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Molecular Simulation Study on Co-assembly of Janus Nanoparticles

with Amphiphilic Molecules

Yao Qiang (Materials Engineering)
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Abstract

Janus particles refer to particles that are asymmetrical and non-uniform in shape,
composition, or properties (hydrophilic, hydrophobic, mechanical physics, charge,
polarity, etc.). Therefore, Janus particles have a rich morphology, such as spherical,
rod, disc, and snowman. The unique anisotropy exhibits many characteristics:
amphiphilic, optical and magnetic properties, and catalytic properties, so it has broad
application prospects in the fields of photoimaging and photocatalysis, biosensing,
and drug carriers. With the increasing interest in complex functional structures, a
single type of amphiphile self-assembly structure has been unable to meet people's
needs, and the co-assembly of Janus nanoparticles and amphiphilic molecules
provides a bottom-up strategy to construct hybrid nanomaterials, and provide good

scientific ideas for further preparation of new nanocomposites.

Co-assembly refers to the process in which two or more amphiphiles (lipids,
surfactants, block copolymers, nanoparticles, etc.) spontaneously cooperate or
competitively organize into a larger or ordered complex structure. Not only can the
characteristics of multiple amphiphiles be integrated, but also the possibility of
reassembly of structural units that cannot be assembled, and various complex
functional hybrid nanostructures have been manufactured. These structures have the
advantages of each component and the characteristics of nanostructures at the same
time, making them very powerful and functional, superior to a single type of

self-assembled structure and ordinary composite materials.

In this paper, the dissipative particle dynamics simulation method is used to

study the mechanism of co-assembly of amphiphilic oligomers and diblock / triblock



Janus particles, and the micro-process and structural characteristics of co-assembly of
various hybrid aggregates (rod, disc, network, vesicles) are analyzed. The study found
that the assembly of Janus particles and amphiphilic molecules has both synergistic
and competitive effects. The larger the number of particles tends to form rods, wires
and nets; the higher oligomer concentration tends to form structures such as disks and
vesicles. Due to the Marangoni effect, two-block Janus particles can construct hybrid
nanomaterials with controlled particle positioning, ABA-type triblock Janus particles
can be used as structure-directing components to adjust the curvature of the hybrid
disc-like structure. For the structure of hybrid vesicles, the ratio of Janus particles'
hydrophilic and hydrophobic blocks can adjust the size of the hybrid vesicles. The
results clarified the effect of the hydrophilic-hydrophobic coverage of particles on the
structure of hybrid aggregates and the spatial distribution of particles, and revealed
the structure guiding role of Janus particles in regulating the co-assembly morphology.
It provides theoretical guidance for the construction and design of new functional

hybrid nanomaterials.

Keywords: co-assembly, hybrid nanomaterials, Janus particles, dissipative

particle dynamics simulation
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FLFA S NR RERR. BFIREEE, Choi & NPT Rl 7572 LA FePt 4Kk 7
NN, B Au FERP TR IETESE KL FePt-Au Janus Z9KK 1. 55—

RO I B R T A T VA 4, B SR N R T A, B e Al e
HURPELZh BEAL BAL A SO v R R R T o Lin 55 N O AR (0 3B 1 T Bk
Au ZUOKRL TR AR TR I, W 1-9 P, TS B DR 1

Au-SiO»Janus 49K ki .
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19 #HZASBmELA - SH—RFRARE, 51F5%530mb

Fig .1-9 Schematic of the preparation of silylated silica particles modified with gold,

adapted from refl%4]

cAHHUTHLEY Janus KK~ HAENUAPLRELL, M2 B3 & Ha] LU
Kbl A HUIH Janus GOKKL T, DX RA IR 736 oAU )
T ERADERET, KTEESREMOEE, BEaY 5T ERIES], 5145
() SR R 2 5 ) e 24 JE 3 » Reculusa 2500 i DAAT 3543 26 A (1 i /K ele v — 4
WAERR AT IR, SRIE BT SRR LR BT 55, 4% 1 PS-SiO2 i) Janus 44
KKLF. Ak Zhang 5 A6 ST 2{BLF- Reculusa 55 N (17 153K 13 T 2K 2 4- 5
KRBT (HSMA) LRV 5 S rEd BOWUE R EW- T E &5 H K 2 Janus
ZALA 0B (K 1-10 Fir) .
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@ polymerization @
e —

