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Abstract

In the fracture stimulation of low permeability reservoirs, a clean fracturing fluid system
formed by surfactant self-assembly has become a focusing topic due to its unique
advantagerous of easy-back, no residue and low harmness to reservoirs, etc. In order to adapt
the local demanding of reservoir mining in China, developing of new surfactant used in
fracturing fluid with specialized features of shear-tolerate, low concentration for forming
viscosic micelle and high economic value will be the main issue. However, the prevalent route
to develop such surfactant is based on abundant ‘trial-and-error’, a long period and giant cost
is demanded. Thereby, a theory is urgently needed to develop for researching and designing
the new clean fracturing fluid with high efficiency. In this thesis, adopting molecular
simulation combined with experimental method, the behavior of self-assembly and
viscoelasticity of Gemini surfactants solution were investigated. The self-assembly and
enhancing viscosity mechanism of Gemini surfactants were uncovered via investigating the
structure-activity relationship between molecular structure and self-assembled morphology,
and the regulatory mechanisms of wormlike micelles by organic salts. Based on above
research, the theoretical evaluation method for the viscoelasticity of surfactant solutions was
proposed. These studies have provided an important theoretical guidance for researching and
designing the thickening agent which used as fracturing fluid. The main research results in our
studies were list as following.

The assembly morphologies and viscoelasticity of surfactant solution are largely
determined by the self-assembly structure of the surfactants. The coarse-grained molecular
dynamics (CG MD) simulations approach was implemented to investigate the self-assembly
of Gemini surfactants with different spacer group lengths. Both the microscopic dynamics
processes and the driving force for the formation of different morphologies were

systematically studied, and the influence mechanism of the spacer group lengths on Gemini
il



surfactant aggregate morphologies was revealed. In addition, based on the microscopic
analysis, an effective and practical strategy was proposed to predict the self-assembled
morphology of surfactant-systems based on simulations.

Organic salt has an important effect on viscoelasticity of surfactant solution. Both the
experimental and simulated analysis were made to investigate the effect of the organic salt on
the viscoelasticity of Gemini surfactants solution and its effect mechanism, meanwhile the
conventional single chain surfactants was also employed for comparison. As the increase of
organic salt concentration, the binding energy of micelles fusion and the binding energy of
branch formation were decreased gradually. It caused the self-aggregates varies from
spherical micelle to worm-like micelle, to branch micelle and then to net structure. Eventually,
this led to the viscosity of surfactant solution increased at first, decreased later, and then
increased. Compared with single chain surfactant, wormlike micelles formed by Gemini
surfactant were more difficult to break in the uniaxial tension process owing to the higher
scission energy of single wormlike micelles, so the average length of wormlike micelle and
zero shear viscosity of Gemini systems were bigger. Based on above research, the theoretical
evaluation method for evaluating the branched micelles forming ability and the wormlike
micelles length were proposed.

The formation of branched structures will greatly reduce the viscosity of surfactant
solution. Adopting CG MD method, the formation micro-process, the formation mechanism
of branched micelles were studied. A gross conformation diagram of micelle at different
surfactant concentrations and molar ratios of surfactant/NaSal indicated that the branched
structure was formed at low zeta potential. The dynamic process in branched micelles
formation displayed four sequential stages, approaching, forming salt bridge, yielding stalk,
and coalescing together. Our analysis found that the forming salt bridge is a key to the
formation of branched micelles. From this, a strategy was proposed to reduce the formation
probability of branched micelles, viz. by increasing the adsorption intensity of the organic salt
on the micelle surface, the formation probability of branch micelles was reduced.

By adopting the above prediction methods, viz. the prediction method of self-assembly
morphology, the prediction method of the wormlike micelle length and evaluation method of

the branched micelles forming ability, the influence of mixing ratio on viscosity of mixed
v



cationic trioctylmethylammonium bromide (OTAB) and anionic 2-(N-erucacyl-N-methyl
amido acetate (EMAA) surfactants was predicted. The prediction results were validated by
experiments. Furthermore, the changing mechanism of viscosity with different mole ratios of
OTAB/EMAA was uncovered by CG MD simullations, and it was found that dual effects of

cationic surfactant on the self-assembly of catanionic surfactants mixtures.

Key words: Coarse-grained molecular dynamics simulation, Gemini surfactant,

Self-assembly, Wormlike micelle, Viscoelasticity
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fs BAh—E & B B LR AN BE 8 JRME B2 B2 e 01 AR S PR RORE B2, ER A HLER
B I, AR RRGEE SO IR B ARALZE S B3GR B T R S PR,
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R i A B VIR AR, AR N80 CRIBIYIANZE 170 s FEII120 min, FELA
AUEFFAE110 mPa-s/fi o 2 FIYEBURA T — PSR h X7 R TEMER NGA—Z )@
HW )\ F — W IR A O AR G AR 77, 5 AR S T 1 — M vl S 2R &
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FERIF T — R P e A v R R EC Ty, B AL T BT E RIS VR, 4 RR
I v R 2L IR I BT DIYERE AT, 7E120°C F BT Y)80 minkhifE FT4EFFTESO mPa-sbA I %
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FJZEEE, i 1-2fT7R . R VER B S R ORI E T, AR R 2
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JRARH A P 458, BEim SRR RBER BN, FEE ISR s Ve Ergm, K1
(VA PP RE EEIZ B G0, i R AR RN B BETH R AR R B RETH e A2 B R AR,
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Bl1-2 F TR S PR B AR R A Y

Figl-2 Self-assembly structures of surfactants
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AG, =2RTInCMC (BT G771 (1-2)
JECHTE AR 7 B R ik, AR i A — e SE R G R TS SR
i, By R PR B AR e i S B A TEVE AR I
o AR A A AR R R O R B A — R SR SAAR P A . T T AR T
MR, R AR A P T R

nD +mCH = M"™" (1-3)
Horb P BN
n-m)—
K, -] (1-4)
[D]'[C"]

HAMERBEAR I EELH, DMC R R R IEE T E M & R E T
W (- T FIA T 2R 3 BN 201 TR PR 23 HICIR S Fe A% 21 IR b 7 2210
H R

A6, =Tk, (1-5)
n
FEIKHRR Z
AG), :E{nln[D‘Hmln[C+]—ln[M(”"")‘]} (1-6)
n

— s LT IR B SR E H UK, BInfEAR K, BrbAsR(1-6) A i fg — B n] ZBE AN it
M5 FEfai A A
AG®. = RTIn[D 1+ Z1n[C"] (1-7)
n
Hrp CRR R E T BOREE, BVREFRER, %?ﬂ&%?éﬁé\ﬁo
£ CMC &b, [D]1=[CT]1=2CMC, NJ5 st —Efi
AG,, = RT (1+m/n)InCMC (1-8)
T R T A S T A A AE SRR T, WA (1-8) P ) Gibbs 14
(I S AR S BRI, b, SR TR AR A R T A DI, At
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IR R RN T IR TE R AR R A, SRRSO T, IR B — ANk
WA RIERE, BARTE AT 1 Y U BT 0 B R SR TR R ) — Fh i 98 43 A T Bt
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Transfer Interface Head
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SXCE TP LI o B3R 55 =TURESRK IR 2 18] 1 H 1 RE el Ron 22k
7K S AW P A PR AR L SR A T e B R AN, Sk 8 2 1) AR L HE A P X it B 8 1 D ik
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AERA VT S AR U AR A MEEAR K. Rl Tanford BB = WEUE S5 M5 A1 o
i AR o L
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X (1-10):
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PRl ST REERM BRI ARKULL AR, Tanford 42 Hi1¥ H HHREHEAL AL
Regh G B MRE, (H2 B H BE BB i AT 3R R A K ITERS, 1 Israelachvili
FEH 1 0 T RS T B ) AT T A R
1.4.3 5> FHERIEIR
Israclachvili P\ U A AR R THVE 14 71 SR A0 I SRR IR Re e AR e AR AE, R
RMAHTIRGM, H—REBEENREAE Z R, ARG TSR
H R XSRS T 7K R B (R B R A e B K T B8 5 T SR AR AR A0 3 T 1) L Al o RO BE 5
StF AT I RS, o DU A0 1-3 1% il 1 T L 1) X 30k R B AN RUE 4 T1E
AR ¥R 1072 8] ARIEIXFEIOREAY, W] K (0 A BEAHE 5t SR AE P S5 23 T A5 e
SR GRS MRS RBEE IR K lov R ITEVEF R B vou RIHTE ML EE &
A a0) FIRIEREMRTESRAENSE (R1. R2) ZIAMKR:

(1-12)

