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Supercritical CO;

Wang Muhan (Material Science and Engineering)

Directed by Prof. Zhang Jun

Abstract

The technology of supercritical carbon dioxide (scCO») fracturing has the advantages of
small formation damage, strong conductivity, and high oil and gas recovery. It has widespread
concerned in the field of development of unconventional oil and gas reservoir. However, the
low viscosity of scCO; leads to the poor capacity of proppant carrying and high fluid loss in the
reservoir. Adding surfactants and self-assembling into a rod-like or wormlike reverse micelle
can effectively enhance the viscosity of scCO». But, there are two problems that limit the use
of this method. First, the solubility of surfactants is usually very low in scCO>. Then, the
Morphologies of rod-like reverse micelle are difficult to generate. Therefore, in this work, we
studied the self-assembly and viscosified mechanism of surfactants in supercritical CO> by
using molecular dynamics and quantum chemistry. The fragments that control solubility and
control self-assembly morphologies on surfactant have been distinguished. Further, the effects
of functional group properties and packing behavior of surfactants on solubility were clarified.
And the effects of inter-molecular interaction and structure of surfactants on self-assembly
morphology were revealed. The potential method of design rod-like reverse micelles is
proposed. The research results are shown as follows:

(1) The behavior and structures of surfactant self-assembly were studied. We found that,
in reverse micelles system, the self-assembly is driven by the hydrogen bonds of waters and
water and hydrogen bonds of water and surfactants, which is different from the entropy-driven
mechanism of micelles system. Moreover, the distribution of CO; illustrated that the terminal
group of surfactant tails affected the surfactant CO»-philicity, significantly. Further studies on
the aggregation of surfactant behavior in reverse micelles system supposed a theoretical method
that predict the aggregation number of surfactants. We can infer that the existed aggregation
number is originated from the equipotential accumulation between head-group and tail terminal.

A potential well appeared between the midpieces of two surfactants, which indicated that the
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midpiece has little effect on the stable of RMs. Consequently, we suggested that designing a
tackified surfactant could be divided into two steps: (U Designing the tail terminal ensure the
solubility of surfactants. @ Designing the midpiece control the self-assembly morphologies
of surfactants.

(2) The key factors of surfactant CO»-philicity were studied. (D The studies on interaction
indicated that all of the oxidative functional group, fluorinated functional group and methyl
group can enhance the interaction between surfactants and CO,. However, they have different
type of interaction. The structure of dimer between oxidative functional surfactant and COx is
disadvantageous to that stability of self-assembly reverse micelles. And the methyl group has
little effect on enhancing the interaction between surfactants and CO». Only fluorination is
beneficial to the stability of the reverse micelles formed by surfactants in scCO,. Furthermore,
we found that the binding strength of dimer between surfactant and CO> depends on how it
binding. The more complex binding is, the higher binding energy will be. @ The studies on
surfactant covering indicated that the conformations constrained by hydrogen bond between the
fluorinated terminal and the water molecules are beneficial to the surfactant covering on RMs.
The studies on the hybrid surfactants indicated that shortening hydrocarbon chain could reduce
the volume of surfactants and thus decrease the ability of separation for water and CO;. But,
shortening hydrocarbon chains length also curve fluorocarbon chains conformation to increase
the ability of separation for water and COs,.

(3) The relationship between midpiece and self-assembly morphologies of surfactants was
studied. We found that enhancing the interaction among the midpieces of surfactants can
transform the spherical reverse micelles to rod-like morphology. Further, we introduce the
phenyl to midpiece, and then the self-assembly morphology appeared sphere-to-rod
transformation. Further analysis indicated that, originated from the n-m interaction, the
introduced phenyl facilitated the parallel arrangement of surfactants, thus resulting in the
improved fusion ability of reverse micelles. This is the primary reason of the sphere-to-rod
transformation. Moreover, we designed a rod-like reverse by using hydrocarbon surfactants.
The studies were taken for investigating and designing the shape of hydrocarbon surfactants
self-assembly with inducing the co-surfactants. Adjusting the affinity of co-surfactant, a

wormlike reverse micelles with a beads-on-a-string structure was finally generated with a
iv



multiple structure.

Key words: Molecular Dynamics, Quantum Chemistry, Supercritical Carbon Dioxide,

Surfactants, Viscosification
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71 BN 28 R A 20O AN 2808 A BEHERA VAN SR B W HE seC O IRV RAT M
1.3.2.1 REWHE scCOx TIEMRAT F I SLIR B 5T

n ERTR, 40 REWRTIEEMT seCO2 M), —MHR T B - — & 1)
B, AR, 6T T scCO RN IR A, WAL =2
HLES%E AW (Organic Main Chain Polymers). A HLI%EESE &%) (Organic Side Chain
Polymers) FITCHLEE AW (Inorganic Polymers). 3T 1X =Fpghty, o)L+5k, AiT—
BB T A BEA RIF scCOL B ARIERIR G

AL R AWt 4R A T RSCE B B IR /N SR A, AT AT s n i 58
IR ML E R R AW . [ERIIT AT, @ RARLE (PE) Rk &
A RUF scCO IEAFERITR G . SLIUEST, BIETEM S 2561 F (270°C, 275
MPa, 8NN SR AR AR T REDINERRD R OIHRRAE T scCO%. H
T COp & —MVUMEE 437, ARAEAH R RN, BN VAR AT R R itk
V70 52 DO AR AR EL AR 328 T 2 1 SR S E scCOn IR , B3 7328 FAk , T 2% (PVF,
(CH2-CHF))+ % 1,1- 5 2} (PVDF, (CH2-CFa)) M VU 24 (PTFE, (CF2-CFa)n)
Wea e 7B AT OB A AR, BEE S RUEGN, REM BB, &
Ja X ARG, HPERR N (CHo-CF2)a 7E 140 °C, 165 MPa 26 N HIBL T I &,
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HE ik

R ARG T scCOz N T #EF PVDF 8¢ PTFE R AWITE scCOx TEAREE,
McHugh % A\P4E 8 VDF(EK TFE) 5 B4R (A7 A Ms(HFP) A5 B AL 2 0@ 2l . — 4
B BAARBRE R £ I (VAC)) LR, B9 T — DN m P AL S, REWRE IR o8,
B A R RS AERRAR, 72 100°C, 75 MPa 461 FEDAT T scCOx b, 4R,
XA E R ) 56 AR R R S AR, ARA SN E. Bk, A% &
AR TFBNER CIGB I DS S R A WA . Drohmann 55 AR5 2905F 58 T SR L)t

(PEO) fE scCO, TMAHAT A, SR THBNTT LA B S REWIE scCO T IIAAREE
I H RSB KIEFRG, 76 40°C, 33 MPa | PEO T LLE VM. 1E& U A
FEESAL AR A 45 & VEIBRHI T PEO 7E CO: A MERE 1, @i e BIFAF bt
5] NFZE(PPO), AT LASEIL A S % BE (K BRI B AR AR 1S I SRESIESE, PPO 7
22 °C, 25 MPa s NRIRWEET scCOy 4, IF HIEMEER PEO I 2 5% . d#idxt
PEO #HTH AL, TER AR KR (PFPE), fF 22 °C, 12.5 MPa % FEVAI AR T CO»,
I B RRE R PEO 19 5 %, 2 H TR AT T2 1 seCO B R R G2 —127,

N T AR H DL SR SR B B S EGEEIRYE , SCRER S YIS R LA A
. RO OB (PVEE) R&MAFISCEE R AW . HA R COL L HE M PVEE Refg A J0A
fit T scCO2 (22°C, 35MPa), HITRESIR L)F (PVAC) 5 CO, B3 H 21 LA-LB
HAER, JEBAED RS, FIER—F R CO, REMMSHERA., KEAH
SCEEIBMIN PVAC REWIHA UK, BATINTE scCOy HH IARAT Bt — 00 78, 2R
PIGTR I BRRS SRR TR FR AR ), ST IRIR T/ EEDY. RV ClEC . TN TR 2-
CEEPY, RRIR 2R BEEY . JRTGBIRZSERRY) . SRR T e B RPN\ e
BEHRBIE X B AW G BT R scCO HRGE HLA B 10 30, H H ATskiF R
BTN R FREREGY . WINEG PR, FERZUEAEHINESY,
ESE T HAA T e, B TRF i B, B>, EEE SR AR A

(PDMS) A UBIIEHR AT ST . SN T BEEH 20T scCO S AT MR &4,
IR BRI A7 5 N Z AR
1.3.2.2 BREHlS CO2 HIAH EAEH]

