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Fig. 1 Synthesis of Janus single-chain/nanoparticle hybrids. (1) Synthesis of Fe;0, Janus nanoparticles by electrostatic-mediated

intramolecular crosslinking based on polymer bottlebrush; (2) Fe;O, Janus nanoparticles coated with SiO, and modified with

bromopropyl groups; (3) Based on the steric hindrance effect, the first polymer single chain is terminated onto the surface of

Janus nanocomposite particles; (4) the second polymer single chain is terminated onto the surface of Janus nanocomposite

particles to obtain Janus single-chain/nanoparticle hybrids.
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Fig. 2 (a) GPC traces of the triblock terpolymer PVSt,, 3,-b-PVBC3, ¢-b-PBBzSt;4 5,: (1) PV Sty 31, (2) PVStyg 3,-b-PVBCs, g,
(3) PVSty 3,-b-PVBC;, 4-b-PBBzSt;4 5. (b) GPC traces of P2VP side chains: (1) P2VP,; ¢, (2) P2VP,; %, (3) P2VPs5 4. (¢) DLS
traces of bottlebrush polymer templates: (1) PVBC,, 4-2-P2VP g, (2) PVBCs, 6-g-P2VP 75, (3) PVBC;, 6-g-P2VP,; 44,
(4) PVBC;, 6-g-P2VP;55 5. TEM images of Janus nanoparticles: (d) PVBCy, 4-g-P2VP,; g (spherical), (¢) PVBCs, g-g-P2VP,; ¢

(ellipsoidal), (f) PVBC;, ¢ -g-P2VP;3s ¢, (ellipsoidal).
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Fig. 3 (a) DLS traces of Fe;O, nanoparticles by traditional method at varied concentrations: (1) 1.0 mg/mL, (2) 25 mg/mL.

DLS traces of Fe;O,4 nanoparticles by electrostatic-mediated intramolecular crosslinking at varied quaternization ratios: (3) 30%,
(4) 40%, (5) 50%. (b) TEM image: Fe;O, nanoparticles prepared at 50 mg/mL without quaternization. (c) DLS traces of Fe;0,
nanoparticles by electrostatic-mediated intramolecular crosslinking at varied concentrations: (1) 1.0 mg/mL, (2) 150 mg/mL,

(3) 175 mg/mL. (d) TEM image: Fe;O, nanoparticles prepared at 150 mg/mL with quaternization ratio 40%.
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Fig. 4 (a) DLS traces of Fe;O, Janus nanoparticles with varied weight percentage of SiO, coating: (1) 5 wt%, (2) 10 wt%,
(3) 15 wt%. (b) TEM image of Fe;0,4 Janus nanoparticles 10 wt% coated by SiO,. (¢) TEM image of Janus nanoparticles stained
with RuO,. (d) EDS traces of uncoated Janus nanoparticles. (¢) EDS traces of Janus nanoparticles 10 wt% coated by SiO,.

(f) Paramagnetism of SiO, coated Fe;O, Janus nanoparticles. (g) Acid resistance of Fe;O, Janus nanoparticles 10 wt% coated by SiO,.

Fe. B TR, @I RN AR AEA [F R
LR ] T 2 S Gk ARk b, A e R A B
Gt J5 (1 SR R), 38 ik 32 It BT A R A
RIEFECH . 6T e e YLt 1) Janus 49K BIURL 5
BUR R, T pH N80T T H42E, HIEARTL
STED AF B EIEWEE, FmiA A2 2% k2
FI(E 5(d)), 5 2 Ty e A R0 5 i P 232 5 mT A% 1 A
PR 2. AR AR B T8 = BRI
Janus GKFIURL P vty FL AT BT S AR IR SR A ) et
2.5 Janus Fe;0,@SiO, 4 >k Bk & M IF 4 42 55
REMRsE
PAP2VPIEVER] & T R ARG, 9K
RLRTH A RN N B R S R A T 10
S SEAVE K, . Janus G KR 3R 1] 1] 8 S f— AR T
SERH R A YIEE, TE RCBE 511 2 18] 467 FELAE

T, WE SR AR TR A, H
MR . AT BA AR S T P2VP
DAL GPC F1DLS 5 #EAE 1 H 12 (&l 6(a) 5
1715 FAR (B 6(b)). P2VPEERAE 1 HAZ 5901
EAREIRECN 0.57 (B 6(c), FHREMMT R
TF IR . LA SI0, B A K FTRL PVBCs, 6-g-
P2VP,, 7 A, BiHA T P2V Py g A P2VPgs s
2 P B S 0 1t B A W (T SRR B L S9).
Janus PR FUk 4K 7152 H A2 N 31.8 nm (B 6(d)).
FE YN FIORL 2 T 26 15 28— FR & P 4 P2V Py a1 )5
HORSF4236.0 nm,  FHRZ[K) DLS {28 fR 475 B
2B HEEREP2VPs s Ja, HORA I EAR
#4942 38.4 nm, DLS MR ERFFFRLIGE . BB SR — AR
S, 1854 5-TAMRA i i SRR RV FH et
(73 FHE 2B S10), 76 STED EUE A mT %251



120 o T % 2025 4F

(a) (b)
2 9.5
~ 10} -~
e >
3 g 1 &
s s 0r
2 Ei
g 2
g s 10}
=
= £ 6.4
N 20t -
1 1 1 730

-60 -40 20 0 20 40 60
Zeta potential (mV)

Fig. 5 (a) Zeta potential variation of the Janus nanoparticle after grafting polymer chains at both ends: (1) Janus nanoparticle;
(2) the amino- group solely modified Janus nanoparticle; (3) the carboxylic acid group solely modified Janus nanoparticle; (4) the
dually modified AB type Janus nanoparticle. (b) Zeta potential of the amino solely modified Janus nanoparticle (red) and the
carboxylic acid solely modified Janus nanoparticle (black). STED image of Fluorescent stained (c) Janus nanoparticle (pH=6.0)
and (d) the assembled structure (pH=8.0).