B 13 B v, TN a WREGNBUNXE, HREHBEELEE R, R RE™
Figl-3 A small area of a aggregate with the volume of v and area of a, the surface of which can be

determined by the radius of curvature R1, R2
FEANTE e AR 2 DR 2 S RS 400 T 5 i 43 B SR AR AR 14 R A v 2% b v e LR B ) T
&, GRKRPNT 7 TSRS H P 5 REMRIESAAEME 1-4 IR R H,
0<P<1/3, BKTERH: 1/3<P<1/2, BEMARIRH: 1/2<P<1, X4 1 JZE0H T,
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B 1-4 SCRATHRIRERSERESH P AEEBHL TRIX KR

Figl-4 The relationship between the assembly structure and packing parameter in the ideal situation
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B JUR BRI, 24 [ 1 7~ R TG PR AR RSN E i, HERR S 20018 [F) Rt mT DA 7
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B MLER AT DLOR AT SR TG VR FAE —4ET7 ARG, T Al HUR IR M), (E1S Ui I &, 22
RGO T 2 T HER S H P18 7] LUK R T P 70 ) SR AR T Sk AT — 8 A5 B2 B TN s A e
(B2 IS G0 R TS 7 B SR AT 3 32 v 22 IRV R ISR, B R T s PR U S5 44 . 3R IHD
TEVERIREE . h B TR FE A I SRR A, DRIk B — MR TRV P )P L ART 2254 000 % 1 42k
FIRZREETESE AT REN, I DAHER SR8 30 2 2 N ] TR SR AR T AR AL AU, T
ANFE T SR AT o

1.5 BRHRAR R
FRAE A IR BEAE AR IS B — B R E, JF HAERE S5 AFT, IRR T LA
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VI, i HOR I A2 — P Ak TR R -V S I B &S AT I 450, DRI SRR UG HUIR IR AR
“TEIER G 10300, ik HUIRI R A R AP ARG S RE, DR 32 B A T 3R T P A7)
JRZL 51,
1.5.1 SRR R AV 251

el HEOPR I R mT DUIE I T LA IR HUR IR R I 450 2 AT IR, 5 2005 0k HUR IR R (1)
BEKE (Lo WHHURIRR I BI#612 (R i HURESHR R AKIE (1) DL B
WIRF MBI ERKE (Re), W 1-5 s,

PARAMETER SYMBOL  DESCRIPTION

Contour Length L, Distance from A to B

Radius of Gyration Rg Radius reflecting micelle rotation
. Cross-Section Radius R Cylindrical micelle cross-section

Persistence Length lp Length over which micelle is rigid

B 1-5 R HCRBR SRS, IR SRR B EE Ry, i BURBOR KB LI AR R I RF
AKE ), HIRBEREBEREKE R, 51 B
Figl-5 Schematic representation of a wormlike micelle showing characteristic length-scales: the
overall radius of gyration Rg, the contour length L, the persistence length Ip and the cross-section

radius Res

AN T s PR B AV VAR R 0 BRI R A RE L AN [, e B A LA oK 21 LA
ko S8 B, Cryo-TEM RN HUIRER I BEEAT ELERROWLIN, I REws K ARl 5
iy EECPR IS IR PR E 3T T ' AU B mh 7 IR 7 ] S ok s P o 50 HUIR IR AR AR L
I HL RS 1) B i HOPOR e 3 2 AR P8 Bag b, ARAE-F B, TR
iy EER R AR 2, i HUIR B AR AR P TR oR N

L~¢" exp[E./k,T] (1-13)
Hr, LOERRE R PR, o NETETERIER B, T AEE, ks NBURZE

S, Ec NMAEIC A B A ae . i SUIRIR R R A g, KN L 1%k
AT LLR IR .
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N(L) ~ exp[—L/Z] (1-14)

T AR H A ROIR AR AR R, TR SRR T T 5 L 2 BELLE R A R I HE S, A
TR, S i A 35 B8 2N BS N B4y HF 5 B DTk Ee,
E ~k,TI,R vV'¢'" (1-15)

PR AR ER
L~¢" exp[(E.~E,)/k,T] (1-16)

- MGFHURM A SRR IFAKE Up), 24— BRI A BUR K BE /D T-RF
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FE K EERISAMA [ A R /N T DA S s HROR F2 SR AR (e JR 175 100 o iy HCHR B R R 48 L
FERPE Res,  EEESZERE VA B MM, TR T AR M i HUIR IR R AL
PR RS54 5 15 SO R S5 M 2 TB] 2R 25 DA B BRSP4 4 5 s JUIR MR
RARTEREZ A ICAR,  & H T IR A AR JR A 7 4TS 5 e R 1 1) 7L
1.5.2 SRR BRI 75 0%

ST HERR S AR, BRI 2 (0 R T 79 AR 254 2 B0t mT AL SR SRR I
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— B R R PR AT A B SN IR R 26 TR B R i ORI R« 14858
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CTAB. CPCl. CPBr 5 NaSal**"", -+ Z ey (SDS) 5xf R F 4L, NaOA
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U ORI ARAE — 477 1) B el WA ACAA R PSS R IE R R A R
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177 R B A58, IR, B I B IR S I B 1 R THIE T AR 5 B B 1 R T 12 7
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WAL Oty pH WREEH], )5Sk HUREOR 5 H e R R ROR 5 M AR B AL, DU IR
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T LRI AGE
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N i ORI R AR R AR AR MERE T AR B BRI - Nettesheim £85I € 1 BHES
TR TE CTAB 5 30 nm H SiO2 8K FURL Hip R HEREAF FHAE 7T, KBINMA 1% 487>
B GIKITORL AT A5 R ZR RGP 3G N 25 fiF o Luo S5 NOVR I [ B -2 THI ¥ 14 77 7
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1.5.3 WFREE M TS HRERIE R

X T T 7RV LA TR R S5 ), Ao 2 TR 1 7R R 7K RS2 B i Sk ] ) e b
SRR R A B RAR A, TR -2 THIE 14 70U 1 1 2H 25 B ) DAR R SR T 30 5 ARG Ly
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12-2-12-2Br1E 1%]J5 5 43 B0 T2 B K 16 HOIR R AR, T X B2 [ #AR CTAB 7E 10%1H
JUE BN IE AR R ;s 16-3-16-2Br Al RELEIE .. X1 EREARIB R, TAH
NP AR CTAB TR XS BRI AN AT FE2 BSBR T 5 PR Bl A R o

240

200

50 100 4150 200 250 300 350
C/ mmol-L"

&l 1-6 REWRE FREEEAGZIRE, oK 12-3(0H)-12; ofLE 12-3-1207
Figl-6 The zero-shear viscosity of 12-3(OH)-12 (o) and 12-3-12

(o) as a function of surfactant concentration.
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Fig2-1 The initial model for the self-assemble of surfactant
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Fig2-3 The initial configuration for free energy calculation
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Fig2-4 Representative snapshots of micelles for Gemini surfactant. (a) AA model and (b) CG model

with the number of surfactants equal to 40. For clarity, water is not shown
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#2-1 REEMEN16-s-16, CTAB, SDS FINaSalfgK. #H 155 H
Table 2-1 The final bonded parameters for 16-s-16, CTAB, SDS and NaSal

Bond parameters

Angle parameters

Qo-Spacer C>-Qo-Spacer
Kistretch Ro Klbend 0o
fo-sle (kJ-mol'-nm?) (A) kJ mol™! (°)
10000 5.3 80 92
Qo-Spacer C2-Qo- Qo
Kistreteh Ro Kbend 0o
ot (kJ-mol'-nm?) (A) kJ mol™! (°)
100000 3.88 40 120
Qo-Spacer C2-Qo- Qo
Kstretch Ro Kbend 0o
fozte (kJ-mol'-nm?) (A) kJ mol™! (9
22000 5.55 80 125
SC4-SCy SC4-SC4-SCy
Kistretch Ro Kbend 0o
Nasal (kJ-mol"'-nm?) (A) kJ mol! (9
constraint 2.7 0 0
The others The others
CTAB, 16-s-16,SDS, Kstretch Ro Kbend 0o
NaSal (kJ-mol™!-nm?) (A) kJ mol™! (9
1250 4.7 45 180
#2-2 RIAIEHEH16-s-16, CTAB, SDS FINaSalffjIEiE /13525
Table 2-2 The final non-bonded parameters for 16-s-16 , CTAB, SDS and NaSal
Bead-1 Bead-2 . o
name  charge name funetion kJ mol! A)
Ci 0.0 C LJ12-6 3.5 4.7
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x2-2 (8
Bead-1 Bead-2 € c
Function
name  charge name kJ mol! (A)
Ci 0.0 ) LJ12-6 3.5 4.7
Ci 0.0 Qo LJ12-6 2.0 6.2
Ci 0.0 Qa LJ12-6 2.0 6.2
Ci 0.0 P4 LJ12-6 2.0 4.7
Ci 0.0 BP4 LJ12-6 2.0 4.7
C 0.0 C LJ12-6 3.5 4.7
Cy 0.0 Qo LJ12-6 2.0 6.2
C 0.0 Qa LJ12-6 2.0 6.2
Cy 0.0 P4 LJ12-6 2.3 4.7
C 0.0 BP4 LJ12-6 2.3 4.7
Qo 1.0 Qo LI12-6 35 47
Qo 1.0 Q. LI12-6 45 4.7
Qo 1.0 P4 LJ12-6 5.6 4.7
Qo 1.0 BP4 LJ12-6 5.6 4.7
Q  -1.0 Q. LI12-6 5.0 47
Qa -1.0 P4 LJ12-6 5.6 4.7
Q  -10 BP, LI12-6 5.6 4.7
P4 0.0 P4 LJ12-6 5.0 4.7
P4 0.0 BP4 LJ12-6 5.0 5.7
BP4 0.0 BP4 LJ12-6 5.0 4.7
SCy 0.0 Ci LJ12-6 3.1 4.7
SCs 0.0 C LJ12-6 3.1 4.7
SC4 0.0 Qo LJ12-6 2.7 4.7
SC4 0.0 Py LJ12-6 2.7 4.7
SC4 0.0 BP4 LJ12-6 2.7 4.7
SCy 0.0 SCy LJ12-6 2.6 4.3
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Fig2-6 Density profiles of micelles with respect to COMs for AAMD (Solidsquare) and CGMD
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Fig2-7 Free energy along the reaction coordinate for an CTAB and 16-s-16 surfactants pulled from
the COM of the rest of the micelle
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Fig2-8 Representative snapshots of the formation processes of micelle at different time stages for

