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Molecular simulation study on CO:-philicity of surfactants

Yin Zhipeng (Materials Engineering)
Directed by Prof. Yan Youguo

Abstract

In the development of oil and gas reservoirs, fracturing is a reservoir modification
technology, which can realize the stimulation of oil and gas reservoirs; supercritical carbon
dioxide (scCOy) fracturing has the advantages of easy flowback, low reservoir damage and low
rock breaking threshold pressure, which has gradually become a hot spot in the field of
fracturing research; however, due to the extremely low viscosity and weak sand carrying
capacity of scCO», its application and development as a fracturing fluid are limited. The
research shows that surfactant can be used as an effective viscosity enhancer of scCO>
fracturing fluid. However, how to modify the surfactant to improve its solubility in scCO2, so
as to improve the viscosity of scCO; system, is the key problem to be solved in scCO; fracturing.
In view of this, the micro behavior of interaction between surfactant and scCO: was studied by
using the method of quantum chemistry and molecular dynamics. The influence mechanism of
surfactant modified functional groups on CO> affinity was clarified. The relationship between
surfactant structure and CO; aftinity was clarified. The research work has a certain theoretical
significance for the design of surfactant for scCO> tackifier On the guiding significance. The
specific research contents are as follows

(1) The key factors affecting the CO; affinity of surfactants were revealed. The model of
tail chain with different functional groups and CO; was constructed. The interaction between
tail chain of surfactant and CO2 was studied by quantum chemical calculation method. The
results show that the interaction strength of surfactant with CO2 mainly depends on its mode of
action. Before the addition of functional groups, there is only the interaction between terminal
atoms and carbon atoms in CO;. With the addition of functional groups, the properties of
hydrogen atoms adjacent to functional groups change significantly, resulting in a strong positive
charge. Therefore, these hydrogen atoms will interact with charged and negative oxygen atoms
in CO2 molecules There is a strong van der Waals interaction between atoms, forming hydrogen

bond auxiliary structure, and it is the synergistic effect of these two interaction modes that leads



to the enhanced interaction between tail chain and CO»; it is also found that the binding structure
of oxygen-containing functional groups with CO; is too close to the tail chain of surfactant,
which leads to the poor stability of reverse micelles formed by surfactant self-assembly The
oxygen-containing surfactant did not show good properties in scCO».

(2) The relationship between the structure of surfactant and its CO; affinity was clarified.
AOT surfactants with different functional groups were designed by molecular dynamics
simulation. Based on the structure and effect of self-assembly, the CO; affinity of the surfactants
was theoretically analyzed and evaluated. It is found that the type and position of the functional
groups modified by the surfactant tail chain will affect the binding structure of molecules with
COg; the study of the distribution of water and CO2 shows that tail chain fluorination can
improve the ability of reverse micelles to separate water and COz; further investigation of the
coating behavior shows that both fluorination and oxidation at the end of the tail chain will
make the carbon chain conformation more curved, and this conformation will make the reverse
micelles more stable However, the conformation of carbon oxide chain is too bent and the
thickness of reverse micelles is too low, so the separation ability can not reach the effect of
fluorinated surfactants.

Key words: Molecular Simulation, Fracture, Surfactant, Supercritical Carbon Dioxide,

Solubility
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2.1 FFRIUE

ST B AR (Molecular Simulation) & —Fff 5 THEHLK & T2 AR 0 5T
2 BRI — TR 7 i, 3t 8 S R T AT AR AR SRAR UL 3 T B S O AT N
PASAH SRR, A2 30 3 ARAEL 0 A5 B 25 SRR AR SR AR SR B . AL e, o
FHEDF TR AR SR BRI . 2 PRI AR A AT DIE A s 25 SR s+ 78, 1 B H
T EAUVBIAD N TR 22 SE80 1 w5 20 564, AT LORAR 22 WROHE () S 30 B (AR R BB Ak
H AT TR AR CETZ N F 2 AR08, FIInTEM RV A4, TR n]
DASE {87 SR BIF FORRLI & At B, 0T AARE ¥ ] 28 3 HH SE A (R e T 7 225 7E A Ak A,
G TR R B AR F 7%, A DUBCUAS R b A5, S AN [ 2 A i A A
SRUARKERL, i S 1 BRI R SR S 2 1 T AT 1 70

