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1.1 SEIGEHR

Pd-diimine f# {4771 Al 514k BIEA 43 2 HE 3¢
BR[241F1[251 5 1K RAE R ZHE E HM A T4y
FAEHRATR, REHANE4 A5 FiifE
TR BREFERR K4 IS NN,N' N, N"- .

5 2 =2 (PMDETA, 43Hral). RAL T4
(CuBr, 43 BT 4l)) F1 75 4% B2 -+ 7S bt 2 B (HDA,
>00%) I H BT Hr T AR AR AR, H
CuBr { F BT K IR 2 UK S R AN A B 1047 ek 4liAL. 5
VUSRI (THF, 23 #ral). F (o pral). Fok
(3 A 4l A R e (o A ) e 1) 2 4 AL 2
WAVARAF, HA oK% & G it
SRR L IUE 2R IRAS . S (4l e H
g AR IR AR RIREE A (R
w5 33246 1) H 5% [E Sigma-Aldrich A ] .
1.2 HBPE@PHDA HI& B

5t G ROl St K 4 1 51 & 55 HBPE@Br.
HAxM, AE ZIRARY T4 10 mL Jo/K K & H ke
F110.3 mol BIEA TN\ 100 mL Schlenk JiizH, #it#E
10 min {5 5 B &35 21 IR 1E IR T 25 °C; Bl 5
BN 0.20 g Pd-diimine f#4£.7](0.24 mmol), £ Z
J#5 5 770.1 MPa 125 °)C R HEFE R & 24 hy X
45 o fE il SR R BRIE A, AR I
F/b& THF, A JL#E HCUR H,0, 5 5t £ 2
BRAHUBURL, PR EBRIEA], Frig i i
T/ 8 THF, it HEEHFATIOE, HEZIRE
2~3K, FEILE 60 °C R HA3 T4 24 h 345 HBPE@
Br CEaIES, 2.3 g).

b8 J5 LA HBPE@Br A 5| &7, @il i 752
H LK A (ATRP) J7 54 % HBPE@PHDA, %
G LZSHNE 1. LIRS Run 2 861, fERSR
PR, MUK 100 mg HBPE@Br( % 0.069 mmol
Br). 12.3 g HDA (41.4 mmol)#112.3 mL /K %%
A 2K I\ 250 mL Schlenk iy, IR FHHEfli 2
TSI 17— 28 i\ 47.8 mg PMDETA
(0.276 mmol), #HE0.5 h 5 34T 3 RGN % fib Ak
HLEBRARRA S BETHRET5°C, A
19.8 mg CuBr (0.138 mmol) 5 FFEEHFER A 1 h;
RELGNGiEd TR EBRIER, =i
fi#T/b & THF, IIAREESATIOE, HEZRE
2~3, £ 60 °CTHA T 24 h SRIFRE V)
HBPE@PHDA (B ta[E {474, £70.5 g).
1.3 AEEEENH &

£ 100 mL FUFEIRBBESIAN, ARIKIIA 640 mg
RAR@E Fr A1 . 80 mg HBPE@PHDA (Run 2) 1
80 mL EUHIAHA], A% 5 E THEAKQ-250V,
D)% 250 Wy T =R FRFSLE A 48 h, FTAR
FEYILE 4000 r/min K 550 45 min DL B AR E A4
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Table 1 Syntheses of HBPE@PHDA and characterization results from 'H-NMR and GPC 2,
Feed ratio "H-NMR analyses GPC analyses
Sample [—Br]:[HDA]: Brb HDA © Branch ¢
M, ¢ (kDa) M, ¢ (kDa) PDI®

[CuBr]:[PMDETA] (/100 ethylene) (/100 ethylene) (/1000 C)

HBPE@Br N/A 2.34 N/A 89 8.1 13.2 1.6

HBPE@PHDA (run 1) 1:400:2:4 2.34 15.3 89 14.3 439 3.1

HBPE@PHDA (run 2) 1:600:2:4 2.34 109.1 89 29.1 59.0 2.0

2 Polymerization conditions for Runs 1 and 2: temperature, 75 °C, time, 1 h. ® Contents of isobutyryl bromide terminal groups
in the HBPE@BT. ¢ Contents of HDA units in the HBPE@PHDA. ¢ Total branch densities of HBPE core in the HBPE@Br and
HBPE@PHDA. ¢ Number-averaged molecular weight (1,), weight-average molecular weight (M,,), and polydispersibility index

(PDI) determined by GPC with PS as standard.