CTAB and 16-s-16. For clarity, water is not shown
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Fig2-9 The fusion process of two spherical micelles into one rodlike micelle (a—d). And the
transformation process of the rod-like to disk-like micelles (e—h)

The cross-sectional view is shown in right
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Fig2-13 Potential of mean force (PMF) are plotted as a function of separation between the
centers of mass of the two micelles for CTAB and 16-s-16 (solid line) and the PMF without

consideration of electrostatic interaction during simulation (dot line)
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Fig2-15 The evolution of SASA (black line) between hydrophobic part of 16-2-16 and solvent and
pair potential energies (Q, blue line) during rodlike to disk-like micelle transformation (inset)
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TEPEF R EEAHI EEAT]) Re=NwNasal/Nrail 77 51125 0.00, 0.2, 0.4, 0.6, 0.8 fl 1.0, 5 2.2.1
TAHE, FIH Packmol FAFMNIF HIAEA [FWREE L A 5] S AT S 2 T 1 71 A
PLERBENLIEABUR R, A R IR 2 20x20%20 nm?s [AItL, CTAB #UK K2
N 120 mM-L, 16-4-16 MIREERZIH 60 mM L, FAR 5 Se b Ak i — 5.
3.2.22 B E

AT H H B R LA 73 130 70 S0 0 U5 125, AR v 1 B AR S 40k B )
2.2.2 5,
3.2.23 1S4
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AR 38 H R THE PEFRE HLER DR 77 an ] 3-2 R, i C1 Bk PARER AN B
KR B R I A, C2 BR AR =B K S H R B AL, Qo BR AR R TE LA
WSk, CTAB 24N Cl. 24N C2 AT 1A~ Qo 4k, 16-4-16 & H P4~ CTAB 43 F4i
ff. NaSal HH=A> SC4 Bk F1—A> Qa BR T . MR INESH &8, KA
WBHZN 2.3.1 1.

& 3-2 REE M CTAB (a), 16-4-16 (b), NaSal (c)KIFLRIALZEH
Fig3-2 Coarse-grain mapping for CTAB (a), 16-4-16 (b) and NaSal (¢). Four hydrophobic
alkyl groups were set as a single type C1 CG bead (Bright green), and three hydrophobic
alkyl groups were treated as C2 CG bead (Dark green). Trimethylammonium head group was
represented by a Q0 CG bead (Red) with a positive charge. This color scheme has been

adopted in all the following figures, except for not distinguish between Clbead and C2 bead
3.2.2.4 HHRETHE Tk
HEHAEMTFE KA Lammps BHFRBIE . BASHEE W . HmbE T REER
SR R BEAT U RE S ALY, B 77 273 RE AR 43 SRR T ke B0 52150, i ] 254Ky 0.02 ps,
IR LR NPT R4%, REWRE N 298 K, JE%E N1 atm, I K/ Berendsen J7
VEUOSTHEAT il BEAN I Az i, S4Bl = AN 7 1) SR P R A 7 2%, ARBEAE F I 4%
%o~ 1.2 nm.

TR PR 2 (MR & E B E 2.2.4 715, WEINEWT: EHARE—NRS N
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12 nmx12 nm=20 nm FIBAUR R o PSP BB R, AN BRI O 2 [ R EE RS 8
nm, Xf T 16-4-16 R REA AL S R HEEEFIA By 40, X CTAB KA & HY
R VER N B 80, I HA% HEA L #h 15 R T 1 77 1 L A1) 43 ) 2 7 Ak & b
NaSal, JIARIANET BN 0, 32, 64, 96, 128 Fl 160, 1ARZ 4014 IR/K M E 2%
FESENIKER T, IKER TIOR8 23000, B 135500, 3.2.2.3 35, KA HI&EM
fiw & J1(ABF) J7 =216 2 IR R & B AR, TRE AN OIEZR J7 72K ABF J572:
fEPRAN R HRIZ AP EEIE, SFEIEMBRIEE B B E N 4 nm, J7HE05E N 10 Keal ' mol!'nm™2,
AL [E] 4 500 ns.

TR AR T % B H RS RS RS Q] 3-3 R, TSR R s ERE AN RST A
12 nmx12 nmx20 nm IS4 5 P TREH 2% — AN ERTZ IR SRORI— /MBS X J7 1) fRD IR HOR i
W, BAIRH O Z A EEES A 8 nme T 16-4-16 PR R, BRI A5 1R S 7
ANECH 40, I BURBCR A& R TS AN S0 90: X T CTAB fA R, BRIEERAR A&
(R TS LRI ECN 80, I HUR R AL & R TS PRI 0N 1600 I HiZIBA LS
FHTE I L] 2 BB AR R I NaSal, SINIA%05r 5108 0, 52, 104, 156,
208 H1260, A F 75 R H0 7 42 FUK I HL S BRI K ER T, ZKER T I EORZ) 20000
AN SIS HN, 3.2.2.3 75, R BIERWE J1(ABF) 7 k216 2 IR R & B
e, B PIMBRRBUOE YZ PR IIT KA ABF JREERAN RIS 5EiT, 5
T RE PR B BB 4 nm,  JJEHORE A 10 Keal 'mol ' 'nm™2, BALLET (] 500 ns.

20nm = | k4 Z
B 3-3 STAECRTE R B B Ae R I aE A R

Fig3-3 The initial configuration for free energy calculation in the process of branch micelle

F 3

formation

3.2.2.5 R SR HE i
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IR B Re T R A Lammps #AFRPIERE, tFEBAIE 3-4 FioR, ERE—A
1420 nm x 20 nm x 20 nm B 5 b A3 — AN Z 07 ] (100G BOR IR, X
T CTAB R &, I HURE AR A & R IS MEAIAN O 180, XFT 16-4-16 #%, i HUIR
R AL B R IE VRN 0N 90, HEIRAG L 5 2 v 4 750 1) L A8 23 I AE Nk & o
I NaSal, JIANFINE 5108 0, 52, 104, 156, 208 Fl 260, 14 25 3044 1K
FLSLB FEOKER T, KERTIIANECR Ly 70000, B T3 S50 3.2.2.3 77, HEA
BASHRE N . FHERBE T BEPIHA R AT UATREE A, 37123 R AR sy Bk
KA e AL, APy 0.02 ps, BULRZERH] NPT R4%, RZWE N 298 K,
JEAE R 1 atm, F#KFH Berendsen J7vEUS2 TR AN A1 10450, 7€ Z J7 1A A1 XY
J7 ) B I, AL = A7 R R A AR, AREEVE T BT A2 N 1.2 nm.
R R E TP 100 ns, FRAF TR ORI AL T TR JJIRES < SR )5 K A deform iy 4-1106]
R RAE Z J5 1) BIZER A, Sz I B K00 25 nm, Goit-fiffid f2 ik & =4
TR AR, FEd DR AR R AR T 52,

V
F=-AP— 3-1
L (3-1)
1
AP=P, —E(PXX +P,) (3-2)

Hrb, VKRN, Lz WIKRTE Z 71 EKE, Pxx, Pyy, Pzz 70 NAIK RN
HEX, Y, Z =107 Bl

3

X
20nm | Y /.