CO2 73 T T Reik, 7E Lewis BRBIAEH T B BEAT LAEY Lewis BR (LA) WA LIEN
Lewis B8 (LB). K& 7L T VP I LA B/ F )5 B UL S 6t /N o T/ BB e
scCO MMM REIMI S R . H AT, & I HT e Be AN COo 231 AH AR F 1 7532
AN g R AT AT, FERSE CO BRFIUBE A ERE. A TS
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FEREH]: Farbos % NPORHH &b 22 ADGIE VAR 70 7 HLAL sp> N R CO, B & 41 5
RRENE, WE 1-3a BiR. 4i&5 COyfEFR, LM 7 &k, IRl
), M5 COy &G S5 Il /& COy 7 F AL TG b7 MEAME SR T m R
WIS COy YERE, BT COr 5 &% E RERIMA BAE X T sid e R & oy &
. AR, SEERREE COy M EMEMH FE R AR Z MM BAEA (Lewis B2
WAERD . Vitoux 5 NBPEFL T COy S¥kIEAEPIUNEH . BEFIEEAH BAEH (il 1-3b fir
7™, RIVEA R E 55 1) 1) B B [F)— Ju Bl (MP2/aug-cc-pVDZ 7KF K, £1°4 10.9kJ/mol ).
FRAETER T R I CO B U E AR B 5 2 (R A7 7E SV AR ELAE P, (H SV i A
BNF MRS BAERT, AL, BEAS CO2 43T IR T RIK (B 5 AR T2
[E]f{55 O......H-O fH HAE M 5 EDA i HAEH BA R E MR . SERE CO 5
HE R M AR S8, BRI, B S E R BOA N R4 = SR A MAE scCO, T
RIS A P TR 28T s o

(a) (b) ! l><t'4\]_7\7\1 17957
¢s0

)

33%e ROV,

E1-3 (a) FEE&-CO.RL&MTEBILYP/aug-ce-pVDZKF LRRALEERE; (b) 75 ER-COMA
YIFEMP2/aug-cc-pVDZ/KF L itk g5 44137)
Fig1-3 (a) Optimized structure of the aniline—CO; complexes at the B3LYP levels using the aug-cc-
pVDZ basis set.*¢! (b) Optimized structure (MP2/aug-cc-pVDZ level) of the propylmethyl ether—CO,

dimer."

HIR CO, HEEH B HIE B A IRERAH AR, (E2 SRR o5 U E RER
ViSRS VITE L TR AN G - & T R S WHIR S AN A AE scCO TR MR ML RE R IT IR B,
R, K BB OGVE & RS Be LR Wi 5 COx AR EAE R, DL & U el 5 A B e
HZ X 53] Dardin 58 ANPSSR AL A REIRPGE THEIT L T & WML EWA COx 2
[ERAR AR . S5 RAEN] IR Rk 5 COx 20 7 Z B AEAERFIR AR ELAR I, (HA2 st e
I T AR TR R AL AL RO, IXUE W AL AN CO, 73 2 TRIAFAE G RF IR 1 AH B
TER o BRI RAEAEE R4, Yonker 55 NP 7T 3R B ML AR SL 40 A1 43130
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TIEERL A8 FR WG be . =5 KR COp 2 (A1 AT R (A ELAE FH o SX TR 72 5 Diep
%5 NHWOIZE MP2/aug-cc-pVDZ FLit/KF _F 1 H Be/COr RIS S & Re i T THE
SE ML o 2 AR SE, /MU S5 COL 4 &R 7oA 3.7 kl/mol AT 3.3 kJ/mol,
RHPRNYE COy Z A KB WA EAER o T 3E— 5 0h ik F 0 it A e

Raveendran 55 NPUSE 720 A0 06T HR R 1520 (il 1-4).

Ia Ia Ib Ib
HCHO CH,CHO CH,COCH,

2.842 2.875
2.822
) N 2.865
= aoq". jzass

/2,529
2.842 3.030
J
Ib Ic IIIa
CH,COOCH

Ib I1Ib I1Ib
CHF,COCHF, CF,COCF,

E1-4 AL 5 COHME B L/

Figl-4 Optimized structures for the studied complexes!*!!
W Hbe B EJRE 7A IE B 2 5 COx AR TR 42 LA-LB AHHAEH .
A, BT e bR i i, A4S F IR T 5 COx 707 C i T
KAFMEAER . S8, HE/VUsE S COx 2 A4 G RerER— 8L, CHs-CO2 45
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BEN 2.6 kJ/mol, CFs-CO, 454 68N 2.4 kI/mol, B IHISAREHE/NT CO, HF 22 1A
fgiaae (4928 4.6 kl/moD. XTI L, H5 CO MG Rea KiRits,
CHs;F. CHaF». CHF; 5 CO2 45 & RE73 774 7.8 kJ/mol. 7.4 kJ/mol. 6.0kJ/mol. fEZ#&IA
N CHsF BRI, C-F SEsEntdt, S3LA-LB AHE ARG 98, U575 1E s i
e SIS HEE, SRR, SEEFMERER, FERFE TSR
KT &M LB Y, Z5GRePRR. I, XTUFARM, EREHEN T, BT
CO M EAEH .. XEERREYE CO. MH BB B AER 1-1 4.

F1-1 R HEIAFRERRE R CO.MS &6

Table 1-1 Binding energies of different functional groups with CO; calculated in literature

B e [@] CO, MIAHHAEH H4E AR
CO; CO, -4.6 kJ/mol“?) S
TN HhReH R —13.4~-16.7 kJ/molB®9] | _
) ——— 7 KT [ COs HITE
(sp?. sp®) =0k —23.6 kJ/mol*3!
K KTFF CO, FITEH
— —10.9 kJ/mol#4 431
Y. /NF[E] COL FIVE
& 0 BhEH LTk —14.3, -14.6kJ/mol46- 47]
(sp*. sp?) R ~10.4, -10.9 kJ/mol#”]
— KT IE CO, HIEH
WEN 9.6, —11.7 kJ/mol48]
PRI -10.6, -11.4 kJ/mol#”
JEE S L —3.7 kJ/mol[4%
£t —3.3 kJ/mol[4"
JE CHsF —7.8 kJ/mol#?!
mACER
CH,F» ~7.4 kJ/mol42!
CHF3 —6.0 kJ/mol[#2]

s2Pr b, 1E Hartree-Fock /K- EBEAT MRS LA R VF 2 0 FH 2R T DFT W75 7%
AN B B L A B L 2 T AR DG s e () B BN BLVE A o (B R B BUH BAE A2 COr 5

REFIZ MM EZAH EAE M, ST HEAT#AR S CEZ ., praRml, g 2-¢ PR
L REAE R HERA IR 73 1 [ R (0 BUE A o s J LA R, BT Grimme %8 APOR H T DFT-
D3 BHFFIET %, A%z Ko 9 TAE IR AN RO R A R R, B R
BRI R TE LSS AR BLAE A RO 7152 —, Rl X R BRI &R . HILRIRS, X et
FARWIPY, RAH IER)E B BT VAT SER 990 TR FOANAERS, IX A2 {8 AT 235 s A d
FHHHESE R, T ERESPAN B BE R COa 20122 IR IAH EAE FH, it s COy 1R AR
PERI S VIR L FR R -
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1.3.3 ETREEMFIBEKA scCO, 1BHE 7%

scCO J AU 28 e — Tt i 78 I 28 i M 711 ) 2T B ) COL AR B AR AR IR A &
REUS AR IS scCO2 IR BE ST o A1 R AR s BRI 3, JBOR 2 [8] ) AZ Bk 2
LR HE 1 scCOL URGEE (i 1-5 Fios). 4811, HIT CO2 2 dEMtkE 77, K5
WeE 73 FEKI S THEE T scCOy IXAEAFLERIB T RENTELEFIE scCO2 H (R
A, ANRTENE AL scCO2 i HALEE, 38 ¥ Xk DAL SRS 28R B (14 i HOR B
W, IXRHBR S 1 scCOx HIRFERN T . DI R . 225 IRIATIE T scCO2 1)

T 77 LA R $i o 2 T P 79 O B R RCR RO 245 R T R i 2

B1-5 [RBRZ 8] ARSI

Fig1-5 Cross-linking entanglement between reverse micelles!>’!

DRI, - [ Gedi v 2 RV ME RS A v Re A 4% B R T S W 7 T, IR IFRE TR
BRI TAE. AWTFR IS, REEEF R R CO. MM HAFE MR, SE Rl
TEVERIRISE COx PEtG SR, MM AEREHE R 1 HAE scCO2 MV MR . FRTENE 7 FE5E B ik
FARZIA 2% CO2 F#PE o Stone &5 APS S H 1) FFV B0 0] DA 250 A RE [7) 3 41 2 1h0 175 14 571
HIERIZE CO 413k ART, LA HIVRU 7 i KGR IR A 2, IFRAIR A SR
T2 R EEZ TARZ RIHLEEME AR . Rocha 55 A B8-S 556 R HIVE P FIAE CO2/ /KA F
BN ) SR BUBEAT T2 TSI 5T Senapati 51000 2 T 14 711 2 T AR AL S B0
OB R BEAT T VER M0 M. ST, SR KI5k IR, X EEw 7050 R R g
RER NG PEFILE scCO2 W) H A BEROMALEE, A0 S50 I R I IOU AR o T 9 i A
T, RIEEVEFIE scCOr R MEE I PRI T A AR AL

