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1 SLWES

L1 ERRENE

FR - A A AL TR (Pd-Br, 4548 3 UL K
L, ZMSCHR (23] 77 ik & 0 R AR B Aok £ 25
(Aldrich, 7 fii %5 332461 ) G % L0 (FLH 4 T
AR BRZ W) P AR 4 B Ak ) | P TS 0
Az FH TR (MMA AR TRz T 32500, 4 i 6 i A 18
AbBE) (HLH I T 4 = i (PMDETA AR, K 504k
AR 24 ) AL (AR, Acros Organics) |
RAL T 4 ( AR, Strem Chemicals) ,THF ( AR, ¢ %
BE 25 et A PR 7)) VSR (AR, VL IR K A K 20 1k
S A RS w0 A 28 S0 S BR AL ) H R
(AR, U A2 3500 A BR 2 W A i 20 1 5 B 3
AbFE) CHEE AR, AU AL 2 iR A R A W) Tl
4% PMMA #} i (85 ACRYREX ,fHIT#H EiL TH
FRZATD .

SR RE I AR ("H-NMR) 3% B 38 i 500 MHz
ANANCE TIT ZY % 6 e R A ( Fig 1 Bruker 23 w) ) 3K
15 REW o it L A fE 1525 RIBERGE % (A0
(£ E Waters 22 7)) 30 CF #EAT I, i
ARy THF ; %5 4h-11 WL (UV-Vis) St 3% 43 #r 8 53
Lambda 7508 B Y6 3% (Y ( 25 [# Perkin Elmer 2\ &) )
PEAT 3 v 43 HE B 55 0 B (HRTEM) [&] Jy 3@ 4 300
kV Tecnai G2 F30 S-Twin %Y i% 5} B 5% ( faf 2= FEI
o E] ) AR A B ) W BB (AFM) g3 BT 7E
Dimension Edge %I 7+ J7 I 1 5% (% [ Bruker 2
al) EHEAT SRR R X 1 20 1% 2 AT 7E Lab
RAM HRUV800 #3417 = e {X (3% [ JOBIN
YVON 22 w]) Eidy , Bk K O 632. 8 nm.

1.2 HBPE-b-PMMA HE#H & K

TECRARYT T ¥ 100 mL JE K & K 0 A
150 mL /N Schlenk Jz W A, 13 4 4 22 1H i
F 15 °C b5 A 0. 20 mmol a- 317 Ji 44 4k 571
(Pd-Br, % T 10 mL JE/K K EAHK) , £ LM 1T
0.1 MPa il 15 C FH S RAER A 4 h. BAL
J K5 TSV B A 200 mL R Ak FEE (1 wi%e )
O RGN . B S R W) AT 20 mL
THF 1, Jf L4 Sk i 96 B CF 3 7L 7 0.22 pum,
PTFE) #4735 38 , BT 5 0 W78 o B e v O 0 3
BEE Y. B2 LR TR 3 K, TR &
80 CFE= T4 24 h J5 345 & 2- 18 5% T BEIR
R s 3 A 98 S Ak 3R £ %5 (HBPE-Br,7. 41 g).

#E—2L7E 100 mL Schlenk Sz i i Y, U

A 2.0 g 11349 HBPE-Br( & 3.32 x 10 ~° mol &
TRV ) (15 mL JoK G H R (22,6 g HL{K
MMA | 28 WAV VR -4l B 25 il R B B 26 T 3 4
SJE L EAR TR BF A 0.12 g CuBr,
0.02 g CuBr, f10.15 g PMDETA , % i F #i#4 10
min 5T 80 C MR E 12 h. RELHK)G, rid
FEEILA 200 mL R AL HVEE (1 wi% ) Hrffi 3R & &
1B PR A5 R A W DU TE 8 o 2 R a4k A0 B8 (BRI AE
THF g fif SR 5 DL H EEUTTE ) iE 17464k, 2680 C
T HEZ T 48 h J5 A5 A4k )5 19 2 R $ (HBPE-
b-PMMA 3.5 g). ( LR R A B AR 2R N4 400 1
WILR B JR Mk B2 Z b 4 : [ HBPE-Br | : [ MMA | :
[CuBr]: [ CuBr,]: [PMDETA] =1:6807:25:2.7:
26.4).
1.3 AEHFERNFE
131 &t & a8 YA 8 B ORI