Bl 3-4 % BARIR 70 B Re T S4B

Fig3-4 The initial configuration for scission energy calculation
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3.3 R57HE

3.3.1 FEHLERRIE
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& 3-5 724 16-4-16 LLAMENIEE
Fig3-5 Infrared spectrum of 16-4-16
H H CHy HoH H b
H—C—C 3Hy—C—CHy—N—CH,~C—C—CHy—N—C gty
| bl [ |
| H CH, H H H
a d [ e
C
a
g f ed l
8 7 6 5 4 3 2 1 0
(o)

& 3-6 =4 16-4-16 ZHEILIREIEE
Fig3-6 "H-NMR spectroscopy of 16-4-16

SIS AT B T AR A, 5 HR F LA S FEACRAZ R LIRS P ¥ 4
HREAT S8 o PPIIILL AN Ao iE an ] 3-5 Fs: EBEEL 2917 cm! H1 2850 em! AbAT IR
i, A C-H M4EIR3NE; 78 1471 cm™ 45 -CHa A1-CHs O FR S i 315 Sh IR i 04 5
E 720 e N(CH2)n FIRFAEMRCIG ; 7E 995 em! AbAT 2544 2 RRAE RIS, 2T A i 4y
TR AT B AR I R AE WIS T 7E 3425 em™ 5 O-H R 4 9= 3h IR i vég
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£ 1420-1330 cm™ 7 O-H M TH N A TEARS), HAE 1160~1000 cm™ AL C-O HIHZEHR
R, PR > HO BIAFAE, X ARG NP A — e . 7=
Y)W LR S W 3-6 AT : THNMR(400 MHZ, CDCI3), &: 0.88{6H, 2
[(CH2)13-CH3]};  1.20-1.50{44H,  2[N*-CH2-CH2-(CH2)12-CH3]}; 1.85  [4H,
2(N*-CH2-CH2- CH2)]; 3.24 {12H, 2 [N*- (CH3)2]}; 3.41[4H, 2 (N+-CH2-CH2)]; 3.91(4H,
N*- CH2-CH2-CH2- CH2-N"). Zi b, W LAIESE=¥)8 HbRr=4).
332 B EITASEEAR
3.3.2.1 FAEY)

HATE S 7 7 NaSal FIEINE 7% CTAB F1 16-4-16 3 [HI VS M 7A A R BT D)
K 52 . ARIBIY)E A CTAB/NaSal 1 16-4-16/NaSal & BCA R 1 BT UK AR 4k
2R i 3-7. WERRR I E MR A R BT VIR EEBE 3 NaSal VR0 & 5504 5 AR L.
PR R AR N NaSal, R HEVEFRNE R A R BRI B WURAARAT A, BIR RAG A BE Y
DIZ AT AR AL s 248N /b & NaSal B, RTINS 1 74 5 2 I AR A= (0 A4 1
s, BR R R IUBT DAL R RS, B NaSal MUIREEHE—DHIN, 7k RpL AL
FHIT, FRHEL T B UM I A, IX BTG 18 /2 CTAB R [HIVE VA AR RIE 2 16-4-16
FNETEFVEHAR R, BSINA DL A BE AR S 2 TS 7R SR AR I AR K, TR Bl HUIR MR R
AR
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—=—0 @380
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—€—50 = 140

100 ¢

4
10 -
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Bl 3-7 NaSal/CTAB Al NaSal/16-4-16 & Z7EAN [A] NaSal 3B T B RE B U1 SR AR i 2
Fig3-7 Variations of viscosity with shear rate for the CTAB and 16-4-16 solutions at different Cnasal

N T X BEAS [FIAT LR RS I VA ORGP RO ) 22 57, JRATTIB L AN R SRS 4 &
SUYIRG B HOAZ A IR 21 5 A AL ER A0 75 0828 9 i o T #2879 Y V022 BT DT R P 1) 52 i
M. il 3-8, FETYIHIERE NaSal RGN 3 AR R0 AL I, AN
NaSal Itf, CTAB KRB VIR BEHGL K AIREEE, T 16-4-16 K R K Z BT UIRG EWS a1
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T CTAB, 1t B LI CTAB 1K R A 7% RG B2 L3 A M R BRI R B4, 1T 16-4-16
TR R ATRETE AR T — S B0 MBI ISR 43R I NaSal B, JEBEEARINE 3N, Pifhk
T PE TR 2R IFDRE BE RIS I, >4 NaSal AUVRFZEN 60 mmol- L i, 9 2 18] 75 71 4
RHTKGEHER LS T BN, BEi CTAB AR RHIFBIUIRIEEZ) 0y 500 Pa's, 16-4-16 7K 5K
FHIYIREEZISN 1000 Pa-s, AT AT b 2 TH0 0 1 Ak SR AEAT HLER (5200 N #O1 BUAH A
YRGS HUIRI R, M OB R IA B Bt s 44K 2R3 N NaSal FIREER, PIFh R Z 45 4T
B REAR: >4 NaSal IR GRS A B — e (HA, R RRERE R . H AT K&
SCHRARE 3 T A B PR AR A 30 G148 77 800, — iR\ Ak B PR AR A R 5 T R PR 45 K A 35 )
HISC R, 35— UOR FERG AN B8] A 3R THIE 1L 77 B 2H 2B T30 A0 s HUIR ISR 58— Ut B2
BEAER AL FR T HOR ISR A 7 43 S5 s 58 — UORN BE T il e T3 22 10 3 S S M AH B
TR T ARG 033,

1000

—_
(=3
(=}

—_
[}
LR AL e n s e

0.1k —o— 16-4-16

Zero shear viscosity, h| (Paxs)

0 50 100 150 200
CNaSal(mmOIXL'I)

Kl 3-8 NaSal/CTAB 1 NaSal/16-4-16 5 R{EA[F] NaSal 3R T EBI VIR BEAE 1L
Fig3-8 Variation ofZero shear viscosity of CTAB or 16-4-16 solutions at different Cnasal

3.3.2.1 ZhA&EIY)

VRGP B 2256 T B ) — Fh SR AR G5 4, 0k MR e R 46 40 e — Fh Bl 245~ 187 1) 485
R R, 2P Pl r Wi AR, 7RI — 3 A o R B A TRl B, —
SR HUR ISR A TRAT I 18] Crep),  — 20 HUR SR AT ) (o) e 2 to<<eep BT,
P R TR PR A 2 PRt B T DA SRR 401 Maxwell BRIUOMIR

__(on)” (3:3)
1+ (wz,)
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T,
=—*r G 3-3
1+(wr,) ° (3-3)
_ 1/2
TR - (Tbrrqy) (3_4)

b GUEHMEAE, GUEAMAE, o RIRZNANE, w AMBEN . KSR
SRR R R P AR — R EAE — N e, KT Maxwell 44, o FIRIECAT UL LR
WA w %, BEEIRSIAMREIGI, s T —EEE, HEN
BYPP G Go, SRMTESLIGINE AR TEE N, A RHEEEIEME, HRF G
B Go il LUA o AR M L MEE, G=2G,, . Cole—Cole & (G"vs. G)FJLL

I TR AW 2R AR A4 A Mol 2L

. G " G
(G -0+ G? = (22 (3-5)
2 2
® . FRLALITERISSST YT A
10577250001 ; Es AL < 29 1A
4 NP
1 v 4 '—‘L;: R
g oal g
~ —&— G' 30 MM —1 G" 30 mM = - G'30 MM -1 G"
o -e-G'40mM-o-G"40mM| O @ G' 40 MM —~O— G" 40 mM
n0.01¢ A G'50mM-~G'50mmM| (n0-01 ~A-G'50 mM /- G" 50 mM
—¥— G' 60 MM —~ G" 60 mM —w— G' 60 MM —— G" 60 mM
1E-3L G' 70 mM G"70 mM 1E-3¢ G'70mM G"70 mM
<4 G'80 mM—} G" 80 mM —4-G'80 mM—<}G" 80 mM
1E-4 . —>—G'90 mM—>-G" 90 mM 1E-4 . —— G 90 MM —> G" 90 mM,
0.01 0.1 1 . 10 100 0.01 0.1 1 10 100
o (rad-s™) o (rad-s?)