4% B ATV 07 1R R I 1) SRR K AR A I — LSe35 1, X AT RES
BURH LS HAAL . DUAT LI 7 E BRI X SHERBU R (SAXS) 5/hAE
PP HU R (SANS) Z57575%) scCOx SR A HITE A SE AT RAE, R scCO2 SR
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RAIVEREHEAT ELRPEAY . (HAZ,  H AU BAENSAT RO AN 10 2 1] T V77 28 LE At R K
JUHI 0 R A R BER A R 7, i HL 3o T el SUIRECR T S4B - IR, i
TR CO ZR T 477 T Sy ERCPR S IR TR 350 Py A i 1 ) 56 B 1] i

1.4 BIEF CO, hPREEMFIAAREMEM R

R SCHTR, CO—FhAEN 71, /B BB (20 MPa, 75 °CiY J91.33), %f
TR 7 B0 7, scCOM K /& — PR 22 7, IXOHL R 1 1 8 I S CO.
PRSP o SR PR THT S 1R 7 1 ZH 2R 3R v scCORL BE I, VAR — VDRI 4R . R T 3 M 771
H 2H 25 T8 B LR B AR TR IS IR A I IE B . #8380 Fe e VR, R IR R 4
T WK 3 BT seCO2 24 (Ui 1-6), TE R B AR A R o 5258 P ArscCO;
2 e 2 T PR AR O SR R I I RO (eme) DAKSKBEXHIFISE. A0S
AT AR AL VR R TS PR R T

Surfactant —’\\\. % '/zf

Water _f. & 2o A

El1-6 Bk FCOH RIBEH

Fig1-6 The reverse micelles in scCO;
1.4.1 B8E COr REEMF

B ARE R T IE TscC O R R T M 772 AL R THN G £ 77) . Beckman®s NUIT6Y 17
XA, ABATTE IR IS 45 K 5 scCOx 143 AHABL, AR AR AHAUUAH 25 B0 U 2 B et Ak 1)
AOTER G M B A B AI5ECO1M4 . JohnstonFO'Rears N\ [62 6313 — 254 il — Fihybrid
KMETEHEFIFTHT ((C7F15)(C7His)CHSO4 Na™), /NMAEH FHUT (SANS) g55RE, X
SN DAEBARIR A E 114645 F (26 MPa, 30°C) {EscCO, ™ mI LU ke i S i oK
IR TS PR o B 0o SR L BRI R SR TV M FRIEAT TIRANIAR 9T, 45 R RBP4
F AN 3 B J5 - Ak %) FRAG A 2 T V7% P 70T R 8 W/CTH LR IR SRR R 32 o 7E H AT 9 11
WEMT, R EYAi-CFARA AN 7450, BA R W #ETE. Mohamed% A
(AT AR ) 4T 253047 T RGEMIFEF, R IIdi-CF22 & 3 & i /MR SR CO M K 1
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e

FE I FECOL I AP R 80 1A 2 TV 1 7701072 5 e A 53 32 22 tH Eastoe 5 A\
3743 B, Sagisaka®s N7>70M5 1 7 — Rl AOTZRAUMIMFS(EO) K My 1, FHxF HAHAT
AT T, AE R, SR TT I AR f 2 3 1 AR I R T 1 SR AE seCOL T
IAEAT e XF8FS(EO)2 FNSFS(EO)a 19 Fit 2 THI Vi P4 1) (1) 40 #1445 SRAIE 512, 1% 3R THI Vi 2 771 5 -
(H)CFn (n=2, 4, 6) FRFIFRMIEMEFIFH L EEW L B fe e MR KA . HH8FS(EO):
RIMIEMER PN A RERRREFWREIEEN, EMEKEKEWS (W=
[water]/[surfactant], HH[water]|fl[surfactant]/ B KRN [ 15 14 77 R BE 7R K
) Retgik®32, H—PimKEE, RIS RTINS . R ST IESE,
TR, HARBFS(EO) AR T VI A T-scCO2, W I/ 2 R /K B Af s 4512 36 V%
PEFE R T scCO24 1, fH 2 FRAMBFS(EO)a 3 [HI V5 P 77 &1 AT LUB A T-scCO24 1o HRHE LA
AT EORIE 77780, AR o B R R SFS(EO ) H s i T8 3L B, Hod s i i R eE
] T 8FS(EO) 7EscCOH IR, /KBTI NG MHXFh H R AE 1. b4k, Sagisaka®s
9138 %F 8FS(EO)2 ) 25 LA ¥ 6FS(EO)2+ 8FS(EO)2+ 10FS(EO)2+ 4FS(EO)s. 6FS(EO)4 Al
SFS(EO)aR THITE PEATEA [F EryK & WA ) 464 S IARAT RIAT THEAL, 1EEINA
8FS(EO) M6FS(EO)s B A S I 22 451, Reg 35y K EM/K. FF HIX P pp R i v 14 B
A IER B EIRS, SRR L8R, T IREG RGN RS, 45 1) A
RERSZ, X0 ER ARG S N0 FHEARBR, AR TSR E R Ee- 81,

i, SagisakaXt8FS(EO) BT T it — 5 FILEMIMB Y, 7E3k3E 5N T —AFish
PO FE R BTG B B SR TV M FISFG(EO i 1 i T I K S /K &, 18] T Wo=60, X2
14 N IEARTscCO R AR AR R bl 5 e m{l . R m /N 70 (HP-SANS)
PR BEAT T 9T, SRR, EWe=60k R F, RIKH A2 &K & 134
ITTEMESG K o B4, AT SR 1 77 465 R4 N R SO AR R b s i 36 G B 2H 2 I RO
RS 1 2 X2 H AT S0 HofE DL PR I 1] R
142 BERAFRSTH (FFV) Hig

Y RKHR 73 2R COLZR G LA FE &5 R, BRI VE R 70 7 45 5 HARAT N 2 [A)
158 25 H T Bt scCO P REIL R IR TS M7 70 1. BRI, StonedE AP TR 73
TSN A X DIHS MDIF8 P 3% 1 i P A K /COL AT AT W I . 4 RR W,
AR S PEFE H BA B B AR, 290 R s V57 B o T scCOo/ /K F T _E I
WA B X AR, MR, COMIK A FHIRE G IE IR R R IEERZ, i =
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PEANHI B ELAR AL IBUR AR A B -6 1715 ) o IX — BB AR 45 0 B AR AR - 2L (FFV)
g, HIOrRinl-10rr, XA R T PR SR el B B B 8 R

FFV =1 Ve 1-1
= I, (1-1)

Horb, Vo RINEMER B EARRR, De R ISR ENRE, AveBANE
T 14 75 73 S FEAE scCOo/ 7K FHTHI AR P o A FRISF- 2 T AR [83- 841, PRVl /I DU 58 B 2 T 1
A5y G A A R 1R 2 2 (RO, DR 2 2o B COMIK Ay, TR 32 i
IR AR e M . IXPHFFV A CU7E 2 PR TS P77 R0 82850, 3 H MR IMFFV 5 ¢
e P IS AR S 1 S T R RH R M R B ) S B WL 5 SR Tl 5 o — FBOR UG, ik B LUk
SMHEWEEARERINEZ UMARE, VAR, M SHEEFFV RIS T 5K ke
[ fe e P
1.43 RE3E CO. /A

E AR 9 2 1T A 77 50 G R T #E s CO T TR it I SRR AR, (B2 2 F R 3R I
PEFIEH A+ B 5 (— ISR CO & MR NG PRI MM A A 2 T 3B H 5D, oM s
P i 5 TR T 3 2 510308 5 o) PR 5 A R (80900 S Al R b SR T R RN A . S — 7 I
ConsaniFISmith7E HAE BT 5 PUR ], K 2 80fk 42 1) T & o R THN TS PE ) 5 CO A
75, DRI AR FE T 58 EL R b AT AT PRI ) v 25U R G 38R TV 1 77

BT TS ST AR TR B BB IS R TS P SR COtE,  TA AR T M 771 P8 i
R B AL A2 B R H SR COL M A T . SRTT,  ArART SRASER 980000 7% TR T vt M 771 2
TR 1 77 2E scCO2H T ke s 1R S B oA () B /N85 RBE A2 22 /0 2 T 8 ) it L 381 e 30T ) O 7
A BB A g . Mohamed % NIl i % — R 41 1) di-CFn R VG VE A AT O T, K ILdi-
CF23R HEPEF & BAT SR COME I & | B AR R S M7, 1EE A, Bt &
T A DA CLZ S5 A i o 1AL, 20 0 T 3R T P R A AR -/K S T ) 78 o 4
G RRER ARG E MR AR, 41 T —Fhid& & 128 CO & I i M 77 e T O T
B o SR ATAF AT AT DAE i He a2 BT 5 s 2% AT A0 20 0 2 TS 1 773 CO 1 R
ATV, T DAE N —FRBRAN R 1 v 1 7 X v

