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Abstract It has been reported by our group that using single-precision data and consumer graphics processing units (GPUs)
can significantly improve computation speed of CCSD (Coupled-Cluster approaches within the singles and doubles approxi-
mation) and CCSD(T) (CCSD approaches augmented by a perturbative treatment of triple excitations). However, CCSD(T)
can only be employed for small molecules with about 300~400 basis functions when using consumer GPUs for acceleration
without spatial symmetry due to the memory limitation of GPU. Using density-fitting approximation can significantly reduce
the memory requirements in CCSD(T) calculations. In this paper, DF-CCSD(T) codes based on the density fitting approxi-
mation together with single precision data was developed. All the matrix contractions were performed employing GEMM in
CUBLAS on GPU or in Intel MKL on CPU. The other operations such as matrix expansion and transpose were performed
using OpenACC on GPU or OpenMP on CPU. Those codes can be applied to single point energies for systems with around
700 basis functions without spatial symmetry and to molecules with about 1700 basis functions with symmetry on a GPU
with 24 Gb memory. The server employed in this work has an Intel 19-10900k CPU and a RTX3090 GPU. CCSD calculations
with single-precision data on GPU are about 16 times faster and it is about 40 times faster for the (T) part compared with the
calculations on CPU using double precision data on this server. Error introduced by single precision data is negligible. A code
library that can employ GPU or CPU using either single precision or double precision data to perform matrix operations with
spatial symmetry was also reported in this work. Direct product decomposition (DPD) method was employed to deal with
spatial symmetry. Complexity of developing coupled cluster codes with spatial symmetry can be significantly reduced with
this library. The computational accuracy of single precision DF-CCSD(T) was compared with CCSD(T)-F12a and

* E-mail: wangzhifan1988@gmail.com
Received July 17, 2022; published August 17, 2022.
Supporting information for this article is available free of charge via the Internet at http://sioc-journal.cn.
Project supported by Natrual Science Foundation of Sichuan Province (No. 2022NSFSC1262), National Natural Science Foundation of China (Nos. 21973063,
21703020) and Foundation of Chengdu Normal University Talent Introduction Research Funding (No. 2021YJRC202020) and.
T H 52091148 L ARELF 3 4: (No. 2022NSFSC1262) 5 [ 4R F 234 (Nos. 21973063, 21703020)F0 A #7752 % A 74 51 #3551 H (No. 2021 YIRC202020)
Bk

Acta Chim. Sinica 2022, 80, 1401—1409 © 2022 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences http://sioc-journal.cn 1401



o F 5 R

| ey

DLPNO-CCSD(T). The results shown that DF-CCSD(T) would be more stable than the other two approaches in describing

chemical properties.

Keywords coupled-cluster; density fitting; graphics processing units (GPU); single precision
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{E & T4 A3k, #5 & 7% 2118 (Coupled-Cluster,
CC) B A7 B v 0 L 1A O BE TF SRR AR B2 19, 3o
CCSD(T) (CC approaches within the singles and doubles
approximation augmented by a perturbative treatment of
triple excitations) 2 VAR T4 2 TE B P ) B AR
AERL SR, MEREIERTE R EECR, CCSD KT bR
FE AR N, NARERAR R K/, T CCSD(T) TS AR
FERARIEARK) N7 A— N B H Oy 700, AidEHLIE
HH 50 (51 o8I, 7E CCSD 5 h i — kR F
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B 7S EROKLIAN, CCSD S AT I ) 5 —
B9 TH Ik R AR 1) i N /% HE (input/output, 1/O)
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& (Density Fitting, DF)4A] DLRFAK & 11027
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CCSD(T) &5 A tL, DF 51 A1z Z @ % /N T 0.03
kJ/molB41,

HHr, B AL 2% (Graphic-processing units, GPU)
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Naux
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BRIAL, N ALK HEH . 523 DF-CCSD H {4
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ef

9, BN 3 BRI 2R, U AR TR,
R =2 (ean)(nlfo) - Yz (fa|n)n|eb)  (7)
ef ef
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(I)¥s B RUHOR AR IR HE I 7 JEAT 43 X AR 3, 3o e
X i M 4RPR, SEit5 def)*(aeln)= tmp(afin), TEiT5
tmp(afin)*(n|bf)=r(ab). F3¥ r(ab)BN RS HERE IR 1N
FE. XFPSEIE R E RN 2NANG Naux (N TR
EHH, No S HEHUERH).

