48 4 52 0]
2021 4F

JEEAE TR 2R (A ARBR2RR)
Journal of Beijing University of Chemical Technology ( Natural Science) 2021

Vol. 48, No.2

SIRMESK PR, e, 20k 4. CO, B fe CH, ARG WEAR T I A T AE I H DET BT ()], Jbatfb TR %4

( ARBIEIR) ,2021,48(2) .31 - 40.

CHEN Hao, YAN KeFeng, LI XiaoSen, et al. A DFT study of the interaction between host and guest molecules in the re-
placement of CH, in natural gas hydrate by CO,[J]. Journal of Beijing University of Chemical Technology ( Natural Sci-

(1. P BB TNBERBETE AT, T M

ence) , 2021,48(2) ;31 - 40.

CO, E# CH, KEWMFARHPE FEE 59 FId
£ By DFT #f32

% }%1,2,3,4,5 gﬁiml,LSA,S* §,J\%§1,2,3,4,5 Eiﬁé)?]Fﬂl‘z‘z”“‘S 5'{': ;5[31,2,3,4,5 %__}%‘W,Jl,z,z,zt,s
7 5106405 3. FEELERE M KIRSOKEWIIFE L, T 51064054, ) Z- 48 BT BE IR AT 524 B

TIPS & 5 A E S S0, M 5106405, P EFRMERE RS, JE5 100049)

W E RRSUKEYRBIE SRR, FZE Co, B CH, KAWHEARMBIF I KRS A W 5 IR IR A >
RIRORHFC R A S, b B L AR CO, Bt CH, /KEWHOR I SCHE R B, X 32T B BOR A
FEAEH . TR B AL A B, R T 7727 (QM) JriEit K G 3 B AU 1 3R U ] B AR A
FEBEl, M A [] 4 % 237 bR S ( DFT) J5 3608 U001 SR AR A 25K S B BEREA T35 0 #0778 X CO, B4 CH, UK
B FEAIRFIE T AR QM 7k R AT LT ZE R LA RS i BETH R M BRI TH B S 8, SRR BR P DE e 134 3
W (SAPT) FEATRERL 0T , AT 32 B0 MCRE EL AT vh 4 203 B9 ST, 08 5 1530 D R 8015 JRL 2 A 24 1 3 B8 66 B2 R K
(RDG) MHSABEERERL (IGM) At 3, 5 ) BF 50 = % (A 7 ) o 2 O EL AR T BSR4 1R o, B ffe
CH, /K&t feh £ 20181 A9 VE 3 2 e i A VR Sk, G RBORNE S o U/ s 7 B R v, A7)
Tt CH, $8748 5 CO, WG BRI s , i b A s n s, PR, e P A DR S i e 9SG B, B2 5 H,0
LA TR SR T B ORIk . TR R CO, Eff CH, K-S PIHAR K R RS AL T ISR &,

REHE: RARKEY; CO, Bife CH, KEW iR, T J12F; XFFRMEIC I B (SAPT) 5 %12 pR FELIE

510040 2. HEBLEBE JTMBEERB ST hEBFEBER A UKW E AR E,

(DFT)
FE %S TE3L

FIRZKEWILL CH, .G, H, .CO, SRS F
RE L H,0 41 ok R AR & R R I LY
—Fh R SR L G, Horp AR5 L S A 3%
I AR AL, B AR 7 L, KRR
SOKE W) RSE R T EALHE T RL(ST) (11 K (SIT)

Wk H A . 2020-10-19

HETH . ERARPFEESTSTE (51736009) ;) RA
R R LR & B REAT KIBH®) (BARES
[2018]002 5/ H 4R ¥T5[2020]044 )

FB—AEH . B 1996 F4  fi+-4:

*EEPRARAN

E-mail; yankf@ ms. giec. ac. cn

DOI:; 10. 13543/j. bhxbzr. 2021. 02. 005

FIHZI(SH) o T RUKEYIEHRZ 2 4> 57 /LT
6 4~ 526> KAL/CURIE 46 4 H,0 7> TIE B
SETT AR 5 T R K 5 W) i MR T 57 5 45, 4%
136 4~ H,0 43, H1 8 1~ 56  RALICUFI 16 4~ 5" /)
FLICHUN H RS Al R T B4 2 D7 454, 6055
34 A~ H,0 70 1, i A 3 BlNE B LT, B3 A
524702 A 4°5% FLXFT 1 A 526 fLoX, fEA A
TP RIRFK G F LD ST ARG AR, % 157
TEZN CH,, T HRAMER PER JCi 5
P, RIRFUKBWAE N 21 28 i —FloBrse R, I
TERAMFFERT T T 5 J5 L RE IR 1 T e R e HAT FE
X HEE, KRR FUK S PR IR IT ik A P
5 BERIE A R i AT R —E R
B, DR PRI I B4 | LRGHT BT Rk it &
JERIR UK EYIFREARBIFE G, CO, HHIT