FHIHTAL PR HERR 3 B AR 3 B 3R s o R THNVE PR R A X 78 i FR En =N 1-2 o

Vear
Psury = VL (1-2)

meas

:/H\:EP’ Vcal%i@ﬁiﬁ‘r ﬁ”ﬁﬁi,‘é{ﬁ@#@ﬁ’ﬂg /El; Vmeasyg%ﬁiﬁll‘ %UE”E%HQFE?&E%
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R Ceme) AT A HEHIARL, Bl Vineas=Acmext, 1 Acme /& eme 25 4 28 THI 3 P 771 Sk 3L fir
A WA, R RS AR R AR -7 B — R A R R KT 2R
T VTR RO RI FU SR B, SR T M AR A R 7 5 48 305 HAEome 2644 T 1 AL 9K ) B4R 14 0%
KB 1-8F R, 1 H 5 R RIS R R —E KRR TEJE R TP,
Mohamed% A\ K FIF7TH7ZR 15 114k R FICF/AOTHRE & R G HAA Rt — B LR
UL, RAEEAMBEXAN . Bhat, SRR R WDI-C5SS. AOT K oAt i
SAKBIAOTAR R TR JJWHEAT T VP, SR IX LS e S5 Ve M 771 e i AE s CO

T ReRE e ) S
‘ A M‘ ‘I/A / Aj

\!I Wl IH

17 SRED A2 A X 78 e 7 41

Figl-7 The relative surfactant coverage index of surfactants/®?!

hybrid CF2/ADT4
|

di-CF1*
I
AOT4 | TC14
di-C558* AOT [ | di-CF2*  F7H7 di-CF4*
34 ' T f t t— 600
® di-C5SS
32 4 v di-CF1
® di-CF2 L 500 _
30 A A di-CF4 _g
o AOT =
| & AOT4 | aog .8
—,‘; 28 O hybrid CF2/AOT4 0 p
5 ®
Zz 26 - il 2
E X F7H? L300 ¢
\u (=%
= S £
L o
(=%
22 L 200 ©
- ]
2
20 ©
L 100
18
16 . . . . 0
05 06 07 08 09 10

L i

1-8 RIS MU X7 2 T 4 S HAE eme 2648 T I SR 9K Sk U 120 2R 193

Fig1-8 The relationship between the ycme, cloud point and relative surfactant coverage!*’!
1.4.4 TA-REHEFE CO FREIE M

B - BT TR SR COR VG A B T2t )3, oA M ANPYTIRiE T —
FhAE & 78 £ EE IR G 7 Dynol-604, %L 3G M7 ATV FscCOa, I HLAETS T I,
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e B B o 3 B HoAl =i R TG PE A, Ls-35. Ls-45. Ls-54 M4 TF & oK,
I HAUE B ATE FscCO4 T (FE35-46 °C. 19-22 MPaZk b T, VEMRIE LI NAwt.%), IF
H AT DAA 85038 = 7K fEscCOH RIE AR BE /7, (H2, X e 3R V& 14 77 U AHAT N M R B SANS
FISAXSELIGUE 5L

T AR R NS PRI T2 R T, PittdE NP8 tHRUT FE B2 1 i 2% 1t
TR R AR R T R RENE R ECOM A E . R, 51N S R b
W R —ME BB SECOR HTEMER ) 77 . MHHIX — 1R 1%, EastoedE NI ST T
PIFHAOTHI3- T 224 (AOT3RIAOTA), SIEH HIAOTAHHLEL, IX k2 i 157 75
COo/7K FLTH A FLTHT ik J1 808K o b4k, HP-SANSJR SRIUESE T R AR R K, {H 2 HOR
BT =i scCOLMIA MR /K RE 710 AW FT 2 SR COLR N PE AT — AN TR

WL 5N =N B AL B R IS TCS R4 = BEERENG MER F M, #— 1
58 RS L SR COLRFIEEN ) dxXFh 74500 A B PR R T R, I 9 HEscCO/ 7K A
HFIFFV, BETTE B8 & K2R COPER . B F L HINON, TC145& HE L2 A TCS R 4]
M VE A RER AP, HP-SANSSERUESE, TC147E25 °C. 36 MPaskff T e
TERBUR IR R R, B /KEWo=5. 380 58 X 28 w5 B S TCS R 1) S/ /K R 9K
(201, H I IRAF R TS PR 5 1 5R COotE, 4R KW, TCI4HFFVI]RAK T AOT4, X 7] HE
72 TC147EscCOH T ifa & I SRR I IR R 2 — o {EASE R 172, TC14MFFVIE £ 21K
T B A AR TG PEFIDI-CFARFFVAE (FFV=0.42), iXE ], ¥FFVSHIE NI
SRCOLRMIEERIFAE— L5 BRI, ATTE Sk —EN]

Johnston 5 A\ MO2EAIE B T —Fh i B S A I JE B8 1 B e S 3R T 74 71 Sb-C 12E87E 7K
TEEIELL wt% (We=28) B REA MR E RIRH . 53— M AR AR B 1R & 177
2EH-PO4.5-EOSIIVERERT AR, = SCAAE B AT AR s R VS PE RIS COL P RE . 32 T
K JohnstonE N\ SR GBI FT 1 2 1HNE M FIAE - 7K FH 1 M COR-7K F 18] 1) 8 R 5 1H 7K /0
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WU DI . B, RAEER. R EIX TR, tHRAEBUE AT DA
RO RIX — ), He R as S Goit Ty e, RIRTHEN LT R T A B AR )
JREITERT  SO0AT A A 73 TR0 AL IR

BEAL, 252 bR TAE 75 ZEI0 — MR PR RS, A2 it A i AN el A —#82 Gii
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HIRALAR, JFHARA B NAES:, POV EEHME RO AR T EE S 2 KT o
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BEM N SEhr TRE ESRAUERERG . W EEIITE T
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TRE FHATH, EARBIRAD T, 0 FARUEORIE G0 BRI HR e frix e
A7 5 Fee v A ) DORR

AR ICEEMN M QC JHEWH I COx 70 ¥ 53R MG MR MM TAE T, BAHE 731 125
COx PEJFT, FFRM MD J5ikit susnt He B 34T 0y, 1 IHPREXT X I 5 92 i) S A B AR 30 4T

fai HA 41
22 2 FHFIEL
2.2.1 ETHEHH

FE AT, YA SR L2 S A T O TR 8 3 2 F A R A S AR
HIRL T IS BTN XA T AT RO &R T R E kL . BT 2R E T
JIEEN T EAL A R B A SRS 22 I BITAT 0 SOR AR W & W ERAL 2K
T Aok 5 (RSB T geit Jus) AR A A (Blln, s, s R
TR, MUEE D TRAE (B, 27 JLEst, e, PWiesskEts, Mgk
Z AR ZE 57 ) INEE BB AR . THEA S OB I RS PR, T A
HTHR ViR T IRE 1, R BRI S AR M E T kAl e
TFHIAR AR M, TR R AR BT, B AT SR S BALEE b R T A 1
W BT A A DG o T IR A 9 i R A I )4 A BE R A B AR A AR
BIREN T > TR BECK, AR EATET & T S ARG IR L R A, (E AR
W T N ED 73 R R BRI 45 -6 FIAE ) oy i A R & ) 5t e b 52 2 1),

BT HGE T HURM BRI (A — N RSFEE 121 100 G9K 5 N 140 .
B FARH AN B ARG E] 100 G0KRELT CEHSZ 20 G9KBUR) B, ARG
o T ACEENUEARRR I AT RE A A R RN AR, AE 1 B 100 9KV FE A — 4R AR R
SRR E TP, AEXATE N ZE AR R T2, AEIX T A =4 iR
MRONE T o IXEAFRA BB R Y] 1 87 A R e XA AR 5 T P
RSB o V22 NHEMANKABLE RGN RBAANG 7 RN — Ik Lol e 5 HIE & AE (i
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222 BEEISHESRE-RAEIRIUEM

BEE 1o 7 PR B 7 1S IR, BT 1N RL T 8 B AT A i 2
B (FHE L, Fiuzd) W R e s RN ZMIELD . M TFZ2HE R R, Heds
B 5 RN 5 N

A7 R)¥(#R) = E¥(# R) (2-1)

EEPIP(?, ﬁ)éﬁﬂj?%% I=Ti~ 2~ I3 ...... FE-F# R=Ri. Ras R3...... HIRE 25 i
HAPRSFAEE:

n
hz v? -
2. m, (2-2)
hi v? s
2l.m, (2-3)
N n
ZZIZ - (-4
I=1 i=1 |rl
i Zz 7 — (2-5)
<)
. e?
Uee = Z_)—_) (2-6)

i< i —R)|

HA, Tev Tmy Uems Umms Uee 2 HIARERHE T HIZNEE (3N 2-2). JRTZHIE0RE (X
2-3). BFSETFRZZERHGE (X 2-0. EFZzEr#Hae (X2-5. BE7 2
ge (0 2-6). LA H By T s e s i, EEFLURI BHE H, X
TEZHTERR, RNTREICFRATARL, Bk E- R AR (BO) 1T 5] AR
WA EEE TS 2. BO ITLAA M TIgg 2 — AN gaiad 727, B B AN Wb 55 7

PR, (R BO ST T HIREE iy R AR e TR I A, 11 27 B
HOWy (7IR) = Ex (R) ¥k (FIR) 2-7)

