.5 this work —285.0£9.0 293.0 ref 11
—89.1 £ 10.0 refs 11 and 86 —277.7+13.0 —28334+13.0 293.3+0.8 ref8
—100.4 £ 16.7 ref 100 —283.7 ref 103 BAC-G2
—105.0 £20.0 2989 refs 12 and 67, NF —283.6 ref 103, BAC-G2(MP2)
—943 ref 70, QCISD(T) —282.3 ref 103, BAC-CBS-4
—934 ref 70, G3 —280.9 ref 103, BAC-CBS-Q
—105.7 ref 65, CBS-RAD —296.2 ref 102, MP4
—100.4 ref 65, MP2 —282.4 ref 79, AAC-G2
CFCl1 31.2+£23 320+£23 2589 £ 1.5 this work —285.8 ref 78, G3
31.0+ 134 refs 11 and 74 CHF,Cl  —475.7 + 3.1 —482.2 £ 3.1 280.5+ 1.5 this work
259 +30.0 259.2 refs 12 and 67, NF —484.4 £2.3 —490.7 £2.3 280.9 refs 12 and 106, ATcT
24.6 ref 74, G2 —483.7£5.6 refs 11 and 105
CFCl; —2825+1.7 —285.8 £ 1.7 ref 111 —4753 £13.0 —481.6+13.0 281.0£0.8 refs 8 and 104
—2853+ 1.7 ref 11 —482.3 ref 103, BAC-G2
—2849+ 1.7 ref 96 —482.2 ref 103, BAC-G2(MP2)
—282.7+53 —286.0 £5.3 308.6 £ 1.5 this work —481.2 ref 103, BAC-CBS-4
—2855+6.3 —288.7 £ 6.3 309.7+0.2 ref8 —480.4 ref 103, BAC-CBS-Q
—283.7 309.8 refs 12 and 67 —472.8 ref 102, MP4
—296.0 ref 78, G3 —476.4 ref 79, AAC-G2
—290.3 ref 103, BAC-G2 —484.5 ref 78, G3
—292.9 ref 103, BAC—CBS-4 CH,FCl  —256.3 + 3.1 —263.9 £ 3.1 263.8 £ 1.5 this work
—289.8 ref 103, BAC—CBS-Q —262.5£8.0 264.4 ref 12, G3B3
—290.2 ref 103, BAC-G2(MP2) —264.4 £ 8.4 264.3 refs 11 and 96, NF
—287.9 ref 102, MP4 —262.4 £ 10.0 ref 69, CCSD(T)
CF,Cl, —490.5+2.5 —494.7 £ 2.5 ref 111 —2547 £13.0 —261.9+13.0 264.4+0.4 refs 8 and 104
—494.1 £2.5 300.7 ref 11 —264.0 ref 103, BAC-G2
—4933+£2.5 ref 96 —263.7 ref 103, BAC-G2(MP2)
—4879 £4.2 —492.1 £4.2 300.2 £ 1.5 this work —260.6 ref 103, BAC-CBS-4
—487.4 £ 8.0 —491.6 £ 8.0 300.1 £0.2 ref8 —260.3 ref 103, BAC-CBS-Q
—490.8 300.9 refs 12 and 67 —261.8 ref 79, AAC-G2
—492.9 ref 102, MP4 —253.1 ref 102, MP4
—495.3 ref 103, BAC-G2 —262.9 ref 78, G3

¢ Unless otherwise noted, the data are obtained from experiment. If a composite scheme is used in a theoretical study, only the highest level
method is indicated. For further details on the experimental setup or on the theoretical methods, please refer to the appropriate literature. ATcT,
Active Thermochemical Tables; ET, combined experimental and theoretical investigation; NF, empirical result, no direct experimental findings;
CC, coupled-cluster-based model chemistry. b AsHS is taken from ref 24; AHSos is calculated by adjusting A¢Hg with the temperature correction
obtained in this study. ¢ The error bar here given by Feller and associates is possibly too conservative in this specific case.  The core and
valence correlations were not separated as well as the iterative triples contribution was determined with the cc-pVQZ basis set (see text).

as well.] Likewise, for HCCs, CH4-,Cl, (n = 1, ..., 4) and
CH;-,Cl, (n = 1, ..., 3), the magnitude of the CCSD(T)
contribution increases when the number of chlorine atoms
increases in the given series. For CFCs, CF,Cly—, (n = 0, ..., 4)
and CF,Cl;_, (n =0, ..., 3), the CCSD(T) contribution increases
with increasing number of F atoms. This is the consequence of
the compactness of F atom noted previously.

The CCSDT corrections are always negative with the notable
exception of CF,. For fluorocarbons, HFCs, and CFCs several
regularities can be noticed. The magnitude of the CCSDT
contribution decreases along the CF, CF,, CF;, and CF; series.
Similarly for HFCs, CH4—,F, (n = 1, ..., 4) and CH3_,F, (n =
1, ..., 3), as the number of the attached fluorine atoms increases
the magnitude of the CCSDT correction decreases. CFCs,
CCly_,F, n =0, ..., 4) and CCl;_,F, (n = 0, ..., 3), behave
similarly; the absolute value of the CCSDT contribution
decreases with increasing n. Regularity also can be found for
HCC radicals, CH;-,Cl, (n = 1, ..., 3), but, in contrast by HFC
radicals, the CCSDT contribution increases with the increasing
number of Cl atoms. It is also remarkable that HCC radicals

follow the same pattern for both the CCSD(T) and CCSDT
corrections; the magnitude of the correction increases with an
increasing number of Cl atoms. All other molecule series
mentioned above for CCSDT behave on the contrary for
CCSD(T).