Q)X F 3 BB Rg—ANEEEW b, it E
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fih Sk S,
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120 Gb (VR RTHIE, O FoR HIEHIE), <VVIOO>FT
A9 9 Gb. WIHER FHBRE B4, LA B0 TR
BT o 2= (Al 2k e T e o B BRATT IR O 28 SR )
CCSD /7, HATRE X K<VVIVV>HI<VVIVO>[{]
TR 3 8 it B S, o HAb W &
<VV|00>, <VO[VO>, <00|0V>, <O0|00> {3,
Pyeiid (6)3H 31BN 5015 BIAH BRI 4 Fa b5 0L 11
4y, FERIH AT CCSD UL HE TIa 5.

TE(TYMTF S, R FIB PR TUA<VVIVO>,
XTI R BB H /DT 700 AR, ZWH T
B HIK/NE 200 GB AN FRATTIEHT I & (1) FH 5Ok B
4hia GPU (T HEARF T NAAA KR, FUILEAT
ERIT) TS A, FATE R (6) A5 20 (T) v 5B 75 1)
WHLFAR Gy, B EEA 2 8 C T K 5E ARG T 5
(DIRERKIE.

3 NRYT

FAVK BRI DF-CCSD(T)FEFFIH Fortran90 %1%
TS, AT g R 51217, HF DF 19 3
Fa bR AL R oy T U0 g S OCHE(E R N IE S PySCF
FERFUSI9 3], T PySCF FEFFAETHE 2 T HUE R I
HL TR I R 2 T AR 1, BRAT12E T PySCF 44
H o FHUE AW AR RE S, FIH B 5 f# (direct
product decomposition, DPD) /7 £ PySCF 15 2| HAH
Oy BEAT G, DMEAE CC iH 5 o A F 2 1) %6 FR
PERRR TS &

Kl 1 24 DF-CCSD FE/FHELLE, Ay 18 T X Qrs it
1T GPU Wiz 5, A TH¥ DF-CCSD AURY 1 1A 45
93862, Hor, 1~2 B5E4TE CPU L7125, 3~6
A5 AT AR A 2R 6 A7 2 TR 1) 75 SR 5 IR 55 2% 1 AR AT
JIWT I H shikBEAE CPU 80 GPU LigfT.
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Figure 1 Program structure diagram
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A TARH AT S IR T (1056 4 28 N Bl iR P
KB B 4 P I, A

27 (abllef )y
TSR EA R, EREATIHE R B RE A
51 487,

FEN <al;||e]_">DF = Zn(ae | n)(n|bf), FEAEBEA T
AR E N AR, B AN A B2 NP Naut NGNS,
ZAF A RN, T RS EUN T 700 BIR
R, FREEMEAEAEAE A, (B 978 GPU RAF A EIEH
AN 24 GB. Bk, fERAT K RIS, KR
GPU A7 K/, 1% T A A7 4 FH B 2 15 6 HY
GPU &Aff, MMk & H GPU M TINEEH. &
EE(abHef}DF TR N Naw, BIGIZER 73 it 5
H NANPHAN Nawe. AT FARTHE R, Z 5 FE 0T LB A
JiFE8) R FE(9) .

eI (of ||ab) = 10 Il + > TS I, (8)
ef ) e<f e<f ‘

Tps! :tl.‘;f +t;{: e :<ef||a5>+<ef||ba_)

i<j

Tmfs] = tfjj —tj‘lf: Im*s] = <e/7||a5>—<ef||b5> 9

HAT SR RN VANANA2N AN N T R ATHE
BRAR S KRR R CC FRF RO R AERE, BATH CC IEfeh
H 5 DL P o 2 R R AU 4 S AR AR G ik AT T
3 DA ARRS I A AR i M T IR
5]