SERIURL, VOISR RIS RZ 70 mL, 3R R
WEVIIE D EO, B FIRE RS R AR B
WG B AL NI HOE A FHUD 2 FIH 0.20 pm
(1 Je AT B2 HhiE, FELLSERE R T R &
ek, PTSIEUHEE AT = o aT oA
fith, R EBREEREY G A EG S BUEB,
T SR AK 7 [0 5 R S5/ RAE . i — D,
AT SE I GG 73 B0 A HR G 20 1 A 0.20 pm 1
Je e EAT A HE, PRI B LR A
S R AR E L], SRR
A 545 LE AR 60 e F1 75 wi%e fRRE 23 iid
£ GH60 F1 GH75.
14 WX E R Z*

¥ W5 St 4R A3 (H-NMR) i i 500 MHz
ANANCE IR IR i1, Bruker) 1% i
NHETIE, 5N CDClLy. BEY T8 LA
TRk S1525 RUEE R 5% kA (L E, Waters) i3t
TR, shAH N THF, JiE N 1.0 mL'min™!,
MR B2 35 °C, FF 5K JE 9 5~10 mg'mL',
FREE N R IK IR RE S . BB G B A2 5 b 7E
MCR302 A Jig &% it A2 A (B #i ], Anton Paar)
AT, BT gapH N 0.3 mm, MAEN 0.1~
100 rad/s, WA B 5373 9 25 °C (HBPE@Br) Al
50 °C (HBPE@PHDA).

7N Z R G BT (DSC)iE i DSC214 AR
R EPAC(EE, Netzsch)i AT, AHANE
S, FESH R 5~10 mg. 155 LA 10 °C-min! {35
JEEAERE A IR THE 22 100 °C, fH R 3 min LAY
BRA s, adE— 20 DLIRIRE 1 38 B2 B iR 32 -20 °C,
ORI 2, Ja DA IERE 0 2 N 2R TR 2
100 °C, icsg SR ALL .

i I 2 1 B (POM) BE i ik BXS3M-P & #4
Eme MBI (HA, Olympus)#ti7id 3t . FEhiE

R BTG R, 1 DUEE I N
T THiR % 60 °C, 5 LAIRIFF: i o 28 B 28 % 0
FAMLAASE R A 1 s 35 5 T BB (TEM) 73 #ir
7E 300 kV Tecnai G2 F30 B v 43 9 325 5 o 45 (35
[, FEN_Likf7, i B 8 a B
B AR TCA LB SR IR TR, i 2L AT R R 25
Frva R JE F -
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(AFM)IE J i3 Dimension ICON %4 Jii -1~ \i 7l s
(fE[H, Bruker)3kf%, Hmitizl, HEMEIDE
FRBIGEOR T TR, 285%H
BV A T A HT(TGA)YE SDTQ600
RURESHACGERE, TA)REAT, FEM AR N3~
6 mg, MZIELL10 °C-min~! HZETHE S 100 °C,
E R 15 min J& DAAH 5] fR) 38 28 4% 22 i 28 800 °C,
MARTE N, SR AT . B T BB (SEM) R
Ji i3 Nano Nova 450 7 K S8R (G2 H ,
FEDIRAF, R i i v A R 5 I B3k 75

SRR TR R g - AR fh 4z i i A-7000-SU1
R T REARHR IR AL M s R A DAY 25 A7 TR
AEDMHAZR, FFEZE N | mm-min™!, JFH
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D7 AAR), JEFE 4 75~80 um:  p N FE S B,
it ME 204 A% FF it (B 1, Mettler Toledo) il
E, FEmAlemx 1em FE#E ;s G AR L
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Fig. 1 Preparation of HBPE@PHDA/Graphene composite films with HBPE@PHDA.
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Fig. 2 'H-NMR spectra of (a) HBPE@Br and (b) HBPE@PHDA (Run 2).
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Fig. 3 (a) GPC elution traces for HBPE@Br, HBPE@PHDA (Run 1), and HBPE@PHDA (Run 2); (b) Viscosity versus shear
rate for HBPE@Br and HBPE@PHDA (Run 2); Insets in (b): digital photos for (a) HBPE@Br and (b) HBPE@PHDA (Run 2).
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THRY SR AFIERIE R AP PHDA 551
—ERREM RS, WIRHME, A HBPE@
PHDA F¥: it R 5 R 285 P2 Tt 59 7)o 28 189 0 iy T e (1)
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JNER F HBPE@Br # R AR, EIER
FPRAS, 1 HBPE@PHDA /1T PHDA 4% 1) 5
NERE SRS N, 2OEAORAS; Xk
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PORHAE N 8.0 mgmL™'. BAYI/ A BFEL N
0.125 251 N AR B 3RAS A SRR 46 73 BOR
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PAFA G o O . A S 444 TEM. AFM.,
Raman YA TGA 4T 7 3RAE, 25 RuE 4 .
Horh B 4 WA S m o B A, 2
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BMER T orsaEsEfae: B 4b) TS Asa G
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B2 SeId SRR IE D, R E R B 4(c)
TS A B0 R R X AT, 2
FUMFIEANIAIE S, FRGESS %A 806 B 50
B ARG, R E AR, AT B R
MBS R N T A8, R ZAEE R ER
T R G (JRBE<S 212,