.32 AEEA TRAE2AR (A ARERR)

2021 4F

RIKE W IR — R B IE R TEMOK G )
HE R R SRR RIS A €O, M AE BR €O, /K
B, LI EAETE R KA W B R Y R AT i
CO, , A7 3 b ok 2 e HE i, W AR IR 2= 80 o )
I, CO, ZKEWIHIIE R A 27 1k K& W o ik 51 &
ML TR, [RIE, CO, B IR RIR K G W
RPNy 21T FH T 7K G W IF RN iR BA
FRB T 1 B —Fh B

SEEAIEE TR A CO, B R IR K
YT CH ZATATI Y W12 B, CO, K
GYMR R SR 2E L CH, KA Wik & 17 fi
SRRSO B i A, SR E R 250 K B
CO, Bl CH, /KAWL B A5 307 1 AR AG 26
(A, XS B & A RIETIY . Yuan 555
A =HE RN g % CO, B4 CH, K& Yt A
FIZAHATHISE, K B BAT W B K & WA 2 1
G EBIFR, X CO, B4 CH, /KEG Wi FE i O
SIAT AN Sy I e R B 4 32 R AR TE K S WA
H1lo7 co, KEWH CH, KEYFRBFELETKED
Hh, B B AR CH, KEWIRImET  HH50
WF5E B CH, K&Wh A 526" iy CH, #'&
o, LB e BOREAR™ S S B B R ROR IR
PR B AL N CO, B CH, KA WHEHR
WESERE R, EAIT, 2200 S 36 O I 38 1) 0T 5
g ARAT B e R R 2 A Bl g 2R (HIE AN 2
DU R B AL THR MU TE RO R EE 457
AR — R RO 2, AR, WA A1 o
F3l 11 % ( molecular dynamics, MD ) # $ F F i} 5%
CO, B CH, /RS Yid fE iy B AL, B4 SR 3
B, B R T LA R 3 AR A TR B
BT 9805 CH, 7r Tl B 1, R €O, 7 F ik A
ZSREIT IR I T E S, Liu 1R MD B
R EH B CH, 7 TR M0 i R rp i
A IEE 0 H. CO, 7 T IAFTERERS (21l CH, 73
TIERAGH, By 1k CH, B8 A BUK-& 9, N7
JEEAR T CO, R EHHLIE, MD BLlRE 4>+ RE
AT E s AR, | F I ( quantum mechan-
ics , QM) AALLIN B M 1~ RUEE 38 3t ALK 55 (AD ini-
tio calculation) LA K % J& 7 pR P2 ( density function-
al theory , DFT) [ J7 X1 /KA W) % AK 43+ 0] (1 L
TR HEAT 43 BT, Ak )% T A R A AL R
Geng 25" FI FH MD £ 4#LF1 QM KLHIXT CH, | CO,

LA e CH, - CO, /K& W RS PEIEAT Y 52, L
TR RYAR 5] 73 A1 pRR 207 2 # AR B K
it RS BT Lo, K 3L CH, -CO, iR
HREY MR E M om , AR5 Ota S 1y 58
B E5 RN —E, Lin %R K 5 24 Co,
IS CH, SRS IE T 2S5 e 21k AT 2
FrEEAT IR, KL CO, difl 576° BAEHR 1% |
AR I

1 EIRBESE R, K S h 3 B RS RE
YR E e R A R, S IR AL IR CO,
B4R CH, /KE W FERY AT, A SCR AT DFT J7 kX
RGP EE BRI T RAR Z 18] AR B AR AT
L, 380 2 X6 PR P D E S 32 ( symmetry adapted
perturbation theory, SAPT) #47RER /34T, il AT & %
PRAHEAE P b e (OB 5 IS0 4 B EAE ]
# AR BT, [R5 T R EUE B A T 2k
S EAEE PR (reduced density gradient, RDG) | i
S BREEARAY (independent gradient model , IGM ) |
PEESH, BT F BRXK G W5 TR Mo e
VEFHDILERL, SR T8 J2 0 it ) o ML B A B AR A