D ImS ImS,

e<f
DA FCHE IS [ 7 FR(9) FRAR SC A RO, 7EIE 2, AT
FIH T 3562 J5 ARRD, LA ARAT AR BG4 B ik
17 IR

RESFRI Qabij XERE ¢, rivy X DF (9 3 $5bRA
r(nlvv), fEFEF anqumnrs_to_qurs_ri_in i, I8
EE5E T (of ||ab)=, (aeln)(nlbf ) X —iH 5. LEit
SO AR, RIS R SR E, LA e
() t2abij A1 DF (1] 3 FaFRAR50 rivy BT (SR0URS ) Fl
TS A A (CPU Bk GPU), k& 2 w4 QRS B AT
[ B SHE 25 FPRG FE 5 XURS FE 3, JFFI A CPU B GPU 4T
TR BRAh, TR R IX AT I, T DA A TR X
PRk AT S, B 2 AR RS R T LU e, i
XA PR SR RIS B 2, R B % itk DF-CC #27
[IFF R, B 2 ARG B R VE LI I WS B R
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call iassymso(t2abij,ttmp,1,vrt,vrt,pop,pop,1)

ef _ ef ef
Ttmp[q =ty —ty
call icompso(ttmp,t-,vrt,vrt,1,0,pop.pop,0,1,1)

e<f __ ef
Tmiq- = Ttmpiq-
call isymtrso(t2abij,ttmp,vrt,vrt,1,1,pop,pop,1,0,1)

ef

fe _
ttmpu = ti}

call axpyso(nsize,1.d0,tabij,1,ttmp,1)
ef _ ef | pef
ti] = temp(] +t]

call VmnpqVmnrs_to_Vpqrs_ri_in(t-,icore,1,1,&
vrt,vrt,0,pop,pop,0,vrt,vrt,0,Rijabl,1,&
0.5d0,0.d0,rivv)

1 .
Rimp(i<je<f)= EZTmf:flm;zi
e<f

call itranspso(Rijab1,Rabij1,pop,pop,0,vrt,vrt,0,1)

RS = Remp(i < j,e < f)

i<j

B2 AR

Figure 2 Example codes

4 HELERSTL

A TAETHH BT AR S5 28 19 GPU S H ik RTX3090
@4 GB & 47), CPU A H i Intel(R) Core(TM)
19-10900k CPU (10 cores@3.7GHz). R %% #s I N1 A
128 GB. DF-CCSD(T)fCHL ¥ AR PGI-20 454 Intel
MKL Y CUBLAS #4741, 5 FEIeiic 5B 3 245
CUBLAS ') GEMM 127 7£ GPU b1t & 8 H Intel
MKL 1] GEMM F#2/577E CPU i85, HoAth (0 f 5%
BEEAE X EAE A OpenACC £ GPU _EHHAT {1 B
OpenMP 7E CPU #7115
4.1 B¥SE DF-CCSD(T)itE L RN ERM

EZATHI AR, FRATEEH 3RS B CCSD(T)*t
R IU R B E TR TR REAT TIHEINK, 45
TR WIH] FH BORS RO RO IR, 5 M TR & RS
ot HReR, AR REMER, IF H ARG W
RZEET LAZBE AT, Fl CCSD(T)HH EL, DF-CCSD(T) 2 1
n— T W i B

Na\lx
(palrs) e = (pr1gs)oe = X (prin)(n|gs)

NT RN DF-CCSD(T)HH A AT Sk, AT
TE T (H20)7 B#%, CeHya, CroHys, AtFs A1 L3755 4T ) 5.
Mg HH, (H0), %, CeHis, CroHus /8 FH cc-pVTZ %
IO B IR 1) 2 ce-pVTZ-jkfit FEL20. AtFs Al
L fli [ aug-cc-pVSZ-PP FEA UL %t B A R4
izl HAEh EH IR A PySCF #4F B 3l A s23).
M T HEARE T DUE B, R EORS EEOR ORGP 2
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R FIH RS B B (single precision, SP)TE GPU Al CPU b #1715 ANF FI XU % i (double precision, DP)#E CPU - #E47i1 515 2 ) DF-CCSD #

FAES(T)TH A BIRIAT R RE(FR L2 a.u)

Table 1 Correlation energy of DF-CCSD and (T) calculated on GPU and CPU with single precision (SP) data and calculated on CPU with double preci-

sion (DP) data (unit: a.u.)