@~ HSMA s~ silicon precursor (APTES, TEOS, MPS)

S sol-gel process

H —

@ Tween 80 ~~~~ DVB, AIBN

B 110 () HENERREY-ENE SRR Janus BRI RBEEER; (b) Janus &%
ft1 SEM 5, 51 FZ5 3R

Fig. 1-10 (a) Schematic Synthesis of a Janus Cage with Bilayered Polymer—Inorganic

Composites; (b) SEM images of the Janus composite cage, adapted from ref[6¢]

B A AATIG B ST ) H e B A R 5K, ] SRASE REL S HL 45 H 8 AL
Janus FLF JU] A A ARE A R (R R R I . S5 AE RE PRI, Janus A KU 45 7 BT
MURFE R A, HioRE 2R PSR, OGS, AR, PR
KRAH S Janus GARFIURE A I B 120 TR, Janus Rz A 2% 1 TR D [ A%
TV 14 71Uk il 46 Pickering FLIRI® ®91; Janus K11 E R AR 6 2 A0 ERE 1 T LE
R 25RO 2 BRIV 77, BRAE T AR T L SRk ) 4% 54 Janus i
TR EC T B LA B KO T S R T B v R A i A DL R A Y, e A XL
UK ERLRE, Janus Ry AL BE 1 I R T Au GKKE . R Janus KT A
B2 WA, BB — KT Janus L7~ tHAT — LB gk f L i) % PR, 4H e
R o R, PR IAT RS AL AR W H N H o 5 H A AV AR AR LR Y
PR T AT M S R R A T B DR Janus KL 5 PR TR G, M
PRI B3 18] 42 B8 70 n] ARH IR RB0RE ) SRER I BN RS e I 254 - AL, Al
FOR IR 3 SR B 2% 1) 2 G BV AT DA S ROBORL A 31, SR A
AHHRE ST, o H AT LB 3 24 B[R] 5 PSR ME 25, ik B — 22 218 10 H 1
I LR AT % ThREVE SR IR 080 H 2t i, 52— R m oy B AR 454
C2 LA, Janus KK T 5 P25 70 7 SRR ER A 17— B R i A Sng
KRBT ANE RGO, Dyt — Dl MK B S PR 1 R 47 R
SR=F

1.4 5 FIEISARE IR R A 5T AR SR R

BEE THENLBOR M PR RETH S A PR A e, AT PR L oS5 2 ) A 2 i
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IR EEAE b, RSB MR T EAL LB, AR R BRI A .
Ed U HER, GBS TR SR, Y. (W MAYERZ S, &
FHE BBk B, K v R R

S FBAUE AR T LR E B 9 TR IRIROME B, B8R R A MRFE .
NI ROV, B BT B RORAIEE M EE . A, T RTEIECAR
I T] LA B SEBOASAUL fE B (1 SEEGHRAE , AMUBRAK T A, 380 T 24k, T Ak
RIFERD T RHIF R o AR AEASIUL ) 2% ()R ) )R w5 7 112
ER Gt D1 RIS R BERUE R . Hh Gt ) S £ 245 5y 7 5)
TIZERAUIE SRR ISR R T T 2

53 ¥ BN 71 R EARE 7T 1 1A R R 1 3 e R A KR A AR )
(M52 1800, AHER TN EER, BTFAiEshies, R
I 214 52 IR I A BE 2 77 72, 49 SR BERS R4 0 B 52 . AHEL T
B, ZIONERCN IR, FA TR i RASLADL P I [ R 2 (] RURE K 4
PR, X5 T3 1 AU HE ORI R TR E R

et UEA, W2 ORI T B BB 0548 7 s 2 5 AL
iR FARRM LIE. ZTFRS TFMYPORR T MILAELE, 2R, B5FA
BHELWRIE E 12 MBS (SCFT / DFTO I, 245 i (MCO F14rF3) 1% (MD) ,
Ot . RIS AR, FEHOR¥3) /1% (DPD) VLT 7375 )% (MD)
AT . SAEGNET MD FIHEARAHL,  REMELE I B RTI a] R
& R . B3 DPD J7idk OO A T AT Janus 9K ORI B AL RATR A
(ISE AT R, HATans AR RE . 4SS A4 IX =N 5 T
1.4.1 FUMHLBE RS