ARV SCHRAE 4> FREILEE R F E A AW R, — 3 AR % (Quantum
Chemistry, QC) &AL 7732, A 1Z 7Rt 53R s 177 R B 1 B s 141 [R] CO 2 [A] () AH
HAERH, 5B N5 T3 /1% (Molecular Dynamic, MD) #5405 35 SR A4 26 I 1% M 571
FE COx I B AHBEAT Ay, 1l PR ER 73 B 50 R A R IS VE ISR COn PhERE, £ Kk
Xf PRI HEAT I 4

22 EFHEFERE

BETAINERD TSR — MR EE 3, B, BRAERT I
DA SOV FAEAR R P AT, R I s Y B AL 2R i, R
T . BT EAUAT LU A 22 S oy g e PERE, 1T ELAT
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SRR, T T A 7 B B R BAEREA) =40, e 2% AT LA BIH5 T 22 sEiok HUA:
PEEAR A L

20 75 A 12 AR s s, T FendE (B Mol (BT R
FEO ik, f3 iR RN, X R REAE ] &1 SR Is AR R IR, 1T
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DAFETHSEIN A 20 5] N & R R e Big 55, Horp, MRS, BRI,
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T AR SR F: At S AR ST b Y 1 ) 3 P 32 R TR

221 BEEEHEAHITUIES
1926 &=, BEES B AR T R BOR TR SRR 552, K1Z 7 FERI T3k
BoFResE. WA TIRMEAER, EEMMART, BEEE TN T:

A(# R)¥ (7 R) = E¥(#R) (2-1)

A, B NRERAMEE, Y7 R)NERIRSEE, R T r FE % R MR
[, H’4 Hamilton 577, 618 T 3hAEMBREEFTE T, AR

. e V2
T,=—= (2-2)
2 me
i=1
N
v
Ty=—2) — 2:3
M 2 my; (2-3)
=1
~ = D 2
Oony = —Zz,z - (2-4)
=1 i=1 | L R1|
~ e?
UMM = ZZiZj_)—_, (2-5)
1<J |r1 _R]|
2
. e
U =Z—_) (2-6)
° 7 - R

A, ToABTHEIR. Ty NE TR U AT SR TR BB RE . Oynh
JRF R B EE s U AT Z RIS EE, RSSO . M TERER, Uk
JIRESR AL IR AE, DRI AATISRE S 1 — S BSR A3, BandRAR R s sl 2 A
B REIMANE SR 2, O L P R R B BRI A . FAT, A AR
fR D R - B ER (BO) I AU, BO M AL M U 5 A% A B 468 P B o ELA FL
TR, WRERE, B0 TR LU AN T8, (H2 NI HROR LR,
JE TR AR LB AR E =R g, X R EUR TR R R A TN AL, B
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EH TG SRS KA SRR KIS, HEEFAZEME L T #7281, BO Il R
FEAEFHIEE 5, KR REEAAR R R0 1T SRR TR A% 3 R BOR0 W38 eR 8
BO UL T i E 12 R -

HOWy (7|R) = Ex(R)¥(7|R) (2-7)

R, We(PIR) AR ERAME TR R MRS, Ex(R)RREFERKAE T AL EA A,
s D EAUN oy VR
[T, + V + U |[#4(FIR) = Ex(R)Wx(7IR) (2-8)