CCSD (T
Molecular SP SP DP SP SP DP
GPU CPU CPU GPU CPU CPU

(H,0), —1.9878328 —1.9878329 —1.9878329 —0.0585549 —0.0585566 —0.0585566
CeHuy —1.1398594 —1.1398593 —1.1398594 —0.0440448 —0.0440449 —0.0440449
CioHis —1.7801039 —1.7801038 —1.7801038 —0.0798821 —0.0798823 —0.0798823
AfFs —2.2048644 —2.2048637 —2.2048637 —0.0941050 —0.0940953 —0.0941050
L —1.3032696 —1.3032697 —1.3032697 —0.0498108 —0.0498108 —0.0498108

HAAEIH CCSD(MRERL R ZH/NT 10°° au. Z4R
T, FIFHEKSE DE-CCSD(T) BT B4 e S0, 2o
R FEEC S BUPR AR/, STHE 45 SRS B sz mf L2,
EANTT
42 FIF GPULE BB HXT DF-CCSD(T)iHH &N
RFTI

TEIX—HB 5y, FRA T T T R RO 25 (8]0 FR
PE K B 7%, YR AR GPU 45 & ks i % %t
DF-CCSD(T) v+ (1 s SR I, A 0Bk 1) 7K
SN Co, RO HATHEEAN cc-pVTZ HLHI),
HBhIEL N ce-pVTZ-jkfitl20), 7E3R 2 28 3~4 51535l =& F
Fl GPU Al CPU #EAT ¥k Ef DF-CCSD 5 [ B GA A
B 1), 3 o 5 A B 2 T0 0 Bk 7K A P o B T
F55 AT AR K R BTG 9% I R). 28 5 510
GPU/CPU iS5 55 b Joxd AR v K B % 1
THERE], M(H20)s 2(H20), FHETHIH CPU 315,
FIF GPU nJ AR 3 7 fi5 A A7 I b, 17 244k Rtk —25
BK, GPU HIMEBCR PG, FRATFER 3 5 H T 437
FIFH GPU Il CPU £54 #uk5 % DF-CCSD #5(H,0)o Al
(H20)i0 (IR AR, 2RI 1| R P HE SR R BT 51 4525 3R 1
FFTE]). MR 3 45 T LUREE, 7E(H20)10 ) CCSD 1%
b, FEIEHEFIH GPU TR IiERy, 28 5 Bk
Wbey BITR AT T GPU #E4T Ik, X2+
Wi FIT i A4 2SR N 27 GB, D& HARSS 28 GPU )
24 GB A7, HLE T GPUKHHIEE 23| TN EE
ip AR

ERR AR R, Wik R B 2 5 R,
D) F 2 TR AR AT LR PR T S . R 2 PSS W
BRI RE X B C XWRRMERK o R RIS
(A, ERH CoOWFRMEREAT vH BN, BT GO AR A
ANATLIFRIRN, TR BT 5 23 [0 4 22 J0 6 R 1 i
AW 12 A, vk 5 AR v g 2 o A A [,
ATRERE B R ER 12 & 14, Hit, Sait g,
PLEETE 2~4 £, 33 HIMZ R B, ) GPU 4T CCSD
&, Xﬂ?‘(Hzo)y\’(HzO)s, T FH 25 8] 6 Bt 2 S5 1)
THEL R AR 25 () PR P T S B ) 2~2.5 i, 1X
— R 25 FRAR 5 ) 2 (a6 R 2 5 B S R A
6. TR R & 3 — 2B 1 K, I 2 ()R RR
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(H20)o A& A 3 5, X (H0)10 HIFREL R 6.5 £, C
Sl T HEw E s RS X R TR E AR
K, TEAEXRMERS, (HO)10 (1 Wiy BT AN
AR GPU #HAT I, MiRIH T 2 xRt 5,
T T R A BN, T Wy AT SR RE S FI H
GPU #HATINIE, Wbk 7 B M- HsE =R, 178
FIFH CPU HyH k5 RI-CCSD i, M(H0) =
(H20)o, BIAKTFRMER 2~2.5 FHHE, (H0)10i53) 3
FEIRE, SHERISIRE G2 N, XRIAR TR ER
DF-CCSD B RE 4% 7873 F) A FR 1 LS 1 B0

(T)EBA T R HIR I NN, FRATTER S PP
TACILAE(T)ER 5, A GPU 45 & sk FE RO AT 5
BIERCR. 56 7 ZIREE 8 %1137 8 GPU Al CPU i
AT(T)TH AT RE SR i 18], ARG5S AR TR R H0
RRE RIS [a], 55 P9 8 & RN C 1 HL0
FERITHSETE], %5 9418 GPU 5 CPU ALK T EL. M
HFETLUE H GPU TE(T)H 20 s A il s R 4k o 2 3,
TEVFEAE RN H0 BIRRR, X T8 4~8 K
S FRIRE, ATHEE 20 £5 0L b, WX 9~10 AN K
MR, HRE S A2 18 AT 16 1%, XA M THEILR
HI3E R, EFAT(T)THER, 25| A 2K CPU Ml GPU
Z B e, IR GPU MIIRERCR. 5
Ah, KT =KD FIREMENIR R, THERELCN 8
¥, X BT RAEE ANRBHE, GPU I WAFEFE 4
BB 2T RE—E IR, 80T F R AR PR

