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B crarbe npuseseHbl pe3ysibTaTbl PACYETOB CTPYKTYPHBIX M TEPMOXMMUYECKUX XAPAKTEPUCTHK Psijla [TOTEH-
mmanabHo BbicOKOdHeprerudeckux coemuuenuii: CoNgOy, CoNgOs, CoNgOg, CoHoNgO4, C3HN,Og, C3HN,O4F,
Cy4N19019, C3HNzOLF, CyN;OgF,, C4NgOgFs ¢ ucnonbsoBanneM KBaHTOBO-XUMUYECKUX ab initio meTomon. Ksan-
TOBO-XUMHUYECKOE MOJIEJIMPOBAHUE BBIIOJIHEHO C [PUMEHEHHEM [PUKJIAJHOTO IIPOrPAMMHOIO  KOMILIEKCA
GAUSSIAN 09. C ucnonbzoBanuem rubpuaoro gyuxnuonasia miornocru B3LYP nposesen 1mouck onruMalibHOIM
reoMeTpun MOJIeKyJI, paccuuranbl VK-crekTpsl morsomenusi, CTpyKTypHbIE HapaMeTPhbl U CMEINEHUST aTOMOB JIJIst
HanboJlee MHTEHCUBHBIX KosiebaHuil. MeTo/ioM aToMU3anuy NOJIydeHbl BeJMYUHbl HTaIbIuil obpasoanus (D0O).
Pacuersl BBIIOJHEHBI ¢ UCIOJIb30BaHMeM KoMOuHNpoBaHHBIX MeTonoB G4(MP2) u G4. IlpoxeMoHcTpHpOBaHa 3aBU-
cumoctb D0 0T CTPYKTYpPHI MOJIEKYJIbl. [IpuBeseHbl IpUMephl MCHOIB30BAHHBIX BBIUUCIUTEIBHBIX KOHMUTYPAIUit
Ha 0a3e HECKOJbKHUX BBIMHUCIUTENLHBIX PECYPCOB, OUCAHBI HEKOTOPbIE OCOOCHHOCTH IIPOBEIECHHBIX pacderoB. Cre-
JIAHO COIIOCTABJIEHHE BPEMEHHBIX 3aTPAT U IOIPEIIHOCTEH IPU HCIOJb30BAHWN PA3HBIX METOIOB HA OJMHAKOBBIX
CTPYKTypax.

Kmoueswie caosa: keanmoso-rumuveckue pacuwemst, nakem Gaussian, sHmMaAbnus 06pa306aHUA, BbLCOKOIH-
maavnutinoe sewecmaa, UK-cnexmpu, 2a3000pasnoi moaekya, kombunuposarnve memodw G4 u G4(MP2).
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BBenenue

Boabiioit maTepec K CO3JAHUI0 BBICOKOIHEPIETUUECKUX MATEPUAJIOB PA3JIUIHOIO Ha3Ha-
YEHUHA CTUMYJIUPYETCs OyPHO PA3BUBAIOIIUMUCH HOBBIMU TEXHOJOTHUSAMU, OCOOEHHO B 00JIACTH
JBUTATEsEN MePCIEeKTUBHBIX JIETATEIbHBIX allapaToB. B mocsenmee BpeMs B CO3MAHUNA HOBBIX
MaTepHaJiOB C ONIPEIEJCHHBIMU CBOMCTBaAMU BCe 0O0Jjiee BarKHYIO POJIb MI'PAIOT COBPEMEHHBIC

KOMITbIOTEpHBIE TexHosoruu [1-3].
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Crarbsl peKOMEHJIOBaHA K MyOIMKAIMM TPOrPAMMHBIM KOMUTETOM MeXKIyHapoIHOYW HaydHOW KOH-

depennun «Ilapasensrble BeraucanTeabable Texaonornu ([IaBT) 2021%
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[TockoyIbKy OZHMM W3 OCHOBHBIX KPUTEPHEB SHEPIOEMKOCTU XUMHUYECKOIO COEIUHEHUS
ABJIACTCA BEJIMYUHA €ro CTaHJAPTHOI SHTagbmun obpasosanua AH;", To ompezeneHue 3Toi
BEJIMYMHBI, KaK SKCIEPUMEHTA/IbHON, TaK M PAaCUeTHON, CTAHOBUTCH KJIIOYEBOM 3ajadeil mjra
oneHKN 3(dEKTUBHOCTH NPUMEHEHNs] TOTO WJIM MHOI'O BeIeCTBa KaK KOMIIOHEHTa BBICOKO-
SHEPreTUYeCKNX MaTepuaJioB. B 3amadax TepMOXMMHUM BaKHO 3HATH, KAK MEHSAETCS SHTAJIb-
nusi obpazoBanust (D0) BelecTBa IPU HEKOTOPLIX M3MEHEHWsIX CTPYKTypbl. OJHUM u3 Hau-
6oJtee HAZIEXKHBIX METOIOB UCCJIEJOBAHNS OINUCAHHBIX BBIIIE 3aBUCHMOCTel D0 OT pa3/mIHBbIX
[IapaMeTpOB, XapaKTEPHU3YIONINX MOJIEKYJIBI, sIBJIeTCS KBAaHTOBO-XUMUUYecKre ab initio pacde-
ThI C UCIIOJIb30BAHUEM BBICOKOTOYHBIX COCTABHBIX MeTOsioB, Takux Kak G4 u G4(MP2), Bxo-
nanmx B cocraB makera Gaussian 09 (https://gaussian.com).