£ 100 mL A 4R 37 38 0 9 A — & L 41 1 K
ROHB REMMP R, ZEHEE TEADAN
(KQ-250 V VL7 B 1L 7 A 2% A FR 22 W), A 3
250 W), TR TN 48 h. 855, i s BiF
W AE 4000 r/min T E5.0 45 min, U5 LR B O,
FETHEREYNASGHRBER, HT A%
955 v B I LA
1.3.2 A&/ REWE A Wk

7E 100 mL A3 4R 3 38 49 fin ALK 8K A7 2 160
mg HBPE-b-PMMA L5 4 320 mg H1H % 80 mL,
Fie LR 0 BRI 25 3R 15 A S 0% ORI 2 70 mL.
B A 20 mL 3R T3k 7 3R, IR N 20
BRI B NAEE/ REWE G HE, &
A REY, T BEE B Raman 635,
1.3.3 AEEREWN A EmIER

£ 100 mL A3 4R 3¢ 55 4 fin AR 4K A7 28 160
mg 2L Y HBPE-b-PMMA 320 mg F1H % 80 mL,
IR T BT 48 h K15 1 5/ 4 B IR BV WG M IS
PEAT H A UK (Anodise 47 A ALAR i U8 B, ~F- 24 £L
20 nm) , - LA 80 mL H ZEHE ATk, Br A5 0L 0k
JEE T 80 mL H R T3 il T U A 12 h, &
B0 (4000 1r/min, 45 min) [ E FEE O, 3K
MAELRREY R A =W R . B> 5
1340 2200 VS WL T TEM 4 I (5 230 H 2 4Lk %
FRRSE, v B B ™ i ) R T, 8 R 8 kIS AT
HRTEM 3. R0 = BF R BT Bk A 3806
LB 5 20 R K e B4R T AFM i
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2.1 HBPE-b-PMMA £ B &K 5 R
HBPE-b-PMMA L3R Wy i & s £ anidl 1 iy
IR SR ITh RE AL o- P B AR 4 4k 57 ( PA-Br) 7F
0.1 MPa/15 C FEfb/ 5] & &G AT AL R A,
€
\&/
SbFs~ Pd
o

Chain walking
polymerization

T IR AR A A BE AT R RA LB L — 2P
LT EA & A 2-AC R T TR R I i P A
A £ M HBPE-Br, SR 5 LA R 70551 &5,
i 1 AR Ui A 2-JR QS T IE IR AT 7E 80 °C R 5
K MMA R4E, 3% 15#x Bt B Y HBPE-b-PMMA.
TEMEAL TR PA-Brfig fb/ 51 & 19 £ 0 B A 3R &

Z

(o k.

0]

Pd-diimine catalyst containing a
2-bromoisobutyryl group (Pd-Br)

CH-r
interactions

0.1 MPa/15°C/4 h

Natural graphite

Hyperbranched polyethylene
containing a 2-bromoisobutyryl
end-group (HBPE-Br)

MMA/ATRP
(CuBr/CuBr,/PMDETA)
80°C/12h

toluene

Graphene flakes
dissolved in toluene

Fig. 1

Sonication at r.t.