MEE 7 FIRISE R AT LR S|, FIFH GPU HHAT(T)IHE
B, X (H20)s~ (H20)7, I FH 25 18] X FR 14 AT DURE
THECHR ST 2~3 1%, WX T (H20)s~(H20) 10, AT
FRUETT DL S 3R T 3~4 1%, % —J51H, M8 %)
g1, FIH CPU AT (TSI, A B X RR I ()
PEEMRIEARLE 3 FAA. EiHHFMH0); B, LitH
CPU i&&H GPU, F SRR S8 B 32 T 370
T2 %, KRB TR, HEEAARE R TS
;BT S, NEREH CPU i GPU {HHIX /1
B, R FH 22 (AL FR A 35 ] LLORE(T) 8 3 0 v S FE 4 5 3
A,

BATBEFI XS FE 454 CPU T T CCSD(T)H:
RAETHE, CCSD M(T)HTHE I [l 43 M BIE S 5 91556
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% 2 DF-CCSD(T)Z3 5 R FH 8RS i Bl 00K $07E CPU Bk GPU _E#E(T (H,0), BIFE 8 At S SRR, b5 oS C SRR 155

FEIT, FE5 A A IR B T ORI (B A7 s)

Table 2 Wall-time for DF-CCSD and DF-CCSD(T) calculations on CPU and GPU with single-precision (SP) and double-precision (DP). Data inside
brackets is the computation time with C; spatial symmetry and data outside brackets is the computation time without spatial symmetry (unit: s)

Wall-time of a single RI-CCSD iteration

Wall-time of (T) correction calculation

sp sp sp DP sp sp sp DP

n Numberofbasis GPUTime CPU Time (CHIZ EE‘;‘]Z CPU Time GPUTime  CPU Time (CHIZ EE‘;‘]Z CPU Time
314 09(04)  546(224) 607(5.6) 124(52) 28(1.8) 22,4 (13.9) 8 (7.7) 40 33)

4 3114 177093)  571(664)  37.2(19.0) 14 (6.7) 336 (105) 24(157)  672(244)

s 290 78(T)  50.9(246) 6.53(6.65  106(52.1) 62 (23) 1514 (492) 244(214) 2698 (1035)

6 348 18(8) 129(58)  7.17(725) 243 (122) 189 (69) 4866 (1555) 25.7(22.5) 8476 (3174)

7 406 35(14) 283(111)  8.09(7.93) 523 (226) 542(179)  12588(4359)  23.2(244) 22312 (8399)

8 464 66 (28) 5082200 7.7(7.86) 1012 (436) 1514 (445) 31404 (11527)  20.7(25.9) 53604 (19188)
9 s 131(44)  913(389)  697(8.84) 1815 (774) 3601 (898) 65888 (22203)  18.3(24.7) 113226 (40485)
10 580 520(81) 1768 (656) 3.34(8.1)  (1626) 7608 (2313) 119307 (46606)  15.7(202)  (84115)

R 3 AEEMIRMERI(H0)9 5 (H20)10 ZKFIFE IR CCSD AL H,
P 1 REFPHESR B P LA A2 BT PN T (A 5)

Table 3 Wall-time of each step defined in Figure 1 in a single CCSD
iteration for (H,O)y and (H,0),, without spatial symmetry (unit: s)

(H20)s (H20)10

GPU CPU GPU CPU
1) Initio 15.6 15.3 233.7 235
2)N° 60 53.6 84.5 87.1
3) Iabci 3.5 22 7 37.6
4) Iabed 37.7 623 66 1050
5) Wmbej 10.79 169.9 320.2 319.2
6) left 2.5 18.9 3.5 30