On the basis of the magnitudes of the CCSDT(Q) contribu-
tions, molecules can be classified into four disjoint sets.
Molecules with one, two, three, and four heavy atoms (in
addition to carbon) have CCSDT(Q) corrections in the range
of —490, —685; —901, —1236; —1346, —1432; and —1759,
—1848 uE,, respectively. However, inside these ranges the
magnitudes of the contributions seem to be independent of the
type of the heavy atoms. It is interesting to observe that for
first-row molecules the contribution of quadruple excitations is
always larger than that of the iterative triples. However, neither
this statement nor its contrary is true for molecules containing
CL

Regarding the size of the core correlation energy, molecules
can be grouped into five sets. Molecules without Cl atoms
(HFCs) as well as molecules with one, two, three, and four CI
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atoms (CCly) have core correlation energies in the range of
—0.12, —0.33; —0.49, —0.70; —0.93, —1.07; —1.37, —1.44; and
larger than —1.80 Ej, respectively. Inside these ranges the size
of the contribution is proportional to the number of electrons
of the molecule. These two features involve that in each of the
CF,, CHy_,F, mn =1, ..., 4), CHs_,F, (n = 1, ..., 3), CCl,,
CH,.Cl, (n =1, .., 4), CH;,Cl, (n = 1, ..., 3), CF,,Cl, (n
=0, ..,4),and CF;_,Cl, (n = 0, ..., 3) molecule sets the core
correlation energy increases with increasing n. It is also evident
that the sum of the CCSD(T), CCSDT, CCSDT(Q), and core
contributions increases with the number of electrons of the
molecules.

As it is expected, the larger the number of the bonds is and
the lighter the attached atoms in the molecule are, the larger
the magnitude of the ZPE contribution is. The size of the DBOC
contribution is in the range of that of ZPE, and it correlates
with the molecular mass.

Considering the size of the relativistic contributions, the HFCs
can be separated clearly from those molecules which contain
Cl atoms. For HFCs the magnitude of the correction is in the
range of —0.1, —0.4 E;, and it is proportional to the number of
F atoms. The average correction is close to —0.1 Ej, per F atom.
For Cl-containing molecules, similarly to HFCs, the magnitude
of the contribution is proportional to the number of CI atoms.
However, the average correction is considerably larger than that
for HFCs; it is close to 1.4 Ej, per Cl atom.

Thermochemical Data. Our results including the heat of
formation and entropy values, as well as temperature corrections
and entropy contributions, are summarized in Table 3, while
the best available AiH5qg, AtH§, and S5og values are summarized
in Table 4. It can be observed that the present study delivers
estimates for the heats of formation of CF;, CHF,, CH,F, CF,,
CHF, CHF;, CH;F, CCl, CHCI, CCl, CHCI, CHFCI, CFClI,
CFCl, CFCl, CHFCl, CHFCI], and CH,FCI, which are more
accurate than or considerably differ from the previous experi-
mental and theoretical results. The same holds for the entropy
values of CF;, CHF,, CH,F, CH;F, CCl;, CHCl,, CH,Cl, CCl,,
CHFCI, CF,Cl, CFECl,, and CFCI. In these cases our results
might supersede the currently accepted reference values and the
revision of the latter might be necessary.

In all cases but CF, CH,F,, CH;Cl, and CH,Cl, this study
also presents the most accurate theoretical data to date for the
investigated species. One of the exceptions, CF, was investigated
by Tajti and his associates®* by applying the original HEAT
protocol that can be regarded as a more sophisticated parent
version of our current protocol. Feller and associates?® also
calculated the heat of formation for CF, and although they
utilized a heptuple-¢ basis for the calculation of the CCSD(T)
contribution, the core and valence correlations were calculated
separately in contrast to ref 24. In a recent study Harding et
al.?® calculated the atomization energy for this molecule using
several approximations and found that the difference between
the atomization energies based on aug-cc-CV(4,5)Z and aug-
cc-CV(5,6)Z CCSD(T) calculations is only 0.02 kJ/mol, while
the separated treatment of core and valence correlations resulted
in an error of 0.2 kJ/mol. Since the core—valence separation
causes a larger error than that originated from the basis set
dependence of the CCSD(T) contribution, the AH§(CF) value
of ref 24 is more accurate. According to our analysis the error
bar for the latter is 0.6 kJ/mol,°! which is smaller than that for
the present calculation as well as for the most accurate
experimental results. The other three molecules, CH,F,, CH;Cl,
and CH,Cl,, have been studied by Feller and his co-workers??
using a CC-based composite approach, which is very similar
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to the protocol used here. Beyond the CCSD(T) level the effects
of the triple and quadruple excitations were also considered, as
well as relativistic and DBOC corrections were taken into
account. The most notable difference, which probably makes
their approach more accurate than ours, is the use of the
sextuple-{ basis sets in the CCSD(T) extrapolation.

Concluding Remarks

The well-known thermochemical databases contain heats of
formation within an accuracy of several tens of kJ/mol for
numerous small species consisting of two to five first- and
second-row atoms. In contrast, modern quantum chemistry can
provide such quantities in the kJ/mol accuracy range even for
somewhat larger molecules. In this study benchmark theoretical
calculations have been performed for the thermodynamic
functions of 30 fluorinated and chlorinated methane derivatives
important for atmospheric and combustion chemistry. The
previous experimental and theoretical results have also been
presented, and we have pointed out that the revision of the
reference values might be necessary in many cases. These results
underpin the importance of high-precision quantum chemical
methods for calculating accurate thermochemical quantities.
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