Hacrosmas paboTa HOCBAINEHa OIMPeIeseHNIo KBAHTOBO-XUMIIecKnM MeTonoM AH;" pa-

aa BBICOKOSHTAJIBITUIHBIX IIPOU3BOJHBIX C O6IIII/IM CTpO€HHEM, IOKa3aHHBIM Ha pI/ICl

R1 - R2

R1, R2 = NO,, H,N, H, C(NO,),,
C(NF,)(NO,),, C(F)(NO,),

Puc. 1. Crpykrypa ncciaeayeMbrx MOJIEKY.T.

CraTbhs opranm3oBaHa cieayiomum obpasoMm. B pasmene 1 paccMoTpeHa METOIMKA MOJIe-
JIMPOBAHUS CTPYKTYPHBIX U TEPMOXUMUYECKUX CBOUCTB M3y4YE€HHBIX BEIIECTB B I1€JI0M U OIH-
caHbl criocoObl pacdyeTa KOHKPETHBIX MapaMerpoB. B passesie 2 mpuBeieHbl OCHOBHBIE DPE3YJIb-
TaThl MOJICJTUPOBAHUS U CIETAHO UX OOCYKJEHUE, B Pa3jiesie 3 OCBEIECHbI OCHOBHBIE ACIEKTEI
COOCTBEHHO BBIYUCJIUTEIBHBIX POIEYD U OIMKMCAHBI PECYPChI, HA KOTOPBIX MPOBOJIMJINCH PaC-
gerbl. B 3akiouennn cHOpMyIMPOBaHBI OCHOBHBIE BBIBOJbI KAaK TEOPETUYECKOI'O, TaK W

PAKTUIECKOr0 XapaKTepa, U IPUBOJIUTCS KpaTKasi CBOJKA PE3YJIbTATOB PaOOTHI.

1. Mertonuka pacuera

Pacuer suranmbmum oOpa3oBaHUSA HUCCIEIYEMBIX Ta3000pa3HBIX MOJIEKYJ OBLI IIPOBEIeH
METOJIOM aTOMU3AIMU AHAJOIMYHO HpeIblaymuM paboram aBTopos [4, 5|. Mogenauposanue
6bLIO BBINOJIHEHO B paMkax mporpaMmmuoro komiuiekca GAUSSIAN 09 [6]: mouck onrumaib-
HOII reoMerpun u pacuer VK-CekTpoB IpoU3BOMUIICS C KCIOJIb30BAHUEM XOPOIIO 3apPEKO-
MEHJIOBaBIIEro cebsi B MOJIEKYJISIDHBIX pacdeTax TIUOPUIHOTO (QYHKIIMOHAA ILJIOTHOCTH
B3LYP (7, 8] ¢ 6asucom 6-311+G(2d,p), a mis nanbHejinero pacdera SHTAJbINA 00pa30Ba-
HUs OBLIIM MCHOJIb30BaHbl KoMOuHUpoBaHHbe MeTobl G4(MP2) u G4 (9, 10]. Merox G4 us
cepun MetosioB Gaussian-N (Gn), pazpaboTaHHOl ClIENUAIBHO I TEPMOXUMUIECKUX PACIe-
ToB, 661 npezcrasien B 2007 romy Kepruccom n xoseramu [9]. s anmpokcumaryu sHep-
ruii 60j1ee TOYHBIX PACcYeTOB B KOMOMHHUpOBaHHOM Meroge (G4 UCIOIb3YIOTCS PacdeThbl SHEp-
ruit kak Merona CCSD(T) ¢ BbicOKMM ypOBHEM KOPPEJISIIMU 3JEKTPOHOB M Oa3UCHBIM HADO-
pom cpearero pasmepa (6-31G(d)), Tak u 6osee uuskoro yposus (manpumep, MP4 u MP2) ¢
Goabmumu GasucHbiMu Habopamu. B merone G4(MP2), npencrasisirorem coboit mouduka-
mmio merona G4, pacaer MP4 zamensiercs mva MP2, uro genaer gaHHBI METOJ CYyIIECTBEHHO

MeHee TPeOOBATEIbHBIM K KOMIIHIOTEDHBIM PECYPCaM.


https://gaussian.com/

Huxke mpuBemeHbl OCHOBHBIE 3TAIlbl pacdyera SHTAJIbLIMU 00pa30BaHUs COSOUHEHUS ¢ 00-
meit popmymoit CyHN,O,F,, Meromom aTommsanmn:

1. Pacuer sueprum aroMu3aiuu B HEPEJSITUBUCTCKOM TPUOINZKEHUN
ZDO =WE,(C) + xE,(H) + YE,(N) + zE,(O) + pE, (F) - EO(CWHXNyOZ Fp)

rne Eo(C), Eo(H), Eo(N), Eo(O), E¢(F) — paccunrannbie monuable sHepruu aromos. [losmyio
saepruio Mojiekyssl Eo(Cy HNyO,F,,) paccanreamm mo dopmyre Eo(CoHN,OF,) = g
+ZPE, tne gy — mosiHast Heprus MoJieKyJibl, a ZPE — cymMa sHepruit HyJieBbIX KoJieOaHMit
BCEX KOJIE0ATETbHBIX MOJI MOJIEKYJIbI.

2. Pacuer surasnbnun obpazosanus mpu 0 K
AH?(CWHXNyOZFp,OK)=WAH?(C,OK)—|—XAH?(H,0K)+yAH?(N,OK)+ZAH?(O,OK)+ pAH?(F,OK)—ZD0

HepBbIe IIATH CJlara€MbIX —— 39TO 9HTaJIbIINU O6pa3OBaHI/IH Fa3006pa3HbIX aTOMHBIX KOMIIO-

HEHT, U3BECTHBIE U3 IKCIEPUMEHTA.
3. Pacuer surasbpnun obpazosanus mpu 298.15 K

AH?(C,H,N,0,F,,298K) = AH{ (C,H,N,0,F,,0K) +(H"(C,H,N,0,F,,298K) - H°(C,H,N,0,F,,0K)) -

y~z' p’ yTz' p’

~W(H®(C,298K) ~H"(C,0K)) - x(H"(H,298K) ~ H'(H,0K)) -
~Y(H°(N,298K) ~H°(N,0K)) -2(H"(0,298K) ~H"(0,0K) ) -
~p(H°(F,298K) - H’(F,0K))

Bropoe ciiaraemoe mosydaercst u3 pacdera MoJekysbl. C TPETbero mo ceabMOil UIeHbl B I0-
CJIeZIHEM YPABHEHUW U3BECTHBI M3 KCIEPUMEHTA (MU PACCYMTAHBI [0 IKCIEPUMEHTAILHBIM
MOJIEKYJISIDHBIM TIOCTOSIHHBIM ). 3HAYEHUsI SHTAJIBIINU 0Opa30BaHUsI ra3000pa3HBbIX aTOMOB U
TEPMUIECKHE TOMPABKH MOTYT OBITH B3ATHI U3 PA3THIHBIX CIIPABOYHUKOB WM JIMTEPATYPHBIX
HCTOYHUKOB, Hanpumep [11-15].

B macrositeit pabore Mbl HCIIOJIb30BAIN SKCIIEPUMEHTAIbHbIE ATOMHBIE SHTAJBINNA 0Opa-
soBanust u3 repmoxumudeckux tabuui NIST-JANAF [12]. TlockonbKy Teoperndeckuii pacaer
CHUCTEMaTUYECKU 3aBBINIAET BEJUYUHBI YACTOT HYJIEBBIX KOJEOAHU, JesaeTcsi KOPPEKIns
YaCTOT C WCIOJIH30BAaHUEM SMIUPUYECKU 110100paHHbIX KOdd dunurentos. g monydenus 60-
Jlee TOYHBIX 9aCTOT HEOOXOIMMO KOPPEKTUPOBATh YaCTOThI KOJEOAHUN IpU pacdere MOMPaBOK
ZPE u nonpasxu (H’(C,HN,O,F, ,298K)-H’(C,HN,O,F,,0K)). [lis 5T0ro HCHOIb3yioTcs
3HAYEHUT MACIITAOUPYIONINX MHOXKUTEJEH, PEKOMEHIyeMbIe B JINTEPATYPE JJIsd Pa3IUuIHBIX

METOJIOB PACYETOB U PA3IUYHBIX Oa3UCHBIX HAOOPOB [6].

2. PesynabTaTbl u o6Cyx) geHue

B Tabs. 1 mpuBemeHbI CTPYKTYPBI PACCIUTAHHBIX MOJIEKYJI, MOJIEKYJISIPHBIE Beca, Kodd-
dunmenT HACBIIEHHOCTH BellecTBa OKucsuTesaeM (anbda), SHTAIbIMN 0OpasoBaHus (B
KKaJI/MOJib, KJIK/Momb, KJIK/Kr), mosydennble Ha pasHbix ypoBH#ax pacuera: G4(MP2) wu
G4. Ha puc. 2 npupeseH rpaduk W3MeHEHUs SHTAJbIUN 00pa30BaHUs PACCIUTAHHBIX I'a3000-

Pa3HbIX MOJIEKYJI.