Bl 4(d) M TS A 2805 1 2 o 38 DX a8 i 8t Ak
HJE M TEM I fr, & BhZoa 8800 B A H0 1)
NI RS S5, F-OCUE SEFLARAT 58 07 1) Al M 45
s B 4(e) LB T RIM A S5 R0 BT S A SR I 1 il 1)
Ramani &, FHEARII, B384 0 Iyl e
BRI 0138 A 4w, AR FFAE B K
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P12 — 2 B R E L B1(25.5%, 600 °C), K
LR YIHBPE@PHDA 1] DLAEIAN 7 2R [ W B T
P s iR, M-S 8UE & & 80ER
P 25 FAEFRATT I AT 3 25 2R T b 2 2 Ik
T3, FR AR YR T AL O CH-z fF HIR7381.
Z, FiRgE KR, R {3 HBPE@PHDA W] 7E
S A AR RS S AR R, SRRt
ZIL R AL R FEE 1 R SR D B0 S8
B2, R RS SR YIE 0 HORGE &
HBPE@PHDA)Z HAME, I JE sk
B, DDA S SR 00N 60 wt% A 75 wt%
12 /M =6 2 A AR i (GH60. GHT5), 1] A
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Fig. 4 Characterization results on graphene exfoliated with HBPE@PHDA (Run 2): (a) digital photo for resultant graphene
dispersion in chloroform; (b) TEM image; (c) SAED pattern for a flake; (d) filtered TEM image for a flake; Raman spectra for
graphite and resultant graphene in the wavenumber range of (¢) 1000-3000 and (f) 2500-2800 cm™'; (g) AFM image; (h) lateral
size distribution obtained from TEM image; (i) TGA curves for graphite, HBPE@PHDA, and resultant graphene. Inset in (g):

height profile for the graphene flake.
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5(d) 1 5(e) 73l 2 7~ 1 e A B GHTS 1R 3% T A
W IHT SEM ], & 30 P 45 1 5 S 30— 4 R0 7 5
IR Z5 R, RN A SR v R AR SRR, NS
A 1) HBPE@PHDA 7 1 55 4 & 11 @ i O B 14E 4T
ghidhA % XKW, WA A HBPE@PHDA i id
WAHRI B L2456 1S s T BORAS 240 s b1
AT 1) SR Ay S 0 S )
23 AEHEHEEMMETM

TE IR FEA b, i — DX BT S A SR 0 T )

714 SIRFERICAIZEREREAT T V-, LS
ik HBPE@PHDA FI1E F# A . 1] 5(a) 1 5(b)
Jii, BT 8) 2 A S0 (R GH60 AT GHT5)
BARA SA L i s, B BEH — e 0 %
MUBRHESE, RIAE RS SRR, R EoR
W E R REER, BsOAH 7 H
TR GHOO0 ¥ N 7- M AR fh 28, 5 712 J8 I 1) o fef
5% J5E 1519 3.0 MPa,  [R] B W 244K R AT IA 2.2%,
E S I B A B R 1 S MU FE . AR5 B
WF5e, AT F] ] HBPE@Br (E A & PHDA ]
B ) T YA ) ) A SR — Dl i 3
AT RN M A BRI, I ) 5 Re



12 1 FEE: ST RSO 2 8 TR0 A 5805 2 DI RE I i1 4% BT 7 1723

1 2 3
Strain (%)