ANEFRZEI Janus GK UKL 5 P 55 73 T L B0 i S M AN [F], R A i
ANFE], AHSEES E——Z & IX L Janus GOKAIRL, AMYTAEREAIR K, 1M H AR
1o TN 3 ZH B D) AN R PR At b, o RSO TN A 8 P 2 20 445 4 TR 1
MARFRRS, AL TIER, e LIERSE, WA,

Yan 25 N7 HHEBORL 50 /7% (DPD) KT 5t BA A [F TR £ Janus 24
KR P ik B L 54 (BCP) 34 2% (1, Janus BRkA4, Janus [RIAEAAFT Janus
5D o BRI BRI SRR B2 b, WF SR IR Janus 49K Fivki 1)
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BrF B MAREAL B 1-10 FoR) o 52604 B S A B B 2
HE BESMITE D9 Janus SKCKL T 1077 A6 AT LA B 2SR B AN KOBL T/ BRI &L
ERERMORGE, Rk TS BRI T P AR i . 08 TR Yy Janus 4K
T SCALR A2 2 B T A L AR

Gk

B 1-11 Janus GEKRLFRER B AE ERFAREN, 31 TS0

Fig. 1-11 Co-assembly structure of Janus nanoparticles at the copolymer interface, adapted
from refl’7]

142 B RBITIE

S5 T IO IR R TRD R, 7 T DAL 35236 b T
WUERE, GRANSEIR I T BURIAN L o X TR 244 R 1 Janus ZoK UKL 5 PSR 701
SRR TR UE, BE B S IR TS FE SO A S, InRoxt SR 2 e A (Y B A
It HREE A RLEE 7 TR ARE Bl 7722 B, AR 58 7 RN L, B4
IR S ) R

Lin 25 AUSi | DPD B 78 1 Janus 49KbE 1/ S PR BUOL R VIE 54
FEMEFENETE R T B RAT N B AAEGURBR B & BRI, XL
Pofeit ) FHE S HU BRI AR SRR AR, B Cor IR My B IR ARAS 4K I 1L
HERUNEG, TIIRIEICAZEE R . 2 Cop BE— 2B HGININF, AT LLULEE S WY 25 51| 3
WIREREAZN (Nl 1-12 Fos) o b, W50 K I B B K ik B ]
WM EAE S, W DA S B = AR T2 AL
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B 1-12  Janus B FER FIMR B W SR MR B R RR A TR P AL 438 454, 51 FSCaRl™)
Fig .1-12 Co-assembly structure of Janus nanoparticles in dilute solutions of amphiphilic
block copolymers with different concentrations, adapted from ref [78]

1.4.3 FRRRALA R EMRIHIE
7318 T RAU AN RE TS BB AL H 737 J2 1 A9 4 3 S5 4 T B
R8N, of s R ) E (AR AN AR, ) ELASDLAE AT LA B S b afk
PASRAS R0 58 1245 B A8 Bl — SE Ui AL 2R B o) el BEAT R 2 IR BEAE
T 5 Gevk 2 #8284, AT S0 NIR Z 48 7 S 2H B R R 2R A A LB
Dong £5°I0FFE 1 Janus 9HK UL 5 W9 55 1 ik B SR AL 2 0 ) 22 2 5 445
1, FFIRIT T Janus GRBURLAE 2 iR 1 22 G 440 R T R B RO A P DA SR 2R 11
WBIHLEL . WU AL 2R PR IR BO S R DIR B i I 2 B L S i A 46 4
117 24 Janus RIS SICA RN, 2 IFIEAURR R MR RIR L M 1B W AR N %
JRF A . 2 )5 E E I e BE DL Flory ZUMTHE., 457 1 IR RN AE
E Janus KRR 5 ik BOL YL AL B 22 J2 #0414l K v ke () B 2
o 2 )5, Yan %5 \Vha s 45468 R 2> 73 1% (CGMD) A4 R i 3 42k
(FDTD) HARWIIT 1 Janus GHKFURL 5 M-SR R i BUL R 3L 4L 36470,
k] 1-13 oo WEFCEEREH], IRBOL R SRR B IR T LA 1 A
Janus GAKRLF AN T A0 A A e, FE A SR AL (O AS 18] 0 AT . fEa 1A
A0 22 FE A o B 0 S 25O A e S w36 20 2R T AR ML, 5 B B T SRk
5 IR N 4% Janus GRITRE  #R BUIL R S IR B LEE . S an ok 4h
T AR I S R AR B A ARGV RE 2 R BT FEAALHE 1 H N ) ek
ARACHURE SRR B IR T8 3, 0 HAHR T3 e B 22 A o HA B
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1-13  Janus PRI TFAER M- L R MR BESERY P A T IL LM, 51F30m)
Fig. 1-13 Co-assembly structure of Janus nanoparticles in flexible-semi-flexible block
copolymers, adapted from ref [4°]