Kb, We(FIR)REREEREMET, RN L, E(R)RBEERFM T A E
AAEE. F, s 2R TR VS Y (502-8):
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A Tes V. O Aeen FIABNEEI. AR L 2 A S RE LR VaEE TR T
TERSA, X 2-4, A& HARER ARG . TLURIIN T, Ugere iEl, MV
HAEEE ] o
223 BEZEKIEL (DFT)

h2-8 FTLLEH, XM T 2R TIERER, KX TRETHRREEATH T
BAE BN D, , R HBTCEA — L85 0] LA — TR A, (52 H 3 22 ) fAE 11t
BB LEAUR, AN TR 2R o PRI B2 i e BRI (DFT) #5682 9 ATk, DFT
PRAET — AT, 0 U IR BN U, 1R RR, 7E DFT 24 b iR B ) AR o |
THVERE, ATLE N (612-9):

p.(#) = nfd3r2fd3r2 ...fd"’rn WK(F|§) (2-9)

Mz A/ LLEE, B, XFAE Mm% Ep, (), JEN b nT P8 AH B pR 2L
Wy (FIR). HeAiEt, We(7|R)Rp, (MIIME— ¥, Huk, Hirfe 2-8, AT LK g
mRIEN (X 2-10):

E(R) = (W (pe@)|Te + V+ Upe|¥(p.(®))  (2-10)

B, W(p )RR B R B BT B R (RDEATE R Bz R, XA 4
M FEZ BRBIR) o KT pe (F), R — N BAT, MO, M FERIEN. e kB /ME
e B B p, (1), DRI IRAT TG FA LS m ) & 1500
224 R FEHIEELH

R, 4 THE (MO BIRRHRS T H TN . EixMitdH
FARE TR T Z 5, TRENERA 7 E PRI Fiss). B 02
FREERFIEH ST IR R, RO THUE RIS T AR E AN E T, I HAER
FZIREE M EFI, 20 PR H A FHUERS, EIEPLE BT IRPRE, #
S FHOEM N R FHUEMZMA S (LCAO). MO HEIRMRME T AT 7. PfEE
2% 517 RS (DFT) 8} Hartree-Fock (HF) RS M F R fift i i 1% 7 FE R 2475 MO
HBEAT SR A
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7E LCAO ik, AN THH — 45 THE . s THIE I 5w, (FIR) (BO
AL ATBAE e n AT BB, 6 S IBLRT, R R 3k 2-11152),

we(FIR) = ) X, (2-11)

A DL IR 12 55 AN B 75 07 A R 8L A8 43 J B R B H il oE o, R (847 5B
AT ETFIFENBCE T, AT REEEA R FHOEREMIRED . BN RBE®RE
ST FHUEZE FPUE I TTRRECK . DRIk, A T E S DOZ SR B N B ARRAE . X
PR TE TR 3 A 21 U I 2R A TR TR A . AT RUE BB TE 20
el 30 FEARPHAMBEIR IS, B ANTRIRBX WA EE VIR, I HAE
BE— D A E AT TSR F RSN

A TAEH KA Karlsruhe RFIFEHIS, & Weigend Fl Ahlrichs 7F 2005 F42 H 1.
IRYEMEZ R, ZIE4AE DFT 5 E, B def2-SV(P)EA LA EAEEHEAT I E,
def2-TZVP 25, KIS/ DFT 25 R 52br Fik 2 74 def2-QZVP FEA IFELE . Wi/E HF
THE R A SR A R, TR CE KRINAR A EE, FEE def2-SVP 1 def2-TZVPP
PALERIFEA . 72 MP2 (RIHAh HF J5 7772 HITENL T, def2-SVP HEAL AT Al TR kit
B, £ H def2-TZVPP S n 3R B R ML R, HF Dy T. Q il 2-¢. 3-¢. 4-
¢ R4
2.2.5 DFT-D &8 IE

FEIRATAT T, (BUE A 2 Fr OB E R . ARTTIAR SRR DFT 75320t (e A
IR IER AL . 2010 4F Grimme %5 A3 H DFT-D3 J7i50%, MR 7 8 &% E72 i
XoF 55 AH FLAE BRI SR, X AR AE AT S i A R R EE S, TTT IE A
PN B BEHEIR COx 2 P2 IR A HARF

DFT H B n) @ 7E K% DET #2110 15 FEFst OO AR, 1 DFT-D 2477
FOAE ARSI, 2004 1 UGIE X RS R BB ERME IER R . 2010 4F
$ 1) DFT-D3 J7 B85 J LA B A8, i s/ D 200 fn g RS fkwfy, JRi Ly R 3|5
MRAMER JLPFEETHAEIGR). Hil DFT-D3 B IE 772 DFT i Ik
CHUE F bR, I HL O 2 I BT SRR - Grimme PRRZH B E2 6L T U5 0 38 IR RRUAS
IR, ENTERESRSYII, MR B 5 U S A DFT JERE T 28wl etk i
FEIX LS HF 70 r 6 HIUBORLIE 2 o B
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SIS, FERUE AR P A BARZER K, 7T DUl & 2k B A M S HORI MR 2,
{EARESE 2 o

XTI B A A, T DA 231 3 0 S R KT AL R B 5 R G R A
AR PR AR I TSP AE X BT R R . MD AR < Geit 71500,
i AR 2 TR AR RO S i s

[T 2, MD s — Rl fE 7 5K ESRARL M 3 7 R R TH PP AR A
FAERTE BT . MD AN SEIUEAE 55 O ME— T3, MD AR AR, fEHELE
RO N AR ERA R R, MD RS R EENTE, I HREFGN 2 e
PEB AR S T
232 ZBNFE5HWMEHGIE

AT T B RNTE 22 M )5 A Th T 3E0% 5 2R 0. MR BN 13 R 0018 . ARFUE /N
ETRNABAHOMXS RN, T HFDR NG E P, AR K2 TIRAIA L E
O, URR B RS R . N N AERE, SRR T — &5
TEMRRM R (HRMS— ARG, S22 Tk IR TE R ) il a7 1981

RS R, BEINNR S (F) 5HE (m) FIEEE () B, st
2-12 Jiis:
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AL TN —FRIR . 25 A AR R A4 Bk B H BB EIX
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FiEOLR, FME B H R RA =8 (2-13)
LA =T+U (2-13)

A, L EBFASAIHEE, T 2368, URHAE. RAMRENRE RS i sk %L,
he LR B IR GRS ZREND . Ftk i HREEA B (7)) MR (3) K
. BEiIEAREs T, Wt 2-14:

z) -G e

IR BA & ROy m FIERIERL T, A HahRe s 2-15 Pon:

1
T = Emlvl2 (2-15)

R X, SRR SRR, H5 7R (215) AR (2-14) FFITHRR, B

NEET
55~ 7) = a5+ () = o~ =ma=# 10

TR (2-16) RGBS AL A . BRI e RS B,
B — Mk, R R AR RIS A TR B AL
233 HTFEERBSHTFAERS

R (2-16) HIE— /b 0 BRI BRI E U 0TGN, 94 Re 0 R B0% S8 SR AR
53 T HORFPREFIE AR THDR LS o S K . SRR R (1) SO o
() BTIHHNSE, ISR AP

bl NS TR TR . 4 FITHILER QR (O QT SRR,
i) FAEI FI A SRR, A Gil) AR5 R34 T B 2
OB AP R T T2 M0 CARTLE . 40 TP s (D 1t
SRR, GO SRR GiD R . 45 TP E R T 2
RAVATEH S TS, R E LR IIRB RN . (R Ar BOREA ML
FUMBA W A HE . ZETH, U100 NaAI CHa, 7 BB R0 T80
ERTT, BB, RATATLUZR R E B 3 TR T, RAVSRRIIY
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XFFor A E S . XA REIEH R W 1AH (pair potential) E{Z /A% (many-body
potential ) o PHARIAE 15 o 35 BE v LLIE I X i 5 [B] (R AR ELAE SR AN 21 o X T AR nT LR
U H H AR Aok Rk . e, FRATTE N A 1Y 12-6 Lennard-Jones (L)) ## j& 4 HL T

PR, sk 2-17 Pos:
P 12 . 6
Uy (ry) = 4e [(;) —(;)] (2-17)
ij ij

DR T PRI, S AFE B =ANBE 2 JE AR BAE R AR R . RO E AL
SARTR, H T IRE AI VT 2 H A 4 RN S R o SRS, £k A B R Ak A
4 B A/ B LE A 1 T0000 4 R A 4 R 1Y) R AR 25 A4
234 FFNNENVIREH SR FH

N T RREEOY IR, FRAT R B R R A KLY (0 AL R B T4 4 1, AL
FRBEIRH 2 =4 FERRATHBE YT, AR Fortran 15 5 0 RFEATHIMGEIL, X
HARRAR BN HEAT, GRAEAER— 2 F IR T ZMMBEE KT 2 Ao bk, RATETE
FEFFURIT 58 SR BEASRLF 1T RS . — Bkt FRATTBENIRI A6 (LR B I B AT & M BUR 242
IyAT,  THEE S R G Rk i =X 2-18:

1 , 3
ZZ;mlEZ‘%i—zNhT (2-18)

azxy,z

—RBORUL, M TTREAN TR EIL A BT TR G A T T Bl )R
AKRTEMNHLTAB) LR T R AR E R R 5 (20D TRE D,
DRI, 7 S I i oA . R BT THEIRA TR B RE A2 — N oT, eI =4k
22 B e R A I A ), I A BRATHIRALL A T A AR R — N RR A &

F G A S A e TR R I A R SR o B SR A R 1
EATRIAERL T BPE b HIR, FETHE] T PP REE AT 0 BT M ATEE B A, AR I
N /NEME 21 (minimum image convention) 7.