Fig. 5 Characterization results on Graphene/HBPE@PHDA composite films: appearances of GH75 (a) and GH60 (b), respectively;
(c) surficial SEM image of GH75; (d, e) cross-sectional SEM images of GH75; (f) stress-strain curve for GH60. Both the films
in (a) and (b) have a diameter, 4.0 cm, with a thickness, ca. 75.0 pm.
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Fig. 6 Evaluation of thermal transfer performance of graphene/HBPE@PHDA composite films: (a) thermal conductivities
(TC) of GH60 and GH75; methodology for evaluating thermal transfer performance of GH60 on the vertical (b) and the
horizontal (c) direction with a hot plate (75 °C); (d) surface temperature versus heating time for GH60 in (b); (e-g) infrared
thermal images for the sample in (d) corresponding different heating time.
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Fig. 7 (a) Methodology for evaluating shape memory performance of graphene/HBPE@PHDA composite films; (b) Shape
recovery ratio (R,%) as functions of heating time for GH60 in cycles 1-5; (c¢) Infrared thermal images for GH60 in cycles 1, 3
and 5 during shape recovery course.
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Fig. 8 DSC curves including (a) cooling and (b) 2" heating course for HDA, HBPE@Br, and HBPE@PHDA (Run 2); (c) POM
images for HBPE@PHDA (Run 2) taken at 25 and 40 °C, respectively; (d) DSC curves including cooling and heating curves
for GH60 in cylces 1-5; (¢) Shape memory mechanism for graphene/HBPE@PHDA composite films; (f) DSC 2" heating curve
for GH60 and its shape recovery ratio versus temperature.
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Table 2 DSC results for HDA, HBPE@PHDA (Run 2), and GH60 in cycles 1-5
Melting 2 Crystalline ®
Sample
AHy (') T O Topeac S (0)  AH (g Tne*(°0)  Topen " (°0)

HDA 166.5 15.9 18.0 1134 16.1 14.0
HBPE@PHDA (Run 2) 126.8 34.6 40.1 129.3 33.8 28.7
GH60-cycle 1 111.5 253 36.0 106.5 342 23.7
GH60-cycle 2 109.3 26.4 35.2 103.8 34.0 233
GH60-cycle 3 108.9 23.9 36.1 103.5 334 233
GH60-cycle 4 107.8 24.1 36.2 103.5 33.9 232
GH60-cycle 5 108.5 23.7 36.3 103.3 33.7 23.1

2 Data obtained from 2™ heating curves; ® data obtained from cooling curves; ¢ melting enthalpy; ¢ onset melting point; ¢ peak melting

point; f crystalline enthalpy; ¢ onset crystalline temperature; " peak crystalline temperature.
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Research Article

Multifunctional Graphene Films Based on Designer Hyperbranched
Comb-like Multi-arm Copolymers

Min Wang'?, Jie He!, Yuan-yuan Chai', Hui-jian Ye'?, Hong-tao Zhou', Wei-li Yan?, Li-xin Xu'?"
(!College of Materials Science and Engineering, Zhejiang University of Technology, Hangzhou 310014)
(?Pinghu Institute of Advanced Materials, Zhejiang University of Technology, Pinghu 314200)

Abstract It is highly desirable to produce high-performance, multifunctional graphene films through relatively
simple process. Herein, a hyperbranched comb-like multi-arm copolymer, HBPE@PHDA, was designed and
synthesized by combining the chain walking ethylene polymerization and atomic transfer radical polymerization
of hexadecyl acrylate (HDA). The HBPE@PHDA noncovalently functionalized graphene was further obtained by
exfoliating graphite in chloroform under sonication with the copolymer as stabilizer, and subsequently
HBPE@PHDA/Graphene composite films were fabricated from the resultant graphene dispersion via vacuum
filtration. The structure and composition of the HBPE@PHDA were characterized by gel permeation chromatography
(GPC), proton nuclear megnetic resonance ('H-NMR) and melt rheological measurements, and the performance of
the resultant graphene composite films was evaluated. It is confirmed that the HBPE@PHDA consists of a
hyperbranched polyethylene (HBPE) core and multiple comb-like poly(hexadecyl acrylate) (PHDA) side chains,
and as a stabilizer, the copolymer can effectively promote the exfoliation of graphite in chloroform, rendering the
HBPE@PHDA-functionazlied graphene free of structural defects. And meanwhile, the copolymer can crystallize
through the PHDA side chains in the resultant graphene composite film system, which simultaneously imparts the
latter with excellent mechanical, anisotropically thermal transfer, and shape memory performance. As an example,
the composite film with 60 wt% graphene exhibits a tensile strength, 3.0 MPa, a thermal conductivity in plane,
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29.4 W-m-K~! with an anisotropical ratio, 36.8. This work provides a new simple way for producing flexible,
high-strength, multifunctional graphene films.
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