ST UL BB IR AT AL, 7053 7 22 BUHE 7T Janus 40K R0 P25 7 74
AT N A SRR SR+ B i o (B2 H R 2 B 5SSt TEAR A2 LR BOL 3
YRR B = R DL T, U — o AR AR i3k 4L, e —. M
KRR 24 INP [ BCP Z= A0 REEAAIE jl LA KSR 2R [N 2R AT e e b, R
X L8 BN TR IR R B A IR A R AL UKL B AT B2

15 AXHERARAR

IR T SRR, R Janus GUKRIURL 5 9 55 431 L 2H 2SR ST
WRIATAT AL S (D) Janus PURBRLA RATEARZ R, BAIERKI 7). O
o WS BEAAER PR ITERE, MRS R (2) Janus KRS
PSR 73§ FL A2 TE B e A 9K 25 46 2 Bt EU B — 9 S ) 1 2 2R 25 4 T Jn 4 T
MEREITERE; (3D skt BRI & BATRE A Janus 8RN 1 ELE A
M, SFHEPRS FHAEN BN RN AEE: D FTERUEARCE
J 2 N IRALR A R« AR KA AL BRI AT, X oR b S AR BT ST AN 2 AR
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AR R % BT — € 198 2 R

AR, BATRAFER D T30 /12255, R sEge E o br T B R IR 1,
XA AR B LE A1) Janus GURBURL 5 2R 7 1 SR AL R S A e A AT N AT 1 T
FCo WEFCR IR AR RE A U — R YRR A LS AT, M3k
AR EIGE. MERe. AP RERSEM NP0 Janus 49K
R 5 5 43 T SR A 2 M ROU R LB o B 50 45 RN SR8 bl 45 5 B gk 254
BHEOE 7 ILfE, Jvidt— Bk Janus QKR 5 PI2R 70 T IR ISR 1 R .
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BE MRAFESHE

Iy FE S (Molecular Dynamics; MD), #%BBHUR ERIAE, AJ# K
O3 A SR ASAN KDL FE 43 FASEHUR A W R AU B o FG 4 J - AL 7 v A
JE FRUBE R AT A0 504 T 110 220 1, 7 3 A 4 11 20 8 5 B HLAE N ) = () R A
BRI PR, ASTADL R I B ROBE — IR AE BN RS Ao A, 2 i) RUBE — IRAE LAk 4T
AR SR, FEAR 2 M RHA SR N BIE F00 B RIS TR) RN 2 () ROBERRAR K, 8 AN
AT FEHU T3 1 L B R R TV — R, S AR R b, FOR R
ARFRIRR 1t B 72 5E R R B RTINS TB) RUBE B EAT R, m) DU SOt 3 vk 1 2K
2, R FRERRAETRNE I TR Bk, RFEHRAITRAFRS 73115
(W77 R TT i Janus 9K RIURE 55 13 5 731 L 2L 258 iR AH S LR 5%

2.1 FERIRLT B F MR L £ A

FERCKL T30 /1% (DPD) ALK 771, ¥ B A i & 1 R 2R 74X
BEAE FENET, BORT5RBESRT M EAER, BT AEHE S
TR ENR, FEAR R TE R TS sh . A AR TS 2 =R A
JIRIYER] . £&=F J1(Conservative Force) H KAk k1 2 A HE R 1EH . #E8L)
(Dissipative Force) i A 2 Py JBE#2; DL A B AL /I (Random Force) ik Bk ¥ T AL
AHEEN . AR FE 3R B A fiiz 2 7 FR e, Rir i igshiisy 2
AR el

dr; dv;
d_tl:vi’ mld_tl:fl (2-1)