WERBATHEEAMA RE VR — DL TR, SETTRNEA R o NET, IBALE
B AR, — L5 i AL T RS . Oy T ORKRIE E HORL T 3B E , kL5 L2
MG — i BT HE AR . 9 1 ORIESI RIS RE RSP 1E, FrRi 7220 5 IR T B A
ARy LA SR R I T SR A R T A7 IR L L TRSR A
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& 2-1 AL R F T E
Fig2-1 Diagram of Periodic Boundary Conditions.

B BRATRIATUE DAL koL i (x, y, 20 = (12, 12, 12, 3IKHF 1.
M —ANRLF N x=1 R BSHF SL 7 R R T , —/NETRL T A x=0 #EN, FET A 3 M,
y Flz A7 B A AR, SEEAE . Y A1 Z ZERE R RN . BT R OG0 ST ik by
BT, FTUABATEIE TIHRT, BUE RGN 7. WK 2-1.

B/ NRG L E RAREFTRL A 68 5 IHR TR R, A RIEREETE. HA
AT RR I IIE R 1, FrRUET § BR T 1 MR BRI B v Re AN A T
BAAFT R T §, W 2-1.

2.3.5 REFIRIL

AT 75 BB DR 0 A5 1 OV S b LB AT N 3RER 43 2da sh i), I
H AT DA S8 — H 2O T AR R IR . X RG] DUB IS Siit R, X
S RGN T — ST S H, B AT S TPERIRS . SR, AR
ML R FEAFRB R LR, BARENFRIRAE. HAANE LT =AEENRSHER

2
Z5:

7/

POEN RERE NVE RER: — MGt 245, Ko RGNS REEM ARG 1 ER T 5
BN EE, BERNEAD RS EAAGMHFEM SRR T8 RGDLAREFE 2R
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BN, ok S A BT RE R BRI T A, AREFGE TP

RN AREZRE NVT R%5: K ReEAE, B2 men, If iR e
1o IR ERIE M TR 5AE A BRI AT 55 8%l sl Cadb T A
B R GE. N TIEBIGHT, ARG Rfreai A ORES A BB AR 158
o, (ERE A LT REE AT HL

BN AR EZR8 uVT RER: Ho e mARL Bl A e . $5E TR . Bk
WARLGEEH THIRITTIRS: — A5 H B TR MRS R g Ak, L
e, AR, BEMEE). WIRARSS BATMRR AL R gy aaadd, WA
kb Geit-T IR .

A LME X S RERHP AT ST 12t e X R AN R LK, G W] BLsE SCH A
IAEARGE (AH LI NPT RE0), JEH AT LSO HE S R 250, BhAh, XX
B8 R R DIORE— S8 LA BT Ge it 35048, B R EEF 28, 02130 ) r i 2
ARG IR TR] PP RARES AR 4511 CORIRER & 550D, THR I RE h B AR SR 7 iE R A
PR
2.3.6 B ES MBI

HAVEFER TR AR, HEESHRRT AR, HAbRA 2 EH# 0] L
HX A SEOHEAA R IR, SERRIEFTH, BATAN AT BEXT &AWL A3 A AL B AT
oo BATTAEE SR AAGEN . Al AERRE IS 8. A, 75 20— O ORE D7 o0 HE
DA

RGMIBNHE A S S BNRER AT . 5 HERE T 5 HE I AN EARERL I CEEan3kAT]
HULH) Ewald. pppm. PME 55J775). S REEZASNREMB RS, SR (2-18)
e KRR BT LANB RERA E TRLEE o TR R ME— AR e e . I mT BodEid 5 2-19 it
8

P =p(ka—%) (2-18)

Hrp W4k E R TIPS 45 AT R (R B AT SE T 2 00 A RV Al 45 B4
F LA, 32 1T A SR A B AT PR
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2.4 RIS AR & I
2.4.1 LAMMPS &

LAMMPSI'3% 16014 %% 1 arge-scale Atomic/Molecular Massively Parallel Simulator, &
—ARAE MBIy TE 1 (MDD B, Capk) 2 TS, BESERAS Rk
TR, CHHSEMETRS i) MR FMEDET. BeW. 2%, HE (&
J& FaE. AP WKL, HRECE M R Gt B LAY 2d 50 3d K48, AT LA
JUA2ECE 5 BB RURLAR 2

LAMMPS i KA s i MR 25 5 Vs I — L8 g /i3 JR 72880 AR 15t
FAFE . ATRAULE H BT W13l A b Oy RiE . A5 RIEER, JFH
FIAT RN

FEf T R X E, LAMMPS 723K i —40AH BAE R 18 ) A= s 3 T 2
AR AT PR R T 01 BT BRI ER 7B A AR . LAMMPS
A5 A R AR, (HR b — KRR . (B2 LAMMPS & K6k
R HTAC BN S AL BEAN 63, 020 B AR RO K F) R HE

AR SCH )53 B 1A T AR R LAMMPS 558 ik, Hoai e Ab 3 32 2%
Fortran Al Python 1& & #EATAbHE
2.4.2 Gaussian 3K

Gaussian & —#CGE FTHEAL AR, 5P John Pople T 1970 &3, At
FNHAE RN EEMERE R WIS S — BT E R . AP T Pople 11 H &l
BIE SR BT B S5 R TS A2 6 A Slater ZUHUIE o 1ZFEF H 24 BT RAS & Gaussianl6.
I 1987 45 DL e = i 2w F A BAT

Gaussian J& H A7 5 AL T 0 FHUIEBE R B S ERE T . SCRFERERZ K
M, & T IOLAR RBTFT.
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B HIR S CO A RO 5 B 7T

FZE BIER CO, IR A
3.1 5|5

HIf5E COa (scCO) fFN—Fhax i, HNMHATS 0T 2. COx BATRRT. TC
. MR E « B SRR ED B8 LR I J LSRR M T LA R R
e m MR IR . A ARERAUE O, SR, HT COx 701 AL S5 R A 1L 0
FERRAE B BT B B VA R RS, X T SR B R B AT REY.
BT RUKSE IR T 0%, X HIRE] T scCO2 MR R - L, L4
AL NAT AR A B T 7 — M 7RI BLER 1 seCOa IR ff1E BE -

Forb, RSP —MA RAE IR 2 0L, g AT LA scCO2 A
PIRSEAR, TR, BEMA S REYI BT . XA 7R RES A RN BT scCOa [
BEST o TN A b IR B 0 HUIRTE S0, K RS AT R 1 seC O BRI . Al
RMEVEFIIE R scCO2 IR E T2 B 75 B P g A 1]l 171 ORI 1k 77 i 2005 i T
scCO2; AR 1 7106 20 B 20 1 R IR B i RT3

FEBEZ |, A B 7RG VER 70545 K rh s i I i e A B B3 £
Bo DAL, BB SR VT2 W E scCO HAART, BLEBHRAE scCOx 11
RETN. REZANCEEWRHEE T scCO HFR I B 45547 M, HEL4R5H 5
FEXT I RE A 200, B SBCHE BIR BN 77 Sl i Sl R, JF HRBERKE (G2
Wi R I VEFA TR RE R EE N R 2 —, FEWZR) X BRIt 5 18, =
XL RATR CORFER B IZ R AR 7R . Bhoh, H AT tsch — A ER ik Re
BT B PPN SOBCR B SR H, TR (Nage) SR RA RN ERIE A i B ) 451
SR — o Nage GRIRRBIKRAN . B ERE /KBS RFIER PIAH 52 101 1301, T Be e Xof
TR AR IS VE AL . (Rt BRI AR R R 2 8 H AT SRR 7T thAE i
BEHEATRIT TN, O Y SR R s R 2 1 G5 A 5 HE R AN B H AT Z AR R
i ERN KB W FT o

R, FEAF L—F AOT KB hybrid ZREETETEFIAT AN R, HEERHA
AR IREN T, IR HAORSE HIFEAT T VRS AT, BIEFCR IE MR 25 R Hh ok COa MR
I EIER A Bl LR AT AT I, AT H B Nage IR/, FFXF Nage £77E A
JREAT 1R
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3.2 wRBENSHESE
3.2.1 #RBENT
%R 3-1 F7Hn REVE R E L 5 SLR N E TR

Table3-1 The Chemical Structures and Selfassembly shape of F7Hn Surfactant

RIEE 17 Ry H 3T am e 128
F7H10 0-;[@\ el -
o F ¥ F ¥ F ¥
F7H7 oﬁj\ e L] Spherical
L F ¥ F ¥ F ¥
F7H4 o T ot Spherical, Rod-Like
0
F ¥ F F F ¥
Oz\i]) i F [ F
F7H1 N0 -
F U F F ¥ E