A, VAR, HARBE X5 X AR —8. BT OB MEMIE K2 HIHH TS E)
FORBH, HRKBK T e s FRRNREEE, Bl CEERE T T4
SR V2 N o
222 BEZEER

BV BFE (Density Functional Theory, DFT), i 8 X, % RIGH T,
Z R A R, HoP T — R R R R TR R, E— N REUR R TR
JEE I 2 (R AL KR P R B, B B 0 e I H 7 85 PSR 9 2 FE T4 R L T 5 R T — g 2

B
N

7E2.2.1 23] OB AL, FHOKe HL U0k bR ORI B R BOSR TL T ff A, R0, B
T A T 2GS, HARRMERIFREFME, T2 T /845 BL-48 5 (Hartree-Fock,
HF) 2, HF I A et 7 — AP EEYs, By risspiRES iz r
Hi#aesome, X el s AT BLTH S A B IS 3 RES 78 HF U 2EAl |, 1927
F, Thomas Fl Fermi $2H T Thomas-Fermi #8177, 1115 o e B AN EAKH 454>
TFHISPRA, &8 %R ORERI, 1R NS 2 R B () B, 1964
£, Hohenberg f1 Kohn #£ ! T Hohenberg-Kohn (HK) [P, HK i, R
TEREWE, KRG e, B8 LfE REkENRCERNE, HIL,
PP BRI — P VERRSL T RS AR B A S SR, SRR A TE ALK . BT HK 3t
TG RE Rz s HLAATE S, Kohn Al Sham 4 T HIZ &, 7E 1965 4£ K%K T Kohn-
Sham (KS) FHRUS, o4 2l I SRR AL B T B AR Z KA, BRI £ 7 i
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23 PFHNERZE

5 F8171% (Molecular Dynamics, MD) 75 i3 1E Gt it 22 2 R I+ SEH LA 7 A
RURELN > TS5 5T R TT1E, e T IUEL 4 H Alder 1 Wainwright $2 H
0L, M TR AT, BT R REE R, KBRS )5, TN
XA ) 2 07 RE SR RSN 5 AR RIS BT N, T SRAS AR R I BEAIAG e BT, R
SCHR BT B A0y 1B 1 5 TR I R AR SR B SR EE A

2.3.1 EAKFE
ESCHERE], MD JVAR BRI IR 2 B %, T L 2 I AR s A R A
I
F=md (2-9)
Kb, FAYIRETZI T, mNWIRE R R, dNINERE . FERSRT, 7T DL ALK
WRFAEF AL E, 2 F T AR BA RGHaE, THE AR AR N:
U@ 75, ) = 20y Xni d(11)) (2-10)
Ah, TS i NETFIRLE, ¢(r) N i NMETFRIE j AEFIH AR SR, 571
Pt S E AT LA HARAG I F
ﬁz—viuz—(?aimﬁaiyﬁﬁa%)u (2-1D)
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RG4S0 E R 1A R R TV M 7R 1955 COn 1 Be = 2E P i s, RIS & RE AN BE
XH2R CO PEREES tRE TEAF A, MIX IR — BN PO FE N 53 i — R 1 £ i = AR 7E
FfE Y, R PER R COx M 18] O1E T REAR 2L, (EIFAZXT2R COo PEREHS R E 1L
&, XRE5ZAMP LR —5, I H FFV BIRRME CO, MRS M iFH MY U
SRR R R, WALV CO2 A 24075 W A BE A SELFIISE COr TERE, X
WRAE A S 5 R

A 5 ol A T R T ST R T R R B REAL XS R COo TERERIRE
Wi, E SRS A A REREAT IR S, X R I ST B A RAIE, TR R 5 AT
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PRI, G FEV BRI, BB R B 4T R, AL e 1
FIJTRAI COy PEREZ IR R, BEIAE HUX S COy HIZE TR PRIV TR th T (2
RIS LR