Horbmg vy v RO, BB . FS. FRAFD S BIRFEE | SR
§BRT 2 RS S0 BENU R o 28 1§ Bk TR | 2k 2 9 A -A b 41 A
TIf A% Z A JIHO A

fi=) FG+FD+F} (2:2)

i#j

Her Ry JIFS Ve T AN BR 7 B0 ARE T7 7] B ROBR T I R E 70, 3k
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LEIWAF

T”ij) A
(1 =24 y
FC = {a” ( 7, Ty Ty STe (2-3)

0, =7

N a MRS D REL For i M j Bk 2B RIHF 77, ry R ERE: ;=

=T Tjj = |rij|’ f'ij = rij/lrijl" AR, FEHL S ANFEH ) R E FHAE 2R T 18] 5T
CAETT I, BARREAWT:

= —)/CUD (TU)(T"\'UUU)T"\'U (2-4)
Fi}; = O'G)R(T'ij)eijf'ij = O'(J)R(Tij)fl’jAt—izf'ij (2-5)

by FRERCN R yRITH 1O 5 SR RERA (077 1 — SRR AR o v, ML 5
SRV RS |+ v AERT 2 MRS, vy = v; — vje 8y N2 B IF A7
FOBEHLER AL, €, L A7 BN, P Rl #5572 IR B B, 5 S0
WEREG LB, Mr, > i, oPRwRHy 0 HRAE RSP

FRERBENUFERCER S, BEHL T AFERL ) 2 005 S0 2 P o RT3 2 TR K
RN

2
() =l ) = {7 ST e
) ij

o2 = 2yksT (2-7)
RF kg TN RS Boltzman I8 %, ¥kpTENREEIBAL, BB A N
KK, BlkgT=1, r,=1
B 7 EIRERBIM =R R JJ LA, T REEBEE A R, EFHEEE
— ANFAMA EAE R 708, BT

FEont = —ky(rij —10)y (2-8)
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P, kMR, ro RSP AN HARBE T 5 —+E, DPD #
P B R AT X LEAL AR B, SRR T 5 R SR [ A AR I B B S

—ANAL, ATLCR TR RN, ST mr2 Jkp T AR R T

, U= ’ EZ -
T VEkgT/m Jmr.2/kgT (2:9)

2.2 RAE
2.2.1 MRIMREAEARIIRE

FEARTAES R, BATFIE T HAIRE Janus KBR35IN P ik B Janus
GKFURL (JP) , PAL =1k Bt Janus 9K RITKL (TIP) , Herpr JP SCAT4H 7309 A1BaP.
A2B2JP. AsBuP, FERATHZE RIEH AR IP ISE/K IR, B AR TIP 5
IKMEBERR,  FARE R KA LKA Z L3, BL AiBsIP Jgfil, Bk
i 1/4 F2 2R 7K 1 314 52 Bk B 42 B [R5 30, TIP /] 7008 AaB1AITIP A1B2A TIP,
A1BsAITIP. B1AIB1TIP. BiABiTIP. BiAsBiTIP X NFh. BEAGKRL T H 552
A~ DPD BRI, KoL (R B A IR VR N e BRI — 8 5l . Xl 4%
G172 EHEB M EE Janus GOKBORIIN 7%, AR MATLAB TA, RH=f
T HERRR AT A K JURE P 2 T 6 0608, I B LV 7R BR LIS 128 B4 K RORL o 586
OGS R T AR AR AL, 12 AR AoBs BN KR A
EAHUKERALE, BAKE NN W FoR. AT @B — DN EMAHEZR T #
IP RN SEVENC IR R 2028, FRATECE T R G0 b AR SR WIVR BE AT 0P 14,
DAY fiAt R L2 24 T 0 9 K SRS R 2 AR AE
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\ e :1:3:1 A,B,

B,A,B,TJP B,A,B, TJP B,A,B,TJP

2-1 FERXRMTAETRAHERER (a-c) IP; (d-N FMSEK TIP; (g-) BHHK TIP;
() KB, (K PIRERRYRA AT, Bif: JOKBREKAN T ARE; KR
TEZA; PREEEMNEKESANRE: KB AEE.