Tabauna 1

CrpyKTyphbl, CTpyKTYpHas dhopmysia, Mosekyasapable Beca (M, , B amu), sHTampmmm obpas3o-

Banus (AHj) paccunTanHbIx MOseKyT (B KKaJI/MOJb — OOBIMHBIN mpudT, k/]otc/moab —

KypcuB, KK /KT — nostyKupHblii mipudr), noiaydenssie Ha yposHe G4(MP2) u G4.

1\N/[ CrpykTypHast (popmy.ia G4(MP2) G4
1 NN 132.23 128.76
CoNgO,4 )|\ Y 553.27 538.74
172.06 N N 3215.55 3131.12
2 NN 125.25 120.84
CyNO5 )|\ Y 524.04 505.59
188.06 oN” SN 2786.57 2688.49
$
3 7 127.83 122.72
CNGOg N/'\(NOZ 534.8/ 518.47
204.06 OZN)LMN 2621.04 2516.30
4
4 O\NéN NO, 101.89 97.67
CoH>NgO4 | 426.29 408.66
174.07 HZN)\N/N\O 2448.86 2347.59
5 Ny GO 130.41 124.95
C3HN;Og | Y 545.64 522.76
231.08 N 2361.20 2262.36
6 O\N4N NO, 95.52 91.53
CoHoNGO, | 399.64 982.95
174.07 RUg 2295.80 2199.92
}
7 NS CNFNO), 122.83 118.04
CsHN;O,4F, )|\ \( 513.94 493.86
237.08 N 2167.77 2083.10
8 N CNO2: 149.26 138.54
CiN1pO1 )|\ \( 624.57 579.6/
380.1 O SNZ 1643.16 1524.97
9 N/N\/CF(Noz)z 74.92 71.18
C3HNGO,F )|\ 313.47 297.81
204.06 9y N 1536.05 1459.29
10 N/NchszNoz)z 133.75 124.29
CiNoOsF, P 559.62 520.05
392.1 (ON)FN)C™ N 1427.24 1326.33
11 N CFNOD 37.96 30.63
C4N3O5F, )|\ \( 158.81 128.14
326.1 (ON),FC N 487.02 392.97




U3 puc. 2 m Tabia. 1 BUAHO, UTO UCIOIHL30BAHHbIE KOMOMHUPOBAHHBIE METOJIBI PACUETa
[G4(MP2), G4| nator 6im3Kue pe3yJsbTaTbl. SHAYCHUS SHTAIBINE 00PA30BAHUSA, IOJIY YCHHBIE
Ha yposHe pacuera G4(MP2), npesbimator 3Hadenusi, nosydenable Ha yposae G4, na 76-118
kJIk /kr, uro cocrasisier or 3 10 8% miust crpykryp 1-10 u 24% nns crpykrypsr 11. Ilpu
9TOM BpEMEHHbWE 3aTpaTbl Ha pacdersl Ha ypoBHe G4 B 3-5 pa3 6ojbIle, WeM Ha ypPOBHE
G4(MP2).

1 AHf, KJ/kg
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Puc. 2 Duransiun obpasosanus crpykryp 1-11 (AHf, B k/I:x/kr). Pacuers: Ha yposHe:

G4(MP2) — kpacubre kpyru, G4 — cuHHE KBaJIpaThL.

Orryta ke BUJIHO, 9TO PACCMOTPEHHBIE B CTATbEe U3MEHEHUsI B CTPYKType 1 NpUBOIAT K
YMEHBINIEHUIO dHTAJIbINKN o0pa3oBanus. PaccMorpum mospobuee HabIIOgaeMble B CTPYKTYpPax
1-11 Tenmenmnum.

CoNgOy. B pany crpykryp 1-3 cMozeaupoBaHO TOCTIEIOBATEIBHOE TPUCOETUHEHIE OJTHO-
ro-JIByX aTOMOB KHCJIOPOJIa K KOJIBIEBOI dacTu cTpyKTypbl 1. I[Ipu 3Tom sHTambmus obpaso-
BaHWsl YMEHbINAeTcs mocyenoBaresbHo Ha 429 u 594 k/Ix/kr, coorBercrBento. Ilpu srom
[IPUCOEIMHEHNE TIEPBOTO aTOMa KUCJIOPOJA MOHMUXKAET SHTAJbINIO0 obpazoBanus Ha 429, a
BTOPOI'O - 3HAYUTEIHHO MeHbIne (Ha 166 k/Ik/Kr).

[Tepexom or cTpyKTypbl 3 K 4 myTeM 3ameHbl ogHOrO u3 dpparmerToB NOy va NHs, mpu-
BOJIUT K YMEHBIIECHUIO SHTAJIbINN 00pasoBanus Ha 172 kI /Kr.

B ciryuae, Korja aToMbl KUCJIOPOA PACIIOJIOKEHBI IPOTHBOIIOIOXKHO JAPYT APYTY (CTPYK-
Typa 4), sHTanbius obpasoanust 6osbiie (Ha 153 KK /Kr), uem jyisi u30Mepa Co CTPYKTY-
poii 6, Tie 0oba aToma KucJopoa paciosioxkenbl BOu3u NHsy -dparmenTa.