Bl 3-9 CTAB/NaSal #1 16-4-16/NaSal {4 2 3 AR B ARG VAR B Bl A SR I 224
Fig3-9 Oscillatory rheology behavior of (a)CTAB/NaSal mixtures and (b)16-4-16/NaSal mixtures as a

function of frequency (®)
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Fig3-10 Cole-Cole plots of (a)CTAB/NaSal mixtures and (b)16-4-16/NaSal mixtures at different Cnasal
W 3-9 AR, #F NaSal 99N 30 mM/L #] 90 mM/L HI5EFE N, CTAB/NaSal
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1 16-4-16/NaSal 14 558 AR B FURG VAL 2 A8 40 2B AR AR R . FE i dlIX, sk
R TR A, RIHIVE M FA A R BRI M M s FEARAX, BRMERST A TR
VAR, T E M VAV 3 BRI R MM 5 o AR R (1 Cole—Cole FH0 3-10 FiTm,
FITA i 2R AEAR AT X AN P X 5 2 [ G AR FERLT, 0 B X oA R T A 17 G HR R oA
ME BRI, B 7k &K Cole—Cole EIXTFREIRI# AR L T WSS, ViU RN E M
[} [T Rouse AR Y2200, 53 b 0041, 358 W A R T Jl 1 0 HOIR IR PR

R Z A5t R B 8] o AT G A Go 7 LARIT BB 5545 2, Pikh R
TSI FR R, Go B NaSal WAL Ze & 3-11 foR. NN w5 A4
AR B HOHR B SRR BE AR, Go ARG HebR e o 4 mei 11 2% 21221 i dn el 3-11 7]
51, B, PRRRIEE SRR R w1 Go b NaSal i EEH N2 (b U — 5, FliE
NaSal #REESGIN w SIS, Go BTG, JFH Go MIGINIEREEE#H AL L%, w
Go 7B AR R 40 85 1R TS PR RUE HLER IR A 1 R b e R Go B R — B>,
80, 101, Y4 NaSal ¥ B HIRT BRI (<60 mM/L), twIGHN, GoZefbiEERk, RFiGH
DR PR A K 24 NaSal 3 AN AL R (560 mM/L) , e 387N, Go 284K IR AR 4%,
Xt FIX — 45 F T RE MR RE AR R IR T 4 S 854, X P IR IR RS I E R T HIEF R
SRR B IR RS R T A R AERS SN, TG SMIN IR L 138 AT B, AR 3 ARG FE R B
Z BRI, ok, 0 LR R TEVE TEAVA A &R, 7EAHIE NaSal WRFE R, 16-4-16 75 &
) R A1 Go YL CTAB WA RHIME K, UEHIEMIR] NaSal WIE T, 16-4-16 14K R IE T IH

HURBR R K H K
30
(@ —=— CTAB 40(0) —=— CTAB
—e—16-4-16 —e— 16-4-16
20+ 30}
—~ T
3 € 20
© 10t %)
10}
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Cpasa(Mmol-L7) CNaSal(mmol-L'l)

& 3-11 CTAB/NaSal 1 16-4-16/NaSal & RFEANF Crasa THIBIVIEGHEE (Go) MBS (1)
Fig3-11 Variation of the plateau modulus (Go) and the stress relaxation time (tr) of (a) CTAB/NaSal

mixtures and (b)16-4-16/NaSal mixtures as a function of Cnasal

3.3.2.1 Cryo-TEM
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AT Cryo-TEM B ERR] 7RISR RERS, WE 3-12 fix. 5t
FARFER ) NaSal GREEZ518 20, 604 100, 200 mmol-L) 15 ] 52 ik BE [ 16-4-16
(R 50 mmol L) MERMAR, RIGEMHIMES T ARKAHAERS. 5 LR
AR B N A AR R A5 54— 8, 24780 NaSal fO3KE N 20 mmol- L B, 1A R IE ke
TERIRRIRER (B 3-12 (a)); 243400 NaSal (K EiE F] 60 mmol- L i, A RIER T H
HESRI I BOR IR 4k 2239 0 NaSal WA ] 100 mmol L B, i HUIR I A4k & Hh %
BT KRS AZE K, 24 NaSal W5 F] 200 mmol- L I, 1A 2 R IS4 5 50 B 4k 4
N, 8 IR IR SRR 5 S A A B, TR s A IR I R 5440

& 3-12 16-4-16/NaSal 4k R 7E A [H NaSal 3#KE T Cryo-TEM K
Fig3-12 The cryo-TEM images of the 16-4-16 solution at different Cnasar, (a) Cnasa=20mmol-L", (b)
Crasa=60mmol-L, (¢) Cnasa=100mmol-L!, (d) Cnasa=200mmol-L-!

333 FFENNFEEN

AT T AT T2 R AR BE 4y 1 80 ) S AR AN T TR TR R, — e AT Al
NaSal (138 /102 % 14 7] 9 20205 435 W 26 R BR-005 RS A -5 R 136 A8, — 0 A4
16-4-16 4 2 T L HA I BRI R 1K FE B CTAB 44 2 71 R 0 865 HRUIR Jie SR B B K Ak
N T IR UE B A AT AR, AT S SR FRLRLEE 73§30 )1 5 78 T ANIR] NaSal 2T il
RIMETEFI BHIIEA, IS LIRS BT (1 45 AT X EE .
3.3.3.1 B4R

PR R TSV RR R A3 IAE 7 R HLER/ AR THVE TR L]~ (1 B e B an ] 3-13
Jli7n. BE% NaSal/CTAB Hl NaSal/16-4-16 LU HY 0.0 3G 1.0, FMHE A S A4
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TSI BB IR « BRI RE i BUHR R - S HRR B RN 22 8] AR 45 4 2
A . BEEE RS BRI [ Cryo-TEN WU EE A — 8, (E2 B L REE ALK
FERIHEIN, RS PR B HARE SR LS IR SR 2, BlnfEscls B L EL/ AR i
PEFF ELIEE I 0.6 I A FE RliAT & 25 SC AR SR 724, AR L LN 0.4 Il e A
T3 BATAAER, iR RIS IRAL T — SR BT B, TR A7 —
SR, PEREADL b S B W A Y b sz b S s, DRIt M TR T ) R 7 A A4 b 52 5
2, SFEAERS P IRATES A s ie th SR 2 . 7R Ry, A3 2l ) Hr
AT B R B el BE R AR AR 38 7 AN TR S R LB 5 38 I AF 7E SR i ERR BRI

ST R AT, 3 BT XUT AR TS L7 16-4-16 8 F H CTAB 44 £ Rl JURAC B2 S A S A

) )

&l 3-13 CTAB/NaSal fll 16-4-16/NaSal /& R KPR . CTAB KI¥KE N 100mmol L', 16-4-16
BIIR BN 50 mmol-L1, NaSal #E 25 4: (al, bl) 0 mmol-L!, (a2, b2) 20 mmol-L!, (a3, b3) 40
mmol-L1, (a4, b4) 60 mmol-L!, (a5, b5) 80 mmol-L!, (a6, b6) 100 mmol-L"!

Fig3-13 The snapshots of equilibrium configurations. The concentration of CTAB (top) and 16-4-16
(bottom) are100 mM-L! and 50 mM-L!, and the Cnasa are: (al, b1) 0 mmol-L-, (a2, b2) 20
mmol-L, (a3, b3) 40 mmol-L, (a4, b4) 60 mmol-L", (a5, b5) 80 mmol-L", (a6, b6) 100 mmol-L-,
respectively. For clarity, the water molecules are not shown

3.3.3.2 HAENEB I

BT 2N SOUL G BRI R T O AR I, A WL Eh /2 T P 7V A A4 R i SR
AR BT L FE 5 b — 5 T RS 77 16-4-16 14 R HUIR IS R A TE S FE — 5, 41
SPINAM B B B S BORES . HRRBORAL G, BT R HUR IR i@
I WLEAT WL ER/ 2R TS 7R & 1 R SO TR U R R B, E AR R b T BB R
W HUR RS 5 — i HUR R (13 38 5 53— s HOIR IR AR 323840 A LS8 i
ETERSAIRH, BARRTE B FEBATIAE T — S h 4k .
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E3-14 BRREA SRR E LML . (a) NaSal/CTABR R BRI SRk A FE A 1 B BB
s (b) NaSal/CTABHA R ALK B REF I H HBERRAL;  (¢) NaSal/16-4-161k R HIERTE
FRRB AR B B AR (d) NaSal/16-4-160& RN B 2 1 B B8R IL
Fig3-14 Potential of mean force (PMF) curve in micelles fusion process. (a) PMF of micelles fusion
for NaSal/CTAB systems, (b) PMF of branch formation for NaSal/CTAB systems, (c) PMF of
micelles fusion for NaSal/16-4-16 systems, (d) PMF of branch formation for NaSal/16-4-16 systems

s EEOR R SR it i o 2 (o B R s AR P R B B, 17 S A IR AR i e v
BB B BRI I SRR B o BRI SCAK ST BB B, DR ARG AT 368 Jod v 50 1 o 3 T i M 7
R RTEA I NaSal ST IR A-E B B R A SO RTE B E EHBE, 1 B AN [R] 25 1 1