Fig. 2-1 Model building blocks studied in this work. (a-c)JP;(d-f)TJP with hydrophilic
patches on two poles TJP;(g-i) TJP with hydrophobic patches on two poles;(j)Coarse-grained
model ofwater; (k) Coarse-grained model of amphiphilic oligomers.Color code: hydrophobic

patch on TJPs in yellow; hydrophilic patch on TJPs in green; hydrophobic part of

amphiphilic oligomers in purple; hydrophilic part of amphiphilic oligomers in cyan.
222 BHSHIRE

FERXR W, FATEE 7 & R 710 B EAE S8 o, TEAIE IR 2-1 B
e H WAREKER, HARRICEWHISKER, TARFRLBEDHGKER, 110K
Janus FURE ISR KER, O AREE IP MBZKER

FEARENTTN, Fra MRS I Lammps BAFEREAT, Jf
18 F 3 EBACHL AT OVITO LLJZ VMD(Visual Molecular Dynamics) #4154
RAEAT T AE AL . BT DPD BRI BTEAH R, JFKr DPD ZRiBii:, #iifiz
AEEBREN L, B m=r=KeT=1. FEEES y BN R ¥ o 254 4.5
3.0, BEALLIEI 60 >60 >60 re ST & iEAT, FRE=ANT7 1) bR H A

20



EA R (RZR) TR 22 A i S

TN, RGT-I5% B p BB A 3, B4 & DPD Bk i).s 24 72 2 648000,
PIAEARZAS I & BT BENLII 50 A AE R MA R b DAl S A4 208 3P4l A e R
A, B EEKO At=0.04t, FMA RN IZ1T 1,000,000 Kk B4 . 7
TS 45 e T S 34 DPD iz

R2-1 BHRTFAKMHLERSH o

Table2-1 Interaction parameters of bead—bead pairs a;jj

Olij H T W | @)
H 25 80 25 25 80
T 80 25 80 80 25
W 25 80 25 20 80
I 25 80 20 25 80
@) 80 25 80 80 25

2.2.3 FARBER

A T FEA SRR I Janus 9K RIURL 55 23 70T 3RS RS L S AR
178, KRR T80 15U I T iR e B 38 PRI R o 5 77 2
WA, A A EAE R . DI B L] IR SRR R0 Janus 92K
R W2 7 1 SRS I B OO LB, 8 B Janus 4K AIORE 5 W9 215 901 23 Sl AE 3K
AR P P B A 0, RN T 7T 25 3 A oK B SRR BT
FEY BT LA AL TR FP L SR 0 R LA ELAAHIE Al 10N

(1) Janus 9 KFURL/ P25 7 5 SR T 7T

eI W iR B Janus ZoKRRE (OP) , DAK = HRBL Janus KR BITRL (TIP) 57
SRARIEY) AoBs IR SRR, WTTCILAARAT )y, 079l 238 Janus K FIURE A 258
B L] BOEAVIREYIIREE, i SRR, AW a A [R] SL 4 %%
BRI E R EEO A RER M I2EE. P SMKZRKEE. &
S 7R AT LR R A A7 5 S5 S B AR A RSB HE SLE
BB 73 A 73 BN BB AR SRR = D&

(2) FACFENL S5 R P T 5T

BT — M TR R A FIZRACIEAR: BRL R BB 20 . JEIRAW
IR MR A G« FATTE R A T S M BEAT BT IT, R AT AEA L
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Mzl 74d ke, WHFT Janus 9K RURLAE 2% b B8t b I 22 8] 70 A R I AR, A&
7250, BRI B R AL PSR A SO0 55 A RO 2 AL 3 1 RS IR 4% (R
AR TC . AZER I AFXS A SIS L
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E=F MEREY Janus RFIR S AE S FHHAE LM ERR
31 5|5

PR 701 RGN AKRL T 1) b (R ZH A AR AL 17—l i K 1) SR R Al 46 Th REVE A K
SEMEL. REIRUIPPRIM B & T8 H 0 R, KL T Ir & Zhee s tt,
NBIIRRAR B, ZVIRIE RGE, 2 DIRE AR IR BT AR IR 25 58 12 1O B FH A
H T IR GOR R AR RFPEA OB R 2 4L (PR, IE B T T 4L
PRI, AT S8 e Ay 8 B A AT Y 45 R AN N AORE 78 L o (0 32 42 5 TR R B R A AL 2
KB, T & D REVE AR R AN G0 BAT 25 3