9 F| . K EE 2y SR FH OURE 52 HOFN SRS FE AR CPU 15
FEISRT LA B, 0T [R]— 43, 58 H 00 B 5 H A
B 24 9 458 FH BRSPS 20 2 5.

MK BRI SRS T DUE 2, R SRR s &
GPU #H{T CCSD(T)H T AETHE T, AH LRI A XU 44
44 CPU T H, 78 CCSD #4), ATLAE 2] 13~16
RERFEE AR, TE(T)E 7, AT LLAE] 40~50 f5104e
KR, TR FE R R R AT DL AN T, S5 TExE
PR R ML, XF Cox R R, R X FRPE AT B
KT ORI T 2~3 1. B RA = RN, SR
E S NI ITE
4.3 B¥E DF-CCSD(T)itEREL AR NEE

fEIX — 4y, RATH A CCSD(T), H ks B
DF-CCSD(T), CCSD(T)-F12a Al DLPNO-CCSD(T)it%
7 Minnesota #IEEFHT 7 NMREAEYH R BLGE
(HC7), BT K ALE Y LR 45 K4 3515k B 12 50805 2 24,
CCSD(T)-F12a 77 ¥ # H  Molpro® # 17 i 5 ,
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DLPNO-CCSD(T) #] i ORCAPS ik 47 i+ 5, 7 F]
DLPNO-CCSD(T)#EAT 4581}, 18] ORCA BRIl AT
BIE, HEERHAER 4 . HE RPN
ce-pVnZUVR B FLLH DL SO R ce-pVnZ-jkfit 2004 B ik
H. BFR AP RPN~ (5), FEAEH ce-pVTZ ILALIN,
CCSD(T) ! DF-CCSD(T) 1t 5 3 2| 1) e B, BE 22 71l /N T
0.4 kJ/mol. XT RM(6)FIRIL(T), RIMEEZM/NT 1.2
kJ/mol. Tif# M cc-pVTZ Z4LH DLPNO-CCSD(T)HT1%
R RfEE CCSD(T)4 3 % i £ 3.3 kJ/mol.

KRR I, H Y CCSD(T)AE LA IX d
RRMBEE. A TG TR TE KEEAH 5 DF AL iR 2,
A5 BRI FH MP2 F1 DE-MP2 458 ce-pV5Z Re4H DL K
ce-pVSZ-jkfit 4 B HE AT T RBi(4) ~ (7)) [ SLRE, 45
RERZFHZMEZENL/NT 0.5 kI/mol. iX i3 B 7E
ce-pVSZ FEAF, DF I AbA B RERI 2 AR SR B ). 3K,
1R cc-pVQZ LI, DF-CCSD(T) 15 [ b it 5
DLPNO-CCSD(T) &5 R KZEMILF] T 8 ki/mol. Z
AU RIEFR CCSD(T)-F12a 454 cc-pVDZ #:4H, w5
FIHM CCSD(TZ L ce-pVQZ KT ARSI, SRTT %
R R, KA ce-pVDZ FE411¥) CCSD(T)-F12a fifs
NOfE S5 R M ce-pVQZ ) DE-CCSD(T) BL A%
DLPNO-CCSD(T) ) &5 S8 Ak B & M 2= 80, &okn]
15 70 kJ/mol. IGHTSCHERSE R ER, R cc-pVDZ 4
#] CCSD(T)-F12a %f — 6k R AFE AR 2150,

KA cc-pVSZ FEAR, HTATREMAERS R, &
i1 FF R 1) DF-CCSD(T) 27 A e FH T 1H 5 I B (4) ~
(7). fEHFL N, DF-CCSD(T)5 DLPNO-CCSD(T)f)it
A WA ZE B RN 5 kI/mol.

S RIEFR CCSD(T)-F12a 454 cc-pVTZ FE4H n] LA
BBR ce-pV5Z FEALN) CCSD(T)HSHRE . SRTMXT EL
R 4 PB4~ (7)WL RERHRE, TTLLE FR A
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x4

£ Minnesota 24 1 73 F 45 (HCT), FIHARBIEEAS CC 5kt 545 2 ik S0 &9 1 SR BE (B2 kI/mol)

Table 4 Hydrocarbon reaction energies calculated with different basis sets and CC method based on the molecular structure of Minnesota database (HC7)

(unit: kJ/mol)

cc-pVTZ  cc-pVTZ  cc-pVTZ  cc-pVQZ  cc-pVQZ  cc-pVDZ cc-pV5Z cc-pV5Z cc-pVTZ

Reaction CCSD(T) DF- DLPNO-  DF- DLPNO-  CCSD(T)- DF- DLPNO-  CCSD(T)- Ref.“
CCSD(T) CCSD(T) CCSD(T) CCSD(T) Fl2a CCSD(T) CCSD(T) Fl2a