1 BARITEF *®

AR DET JriEstk &Y £ Bk T8
4 B H,0-H,0 .H,0-CH, .H,0-CO, X/> T &k
HEATORSE EEXTEATT R LT 2548 A B R F e i A
HAER A TR, BELE A LR
Mo FRAK B T AL 0, SR 5 T35 e, R =X
(D) TR R AR H BAE AR,

AE, ,=E,.-E -E, (1)
K AE,_ FoR WU FRAIK T 7 Z B A BAEH
A8, a.b MR BRI 5 B, B BRI G
REt £, FN E, 50 B3R W F BR800 T 10 BE
i, FRILEEA AL S RE T AR AE Gaussianl6 F2/7
C.01 JAM FilfT,

TEAE 0 i 45 89 40k L Z By Mgller — Plesset
(MP2) 1E 6-311 + G (2d,2p) FE4l R AR AL 2544 i &5
FREME 2 BIEK G QM R AL 25 rh g
KRG HER—FI O 3L AR R TR R R
HUS AT B b i R R 75 B
HEIS T IR TR T BRI i 4. Bk,
AR Hd B Grimme 9 DFT-D3 ( B)) 8805k
IEAY B3LYP iZ 8K ( B3LYP-D3) DFT-D3 {55 iE
MO062X ¥Z i) (M062X -D3) L 2 HA DFT-D2 4,



2 B SF. CO, B CH, AKREWIHA D T BRI TEAEHI DFT fF5¢ 33

BFFIE 9 WB97XD 1 BO7D!™ 37 pR1E 6-311 +
G(2d,2p) FE AT LA ZEA AL I T AR
TR BN, 76 &b CCSD(T)/aug - CC —pVTZ
KR S A7 80 05 B8 T 58, I Boys 51 1
counterpoise ( CP) $ AR #F 47 Kk 2H & fin 15 22 19 % 1E
(BSSE) ., H1T aug—CC-pVTZ K45 CP HriFE—ilt
I, R % 50% 1Y BSSE B iE 2 It F A1
1E CCSD(T)/aug —CC —pVTZ /K R iH5 M 5 AE
RERHEE By = B, +0.5 X Epegp o
ARCE YR B B SAPT St K-S & %
TRBL I3 TARHAT R L 73 il , PEAG X5+ R AR A
FERI R 15 M sS4 FhoRH BV A X
FARHH B AE Y STk, DA SR ) e i B A i R
FMEAEH I, A SAPT B AE PSI4 2
Fe 2 AT R AE LA Ab IS A 25 A ) 3 il
B A Multiwho B2 7 R D R BUE B, aEad
RDG 4347 ( 5 FR 24 non-covalent interaction, NCI 43
Br) AT 55 A0 AR R A eT R e B 5. R A
TGM > Xof 55 A0 LA FH B 58k B2 R A7 0 A, i ot
P BAGE AR FHAE CO, B CH, /K& Wit 2
s 7 =K
2 ZREiH
2.1 E . EBEWUHTFREESHEAMMEEIERS
KGN SR SEH 2 R TR T
R R AL, Ho EAR 5 R AR ]
WA EAE T 8 1 A E M, 7E CO, B4 CH,
KEWER D KEGWIEF I EME H,0 40 F KK
CH, /T FIE i CO, FF Z [8] A0 B 4E FH 52 i
FEA B R, ASCRAARIZ RTE6-311 +
G(2d,2p) 4 T #EAT A LA, SR )5 R CCSD
(T)/aug-CC—-pVTZ K HEABEAEFHRE, B
{64538 H,0-H,0 H,0-CH, H,0-CO, /T
IR ILFY RS A 1 B, U1 S PR AR AR FH R
RS RmE L fian, NELPATUER, &
B3LYP-D3 iZ s A4k J5 113545 3] i XU T B AR 1Y
REHAH HL T MO62X — D3, WB97XD ,B97D iX 3 Mz
PRI TE 25 R, B E 0 56k MP2 pRB T 45
H LB B3LYP - D3 ¥z pR W 3G & H T H,0 -
H,0 .H,0-CH, H,0-CO, Z MM E/EH, BT
FEE MP2 PRBCH A B Tl A K P TR fE B3LYP -
D3/6-311 + G(2d,2p) /KF F {7 CO, B CH, /K
SR LIRS ALY R fa

e - J,
A 2 " "
¢ E :