FERE LB U4, Janus K25 (IPs) 278 PN AT AN [ A 14 5T 0 XTI Kt
T G 7T FEN SRR MGER o R T ) AN R AR AR B AN RIORL T 25 S AN
FlEEAMERRE, SYRPURR AR, AT LR IR R TP
SRUEABRRAE S5 G, Janus K1) LS PRI 70 T LB A K 451
SRR RIS F A g, PRI, Janus BBURCRITFE S 2 T D R34 5] T A
MRHIRUE . AE PRI 2 s Y Janus Fi1- ] DA B se B EE B AR O 454 . AR
BT ERVERIN GESMEA EAF M EEE EARRD , WA TR SFEUR A4S
A S AR )09 RV LR A A A KO LR R 0 AE LR 7 T T LR
5577, AHREZAIEANAL TP H B, I HIEAAAE W Z AR . Oy 7@ BA P
T PERE M AL GORIARL 5 B ) R B R AT 5% Janus RL5 MR AL S 3L 41 %
() — LB T [ R i, SRR AR I R AR ) 7 2R AL SRR Y AR )
Ji7At 47 Janus IR BL LGRS B ANTS2NT Janus AL F AN T AL 2 fif
PRI r] O T AL AR R B A R X

MUK T2 15 (DPD) J5 1% A IE W2 — M 2K WA LR, 7T DAAE
RO CR (I T) AN v BB N P U R 2R L R o IE5EoK, DA BRI 7E N
IPs 5PV AR IR T A HE R L (LRt XEAER) ,
(HIX Lt F EEPAEREY S IPs ZIRIKIHEARR], Mk T MR {EY 5 IPs
B R I EAR AT FE AR D o BEAh,  HANB R GNKORL T (1 Janus £ 5 2RI
AR P B o SRS E ), ThoRwk = 0 2% 0 SR AR I AL B S5 s i [
AIER IR . AFAEIIAL B, PARHREBL Janus OKBURL (OP) S5 PISRIREY)
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(A2B3) N TR G, 2738 Janus G K S0RL 157 155 % B EL g B AR SRR |
Ce | L AT A EE AT AR, 3 A A [E) S 2H 2 T 50 1) S i [ 2% DA R SR ML

3.2 HRILTY

ARFEW R PRSI E . BT S 2.2 N ANZ.
2-1 fivR, FEESRIGHR B LR A : 1:34 2:24 3:1 (1] A1B3JP. AzB2JP. AsB1JP
ZRRANIR P B Janus GNOKASORE, AR U SRB R B HL I SR AL s, SR8
KR (HPs) fEXTLG. S o i & &7 RO PR 7 T AR,
53 ) SR A R B Janus KBRS PSRRI MACE GRED #EATHR, P A
Koy H: 40, 80, 120, 160. 200, A:BsIiKEE/IN: 2%. 4%. 6%+ 8%
10%, EIEATIX 100 A [FfA RPEAT R, L IR e AH

SRS
3.3.1 YRFAE E RMFE D TREX A RN

.
o . - - P
s /"Jﬁ

Vesicles + Disk-like micelles + HPs

o
Disk-like micelles + HPs

10%

8% 8%

+ Lines
/

6% [ 6%

4% 4%

Oligomer Concentration (w/w)

Oligomer Concentration (w/w)

Sticks ,:' Networks
2% o 2% 2
Spherlcal micelles + IlPs ~
40 80 120 160 200
The number of HPs The number of A,B,JP
(@) (b)

Bl 3-1 PRMRRIMPKBRIE B R EAR KBS HE () HP, (b) A:B2JP,
FHERE AR, B RAREIRE .
Fig. 3-1 Morphological phase diagram of aggregates formed by the mixed
amphiphilic oligomers and various particles.: (a) HP, (b) A2B2JP, as a function of the