RN R . Gl 3-14, PIAPRIE S MEAERIA R PERKREE KT 5.2 nm
i, AR AR R SO AR B B BT T 05 MBORFESS /N TF 5.2 nm, H HIRE
2T IR R AR, FaA S R A LR BRI, B Rt Bt ANLERIREE R S
W, EEHAERIZE TR A T e B e BT b, FRATIEL [ i AE dh 52 T AR R
Hh R A AN S A IR RO O R vh 45 A e, R AR SR BIRE 259 4 nm FRHE I H
Reth 2z, Wl 3-15 Fs. FrAR RIS SR 2 IUHEFE B0, BEE A LRI
m, IR RS A B PR, Ul BIBEE A LSRR B N, PR AR AU AE Ll A AR 1
KARZS T, T RTINS LR R AR R BB H T 2 (s HUIRIRC AR s R ST 1L & e
REAR, VB BEE A HLERIREE N, 1 R R LA I BE R R, B BER T
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PR ZR G-I S 5 B 2 IR ORI o X LE CTAB 1A Z B 16-4-16 14 28 1Al 15 44

B RN S A I 4l & BRI, JEOR AR (0 5 B BRSO AR e B g, DS
MR 7 e 2 s BRI R 7 e 22 B0 s R WL ER IR B - PRI L, BE R LR 3
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Fig3-15 The energy barrier and formation barrier in the process of micelles fusion and branch

micelle formaiton, respectively

3.3.3.3 16-4-16 R & 5 CTAB 4 R HUR i oK B 22 S L2
WA 4R B, (E R ME VR A T B —Fh R AR S5, I R R e —
FhENAS TINS5 AL, 28 D736 DR I o] T W7 284 -l A i A 21OT . SR 0% HUTR PR ARk 2R LA
HREST, JF BTN TR RE R, AT AT IX R AR R 0 0% HUR IR AR B K. iR
AR A AR, KTk AR ORI R A R I BRI AR AP B B T DA R
e
L~¢" exp[(E.—E,)/k,T] (3-7)

Ec-Ee AR MR 1) 53 B RE . DR ATT AT LIS I v 55005 PR M2 AR W 2R 3o 2 v 1 9 5
K ) H2 PP i PR I AR PR

NaSal/CTAB 1 NaSal/16-4-16 14 23 7£ 5 U B A Sl R A A% 7 822 1 il e
Kl 3-16 Ii7~, AT LAK I NaSal/16-4-16 ZH R i HUR IR AR LE NaSal/CTAB 4H i i) 44 2 fif
JEK K, (HAR A FEF 32 /1 E NaSal/CTAB /h. 5 SCh I R2 i 52 13 KN AR 43
A HUR R B4 BSRe, AR 45 R 3-17 Fias, 16-4-16 16 R 73 B RE a4 FE
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Fig3-16 Dependence of force on wromlike micelles extension at different mole ratio of NaSal/CTAB

and NaSal/16-4-16
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Fig3-17 The scission energy as function of mole ratio
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PLAFIERE TP B BE, AR T B RESE K, 1R A I i HUIRIBARCEE G, 1 2R FEDRE P B v

3.4 KB

AFII N NaSal/16-4-16 TR R IMALTERERT Fo A1 B AL BN 5T, IR1G T — A
R HRE R AT HUR IR AR 2R, BB TG LRS00 X THI S P RDR FE AL s il L1
FRTHVE MEFIAR R 5 BB R RIS 7 R B L35 AT NI L AT, W T PRk SRR 2%
SRONLEE, FHRRPERR T PPN IR BRI AR SR FE BSR4 . B LT

(1) XS NaSal/16-4-16 V&K RITANERERT 7T K I, 4 16-4-16 9K JE ¥ 50 mM/L
I, NaSal W24 60 mM/L I, JRER FR AR fsr, 153 1000 Pas.

(2) BEEAHLERRIBIIN, SRS AR R IR R G 45 & Re R ST LSS &
BEIIZ D AR, BRI VG M 77 SR R 46 ) 2B BR -5 - Ak - AR S5 40 1 A8 A o R THITE M
791 SR 8 KA T 28 Ak 5 | RS 2R TR e 70 R Lk PO 6 A 2 R 2 0 5 48 o P 1 - 3 T
AR LR o

(3) AHECHEERTIVE M), BT R IVE HEAA R A B R R, BRI A 0 o
R, AR R RERE T

(4) 38 I %o X0 TR 4 575 R B0 9 T 3t 2 7Dl A A R A S 7 3 2 DR 22 5
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HORS BE (1771
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FNE AR FSEREEMFBEERR S LRRITAMR
4.1 515

e b—grr, JRATEE TR BTG IR 2 BB AR TR 1 A R S BT 3R TS T AR &R
AL I RS — e A, # S EUA R R N FE . B4k, AT Cryo-TEM
FOREILBI TE I, R P A A i 2 P e HRUTR R SR A T S A HOR B R 5 | A 1 I
B b, K SEEGARARGE T 06T S B 175 T HUIR I AR A8 T F S R SR PR 57 148 7577 80,
SLIOS ST, N REEE A FEE, SO IR ARk RIS A Be e 45 R, R &R+
U R SR P 3 34 1) BB K T T OIS I B AR, R I A8 e g i AR 2

HAT, Rt MRS, Bz 0, M FEUH (SANS), #ha ek
S5 (DLS), /HmFoLiE (DRS) MMCIRZEN B B8 (Cryo-TEMD, K HIE M
B RIRAB MR RGN BB 1% 58 DRSSk & o 7
242260 SR, PR T I BRI R 1) SOA R e A e — AN R RO K AR, R tdE
SRS E R S AR AT O Bl 7 2 i AT IR — AR VRN SRER A TR, 4y
TREADLAE N VN 220 1 1 2025 OV I R, AR 2 T M AR S 4 DA R R AR A I e A
J7H B BR8], R J 0S4, R 1 77 2 B0 1129 130, 1501521 1 G LR
350 g Sz 1139 165, 167, 1681 1 g (122,160, 227) 7 i3 7 (] 1147, 1481 D) g 53 Wi Ak 2R VA Ll AL
1205 FRTHI VA 1A 7)1 2% (s Ul KB A e (E,  FR R MR PR M R 1) S Ak 05 ootk
2 SR 0 AR (R BT 9 A R

AT B U BN HOUR IR IR 1) S A JUIRIR A e A8 b o Sl i T RS K
AR, RSV R R, PR — Ry iR PR S A I R T SR 2, AT I
R R ALE TAE i) S F F ik — e iR R 5o

42 BB ERZE
4.2.1 ¥liaHaBY

K & R PR AL 2313 1 240 7T NaSal /CTAB 1 NaSal /16-4-16 18 & 1K & 1) H 42
178, HEEL CTAB MR E 458 125, 187, 250, 311 F1 374 mmol-L, 16-4-16 HIHKE
SR 62, 93, 125, 156 F1 187 mmol-L, 5 ML EE 5 2% & 14 7 )8 55 A~ B LL 5]
Rc=nNaSal/nTail 4524 0.00, 0.33, 0.67, 1.00, 1.33, 1.67 f12.00, 5 2.2.1 Fi#H[H,
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FIF Packmol BRAFUO 3 SIAEAS [FI 3 JBE o AN [) 52 i EL A7) 1 5 7 P 2 1Tt 2 7500 R AL 6 B
PHUENBUAR F o, SR & B RS & 20x20%20 nm’.
422 BN E

A B G TR FRURLAL 7730 71 A0 T332, A5 72 (1 B AR 240k B )
222715,
423 11355H

AT ARG S5 (K1 7 in B 4-1 B, ARG WL 2.2.3 5. (HERUMIIRZ, 1E
RERE, NTIERBIMEEER, RARH T — MR a i, 5-HHEKS
MRH (Na-mSal), 1El 4-1 (d), HIGSEIXHIFETHRIF B —BRT 17137288
A SCae

& 4-1 RIEWEMEF CTAB. 16-4-16, HHLEE T Sal'. mSal KR
Fig4-1 Coarse-grain mapping all-atom model and CG model for (a) CTAB, (b)16-4-16, (c¢) Sal'and
(d) mSal-.