C3HN7;Og. IlepecTpoiika MOJIEKYJT B PsiTy OT CTPYKTYPBI 1 K CTPYKTYpe 5 OCYIIECTBIIAET-
cs1 3a cuer 3aMenbl oHOro dparmenta NOg va H, a gpyroro - ma C(NOg); u conpoBox iaercst
yMEHbIIIeHneM SHTaJbImMu obpasoBanus Ha 854 k/Ik/Kr. 3ameHa B CTPyKType 5 OJHOIO U3
dparmenro NO, va NFy (crpykrypa 7) wim F (crpykrypa 9) IpUBOAMT K yMEHBINIEHUIO H-
rajbiun obpasoBanus Ha 193 k/k/kr n 825 x/I:k/kr, coorBercrBerno. Hamuune nByx mpo-
TUBOIOJIOXKHO pactosiokeHHbIX rpyin C(NOg)s B crpyKType 8 NPUBOAUT K IIOHUKEHWUIO JH-

TaJIbIIUU 00PA30BaHUsI [0 CPABHEHUIO CO CTPYKTYpOil 5 Ha 718 kLXK /Kr.
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Puc. 3. UK-crekTpbl NOIJIONIEHNS PACCINTAHHBIX COENHEHUH



Ha pwuc. 3 npusenensr paccuntanublie NK-cekTphbl MOTJIONEHNS UCCTETyEMBIX MOJIEKY.JT.

CMelneHnst aTOMOB It HanboJlee MHTEHCUBHBIX KOJIEOaHMI MpUBEIeHbl Ha puc. 4—14.

a b c d
Freq=856 Freq=1300 Freq=1410 Freq=1628

Puc. 4. a-d. Cwmemennst aromoB CyNgOy Jy1st yKa3aHHBIX 9acTOT (CTpyKTypa 1)

a b Cc

Freq=850 Freq=1355 Freq=1527

d e f
@ @

%2

Freq=1579 Freq=1631 Freq=1634

Puc. 5. a-f. Cmemenns aromoB CoNgOjp /sl yKa3aHHBIX 9acTOT (CTPyKTypa 2)

P

Freq=827 Freq=1191 Freq=1382
d f
C I @ ‘
é [
Freq=1455 Freq=1497 Freq=1639

Puc. 6. a-f. Cmemenns aromoB CoNgOg 111 yKa3aHHBIX 9acTOT (CTPYKTYpa 3)

-1 -1 .

HawuGosiee BbicOKme wacToThbl (0T 1628 cM™ g0 1670 cM ) ¢ 3aMeTHON MHTEHCHBHOCTHIO
nmetor rpymmnbl NO,, Bxomgmue B coctaB ¢pparmenTto R1 m R2 mpakTuaecku BO BCex pac-
CMaTPUBAEMbIX CTPYKTypax. Vckimodenue cocraBisior ¢cTpyKrypsl 4 u 6 (puc. 7 u puc. 9), B

-1
KOTOPBIX HAMOOJIBIITNE [T0 UHTEHCUBHOCTUA YaCTOTHI — 3TO 1457 cM ~ g cTpyKTypbt 4 u 1398

-1
CM I CTPYKTYPHI 6, orBevarortue KojmebanusiM ¢Ba3n N-O aToMOB a30Ta B KOJIbIIE.



a b c d e
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Freq=202 Freq=248 Freq=830 Freq=1092 Freq=1438
f h i Jj
/J }_:,,‘W }’MJ ;—ﬁ’
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Puc. 7. a-j. Cmemenus aromoB CoHaNgOy muist ykazanubix gactor (cTpyKTypa 4)

Freq=1334

Freq=1643

Freq=1655

a b c d
Freq=817 Freq=1157 Freq=1323 Freq=1333
f g h

Freq=1680

Puc. 8. a-j. Cmemenuns aromoB CsHN7Og 7151 yKazaHHBIX 9acToT (CTPyKTypa 5)
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Puc. 9. a-j. Cmemenust aromo CoHoNgO4 mu1st ykazanubix gacror (crpykrypa 6)

Konebanus Broans cBasu C-N aroma azora, Bxojsmero B rpymnny NOs, XapaKTepu3yoTcst
YACTOTAME C MEHbIIEll HHTEHCHBHOCTBIO: 1333 cn’ st crpyKrypet 5 (puc. 8), 1330 oM’ I
crpykrypsbl 8 (puc. 11), 1350 eM! Jyist cTpyKTYphL 9 (pue. 12), 1335 oM’ s crpykTypbl 10
(puc. 13) u 1348 eM’' st erpykrypst 11 (puc. 14).
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Puc. 10. a-i. Cmemenust aromos C3HN7;O4F, st ykazaHHbIX 9acToT (CTPyKTypa 7)
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Puc. 11. a-j. Cmemenus aromoB CyN19Oq2 J1s yKazaHHBIX 9acTOT (CTPYKTypa 8)
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Puc. 12. a-f. Cmemenns aromos C3HNgO4F s ykasanubix gacror (crpykrypa 9)