3.2 HEIRAEMTTE

SN T IR R T R AL S COn MEREMISANA, AR T S AR B
I REHES COx ABEAY , BH T 28 i M 751 PR JRE AR O 3 38 T i M 791 ) Sk R A2 R Bl R
(), BT AN BEXS R BEE M — A B, STk — o H oy h BRI B0 3, IR, 24
TN A U A I, FRTVEVERIN S B R N, RERESL, KIE 2R 5KAE
TEAHEAER, BTLAEB SRS AR TR RS, AT Bt s =
WK A EAE A, BTRAAE SRR, SRR RN 58, RAT Chisr
THRAE R, MMARFAARERE K #TR, N TEREsE, KasEm kb
AR, BT SRR R EE AL B, RN R EE DA R AN R B AL 5 COn 1

RERISEM, KA OBk TRRBR 7 W TS8R, R Ll T, B
FOlEEL, @A A B E R BIR 5 R TGN COy Z IRIIAH BAR T, SR 20 a2k
TRELE T, AN, KHASOKRTFEORKE T, RABOKTRRER T, B
3-1 ffor:

[l I LI e
Mﬂ' W Nr M s
ety Lt Gedh ol

B 3-1 YIHEREIEEH
(a) Bt (b~d) TERWBE TR, (e~h) ERIAMRETHRML, (i~k) ERERETFEML
Fig3-1 Initial simulation structure
(a) hexane (b ~ d) fluorinated at the end of C atom, (e~h) fluorinated at the end of two C atoms, (i ~
k) oxidized at the end of C atom

B WEE AT RIS, B EMME RET 2 IRIAKSRIS e E R/ DR EM R,
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X, AENCEK D TR CO» ZIMMIMEAFMHBE, Eworr  Erqur  Eco, 77 HINEAN R

R COx RER, Epgep NFEHB IR ZERTIE.

TEE B T AR E AR REER COy M BIEH 73U, SR T Lk B E R
(RDG) F#lr, LI BEREFERTH A KR
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AN, A A R RS bR B T IR AT AR R AN T SR ELAE R AR, SR 4
530N def2-SVP AN def2-QZVP JE4H P2, Horr, def2-SVP LA def2-QZVP FE4H
NVHEREE . FEVCE S B2 R TE T T RORS R, T RORE R, A8 TSR B
Bk ES B, T B BHRIR A B GRS, A TR A SR TR R, R SR
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SRIFAIENG B e (AL, (R MM L i £, R R M ME, R
T HE R

B 2% HREADL G5 SR 23 8 7 (8 F B 2 D Multiwfn®, 802 ISk 70 #r 74k
U RBTET, R Z B R B T IEE SR, BRSSO, M
FIGEFMAS, BT O RE N EARR SO AERT R, EH T I AT B
545 4% ) VMD(Visual Molecular Dynamics) 34T T /T #4k, R AERE— A9
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3.3 HBRE5WIE
33.1 E¥ERUIEE RN

N T TR EE B REA AR ELAE FH 52, ASCUE LT AR R T MR R B R s A A
A B RE 11 bty 18] CO2 Z IRIA AR F R . %%, WAL T SR i A 1 2 8 o 1
5] CO W [A) (AR ELAE RS, 45 BT 3-2 s, I rh i Al bk 2 o 48 22 T 0 791 2 e
KB &M e R0 Ol 7, IR FRIND T RIS A RE .

RCH,CH, RCH,CH,F RCH,CHF,  RCH,CF,
0.0 T T T T T T T

-0.5 1

—-1.0 -

[
(o
1

Energy/kcal-mol
o
o
1

-/.