(a) H,0-1,0 (b) H,0-CH, (c) H,0-CO,

K1 W TR Ei iy

Fig.1 Optimized structures of dimers

#1 H,0-H,0.H,0-CH, .H,0-CO, W4FEik
HEAEfE
Table 1 Interaction energies of H,0-H,0, H,0-CH,,
H,0-CO, dimers

sz e oo S/
(K-mol ') (kJemol™')  (kJemol~!)
B3LYP-D3 -21.05 -4.06 -12.18
M062X -D3 -20.93 -3.85 -11.89
WB97XD -20.89 -4.06 -12.10
B97D -20. 85 -4.56 -10.93
MP2 -21.14 -4.65 -12. 14

16 B3LYP-D3/6-311 + G(2d,2p) /KF F #47
(1) 3 AR5 AR G5 7 P Ak i B Ak L 53 ) R
B3LYP .B3LYP-D3 M062X ,M062X - D3 . WB97XD .
B97D \MP2 “5)7¥EAE 6-311 + G(2d,2p) F4H F kAT
Mo+ REMBEAE R IHA, IF 5 CCSD(T)/
aug —CC—pVTZ KV T T HE S5 RBEATRE L, an sk 2
Fime MF 2 AT LLFE H #H b T HAh 31 55 K7,
M062X/6-311 + G (2d,2p) /K- FiHE RS89 4rF
(B A EAEFHBES CCSD(T)/aug - CC -pVTZ /KFF
TS SR B0, FR W1 T3R0S B A A U7 VA 1Y
FE . CCSD(T)/aug — CC - pVTZ /KF E 5 T3t
BN F LR TR PR RTS8 R R AE

£2  ARITHEIKCE T 005 F R A BAE I RE
Table 2  Interaction energies of dimers for different

calculation levels

AEy0_1,07 AEHZO—CH4/ AEHZ()fCOZ/

Tz R HH
(kJ-mol =") (kJ-mol ~") (kJ-mol ")
CCSD(T) aug—CC-pVTZ -21.05 -4.06 -12.18
B3LYP -19.25 -0.96 -7.24
B3LYP-D3(BJ) -21.98 -4.23 -11.30
M062X 6-311 + -21.72 -4.06 -13.86
M062X-D3 G(2d,2p) -21.81 -4.23 -13.98
WB97XD -21.56 -4.06 -9.96
B97D -18.54 -5.48 -7.16
MP2 —-18. 84 -2.93 -9.29
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Table 3 Interaction energies of dimers for different SAPT calculation levels

HE oy B il AEy0-ny0/ (KIrmol ™) AEy,q ¢,/ (KJsmol ') AEy o,/ (kJ-mol™")
CCSD aug—CC-pVTZ -21.05 -4.06 -12.18
SAPT2 -17.83 -2.60 -10. 51
SAPT2 + -19.51 -3.18 -11.43
SAPT2 + 8MP2 -20.18 -3.26 -10.76
SAPT2 + (CCD) 3MP2 -20.05 -3.26 -10. 46
SAPT2 + (CCD) -19.38 -3.14 -11.18
SAPT2 + (3) g CCopADZ -18.59 -2.89 ~11.85
SAPT2 +3 -19.05 -3.10 -12.06
SAPT2 +33MP2 -19.30 -2.97 -11.18
SAPT2 +3(CCD) -18.96 -3.06 -11.76
SAPT2 +3(CCD) aMP2 -19.21 -2.97 —-10. 88
SAPTO -23.44 -3.60 -15. 66
SAPT2 jun—-CC-pVTZ -19.30 -3.35 -11.09
SAPT2 + -20.89 -3.89 -12.01
SAPTO -23.90 -4.02 —-16.41
SAPT2 aug-CC-pVTZ -19.72 -3.77 -11.76
SAPT2 + -21.56 -4.48 -12.93

F# 4 SAPT2 +/aug-CC-pVDZ 7KF F it X4 F
R EAE AR B4y

Table 4 The physical components of the interaction energy of
the dimers calculated at the SAPT2 +/aug - CC -
pVDZ level

B/ (kI +mol 1)
Yoy
H,0-H,0 H,0-CH, H,0-CO,

E oy -35.66 -3.77 -16.95
Eeen 35.79 6.74 16.79

Ei -10.84 -1.97 -3.14

E g -9.00 -4.73 -8.46

E

€= (Ee]sl +Ei1:d +E,, ) x100% (2)