oligomer concentrations and the number of particles

LR PR AR R YD AR EE AR TR, FATIAS 2 1 AR T R4l
BEHIPAT AL RAH E], JRATT T Sl A SR PR SR ) 5 3R I B A 2 S s o ) oK
Kt (HPs) Z[AIFIA EAER . Wl 3-1 (@) Fiaw, MAHRIFIAUR T LLE
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PSR AR S AN SR K R R BIURL T U A A AR A5 4 o 32 el 44 B0 (19 1
7, g HPs s MR Pk . BEAE ICRY & B, BORZ T
BRI EPINEOR B 2| R RS HAL . SR B4 2EM L, HPs AF4E
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Fig.4-2 Morphology and phase diagram of aggregates formed by amphiphilic
oligomers and ABA type Janus nanoparticles: (a) Bi1A1B:TJP,
(b)B1A2B:TJP,(c)B1A:B1TJP,as a function of the oligomer concentrations and the
number of particles
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Fig. 4-3 (@) The kinetic pathway of the formation of hybrid network. (b) The characteristic

snapshot of triangular contacts within hybrid networks.

A 22 SREEAR BT 1l 3h 7 2@ A2 OB 72 m] DO RE— D ik Fe T REzs L gk
SEMEHIBTHE A &R, K 4-3 (a) BB T 0L S5 MY ud 72,
R4 T A6R B, PIoRY)IRGETRARAE BAB B TIP {Pimsi /K X 38, AT
AR TGRS TIP BKE > Z B MR . 2 )5, 2R S
11732t — 259> TIP AR G /K 8 o0 (¥ 2 i T AN, B IR THPIRESIE  Be4h,
RO A 5% BUPT R AN 5, AN 2 AR TIP MK ER I, 25 =
iR e R A R UL ) SRR 0, AT 720 235 23 SR ¥ 51 55 UL i K
i Z [ AR, W& 4-3 (b) s

Bl 4-4 ZRUEMIB S PPRBT RO (FEREERWIRE 6% 40 4~ BiAsB: TIP)

Fig. 4-4 The mass center of nanoparticles within the hybrid network, this network is

formed by the amphiphilic oligomers (concentration = 6%) and B1AsB1 TJP (number=40).
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Fig. 4-5 The average distance between the center of mass of two adjacent (a) BiA1B:TJP,

Oligomer Concentration (w.
4
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(b) B1A2B1TJP, and (c) B1AsB1TJP within hybrid networks. (d) The typical snapshots of
two adjacent BAB type TJPs.
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Fig. 4-6 (@) The formation of flat membrane. (b) The planar density distribution of
amphiphiles. The red color indicates the high density, and the blue color indicates the low
density. (c) The density profiles of hydrophilic/hydrophobic beads in oligomers versus the

center of membrane.
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Fig. 4-7 The evolution of order parameter of amphiphilic oligomers during the formation
of hybrid disks. The use of TJPs in cooperative assembly are (a) A1B:A1TJIP, (b) A1B,A1 TJP,
(c) AiBsA:TJP, respectively, (d) particle rotation degree of freedom.
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Fig. 5-1 Corresponding TEM image of AUNP and lipid molecules forming hybrid

vesicles,(a) vesicles, (b) bilayer vesicles, (c) Janus-like vesicles, adapted from ref [27],
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Fig. 5-2 Nanoparticle / polymer nanocomposites for enhanced gene transfection and
NIR photothermotherapy, adapted from ref [10°]
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Fig. 5-3 The transformation from hybrid disk to hybrid vesicle during the cooperative
assembly of oligomers and (a) A2B2 JP, (b) AsB1 JP. (c) Schematic representation of the ideal

positions of JPs within disk-like micelle.
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Fig. 5-4 The radial distribution functions of each kind of beads as a function of distance

from the hybrid vesicle's mass center. (2)A2B2JP, (b)AsB1JP.
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Fig. 5-5 (a)The evolution of solvent accessible hydrophobic surface area during the
formation of hybrid vesicles. The curling process from hybrid disk to hybrid vesicle,

(b)A1B1AITIP,(C)A1B3A TIP.
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Fig. 5-6 (a-c) The density profiles of hydrophilic/hydrophobic beads in oligomers versus the
distance from the mass center of hybrid vesicles. (d-f) The section view of these hybrid
vesicles, and the distribution of included angles between adjacent TJPs within hybrid
vesicles. The hybrid vesicles are formed by the cooperative assembly of oligomer

with(d)A1B:1A1TJIP,(e)A1B2A1 TJP,(f)A1B3A1 TJP, respectively.
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Fig. 5-7 The conformation of(a)A1B:A;: TJP,(b)A1B,A1 TIPand(c)A:1BsA; TJP within vesicles.
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