2.5 - —_—

-3.0 -

& 3-2 AEBWEAET EhsFHE CO. BERIMAAEIEAR (R4VFE CH;CH,CH,CH-EH)

Fig3-2 Interaction energy between hexane and CQO; under different fluorination conditions (R -
stands for CH;CH,CH,CH»-group)

TERX R, 7EX AT T A S B RE R A /> 117 CO i M Re, AR
REAS IR ILEI I, AU 2-1.11 keal/mol, FEAEM |2 J5, W LA F| R-CHCHLF [A] CO2
F AR RS- TH3 IR 22, N-2.48 keal/mol, (A FALTLEE (N, EHER CO 2
A1 PR 45 Be I BE BE— B 8800, I N B T, R-CH2CHF, [A] CO, W33 18] (15 F B J9-2.37
keal/mol, 24 H A 5 4 ¥ AL J5 » R-CHLCF3 [/ CO, W5 18] i /E F g K 431 1 -2.09
keal/mol, fH#KSRIZIZE KT ILHBEER CO, W MIMEMAE. th Bnls, BEARLGEERES
BACFRFE AR I L, (X T RN S, BRI & 5 e B 1 mT LLA &L
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Fig3-3 Interaction energy between hexane and CO; under different fluorination conditions (R -
stands for CH;CH,CH,CH:-group)
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BT REHIN 4 R . =SR], &% BRI RERE 0 R TS MR CO, P2 1] 1/ H e
FEAE TR IA ), AR I i s g 25 B AT, BN & U E BRI AR TS HERIZE CO,
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Ketone Ether Ester
0.0 T T T T T

-0.5—-
-1.0—-
-1.5—-
20-

-2.5 4

Energy/kcal-mol’!

-3.0 4
-3.5 | /l
-4.0 ] \.

454

A 3-4 FRE. BEE. BREF CO, WE RN EERHRE

Fig3-4 Interaction energy between ketone, ether, ester and CO; molecules
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Bl 3-5 A48 REEUR B
(a) R-CH:CH; (b) R-CHCH:F (¢) R-CH,CHF; (d) R-CH,CF3
Fig3-5 The reduced density gradient scatter diagram
(a) R-CH:CH; (b) R-CHCH:F (¢) R-CH>CHF?; (d) R-CH:CF3
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TE R THSh B T R AR AE 1) 1
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CO W& A ELAE D AU B, T4 B EE S 95, RDG #UA B 7 24> split, BiW]
RIS PEF R HER] CO2 DI 8] (A AR I A 1, O 1 VLR 24 F E C
PAFRISRMARAL, $2TRM T RDG SFEROW S 7T, KPRt 5 RDG #im KB
ORISR 2.

&l 3-6 L4 ERESHER
(a) R-CH,CHj3 (b) R-CH>CH,F (¢) R-CH,CHF; (d) R-CH,CF3
Fig3-6 The reduced density gradient isosurfaces
(a) R-CH,CHj3 (b) R-CH>CH.F (¢) R-CH,CHF; (d) R-CH,CF3
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Fig3-7 The reduced density gradient scatter diagram
(a) R-CF,CH3 (b) R-CF2CH:F (¢) R-CF,CHF: (d) R-CF:CF3
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Fig3-8 The reduced density gradient isosurfaces
(a) R-CF,CHj3 (b) R-CF,CH;F (¢) R-CF,CHF; (d) R-CF,CF;
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CO: WIfEFREAR S, 1ok CO, PEREENIR 22, FTLAEE FoRRHA RDG ikt 1 & A b
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Fig3-9 The reduced density gradient scatter diagram
(a) Ketone (b) Ether (c) Ester
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&l 3-10 L4 B R BEHETH
(a) Ketone (b) Ether (c) Ester

Fig3-10 The reduced density gradient isosurfaces
(a) Ketone (b) Ether (c) Ester
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FNE ETREEMFIBHERFE COMEETTEM
4.1 31§

RIENEVER S —MPISENE 7, E A IR S EE R R L R, T — A B2
FERRAE I, 224 2 T U 1 RV A A — SR A B T P IS, R TR 1 7 2t B 24T
TE CO VMR Sk M N REEIAMA SRR A5 . fE 1.4.2 1, RN T H ik
U (FFV) 3g, i 3eda , THRAR 2K FFV S0 DITEO SR RZ 73 i KA CO2
(KIfE 7], 4 FEV ZEGB/INSE, NS PR EERT 4 AR OR, Ud I 2 i M7 B 20
BT I SR AR AR 0 S A AR AR A0 1) G B e TR, XA R T B 2 AR AR B SR
REMERE . FIN, B FFV AR5, SRR BB R EVE AR COa EREA
HEZEMTW, R K COy 1/ Fa U kT, 5% CO, VEREERLT .