42.4 FXRERHE Zeta BBAIHIIRILITE

DLVO Higl13 20% 210Tar DI AR I Fs € V45 Hh EL B & B g e, Horp DLVO #iR
o R — I wT R T A T R FER IR Y 5 M R 2 T F e R A P R T
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R Zeta A7 . Zeta A EARF IS 1HE T .
N AT ERANET RS Ry,

eo, V rlKka
ke, &k, T =y, + Ka T, —T,Ka 1)
Hr e RERELHEME, o AREIRBMEL, o RIEAHAAN N BEL, o0 LE
EHER, o RERRIFER, KA. V. Sangwail DHRiE, X T 5CTABREH K E—

FERRTE o UE 92,25 nm, ©1v 2iIRIEW T

T, = 2smh( )— W, T,= 4tanh(l//s) (4-2)

k {3 Debye K&, miEd (3) XitH1GH,

. &6k, T
<= 2N et #-3)
A

HANAZFRMES WL 1T ZARRT A RETI5RE . JTCEN R B RS SER
R EAL R R

e

V,=VY, ﬁ (4-4)
B
R #E Debye Hiickel U AEE IR, R Zeta AT Prerart :
Ve =W (——)e (4-5)
a+x

425 REBHRETERE
fiE s B AL THECR A Lammps BAEPPISERG,  THE AR M B @ N & 711975
(ABF)R16:217] 9 4 4F — AN RSFA 24 nmx24 nmx24 nm AR 2 oB A Packmoll!%4
AP — MBI, BRI AR A5 80 A~ CTAB R IHVE 474+ 53 /> NaSal
DT, RRTERW LK E S # BN KER T HIK, RARBE N BRIk R
BEAT UM BE AL . BB =, XA RBEAT MR RE T, MR RSSO E IR B
R AR, BRI 0.02 ps, AU RLERH NPT R45, iR E N 298K,
JE SR E N 1 atm, K Berendsen J7 VANV HEAT I B RN R D 4%, B =ANJ7 13
K BRI 460, AR AR 42 808 1.2 nm. BERBLEES [ 100ns. 55DT,
SR RAT AR B BT, BARGHT R SRA BIE R E I (ABF) AR 2T
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TRV B L3 28 7 I B 2R T e, 7RI T BEALZG £ — AN SR NS 1R 77 20 1
BUKMIRIRE TRy s, IR BL, R RPRIRREEERE D — 8K, [
FEVFE L, WEWABUOIELTT AR ABF J7 006 SR 5 77 7 1 BUK A RRAR 55
TREAT R . RSO Z R R KR E Y 6 nm, S HRE N 10
Kcal'mol™-nm=, EAZALLS (6] 200 ns, HESHKEF EITR.

43 R 5118
43.1 BAEMEHE

TATE B T — W E N R R S MEFIZEA F NaSal 0K A AIE.,
PL CTAB ¥ 187 mmol-L' A1 16-4-16 % 93 mmol-L™' N E, FEAREEE/RDE Re
(A TG P SRR I P M) R AN 4-2 Fiose BEEE Re ORI, AR IR~ 4 1) 52 AR A
BRI -2 4% - S Ak B -BRIZ AR, o IR BeAR A i 34 5 B AL 45 SR O33R SR LA &R 1K)
Sy 4k LIS, 228, 2291 — 3y

B 42 HRBRAPEHEL CTAB FIIREAN 187Tmmol L', 16-4-16 KIHEN 93 mmol-L7, NaSal FI
RE TR RN B/R A H89: 0.00, 0.33, 0.67, 1.00, 1.33, 1.67 F12.00
Figd4-2 The snapshots of equilibrium configurations. The concentration of CTAB is 187 mmol-L-!,
16-4-16 is 93 mmol-L!, and the molar ratios of the amount of NaSal and the number of tail chains is:
0.00, 0.33, 0.67, 1.00, 1.33, 1.67, and 2.00, respectively. For clarity, the water molecules are hidden,

and same strategy is adopted in the following figures
N T ERZIERRATEAR, FATH T A FE RN KA et R, WA
4-3 Fizmo MBI FT DL H , 2B 5T N<8O B, LWL 1, RIA R R T BRI ;
N> 80 MIN <140 I}, EUAE T 1 35N 321 2, A SRS AL BRI AL BB BRIE : 24 N >140,
KR ERT 2, FRATTE SCXINTE SN IR RIS A Sl JURI R . £ R 30, 3RAl
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Fig4-3 The ratio between long and short axes against aggregation number
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(a) CTAB/NaSal @ Sphere-like micelle (b) 16-4-16/NaSal @ Sphere-like micelle

A Linear micelle . Branched micelle ‘ Linear micelle . Branched micelle
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Fig4-4 Morphological phase diagram of aggregates formed by the mixed solution of (a) CTAB and

NaSal or (b) 16-4-16 and NaSal at different surfactant concentrations and the molar ratios
BT BIRE , BAFE) T PR SR AIEA FIR A Re N RRAREREL
FUHE . Wild 4-4 o, EARERPIII X, BRI, d 1 P X80P s
AR I LA S B S, AR T, BOBEOR B E MAAAE: 72 B
DXk, R RS 9 2 1 s IR M AR B S AT ERR IR, I LS e HUIR B 14 73 A1 B
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TG ) 3 e X3, A T o DX B TR P 2 T P AR A 3 58 A K BRI, BT S IIRR
P2 PG HOBR SO B i 7 AR R T B AL EAF UL RIS, BB Re 3N, 7EAR
PP AR T2 B AR A bl S B0 o 51 825, 3 T Sal-ZEAR DL S50 rh (15 B BB 0 AS )it
BRI, AE 4.3.3 R IRA TR AR DX M 25 .
432 TURRBARFEHIIIE

TR A2 16-4-16 R RIL R CTAB KR, 1E— @R EE A HLER I3 T #RETE S
AR HOIR IR, JF Halid i B SR, P9 T2 R R 58 4 — 3 R, D T faib o4,
FATLL NaSal/CTAB & 2 95 B AR 53 Bt ST AROY UKD RE AT B3 o i X S A i
HUIRIA I B A4 B0 AT S AU HRODR B AR 0 A 3t 1o — 4 i ORI o
S 0 A0 2 — N0 SECIR I SR AR AR 3 20 A EL Rl T D, DR FRATT 1 58 20 1 i ORI B
BB RE o FRATTTH 5 70 ORI AROE B FE Hh K~ S IR R SR S, il 4-5 o, il
Pl my s BRI R T VU ANBY B %, BROBIR AT, IRERTI IS o (1 1 R 45 118 i
HURIE R . i SUR IR g A2 53R4T E— o 16-4-16 F 438 il IR
FITFE—3, 5 Arai 25 AU2VR1 Wu 25 A5OSR AR it FE AR AL o
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Fig4-5 Evolution of the average aggregation number of clusters for different morphological

structure of micelles.
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Bl 4-6 2Pk BURR R AN STAIR SRR 30 1 3 /e . BB BE: (a) PR KIARSR,
(b) EBFHIFER, () ZEHEM, M (d) HMRRKIELS

Fig4-6 The dynamics formation process from linear wormlike micelles to wormlike branched

micelles. It includes four stages: (a) the adjacent of two micelles, (b) the formation of salt bridge, (c)

the formation of stalk, and (d) the coalescence of two micelles

DRI
LAA

=% N7
RS

& 4-7 DY ST AR U AR LB 2 B Eh B 45 4

Fig4-7 The salt bridge between two micelles computing on four independent simulations.
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FVUE ATHLER S T R VE 7 B 48 AR R AT it 7T

gt PRI AR AR 0 A B ST . IR, — 8 Sal- M BRI TR ARy g 8 DX s Bk i 38 79 A
AR ZBITERE “ it ” a5k (B 4-6 (b))o FRATUEL 1 B S A HUR AR R pliad 72
FIFEALEER] T “EMy” g r=E (B 4-7), ULEEIRATF ARk R, “3hth” B
s BRI BB b B . 2 )5, AE “ERME Y rp Bk R AR 2 R PR 28 1~ 3R T Vi 2k
72 Ta) s FEUAH ELAE P S 99 R AR 3 Ak 0 2 B AU JR: TR 5 R B , — e 3R T i 44 57
I FAE IR RSN TR IR R R TR RS (Bl 4-6 (). SEhr b, ZEEHHIE
FRAE IR 53 POV FE v il 5 PO R rp O B B . B, ORI (R 3R T VR 201
HNZEG Ry, ZREERB D A A ASKH , Wi HOR I RO FLIE R i S A i ORI R
4.3.3 AR R A HLEE

LA HOWR B AR SA I HUR IR ) T8 BT A T 2 22 P 3R TE IOR il & i B, iy K
TEIEIRAT VLA A& 7KV iy FROREE 2 T DLVO B2 2092100, o et Jioir 2 [1]
FEAF R g s e R AR, TR R AR s B S AR T ) Zeta HUALA
Ko TATHE 7 ARRETEEARELEAF L Re PRARRIEH Zeta HALMEFFEE,
R 4-1 fizs

# 4-1 I[F CTAB ¥ LA KA A NaSal/CTAB EE/R W T HEFEK R Zeta HAL
Tabled-1 Debye lengthx-! and zeta potential ¥,.., at various CTAB concentrations and molar ratios of
Nasal and CTABbased on DLVO theory calculation. And the lables of S, W, and B behind the

concentration represent the spherical micelles, wormlike micelles and branched micelles were

formed in corresponding systems, respectively

Concentration RrealReAD K! Y.eta Concentration Rua Reman ! Veeta
(mmol-L) (nm)  (mV) (mmol-L) (nm)  (mV)
125(S) 0.00 0.57 52.88 500(S) 0.00 036  49.63
125(S) 0.33 047 4522 500(W) 0.33 032 4143
125(W) 0.67 042  33.59 500(B) 0.67 028  28.99
125(W) 1.00 037 11.92 500(B) 1.00 0.24 6.53
125(W) 1.33 034 -1947 500(B) 1.33 0.24  -21.05
125(S) 1.67 031  -32.90 500(B) 1.67 0.22  -29.63
125(S) 2.00 0.29  -40.70 500(S) 2.00 0.21  -37.80
250(S) 0.00 047  51.75 625(S) 0.00 033 48.71
250(W) 0.33 038  43.38 625(W) 0.33 0.29  40.36
F41 (5
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Concentration RNasal/RC  «-1 Wzeta  Concentration RNasal/RC k-1 Yzeta