(1) Ex,—E; 56.028 55.823 56.551 53.145 57.618 85.713 59.865 66.35 59.999
(2) Esi—~E; 94.847 94.508 94.583 86.768 95.42 133.955 97.345 107.106 104.684
(3) (CH3);CC(CH3);—~CsH; g 8.694 8.715 6.904 7.736 6.464 9.301 6.209 8.556 7.95
(4) CeH,4+4CH4—5C,H, 35.204 35.179 33.359 36.53 34.623 35.539 38.777 35.585 35.514 41.045
(5) CsH,5+6CH4—7C,Hs 53.099 53.057 49.773 55.078 51.953 53.321 58.501 53.597 53.48 62.091
(6) adamantane—~3C,H4+2C,H, 819.855 818.754 817.298 821.675 820.608 890.255 822.089 825.968 840.009 811.654
(7) bicyclo_octane—~3C,H4+C,H,  530.996 530.251 527.661 532.824 530.464 581.706 531.841 535.088 547.024 532.288

4 Reference 23.

cc-pVTZ F: 4 () CCSD(T)-F12a 15 3| ) ]z I fit 5
DF-CCSD(T) v 5545 2 2 8] 5 K AHZE 18 kI/mol.

EAERMNZ, W CHis %9 TR &R, fE14£H
ce-pV5Z AN, BEAREEREEH 2k 1700, (HEHT
WREAH C MR, ffHBKE LS GPU BT
DF-CCSD(T) i+ AL F AL 40 h.

7E DF-CCSD(T) i3+, X F R Bi(4)~(7), ce-pV5SZ
Y5 co-pVTZ 132012 B RE 2 0] 22 B B KN ROB(S), F
ZERON 5.5 kl/mol. HAth B gE 2 (8] ZE BRI /NTF S
kJ/mol. DLPNO-CCSD(T)it%5H1, cc-pVTZ 5 cc-pV5Z
TR TR I S Re K ZE FE YT 10 kJ/mol. X 358
W FiZ R R R, FIF ce-pVTZ F 4B ] & H ik
FHRAAVER. 55— FI%AE N Minnesota ¥4 PE42 {1t
Z%1E, %SHEAH cc-pVDZ FEMHMATIHE, AT
VA TSR B L 2% 508 T m e
4.4 EA¥EE DF-CCSD(T)EHESBAEE FRIRM

BAT B A CCSD(T). DF-CCSD(T).
DLPNO-CCSD(T)5 CCSD(T)-F12a 5 T £k 454

—&— aug-pVTZ
—e— aug-pvVQzZ

—A— aug-pVTZ-DF 20 -

CO, —Rikm#Aaem, HHETEFTEHELN
aug-cc-pVnZITR B LA VL 2 aug-cc-pVnZ-jkfitl2O4 B
H. FrRARETEERERE 3 . EL A RE 2T,
DA FE AT T IHE SR CO, B AREENS HE
ML HT COy R MM HARF#TS, Xt # gk

MR T R m M R E. R aug-ce-pVTZ
aug-cc-pVQZ HAMATIHHEE, WE 3(a)Finm
CCSD(T)E R4 BENT 5 DF-CCSD(T)4h & Bk FE 415
BRI LT E A, FILHRE DF-CCSD(T)X}
FRETH L R AT SR, R 3(b)Hh, FRAIATEL T
CCSD(T)-F12a 5 DF-CCSD(T)Fr3 # &1, MIE 3(b)AT
PIf3 3, CCSD(T)-F12a 454 aug-cc-pVTZ F4H 13 21 (134
fETH 5 DF-CCSD(T)45 & aug-ce-pVSZ FELH1S FIf 45 1
FHAE, 2P A, KM aug-cc-pVDZ 1)
CCSD(T)-F12a Fif3#4 e 5K aug-cc-pVQZ 1)
DF-CCSD(T)Z5 SR b4z, (HEP CO, Z W] (3R BS 4%
TR, XA IR RA RN ZEE. 1TEE 3o, &
XL TR aug-cc-pVTZ ) CCSD(T)-Fl12a #ifg

40
—&—aug-pVDZ-F12A —— ::g.gz;f;:: 2A
—e—aug-pVTZ-F12A —e— aug-| 3
—A— aug-pVQZ-DF 20l —A— aug-pV5Z-DLPNO
—v—aug-pV5Z-DF