Gy T 1 BN TR AT MR GE T 122 I R T SN SIS SR B 7 T 4544 5
1709, AREES SRR E AR RIS EIAT N, TR A R BRI 22 5T, Fr B
FEARTS, K@il o> 7ah AR T, MRS IER). K. COa IR R, WAk
T 1 U I 57— S T B 24T O, a3 W R ) S B TR A5 4], EH G SR AHE T %
WA R B Re 0 R S PERISE CO PERERIE M . 7 b —Fh, R & AL T5 B
TN TEE R 2R & LRI R] CO W25 A AR BLAE F AT T VRS4RI 7, R IUAH AR
J7 A T FH B RN S SRR P AL o, 38 2% S A 2 THE 14 77 5] COo 3 18] IR FH AE
B IR A B T AR R b BUEAS E A E RE R SR NS ISR COa MEREFE AL
75, B, AT SR MEE WHMTIRARE I, S0 AR H AR R o A AT
G0, DARFUAS [F] B e D R TE PE AR 5K COa M RE R o

*\

4.2 RB RIS E

N T I TR T AR R I SRR P LR R SRR (RO 46 4 AR
H AL 7R IENE PR K EIE A A IR SR R, KPR R SRRy AOT
KRG PR IS L, RIS R R B S AR E R, FlnEmE e,
PN AR R iE AN SRS W SR AT S 1 T e = W= A i P 0 S EAIGER S o7 =0 A
TR AR T RRER T, RO TERRE T, WORTRINET, ROk T
FoRBUR T, RIEE R ORI 4-1 Pios, Ko THRBER] SPC/E KBIRD>I, 3R
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4-1 45 T o T A1 R F KBRS S8, BRI SRR A EPM2 (178
I 5 A0, 3% 4-2 g5 T AR S AR F KRR I SR B B S, XN TR] Y
FME VAN A R g T A F R AR IR, LA B R E R T s P R R a1 2o
B, ik 4-2 Fios.

# 4-1 SPC. SPC/E Rl TIP3P 7K AER fIHH 5 25 4 195.96)
Table4-1 Parameters of SPC, SPC/E and TIP3P water models!®3%%

R ro-n@®)  0o_y_0() qo(e) qu(e)  &(10°kJ'mol) N

SPC 1 109.47 -0.82 041 0.6502 3.1656
SPC/E 1 109.47 -0.8476 0.4238 0.6507 3.166
TIP3P 0.9572 104.52 -0.834 0417 0.6367 3.1507

& 4-2 EMP2 H Il — SRR S 317

Table4-1 Parameters of supercritical carbon dioxide model for EMP27!

£c-c 28.129 K Go-o 3.033 A lco 1.149 A
Oc_c 2.757 & £c-0 47.588 K kg 1236 kJ/mol/rad?
£0-0 80.507 K Oc-o 2.892 & qc +0.6512 ¢

(a) (b) (©) (d)

* e i

4

A

(® (h)
f

(k)
CcLHQOS
Or@o

Bl 4-1 RIENE P TR
(a) TH, (b-0) RERERFHHE TR, (e-h) ERERRHMREFRML, (k) ERER
AL
Fig4-1 Molecular model of surfactant:
(a) fluorine free, (b-d) fluorination of carbon atoms at the end of tail chain, (e-h) fluorination of two
carbon atoms at the end of tail chain, (i-k) oxidation at the end of tail chain.
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B 4-2 RIS M R BRI 4R E