3aMeTHOl MHTEHCHUBHOCTBIO TAKXKE XapaKTePU3YIOTCS YacTOThI, OTBEYAIOIINE ACHHXPOH-
-1
HBIM KOJIeOAHUAM aTOMOB yIJIEPOJia M a30Ta, BXOIANNX B KOJBIO: 1355 ¢cM i CTPYKTYPBI
-1
2 (puc. 5) u 1455 cm ™ jgist crpykrypst 3 (puc. 6). Bosee nonpobuast uadopmanust o mHanbosiee

WHTEHCUBHBIX KOJIEOAHWSX ITPUBEIEHA B Ta0J. 2



YacToThl 1 MHTEHCUBHOCTUA KOJIeOaHUMA

Tabauma 2.

Frq. | Intens. | Frq. | Intens. | Freq. | Intensity | Freq. | Intensity | Freq. | Intensity | Freq. | Intensity
em” |km/mol [em™ |km/mol [em™ |km/mol |em” |km/mol |em” |km/mol |em” |km/mol
CaNsOy CsoNO5 CaNOg CoHsN¢Oy C3HN7Og CoHsNsOy
324 |15.4 6167]19.9 506 |17.7 202 |83.5 809 [45.7 72 27.9
866 |113.1 850 |127.1 |827 |221.9 248 [116.3 817 |66.7 130  |52.2
979 |18.9 1119]24.7 947 122.0 450 130.4 840 ]20.3 192 |23.7
1300(261.1 1249197.5 972 140.4 749 1304 864 [28.3 201 |125.2
1410(130.5 |1355|265.0 |[1191 |252.4 830 |107.1 968 |16.1 846 |73.7
1628 |85.6 1393 155.3 1382 |168.8 1092 |200.7 1157 |51.7 1124 |111.1
16281529.9 [141433.5 1455 |1446.9 1181 |59.5 1323 62.4 1349 |19.8
1450]22.5 1497 1403.3 1325 |49.2 1333 |150.2 1378 |259.3
15271150.2 1639 |621.0 1387 |74.7 1334 |127.6 1398 |460.4
15791177.3 1394 |73.9 1405 |16.4 1450 |108.6
1631 ]183.0 1438 |152.5 1643 |174.0 1540 |16.5
1634 |444.3 1457 1695.7 1655 |387.2 1574 |328.8
1580 [28.4 1680 |293.4 1625 |228.7
CsHN704Fs| C4N 1012 C3HNgO4F [1624 |329.6 1654 |436.8
221 [16.8 666 [27.1 1664 |455.0 3569 [191.8
484 120.1 814 |101.3 |807 |50.9 3568 [156.4 3703 |106.3
814 |56.5 816 |115.7 |855 |32.2 3713 |117.7 C4NgOsF,
838 |17.4 817 [23.45 |970 |17.6 606 |16.6
852 |43.4 857 195.8 1011 ]27.5 C4N100gF, 693 [42.6
916 |74.9 935 |37.4 1140 |37.3 814 |35.7 800 |[33.8
951 |28.0 943 |25.6 1210 |34.8 816 [95.2 811 |50.8
957 |32.9 1040146.3 1246 |1103.6 843 [91.6 812 130.3
973 |27.7 1109 |53.7 1350 |118.0 844 |43.4 847 190.1
1163 [43.6 1328 |38.2 1356 | 71.1 918 |143.9 1020 |87.5
1331(76.3 1328 140.7 1404 127.1 953 |84.9 1104 |30.3
1339(146.6  |1330(239.6 |1656 |276.7 968 |81.3 1206 |47.2
1392 138.5 13301210.9 |1666 | 350.2 1029 |39.0 1245 |174.7
1658318.9 |1337]27.0 1125 |36.0 1319 ]26.0
1662(276.5 [1349|132.9 1335 |146.8 1348 |127.3
1412(20.2 1335 |146.6 1348 |138.4
1527120.2 1354 |166.8 1351 |38.3
1643|138.5 1384 |38.0 1373 1109.3
1645|169.0 1408 |21.3 1659 |569.5
1658 |804.8 1660 |608.0 1660 |42.9
1660 |37.6 1660 |99.8 1668 |21.3
16811620.4 1666 |519.3 1670 1630.2
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Puc. 13. a-i. Cmemenus atomoB CyN1oOsF, st ykazaunbix gacror (crpykrypa 10)
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Puc. 14. a-h. Cmemenus atomoB CyNgOgFy st ykazanubix gacror (crpykrypa 11)

3. OcobeHHOCTH pPacueToOB

IIpu mpoBeneHrr KBAHTOBO-XUMHUYIECKOIO MOJEIUPOBAHUA OBL MCIIOJIb30BAH DA BBIUMIC-
JITEJNbHBIX KoHbwurypammii (rabimna 3) Ha 06a3e PasIMIHBIX MOAUMUKAIMIA [IPOIECCOPOB