(mmol-L-1) TAB (nm)  (mV) (mmol-L-1) TAB (nm)  (mV)
250(B) 0.67 0.34 30.76 625(B) 0.67 0.26 27.70
250(B) 1.00 0.33 12.86 625(B) 1.00 0.24 3.60
250(B) 1.33 030 -17.15 625(B) 1.33 022  -21.37
250(W) 1.67 0.28 -29.93 625(B) 1.67 0.21  -31.79
250(S) 2.00 0.26  -37.19 625(S) 2.00 0.20 -38.46
375(S) 0.00 0.41 50.66 - - - -
375(W) 0.33 0.35  42.77 - - - -
375(B) 0.67 031 3198 - ; ; ]
375(B) 1.00 0.29 9.04 - - - -
375(B) 1.33 027 -20.89 - ; ; ;
375(B) 1.67 0.25 -31.44 - - - -
375(S) 2.00 0.23  -38.66 - - - -

60

40 Experimental data
s> O  Simulated data
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El4-8 Bl EFISEE I Zeta BBAIFER R BN . SEIOERRIE T 2% 30wk [230]
Fig4-8 The compare between simulation and experiment for zeta potential as a function of R..

Experimental data redrawn from ref [230]
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Fig4-9 Distribution of Zeta potential for different morphological structure of micelles
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Zeta HUNT T IR A RER S RAGWE 4-9. HEW R, =FRRIEES Zeta BLATF
HYINR R, M Zeew<d3 mV I, 55 PR MR FURIEOR, 2 Zaew <32mV I, JERL
SEAR IR HUIR I 3R o T J S A HUIR IR SR Zeta FELST BRE /N T T8 2R M 06 HUIR IR SR ) Zeta
RAZBIME. MAh, AL HAK Zeta FALIAR, A TEBS AR HURIR . 40801
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X IR LEAR 2, R IR AR 28 06F I )4 T3 P R E AR, T2 RS PR JE PR AE A% 2 Rl A2 11
BRI, DRIEIX LA Zeta FLALXS L AR R B T i ORI o A SRR 52 2 05K,
I BRI (8] 2 54, X LA R R T AR G54, g 5 AU A Z ) SR WL 2 45
R 28,

N T B ERERANFIBOR Zeta BRALBIE M Z S, B0 M 1T BORFEE © iE
s RUIR A BRI 0 A, A 4-10 PR S BE AT OARACFT T 12 NI ST, o
P A B e B R I RE R R, ORI A 0 R B B A BRI RE R . X T
LRI SRR, TSR R A AT A S B AH LR B O 45 2R, PEBERE M Ay e B i A VR
Py BRT, X TSR HURIRH, TERGERE R — Nl k. WA AT, ik
s FEUTR IS AR 7 e e s HUIR IR AR AT B HE o DRI, SCOP HUIR IR AR AR A e 22 BE A
[¥] Zeta HLAZBR{E. Shinoda & AI'OMFFT 1 [ R & i #2 b i 5<% B i REL2 52, [RIAE:
RIAA B IR BRI R & B2 R, ME a7,
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Fig4-10 Pair potential energy (®) along the contour of the wormlike micelle. The distance L is

measured from the mid of the micelle. Inset: color-coded to illustrate the difference in ®(L)
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Fig4-11 The PMF of surfactant (presence or absence salt bridge) and salt escape from micelle
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Fig4-12 The dissociation energy barrier for CTA* and Sal-
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Fig4-13 Evolution of exchange number of surfactant between branch (the green part in the bottom

embedded diagram) and trunk (the red part in the bottom embedded diagram). And evolution of

sliding distances L (pink line)
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Fig4-14 The summation of pair potential energy as a function of time. The red line indicates average

pair potential energy in the last 100 ns.
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Fig4-15 The snapshot of equilibrium morphologies of binary of CTAB and sodium 5-methylsalicylate

in bulk solution
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Fig4-16 The snapshot of equilibrium morphologies of binary of NaSal/CTAB

(a) and Na-mSal/CTAB (b) in bulk solution. For clarity, only type C1 beads are shown and the

branched points are colored red
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Fig5-3 Eccentricity of the micelle against aggregation number of EMAA for OTAB/EMAA mixtures
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Fig5-5 Potential of mean force (PMF) in the progress of branch micelles formation for OTAB/EMAA

micelles at different Coras, inset represnts the branch micelle formation barrier calculated via PMF
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Fig5-6 Dependence of force on wromlike micelles extension at different mole ratio of OTAB/EMAA

mixtures, inset shows the sccision energy as function of mole ratio calculated via force curve
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Fig5-8 Variation of Zero shear viscosity of OTAB/EMAA mixtures at different Corap
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Fig5-11 The Cryo-TEM images of the OTAB/EMAA mixture at different Coras, (a)

Corap=40mmol-L-, (b) Corap=60mmol-L-, (¢) Corap=100mmol-L-!
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Fig5-12 The snapshots of equilibrium configurations. The concentration of EMAA is 100 mM- L,
and the molar rations of OTAB/EMAA is: (a) 0.0, (b) 0.2, (c) 0.4, (d) 0.6, (e) 0.8, (f) 1.0, respectively.

For clarity, the water molecules are hidden
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Fig5-13 Evolutions of the maximum numbers of aggregate for OTAB/EMAA mixtures at different Coras

600

| 7
500 -

400 7

300

Number

200

100

0.0 0.2 0.4 0.6 0.8 1.0
Rc

& 5-14 OTAB/EMAA K itth RIEAF KR BT HRREARESHE

Fig5-14 The maximum numbers of aggregate of OTAB/EMA Amixtures at different Corap

5-13 o 7 B RAR R A R RE P R R R L L H B 18] (AL 0L, 1E
AFERIEREEGIT, SRR RS H REH BB G, RUBEIEEATL 2R
Ao MR AR R R 0, AERTAER BL, 2SR AL ATBRKAE IR BE N L2 HI ) 2 i i 1k
TR A% RSN B, BT DASEERAR I 25 RO o 2 VE 3 N 2 )5, ZRERIRI
PR 2O G ARE N, X RRARMER G R SACkTE, SRR R E 43
T s ERR AR A 5 0 R S PEFAR R AR AL B 5-14 Fiit 1 AR RSt il
NERAR R BN REMR R AN RELH , b E IR, BRI RELH £ Z R Re = 0.6

97



SEALE [ FH B TR AR S LA R BE ) U e SRR IR

A KA, R0 T, S5ERITUIREE ARG — B i RER RN AR X
Vi, R R B e K AR 2 S5 T AR ARG P D IR 2 A 2 T Fs ) s IR e R AR
5.3.3.2 AR IR A TE b

H B R, R B R B R T R BRI R R & I 45 . Rkl i PP Ah
IR IBARE ST, LA R OTAB K i HURB R IK A . R I ah & At
A L@ THE OTAB/EMAA EFiAR R AR PMF SRIFAL . WKl 5-15 Fios. 34
Rc=0.0, 0.2, 1.0 &, PMF BEE IR BUL 2 BHEE (o) BN migm, mEH
BT, PMF B r gD ko o fd B b BoR TANE B A g R, R T R
JEIGIMAEa, 3F HAE Re= 0.6 BV IA S /ME . PRI 5 FO AR 500 0 1) i HUIR SR AE Re =
0.6 IA | FH K.

~15 ——Rc=0.0
15} % ——Rc=0.2
g, —8—Rc=04
g o —B—Rc=0.6
~ 10} 2 —®—Rc=0.8
5 Eo —#—Rc=1.0
g 0.0 0.2 0.4 CO.G 0.8 1.0
T 5T
M
o
Z of
5k
45 . 5I0 . 5I5 . 6IO . 6IS . 70
r(A)
Bl 5-15 BRRRBA SR PR R-OER A K B BN ZL, HEARE B heE & EH
B RE G2

Fig5-15 Potential of mean force (PMF) are plotted as a function of separation between the centers of

mass of the two micelles for OTAB/EMAA micelles at different Coras
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Fig5-16 The solvent accessible surface area (SASA) and the Zeta potential of OTAB/EMAA micelles

at different Coras
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