Energy/cm*!
o

& —v— aug-pVQZ-DF -
£ S0r —o— aug-pV5Z-DF s
L S of
S, 2
D 0 3
e
[ @
t= c 20+
w -50 w
100 | 40k
0.50 0.55 0.60 0.65 0.70 0.50 0.55
R/nm
a

B3 ik co, “RiEmARET

Figure 3 Potential energy surface of linear CO, dimer
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PL K K A aug-cc-pVSZ [#) DF-CCSD(T) A1 DLPNO-
CCSD(T)# geThi. m] L& #|, DLPNO-CCSD(T)fE it 5
CO,-CO, XA HE R BN AR, ARefF 2D
(RIFRETEI T 2R, T DF-CCSD(T)5 CCSD(T)-Fl2a 4
REI AR V) A B S, X B DF-CCSD(T) 5
CCSD(T)X} 4 BE I (1) T35 45 SR 350 /2 nT FE 1.

W H SR, CCSD(T)-F12 J7 ¥ it & & ug KT
CCSD(T), 1fi DLPNO-CCSD(T)J732:H KM T Rt
LA, BT R E BN T CCSD(T). {HJ& 5% /1%
THELRCRAH T BT FH B JE 41 . A4 3 K/ DA R B g sz
WA ETHE CO, RIS RETHINT, FoA15 HIFIH T
Molpro, ORCA F PySCF £5-&3RATH AT K f& ARSI fe
7 CCSD(T)-F12a, DLPNO-CCSD(T), DE-CCSD(T)it 4.
HTFKH 7 ARRRER, M H CCSD(T)-Fl2a 158 i 3
P %5 DF-CCSD(T)LL K DLPNO-CCSD(T) 5 i
(10355 R B ASAH R, DR v B i) 3t DA 56 4 S B 34 7
TR AR, X BIRATTES &N IR T ST, AR
it £ % CCSD(T)-Fl12a/aug-cc-pVTZ i+, FIH T
Doy XFRYESS, CC #B7r it HFEM v 285 s; DLPNO-
CCSD(T)/aug-cc-pV5Z 5 H, AREFIH 25 [ X Fr ik,
H CC #riHEAE A 1018 s, 1M 3L T Bk FEH/E GPU
E#E4T DF-CCSD(T)/aug-cc-pV5Z &, FIFHT Dy
AR, CC # o THEFER Y 370 s.

5 g

ATAEH, FATRIE T AR GPU 456 Bk 4
HEHATIZ S DF-CCSD(T) VA AZSF, 0T LAFI A 23 [a) %
PRYERRICTHE &, IR mib AR, (TESRER, 1E
DF-CCSD(T) i+ 5 i #E b, Bk L BT 51 AT SR 22
Al DL A WS A1t . £ DF-CCSD(T) it H ik f2 o, %+
CCSD, #|H RTX3090 & 45 & ¥k FF $ b fi
19-10900k CPU 45& XURE FEEURT 345 14 £5 /e A g i
B, LRI, WA LASRAS 40 55 72 4 s sUR. %
FEFI GPU TS R xof 23 ()6 AR M 1 S R R B R 4T,
1E Hbrfk REA — @RI RTHE T, S&n LN AT
FEREEHIE 1700 AR,

TETHE — e S A& Y I )R B RERT, DF-CCSD(T)
5 DLPNO-CCSD(T)FIiH5 &5 R R M Z 50, 1R
cc-pVDZ K41 7 CCSD(T)-F12a %f — etk 2 NI i k2
FE. fETHE CO, — Rk % R B, DF-CCSD(T) 5
CCSD(T)-F12a ¥ u] UL 13 2| 6 I8 (0 % 6 T, 1
DLPNO-CCSD(T) A~ 66 15 2| . M ol 13, MK T
CCSD(T)-F12a Al DLPNO-CCSD(T)ifi &, DF-CCSD(T)
TERGIR S A R, RO A&,

A TARIE KR JE T AT GPU 8k CPU 454 HUks 5
BRURE 55 B0 AT 2 43 18] 6 FR Ak ()66 B4V AR D, )
FH AR e ] DU 25 PR S AR & AR P OE L. 725
WITTAErR, FRAVEIE T 20D 2, 33— 5 FF K T F ] B
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¥ 45 A 28 GPU #4718 ST 58 )2 DF-CC 514,
fEMTRE AL LT DL K I T EOM-CC MUk Be i H AR
F.
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