HhE RRE, E, 8 E, . SAPT fij £ 145 H1 5.
AEHIRE A 5 14 H B STk 73 BCan 181 2 B, MR
AILUE 7 H,0 - H,0 R # i EH SN
64. 25% , BRI 511 ] 32 202 f e sl AE F B R 9, i
W A E B2 ma AN, & A 5o 19, 53%
M116.21% , 1F H,0-CH, BIRHHE AR 5N
36.00% KT HUME H B 45.20% , B 5176 FH &
BLJE M EBOE SR 0, S S AE A AR
18. 80% , % B H W 51 /E 2 ma 48/, 7E H,0 - CO,

RR B A S R 29. 62% , LT H,0-CH,
RO 0 B DT AR T % 15, 58% , #R AR A Lk
4 '59.38% , % H,0-CH, BN 23.38% , Hilt
R F b Bt AR EAE FHBERY S I, e,
YERA Bobtass iy IR 90 N R, BN s A
& S A EAE FHBER/NBUE L, ORUVE L & L S
FHEAEFHRER /DR L, B, AT DL B & 44 437
CO, F1 CH, 5 FE4& H,0 5315 I s i v F0 €2 HOR
HAEF N Y 22 5 S 8T IR EIR S TR SOK &)
SR RE R 2251

Oreass
col B
OFs
< 50r =Rk 45.20
& 401 36.00 =
?é sol — 29.62
= =
20} BRI ) BssE
é _% = 1.0
10 =
0 , =0
H,0-H,0 H,0-CH, H,0-CO,
War¥ Bk

K2 SAPT fifA: i A AH AR F XA S L/ STk 20 K
Fig.2 The contribution percentage of each interaction

derived from SAPT to the total attraction
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energies, and energy components of symmetry-adapted

A DFT study of the interaction between host and guest molecules in the
replacement of CH, in natural gas hydrate by CO,

CHEN Hao'***”  YAN KeFenglym"“S* LI XiaoSen'*?*° CHEN ZhaoYan‘gl'm‘“’5
ZHANG Yu'??*** XU ChunGang'***?

(1. Guangzhou Institute of Energy Conversion, Chinese Academy of Sciences, Guangzhou 510640 ; 2. Key Laboratory of Gas Hydrate, Guangzhou
Institute of Energy Conversion, Chinese Academy of Sciences, Guangzhou 510640 ; 3. Guangzhou Center for Gas Hydrate Research, Chinese
Academy of Sciences, Guangzhou 510640 ; 4. Guangdong Provincial Key Laboratory of New and Renewable Energy Research and
Development, Guangzhou 510640 ; 5. University of Chinese Academy of Sciences, Beijing 100049, China)

Abstract; Natural gas hydrate is a new type of clean energy. Studies of the replacement of CH, in natural gas hy-
drate by CO, have profound significance for both the exploitation of natural gas hydrate resources and the reduction
of global carbon emissions. The micro-mechanism is a key issue in the replacement technology, and plays an impor-
tant role in maximizing replacement efficiency. In this work, quantum mechanics (QM) methods have been used to
simulate the interaction between host and guest dimers in hydrates to elaborate the replacement mechanism. By
comparing the geometry and single point energy results calculated using different density functional theories
(DFT), the optimal structure and calculated energy parameters for the process of the replacement of CH, by CO,
were obtained. Decomposition energies were calculated by symmetry adapted perturbation theory (SAPT) in order
to analyze the contribution of each molecule to the interaction between host and guest species in the hydrate. The
reduced density gradient function (RDG) , independent gradient model (IGM) , and electrostatic potential results
were obtained by analysis of wavefunction information in order to probe the key interactions between host and guest.
The results showed that the interaction between the host and guest molecules during the replacement of CH, by CO,
is mainly provided by electrostatic interaction, with only minor contributions from dispersion and induction effects.
In the replacement process, the influence of dispersion effects was reduced when the guest molecule was changed
from CH, to CO,, and the electrostatic interaction was enhanced. The results indicated that electrostatic interaction
is the major factor controlling the replacement of CH, by CO,, and the increased electrostatic interaction between
CO, and H, O enhances the replacement efficiency. This study can provide theoretical guidance for the development
of the necessary technology for the replacement of CH, in natural gas hydrates by CO,.

Key words: natural gas hydrate; CH, hydrate replacement process by CO,; quantum mechanics; symmetry adap-

ted perturbation theory ( SAPT) ; density functional theory ( DFT)

(WAL 4. X 773