Fig4-2 Initial model of fluorine-free surfactant system

FERTITSCE 1 40 A AOT RENETET 701, 400 /K771 3200 4> CO2 701
AL TG RN 68 Ax68 Ax68 A, VB IE 7 ARG £ =7 1n) B A Ji It 5+
KA, AR RN Packmol A1 Moltemplate!®), 4375l 1 S M0 40L % B (3 44
LAMMPS (large-scale atomic/ molecular massively parallel simulator )°*1%, /717 5% F] OPLS

(Optimized Potentials for Liquid Simulations) /7371011921, % 77373 F v B AR A &R
B FE R B S s, R T 4R T OPLS 411, 3£ Canongia % A
[ TAEUOY, 53 4h, o3 IRIAH ELAE 43 D R F2 VOB A AR T AN AR i B Al AR P, Y08
e BN AR BUE R E Y 13.5 A, KARE B A TR AR A pppmU' SR FNALEE, 437
PN AH ELAE FH B DA 2 303k A5

Etotal = Ebonds + Eangles + Edihedrals + Enonbonded (4'1)
Eponas = Z K.(r— ro)z (4-2)

bonds
Eangles = Z Kg (6 — 90)2 (4-3)

angles

, v,
Eanearas = . (211 + cos(p = p0)] Z[1 - cos2p - 9,)]
dihedrals
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V. V,
+?3 [1+4+ cos(3p —@3)] + 54 [1—cos(4p — <p4)]) (4-4)

qiq;e
nonbonded Z leij ( - _> 47ltgjor l (4-5)
ij

i>j

KH Erora @R TIERER, Eponas B RPNBEBLHEE, Eqngrese R R IBAIR

NEEs Eginedrais e R I ZTHAIRNEE, Enonvondeare IFBEAH FLAEH BE

BRI FEAE I RZE (NVT) F#ET T 20 ns, %R 77705KH Nosé J7ikU071081, 5
JEUE Y 318K, RS AN 100 2, WHEE KN Lfs, MHWiEK AN 1ps, B
TR A BAE ] VMD B AFCBEAT AT AL

FER578
43.1 REFEMFBHEEILTE

TR SR AR S R BEAT I T, Se ik R S A A R I A A AR B T B
%, JREEL T A B E B R TS A E ARk o B 38R, i AR an i 4-
3 fin:

1.1 ns

4-3 RG] B 42546 U B It TR) ) 324

Fig4-3 The change of surfactant self-assembly configuration with time

FERAUIT AR A A 0.1 ns, B FARIESE 2 Ta) BARMR S, 7RI i s P77 (0 Sk
IR, ERENZF LRI TRIY, N REERA WIS, ZEHER T
ZANOBER, M SRR PR s RO RS, AR K, AR
RSB K AL AL 2 TP AR # A, AT L/ S A R 5 R K SR, AT 21, 42
L1 ns I, RRNESREA AT THAS, E ORISR Y, BREE LRREE, KKK
BE—BRE, £ 15ns AR T — DAGE BR,  TERE Ja RS ), 1 &
IRAARSF — D IRIECRAFAERPIRES . J34h, B 4-4 5t 1 HARAEG 15 RE 121 A& i 1 57
FER I ¢ — SRR P AR B SRR (R e AR R, IR BRI TR AR s I 7 — AL
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Brep i B AR ST AOT 1y B AHBGSRE 0 AL, #B4E 2 ns WHARIERL T — 4
SEH,  FHAERE A PR R DR AR RE A I 0 B it #R S B B AL e A 10 ns

4-4 A F'E AR HOR T 5 MR AE I A — S s P B TR R A e R IOR A B
(a-e) REEREERWKE TR, (d-g) ERERRNMRIETRL, (b)) ERERRAL

Figd4-4 Stable reverse micelle configuration formed by self-assembly of surfactants with different

functional groups in scCO;
(a-e) fluorinated only at the end of the tail chain, (d-g) fluorinated with two carbon atoms at the end
of the tail chain, (h-j) oxidized at the end of the tail chain

(@) (b) (c)