Intel Xeon, mpejocTaBiisieMbIX IyJIOB PACUYETHBIX SIJIEP, ONEPATUBHOW U JIMCKOBON TAMSTH,

nasmaust GPU, a Takke Bepcumit npukiajnoro nakera Gaussian (https://gaussian.com).
Borunciurenbnas CI0KHOCTH 3a/a4 JIOCTATOYHO BBICOKA, JJIsi YKA3AHHBIX CTPYKTYD B
3aBUCHUMOCTH OT KCIIOJIb30BAHHOIO 0A3uca M PaCUETHBIX TEMIEPATYD CPe/Hee BpeMs pacdera
Bapbupyer or 20 gacoB g0 30 aueit (ma koudwurypamun UIIXD PAH, cm. mumke), npu uc-
MIOJIb30BAHUN HaM0OJIee COBPEMEHHBIX BEPCHUIl IPOIECCOPOB BPEMs PACUETOB IAJAET, OJIHAKO,
1t Gostee coxkubix cucreM(no 30 aromos, Hanpumep s CyN1gOgFy) Bpems pacueros ma 24
dAnepHOit paboueil CTAHIINU B IICEBI00THO3aIATHOM PEXKUME BCE KE JOCTUTAJIO 2.5 MECSIIEB.
Kputuyno K cKOpocTu pacyeToB TOJIEPIKKA HCIOJIb3yEMbIMH IIPOIECCOPAMU UHCTPYK-
nuit avx2 u sse42, ocoOEHHO TIEPBOMl — Ha HEKOTOPBIX 3aJladax Mpu OJIM3KON TaKTOBOW dac-
TOTE IMPOIECCOPOB BBIMIPHIIT MOXKeT cocranisaTb 8-10 pa3 [16]. K coxasenuto, vHam He yjia-
JIOCh OIEHUTH BO3MOXKHOCTH wucnoib3oBanus GPU yckopureneit, T.xk. Gaussian ucrmosb3yer
ToJIBKO Tpadudeckue yckopuresu cepuit K40, K80 u P100, koropbix He OBLIO B HAIleM pac-

nopsizkenuu. BoJiee crapbie yckopuTe/ i HE TOJJIEPXKUBAIOTCS.


https://gaussian.com/

Tabauma 3.
Anmaparsast mraTgopMa BEIYUCTUTETbHBIE KOH(PUTYPAIAN

Beraucaurenncuwiit pe- [Tponeccopwr /Hucao UcnonwzoBanue
cypc anep/RAM /GPU
JlomoHOCOB-2 «compute» Intel Xeon®) E5-2697 v3@2.60GHz , | no 104 sinep, 64 I'6
14 anep, 64 I'B; Tesla K40s
Borancauresnsusiii kiaacrep | Intel Xeon®) 5450] 5670Q 3 I'T'w, 4-6 | or 1 mo 50 CPU (mo
NIIXD PAH: anep, 8 u 12 I'6 RAM 200 sizep), or 1 mo 12
I'6 ma y3en
Paboune cranmmn UIIXD Intel Xeon@®) X5675@3.46GHz, 2x6 1o 12 suep
PAH ¢ GPU Tesla C2075 | anep, 48 Gb RAM, GPU Nvidia Tes-

la C2075
Pabouas crammusa 19M Intel Xeon®) E5-2690v3, 2x12 snep, | 1-24 anpa, 4-248 T'6
PAH RAM 256I'6, SSD+4 Tbh HDD RAM ma 3amauy

npuMevaHue: IPUBEJEHO KOINIecTBo Gpusnueckux sjep 6e3 notokos (threads)

Kpaiine kenaresbHO MPOBEIEHNE PACUETOB C UCIOIb30BaHUEM SSD MM BBICOKOCKOPOCT-
HBIX SAS AuCKOB ¢ GOMBITUM O0OBEMOM BBIJIEISIEMON TUCKOBOM TAMSTH, MOCKOJBKY MAKET
CO37Ia€T B TPOIECCE BBIYUCIEHUI THTAHTCKUE TpoMexkyTounble daitibl 10 2 T6 pasmepow,
3AINCh KOTOPBIX MOXKeT 3aHuMaThb 10 30-35 mwuuyT Ha SSD mmcke M, eCTECTBEHHO, CYyIECT-
Benno mousbine Ha SATA MaccuBax

CubHO BIMSIET HA CKOPOCTH PACUYETOB HAJIMYHME TOCTeTHUX Bepcuil makera (Gaussian mo
cpasuenuto ¢ g9 (ycranossiennoil Ha kiacrepe VIIX®), KoTopble B HOJIHON Mepe peaau3yoT
arnmnaparTHble BO3MOXKHOCTU IIPOIECCOPOB HOBBIX CEPUiA, JjlaBasi YCKOPEHWE PpaCYeTOB JJIs
OOJBITUHCTBA, UCIOIBL30BAHHBIX 0a3ucoB 110 7-8 pa3. K coxkasenuio, 3a9acTyio MOCIETHIE Bep-
CUU TIAKETA JIaXKe He 3aIlyCKAIOTCd Ha IIPOIeccopax crapiie 5-6 Jier.