Tt tedtngtny

el A‘(""" {{%+ ‘.j N AT
% Qi m .M ' o

& 3-1 F7Hn R ri?ﬂ E%ﬁ%ﬁi%*}]ﬁn,ﬂ*’] (a) F7H1 (b) F7H4 (¢) F7H7 (d) F7H10
Fig3-1 The initial structure of self-assembly system of F7Hn surfactants (a) F7H1 (b) F7H4 (c)

F7H7 (d) F7H10.
AR, AT F7Hn (n=1, 4, 7, 10) REHIEMEFR]. K scCO» 4T IR S
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S5 =5 A CO o RA F RO E B 7T

TR RHEAT T4 J57 MD B, BFSE T 7E 318 K Al 20 MPa 5% T B S K o xd HL 45
[RISEM . 3 3-1 4 [ 1X 48 F7Hn R IEERI 5454 . AR F7Hn 746 R B A A [H
FIRTAE AR, B HEA TR &R 2, s 3-1 fs . BEAS RS0 20 /> F7Hn K
TEYERISr 11 100 AN7K5rFF1 3000 A SRR AL . ST IIEE RS 64 Axe4
Ax64 Ao MR AAFER T 3 AT . X EERL R Moltemplate CPH! 74 2
3.2.2 BHIAE

FANTKH LAMMPS (large-scale atomic/ molecular massively parallel simulator) %14
HRE MD BWAH B 7T, B FEAH EAEFH B OPLS (Optimized Potentials for Liquid
Simulations) 42J5F /13RS 1, 1%t — AT AR T 1, BT A
AV, 8 RS v B T 26 T 5 PEFR/COn RS MUAYE R . OPLS 7374035 43 1+ 1a) A
HAEMAM 57 WARBEAER] o 207 AR EAE ) R e B Ve A4 (VDW) A e B i R AH L
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Fig3-2 Simulation process. In the initial configuration, there is an RMs that contains 25
surfactants. Then, the surfactants are pulled out of the RMs one by one, until there is only one
surfactant in the system. There are the configurations of RMs with number of surfactants (a)

N =25, (b) N=18, (¢) N=9 and (d) N = 2.
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HIIAIEER] . FERIRIRAS T, RIENEVER 70 TR R RS, X028 T IRIEA F 2

SEMI RIS TR 7 7 A ARG . TERAIM 0.4ns 1, RMEAS Ok &
THF7HT k3 RERES—HE, BEJE (0.4ns B 2ns) NEERKIEBKEE, KK
33 6 NMRIAFER/NRIKH . 1E 4ns Iidi, FrA BN RGNS RE AN BRI
B o B8 & PN S AIZ B Rl o — DRI SUBOR, IR U BIAE 10 ns. 7EJR2E
(1) 30 ns BEFNIZAT ], XA SRR A AR E (AR IR 1 555 10 ns 4D,
3-3 FREIRD,

& 3-3 Wy=6.25 [7K/FTH7/CO, =R A YIHIRT [EIEL . EF B (a) O ns (b) 0.4 ns
(¢) 2ns (d) 4ns (e) 10 ns I () 30 ns B 5 H 3454
Fig3-3 Time evolution of the ternary mixture of water/F7H7/CO; at Wy = 6.25. Snapshots are
taken at (a) 0 ns (b) 0.4 ns (c) 2 ns (d) 4 ns (e) 10 ns and (f) 30 ns.

(c1) (c2)

BOET ]
N
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P ety P e )' g X
P, oaﬁud .e,odm 5
A 28 odlia

‘_(i_‘ _,({_&: 0%.

(b3)

& 3-4 Wy=6.25 E7K/F7Hn/CO:; =LiB S WIRII HEAL . B 1-4 535005 0 ns. 0.4 ns. 2
ns. 10 ns, a-c 77 FH4AR F7TH1. F7H4. F7H10
Fig3-4 Time evolution of the ternary mixture of water/F7Hn/CQO at W, = 6.25. Snapshots are

taken at (a-c1) 0 ns (a-c2) 0.4 ns (a-c3) 2 ns (a-c4) 10 ns.
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Fig3-5 Time evolution of number of clusters in the ternary mixture of water/F7Hn/CO; at

water content Wy = 6.25.
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R SEAE — A1 S S B P AT BBl o O 28 M S BB A 1 — B 2R W 3 TV 1 7
1 AL ph S OB Y
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Fig3-6 (a) The time evolution of the H-bonds between water/water and water/surfactants.

Different colors are used to represent the time state in surfactants self-assembly. The
snapshots are the H-bonds driving process of RMs fusion wherein (b1) and (b2) at the same
time. But (b2) omit the all surfactants except the surfactant insert into other RM core. The

(b3) shows the structure of H-bonds driving two water contact.
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Fig3-7 The number of hydrogen bonds between water and CO:; as a function of the

hydrocarbon chain length.
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Fig3-8 Evolution of radius of gyration (R;) for all the hybrid surfactants system. The

black/red/blue/green line corresponds to the F7H10/F7H7/F7H4/F7H]1 surfactant. Horizontal

lines are the average value of R,.
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Fig3-9 All of the four F7Hn surfactants site-site radial distribution functions between RMs

centroid and sulphur on (a) head or (b) carbon at tail tip. It is performed as a radius density

profiles. The dashed vertical guides represent the locations of peak value.
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Fig3-10 All of the four F7Hn surfactants site-site relative radial distribution functions
between RMs centroid and water/CO:. The black/red/blue/green lines correspond to the
F7H1/F7H4/F7TH7/F7TH10 surfactant. The o corresponds to water and the A correspond to the
CO;
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Fig3-11 All of the four F7Hn surfactants site-site relative radial distribution function between
carbon on the fluorocarbon chain which number from terminal carbon and water/CQO.. The

1-7 represent order number (a) F7H1 (b) F7H4 (¢) F7H7 (d) F7H10.
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Fig3-12 The black line is free energy profile of RMs with different number of surfactants. In
the area of low free energy, the optimal area is defined between two vertical dotted lines. The
lower area and higher area are defined on the both sides of optimal area. The red line is the

surfactant film thickness profile comparing to the free energy profile.
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Fig3-13 The time evolutions of TC14 surfactant self-assembly. (a) 0 ns, (b) 2 ns, (¢) 5 ns, (d) 10

ns, (e) 20 ns, (f) 50 ns. (g) The time evolutions of the number of RMs clusters between 0 ns to

50 ns. After 50 ns, the number of clusters is constant at 8 which is not shown.
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Fig3-14 The radial density profiles of headgroup, terminal, water and CO; centered on the
centroid of reversed micelles. There are the radial density profiles of numbers of surfactants
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Fig4-2 The binding energies between hexane and CO; molecules under different fluorination

conditions of the end carbon atoms, for clarify, the “R-” represents the “CH;CH;CH;CH,-”
group.
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Fig4-3 Plots of the reduced density gradient versus the electron density multiplied by the sign
of the second Hessian eigenvalue (a) R-CH>CH3; (b) R-CH>CH,F (¢) R-CH,CHF; (d) R-CH,CF3.
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Fig4-4 The reduced density gradient isosurfaces (a) R-CH,CH3; (b) R-CH,CH)F (¢) R-CH,CHF,
(d) R-CH,CFs.
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Fig4-5 The binding energies between hexane and CO; molecules under different fluorination
conditions of the end two carbon atoms, for clarify, the “R-" represents the

“CH3CH:CH:CH:-” group.
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Fig4-6 Plots of the reduced density gradient versus the electron density multiplied by the sign
of the second Hessian eigenvalue (a) R-CF,CH3; (b) R-CF,CH,F (c¢) R-CF,CHF; (d) R-CF,CFs.
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Fig4-7 The reduced density gradient isosurfaces (a) R-CF,CHj3 (b) R-CF,CHF (c¢) R-CF,CHF,
(d) R-CF:CFs.
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Fig4-10 Plots of the reduced density gradient versus the electron density multiplied by the

sign of the second Hessian eigenvalue (a) Ketone (b) Ether (c) Ester.
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Fig4-11 The reduced density gradient isosurfaces (a) Ketone (b) Ether (c) Ester.
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Fig4-12 The binding energy between N-hexane, 2-methylhexane, 2,2-dimethylhexane and CO;
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Fig4-13 Plots of the reduced density gradient versus the electron density multiplied by the

sign of the second Hessian eigenvalue (a) N-hexane (b) 2-methylhexane (c) 2,2-dimethylhexane.