10
(@ M, M,/M, (b) o
4 3 21 [ =0. 0.57
_ A 73.6k 131 i D002t
3 s I
< s o~
= 382k 112 | 3 g ol
g ‘ 246k 125 g
j\s.s k  1.07
n n L " n ! ! ]00 1 !
10 12 14 16 18 20 22 1 3 10 30 10 10* 10° 106
Retention time (min) Size (nm) M, (g/mol)
(d 123
£l
=
z
g
g
| |
10 50 100
Size (nm)

Fig. 6 (a, b) GPC and DLS traces of varied P2VP chains: (1) P2VP; 4 (9.6 nm); (2) P2VP35,, (9.1 nm); (3) P2VP,, ¢, (6.5 nm);
(4) P2VPy 5, (3.8 nm). (c) Size-M,, relationship for P2VP. (d) Size change of Janus nanoparticles after terminated with 1 and 2
living P2VP chains: (1) Janus nanoparticles; (2) terminated with 1 living chain; (3) terminated with 2 living chains. STED images
of fluorescent stained Janus nanoparticles after terminated with 1 (e) and 2 (f) living P2VP chains.
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Table 1 Number of living chains terminated onto Janus nanoparticles by elemental analysis.

Sample N content Molecular weight (x10°) Number of chains terminated
Janus nanoparticle 8.96% 7.08 0
Terminated with chain 1 9.39% 7.94 0.988~1
Terminated with chains 1 and 2 9.72% 8.60 1.003~1
EYHE, R NIJTR S B IR A Janus 0.20

YRR 1) 5 5 (H - SCHFAE B3R S2). AR HE
RIZRE T8 B TRANSE, 458K
ST ISR R AN &8N 11.36%, HFEN
5.58x10°. i i 76 2 43 M7 7] 45 Janus 49K FORL i &
o97.08%10. @it F B 5 A W) 8% 5 1) Janus 44
KPR CR F &, TS E] Janus 99K SRR TH
ZObETEREEE . SRR, B, B
Kb RBJE, APKRE AN =558 9.36%
F19.72%, 5@ EZ& b piREER &Y R
EHEEVA .

T3 22 L BE B R A 9 & Janus 44K Bk
2k AW EERCH S AR TV WI4E Janus 44
KRR AN SR A ELAE R, o o — kg
PR AW KR 5 (K 7(a)), #EEETIA
P2VP & 1k e 55 5 R AE EAEF,  BE R T e
FFEN, P2VP HEMLIE K 2= A 4R 717 A 1R HLT
R SR LRI T 2 BIA T B & i,
P2VP # iy FL B AN, ol R R LA B T K ARAE T
WA, ARG FRPGEET . @R
MR e LR R, A E YRR AR R
P2VPHEL & . S5 NS P2VP S T &
AT EAN Janus YK BN R TH 5] N\ P2VP HEE & .
I A RER I, PURBURLT3 51 N SCHE P2VPgo 41
w098, EIGINBARRGYEE. FIEE, fEHE2
REGEEG, TSR PR (& 7(b)),
AR5 NP2VPEES &, 456 AHM 1) P2VP &
Iy PR, THFELEAA Tanus 449 K UL TH 55 Ik
I P2VP G EE AR 1.01, RIARER S
). AT E g R S e R T A R A
—E, UFREEEE TR AR

3 Fie

PA= 4R BORURI 2 & W v 2k ik, JE i
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Fig. 7 Impedance titration of Janus nanoparticles: (a)
terminated with the first polymer single chains; (b) terminated
with the second polymer single chains.
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Research Article

Scalable Synthesis of Janus Single-chain/Nanoparticle Hybrids

Feng-lin Li, Ya-jing Yang, Da-yin Sun, Yi-lan Ye, Zhen-zhong Yang"
(Institute of Polymer Science and Engineering, Department of Chemical Engineering, Tsinghua University,
Beijing 100084)

Abstract Asymmetric polymer single-chain@nanoparticle hybrids demonstrate fine microstructures and
synergetic performances, which serve as important building blocks toward functional materials. It is crucial to
develop methodologies for the large-scale preparation of hierarchically structured functional hybrids. Starting
from the triblock bottlebrush polymers, Janus nanoparticles composed of Fe;0, are synthesized on a large scale
through electrostatic-mediated intramolecular crosslinking, involving coordination with metallic ions at the
central region, which is rich in PVP side chains at a high concentration of 150 mg/mL. Shape of the nanoparticles
is controllable from spherical to ellipsoidal by alteration of the length ratio of the backbone and the grafting side
chain. PVSt and PBBzSt blocks at the opposite ends of the nanoparticle could be modified orthogonally to derive
amino- or (and) carboxylic acid groups. AB type Janus nanoparticles are thus derived, which are able to self-
assembly into diverge superstructures upon alteration of pH values. The self-assembly and the superstructures could
be easily visualized under stimulated emission depletion microscope (STED) upon fluorescent dyeing the
functional groups. A layer of SiO, is formed at the Fe;O, NP by the sol-gel process, and bromopropyl- groups are
further introduced by using the silane. At the Janus composite nanoparticle, single-chains could be sequentially
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grafted by steric hindrance assisted termination of living anionic polymer single-chains with tunable composition
and microstructure. The Janus composite nanoparticles bearing four different polymer chains display multivalent

directional interactions, which are promising to self-assembly functional superstructures.

50 nm

Keywords Bottlebrush polymer, Electrostatics-mediated, Intramolecular cross-linking, Janus, Hybrid nanoparticle