—— CH,CH, ——CF,CH, ——Keto
—— CH,CH,F —— CF,CH,F —Ether

—— CF,CHF, —— Ester
—— CF,CF,

s
Sl ialﬁm

T T T T T T T
0.0 05 10 L5 2.0 0.0 0.5 Lo 15 2.0 0.0 0.5 1.0 15 20

Number of Cluster
[

Number of Cluster

Number of Cluster

Time/ns Time/ns Time/ns

B 4-5 &7 F'E BE B KR mTE MERIE I 7 — b ak o B A3 R R R SR RN A
(a) RERFERMKETRNL, (b)) ERFERRHMRETRL, (o) ERFERmAM
Fig4-5 Time evolution of the number of anti micelles formed by self-assembly of surfactants with
different functional groups in supercritical carbon dioxide.
(a) fluorinated only at the end of the tail chain, (b) fluorinated with two carbon atoms at the end of
the tail chain, (c) oxidized at the end of the tail chain

RN RIS LR ) B AL R R BOR AL, HORAE 2ns IR T —ME 1 UK
A, B B AP E A A e 2257, AIE I A R s 77 B 4 A T
WHH AR 1 B R B i FS ), & 4-5 Fros, BRI E AL a], S0
R REMRMANE, KOERM TS5 E EHG, Br 1 AR P95 2 A2 1 96l ) 2% T i
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10 S0 R i 0 2 B8 0 3 T V5 1 0 1) LB I o — B A R g T v P ) 1 A 2 D
G AR TR Rl B D 22 5, T AL B 23 R R Rl e 70 P AR UK RS R, AR SN
T J5 58 P9 25 Tt SR DM AR R i) S I SR 4 R EAT TER 434

P R T RIS MRS COr Z MM AREEIE A AR, a1l 4-6 o, WTLAER, 1E
BHEBWE RN, JEEEMHELIAERIN, RE-597.51 keal/mol, 7E )8 i A — 4
e SR E el s, AFEAER R R E BT T, ik B 1-626.38 keal/mol. -619.1
keal/mol F1-623.75 keal/mol, X 543088 = 0 AH BAE g /0 A 4 RREAHIR), BIE5
B A 00 51N RESE ST R TG 77 [R] COo 2 18] A B, (R AR B 5 SR B 1Y
SEINTE AN . TR, KT REEAR I B A BB S HUE R RIS, ARBEAE F AR
WARIR T, 4> BB F] T -625.18 keal/mol, -629.43 kcal/mol F1-626.1 keal/mol, 11 24 7 5t 5
MRA SR, TERRERIM R T, K/NN-601.56 keal/mol, HK/NGAEHIHFKH
TR COy Z IR FREAHE AR, XM 55 =2 4s F2 — 8. [RI o) UG 2,
B A AT RE R VG MR A COy 2 A1 AREEEAE FH B KR, 23 JiliE 31 T -667.3
kcal/mol. -675.72 kcal/mol F1-716.25 kcal/mol, X i BIEM & A B el fefis A R+ 5&
TE PEF S COp 22 18] A ELAE

CH,CH, CH,CH,F CH,CHF, CH,CF, CF,CH, CF,CH,F  CF,CHF, CF,CF, Keto Ether Ester
=580 < =580 -640 -

Energy/kcal mol
Energy/keal-mol
Energy/kcal-mol

-630 6304
Il Binding Energy 720 4
640 (a) -640 (b) .730 4 (c)
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the tail chain, (c) oxidized at the end of the tail chain
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Fig4-7 Radial distribution function of carbon and CQ; at the end of surfactant tail chain
(a) carbon 1, (b) carbon 2
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Fig4-16 Angle distribution of surfactant tail chain, the illustration is angle measurement schematic

diagram
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Fig4-17 Angle distribution of surfactant tail chain, the illustration is angle measurement schematic
diagram
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Fig4-18 Angle distribution of surfactant tail chain, the illustration is angle measurement schematic

diagram
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