W,
.,

R-CH,(CH;),

B 4-14 HUEFEHESER, HP () ECkE (b) 2-FEDE (o) 2,2-“HFEOK
Fig4-14 The reduced density gradient isosurfaces (a) N-hexane (b) 2-methylhexane (c) 2,2-

dimethylhexane.
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Fig4-15 The single surfactant conformation on RMs: All of the four hybrid surfactants’

fluorocarbon chain tilt-angle. The insert figure is the diagram of the definition for tilt-angle.
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Fig4-16 The single surfactant conformation on RMs: All of the four hybrid surfactants’

fluorocarbon chain tilt-angle. The insert figure is the diagram of the definition for tilt-angle.
TR S 2 G T R S PR R IX R AL AT e ? @ISO, T RN,
R SRy N VB K B, BRIRUEE ) S IR O, AT CE 2 M B 53X —HEIR M I,
F7H4 F M RR S 2L FTH10 A1 F7H7 33 56 K ik SURE ) 2 3 PR 77 A 5 /D

71



SEPUE I - COo AR IS L7 LR 7T

AR XA AR BLRAE FTHI RSV BOA R IR o FTHI RIBR FBE i ST B
THZMMSR, HKENAE 6.4A.7AF 7.7 A eI =ANEAE o PRI FRATRT DAHENT,
B 1 B U BE Y () B ARRE AL, 2 i R B SR B A RE I, BRI BE A o0 — R AR
XM AR AT DA IR ) 2 T 1 U i B O R, LA de . Dy T ] I Ao R T
FUBR FHEAL R I E R, BATRE— 2087 1 SRR 5 rh R i v P 7B R BB i 52
Iy B AR LA
4.4.2 REEM TN S BHLIRMR

N T TR W13 RSB SRR AR R B R 3R, AT 8 1 B R % 40 TR R A LA
o FERARGH, A4 Ry, BoasE 2 =R B LA . 55—
AR Bgi e, KREEEN . HEERMNCa v, Fikmmast, 4k
FLAER R R BE M R AR %, BER ARV, AN A2 F B SR BE R F 2
BEAh, AWM LA R A T CO BUKD 1. MAikama iy, mT2mMn, CO,
AR I3 S B B 2 R A AR A o SRR i (14 A2 A ] 2 IR 1) 2 T 7 P75 P e S B
I AR

1.0

(b)
8N
'g 3
} 0.0 T
5 10
r/A r/A r/A
& 4-17 F7Hn RETEHFIRH# L (a) H/-CO, (b) HKM (o) WM (FHRERME) KIHZE R

Kt
Fig4-17 Site-site radial distribution functions for (a) tails’ fluorine-carbon dioxide, (b) tails’

fluorine-water and (c) fluorine (at the tip of fluorocarbon tail) -water
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F7TH4 175 S5 IR B B rH R I 45 4
Fig4-18 Snapshot of hybrid surfactants FC are restricted by H-bond. (a) Restricting the
middle fluorine on FC is taken from F7H7 system. (b) Restricting the tip fluorine on FC are

taken from F7H4 system.
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Table4-2 Interaction between F7H10/F7H7/F7TH4/F7H1 segment and water/CQO;

Surfactants S-w S-C FT-W FT-C
F7H10 -619.82 -312.55 254 -126.43
F7H7 -630.32 -259.12 -25.68 -146.52
F7H4 -634.85 -218.14 -29.3 -157.78
F7HI -605.9 -183.41 -26.08 -146.08

*S=surfactant; W=water; C=carbon dioxide; FT=fluorocarbon tail; Energy unit=kcal/mol.
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—=— Hydrochain

Hh

4 6

r/A
& 4-19 F7TH7 RENG AR RERREEK BN
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Fig4-19 The length distribution of the fluorocarbon chain and hydrocarbon chain of F7H7

surfactants
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gl? o°
E;j = 4g; <r7__6> (5-1)
FHBEAEHREE ¢ 2 518: 0,e=5.6kl/mol; I,e=5.0kJ/mol; II,e=4.5kJ/mol; III,
e=4.0kJ/mol; IV,e=3.5kI/mol; V,e=3.1kJ/mol; VI,&=2.7kl/mol; VII, e=2.3 kJ/mol;
VIIL, £ =2.0kJ/mol; IX,e=2.0kJ/mol (FiH1 6=0.62 nm). sHAERIAHEAERHRH O 4.
I AR AR FIRAY CanoK A iy s BRI AR AR T D o I Z00R0 T A5 (g 28 A i <52 B
SR IVBAAAN EAE R« IV A IR DT IE o i HE R AR BAE D RV Z2-VIIT A
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o ©
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B 5-1 @ilgF CO, PRmIE M B 450 AR 51141

Fig5-1 The coarse grained model and initial structure of surfactant self-assembly system in scCO.
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TAEAEAE AL A% B BB 9 9-12 A, Fr /e - AR IR BCEAGh 0-12 Ao T FH A4 R
PARIESTA] 4 1 uso
522 RBEFHFINNFERE
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BRHOE A0 3.2 TR

B 52 S F4M: (a) Kk FC6-HCS A1 (b) ZKE FC6-HCS (o) HEMEMVIEE .
Fig5-2 Molecular Structures of (a) alkyl FC6-HCS5 and (b) phenyl FC6-HCS. (c¢) Initial configuration

of simulation box. Red circle: The definition of surfactant midpiece.
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Fig5-3 (a) Molecular Structures of Surfactant (TC14) and Co-Surfactant (CsBenz). (b) Initial

configuration of simulation box.
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(c) 4.0 kJ/mol (d) 5.0 kJ/mol
Fig5-4 Self-assembly structures of surfactants under different interaction parameters (a) ¢ =2.3

kJ/mol (b) € = 3.1 kJ/mol (¢) 4.0 kJ/mol (d) 5.0 kJ/mol.
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Bl 5-5 A BREETER B A3 HEE (a) RFIAZRE FC6-HCS RHEEMF HAR. &
5 (b) Rhik FC6-HCS RMEEH M E AL, SHWEFTIMETEA (al) B (b1) 0ns, (a2) B
(b2) 2ns, (a3) 4ns, (b3) 17ns, (a4) Sns, (b4) 20 ns
Fig5-5 Time evolutions of hybrid surfactant self-assembly with different midpiece. Series (a) is
phenyl FC6-HCS surfactant self-assembly. Series (b) is alkyl FC6-HCS5 surfactant self-assembly.
Snapshots are taken at (al) or (b1) 0 ns, (a2) or (b2) 2 ns, (a3) 4 ns, (b3) 17 ns, (a4) 5 ns, (b4) 20 ns.
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Fig5-6 Evolution of radius of gyration (rg) for all the hybrid surfactants system.
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FigS5-7 The time evolutions of the number of RMs clusters between 0 ns to 20 ns. After 20 ns, the

number of clusters is constant at 1 which is not shown.
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Fig5-8 The potential of mean force (PMF) distribution of two RMs fusion. The Distance in abscissa is
the distance of two RMs centroid. In the insert Fig., the different fusion result is shown whether or

not there is a barrier.
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Fig5-9 The site-site radial distribution functions between RMs centroid and different segments along

the surfactant. (a) In the phenyl FC6-HC5 RM:s system. (b) In the alkyl FC6-HC5 RMs system.
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Fig5-10 Order parameter of phenyl and alkyl FC6-HCS surfactants as a function of the atom carbon

number in the surfactant tail-group (starting at the carbon atom connect to headgroup). The insert
Fig. shows the molecular structure of phenyl or alkyl FC6-HC5 RMs
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Fig5-11 The average included angle of neighbor surfactant distribution. In the insert Fig., the
microstructure of parallel surfactant packing is shown.
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Fig5-12 The equilibrium morphologies of TC14 surfactants self-assembly in scCQ;. The snapshots
are of (a) only TC14 and (b) TC14 cooperating with CsBenz self-assembly system. For clarity, all the
CO; and the surfactants except the rod-like RMs in (b) are omitted. The following figures are the

same.
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Fig5-13 The density distributions of all components in the rod-like RM along with its backbone. The

top insert snapshot diagram the definition of the rod-like RMs backbone.
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Fig5-14 The potential of mean force (PMF) distribution of two RMs fusion. The r in abscissa is
the distance of two RMs centroid. In the insert figure, the difference between the two TC14 RMs self-

fusion and the TC14/CsBenz RMs fusion was schematic. The dumbbell-like RM also be clarified.

97



FLE HIR S CO IR AT B LEL BT 7

1.0- 5 f \
Qg_ﬁiiiiﬁ,&<§%:&¥i% g
5 _ -—
06¢ - TC14 5;
| -0- CsBenz w{
04+

- CsBenz-enhance

02l
00}
| 5 | 10

0

Order Parameter S

Carbon Number
B 5-15 TC14 M CsBenz R E VI BEEH FSHEE BT TAUR BN (ALFERKBRIR
TIFE) ,“CsBenz-enhance” & CsBenz 73 T KBS RAFHEFSH. GARERT
CsBenz il TC14 BRI H 345
Fig5-15 Order parameter of TC14 and CsBenz surfactants as a function of the atom carbon number
in the surfactant tail-group (starting at the carbon atom connect to headgroup). The “CsBenz-
enhance” is the enhance fusion ability CsBenz molecular order parameter. The insert figure shows

the molecular structure of the CsBenz and the TC14 RMs.
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Fig5-16 The comparison of two self-assembly models between the pre- and post-enhance the fusion
ability of CsBenz RMs. Both models have the same initial system with two dumbbell-like RMs and a
CsBenz RM.
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