[Iepen aBTOpaMu He CTaBUIACH 33Jiada MPOBECTU JETAJIHHBIN AHAJIN3 CTEIMEHU Tapaie-
JIN3AIUU BBIMOJIHIEMBIX PACYeTOB (BBUY TOrO, 4To makeT Gaussian mCmosb3yer CBOI coOCT-
BEHHYIO BHYTDEHHIOIO CHCTeMy pacrnapaJuiejuBanus Linda), oHako OOBIYHO HAOJIIOIAETCS
YCTOMIMBOE YCKOPEHUe Ha MyJax g0 12 sjep, majee 3(pdeKT CHUKAETCSI. ITO TaK¥Ke 3aBUCHT
or obbeMa BblIesIeMOil 3a1a4ue maMsaTu (npu sroMm Tpebyercss He Menee 4 I'6 RAM na dusu-

9eCKoe PO ).

3akJ04deHmne

B peByﬂbTaTe OpoBeJcHNd BBICOKOTOYHBIX KBaAHTOBO-XMMHWYECKHUX PaCUYeTOB HOJ’[yLIeHbI
TEPMOXUMUYIECKHE JaHHBIE BbIcOKOsHeprerudeckux coemunenmii: CoNgOy, CoNgOs, CoNgO,
CQH2N604, C3HN7OG, CgHN7O4F2, C4N10012, CgHN604F, C4N1008F4, C4N808F2. HOKHB&HO,
9TO SHTAJBINA 00OPA30BAHUS YMEHBIIAETCSA C YCIOXKHEHNEM CTPOCHHSI MOJIEKYJI HCCJIELyEeMOTO
pana. Paccauranbr Tak:ke MK-CIIeKTphI TOTJIONIEHUS, CTPYKTYPHBIE TApAMETPhl U CMEITEHUS
aTOMOB JIjIsi Hambojiee MHTEHCHBHBIX KoJebaHmil. PacdeTbl BBIMOJHEHBI C HMCIOJIb30BAHIEM
koMOuHupoBanHbix MeTo/10B G4(MP2) u G4. IlposeMOHCTPHPOBAHO, HYTO WCIOJIb30BAHKIE
ypoBust pacaera G4(MP2) mig BbiOpanHOro Kjacca MOJeKy. jgaer Oiauskue (B npenesnax 8%)
oTHOCUTEIbHO ypoBHs G4 pe3yJsibTarTbl U BeJeT K CyIIeCTBeHHON (B 3-5 pa3) 9KOHOMHHU pac-

YETHOI'O BpEMEHH.



Paboma evinosnena ¢ ucnoavdosaruem obopydosarus Llenmpa kosrekmuenozo nosv3o-
B8AHUA BLICOKONPOU3BOOUMEALHBIMU SHUUCAUMEALHOMY pecypcamu MY umenu M.B. Jlo-
monocosa  (npoexm  Enthalpy-2065) [17-19] u cobcmSeHHOT  BbMUCAUMEABHOIT PECYPCOB
HIIX® PAH. Asmopu makoice npunocam baazodaprocmu epynne xomnanutd PCK u Wn-
cmumymy sKcnepumMermanvholi munepasozuy, PAH 3a npedocmasiennvie das wacmu pacye-
MO8 NYABL BHIUUCAUMENDHOIT pecypcos. Paboma evinoanena no meme I'ocydapecmeenozo 3a-
danus, N zocydapecmeennoti pezucmpavyuu 00892019-0017 [AAAA-A19-119120690042-9], a
maxotce npu noddepsicke PODU (npoexm Ne20-07-00319).
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The article presents the results of calculations of structural and thermochemical characteristics of a number
of potentially high-energy compounds CsNgOy, CoNgOs, CoNgOg, CoHoNgO4, C3HN7Og, CsHN,O4Fy, CyN1gOqo,
C3HNO4F, C4N;(OgFy, C4NgOgFs using quantum chemical ab initio methods:. Quantum-chemical modeling was
performed using the GAUSSTAN 09 applied software package. Using the B3LYP hybrid density functional, the
search for the optimal molecular geometry was carried out, the IR absorption spectra, structural parameters and
atomic displacements for the most intense vibrations were calculated. The enthalpies of formation (EO) were ob-
tained by the atomization method and are provided in the article. The calculations were performed using the
combined G4(MP2) and G4 methods within the Gaussian 09 application package. It is shown that the enthalpy of
formation depends on the molecule structure. Examples of the used computational configurations based on several
computational resources are given, some features of the calculations are described. Comparison of time costs and
errors is made when using different methods on the same structures.

Keywords: quantum-chemical calculations, Gaussian package, enthalpy of formation, high-enthalpy com-
pounds, IR spectra of gaseous molecules, combined G4 and G4(MP2) methods.
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