YRARAS
for48 h

HBPE-b-PMMA copolymer

Synthesis of HBPE-b-PMMA copolymer and noncovalent liquid-phase exfoliation of graphite with the HBPE-b-

PMMA copolymer in toluene leading to stable graphene solutions

AR 0 AR e TR A AL TR S T IR A5 AL o
Pd-C 2[4 A, 3 Pd—O H % 25, MM IE A
g 2-VR AR TRV B A G 3R 20 1 K R B
ORI ESAR A, RECR O BE K A B
T S EHE, (36 MO R A W iE S AL
AT R B AR BT S BE B A TR i A
A 2-1RAC S T VR R v AT 8 AR 2 0
HBPE-Br*" ' i F b iRk “ 178" B A M 2 M Hi
ABEAR E—X 55 4 O, PR R R A e B R A IR
M) M e 1 ¥ A F TR B SR G W) BB
AP RS RE T TR E W
HERE RN, SBOELIR G A ARG
T, FE A, R AR & 8 g (0.1
MPa) fith 4 R G (15 CHIER CIHRE R &
P8, DUARAS B 3078 43 1 5 43 A 3 Y R 4y 1
g1 &5

4 B ) HBPE-b-PMMA 1t 5 ¥ (' H-NMR
TSN 2 fros. oA T RS, K451 & 7] HBPE-
Br %' H-NMR % &t 25 1 F & 2 #. ¥ HBPE-Br

MR 2(A) )b, il boe,d,e 5 2-RA0RT
T T 235 4] v 2% o7 5 118 S S 0 I () B 35 0 a6
VA LR S DA AL LR = e = Y AT A Y IR
2-JRAR ST T VR4 5 L BB A W A L IE S T
B RSy 5 ) K R A Al vh S A 2-0R A T BRI R
viig AT, L 330 ) TR AR . Ak, RS 6
=0.88 1.21 Fl 1. 25 fbif%0d 3 5] 55 5 £ 9 45 44
TG R (R RN I R SR N, AR i AR 3
W P FRG3 O 8], PSR AR 1% K A 15 | 4500 14 S i %
J& S}y 92 branches/1000C, & B H. B/ & & £ b 45
M, xEh T OmBaEERE LT BFE 1T
B P EL ALE SCHR [24 ] il 7 RS A 0.1
MPa/15C T i35 M BA I AIRE 1 4 S A0 5
EWHEIL S ABGE I K o> 751 R R w4 & A 2-
TR T IR A, FTHESAS 3R K4 151 AR Y
BT 6.03 x 10°, Horp 23040 5 T Bk 5L i
JELLHI A 1.66 x 1077 mol/g A ). 181 2(B) X 1
T HBPE-b-PMMA #5249y & th i s C B.D &5
PMMA 25 B0 v 26 S0 S - X6 7 [) s 7 35 408 67 &0
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S X O B4 0 At A7 AE T R IR S E AR R
Sl KA i 51 A PMMA % BE. AR 4% 45 45 4F 3%
WA HO A HE AT 315, AR AL R M B oy T i

1.54 x 10°, H: v MMA 25 #9 3 50 59 1 ) R 30. 6
mol% . iR Args R EgE T3 1.
B33 — 45 L # T K 4 F 51 & ¥ HBPE-Br

Table 1  Characterization results of HBPE-Br and HBPE-b-PMMA copolymer obtained via ' H-NMR and GPC analysis

., \ 71 Br concentration” MMA* Branch density*
Sample M, cpc" x 1077 pDr* M, ur” X 1077
(mol/g) (mol% ) (1000C)
HBPE-Br 40.7 1.29 60. 3 1.66 x10 73 — 92
HBPE-b-PMMA 68.5 2.30 153.9 — 30.6 92

*Number-averaged molecular weight (M) and polydispersibility index ( PDI) determined via GPC versus polystyrene standards ;" Number-averaged

molecular weight (M) and Br concentration obtained via ' H-NMR spectroscopy based on end-group analysis ;  Proportion of MMA structural units

in copolymer obtained via 'H-NMR spectroscopy ; " Total branching number per 1000 carbon atoms obtained via 'H-NMR spectroscopy

B

o CH,
A5
H;C/\s/w\n/ \/\OWCHS
(HyQ)x 0 OOCH;
CHj; D
D A B
X200
B | c |
a v 0
(HyQ)x 0 (. de Methylene
CH, ﬂ i
5 Methine
b.c a vl methyl
A X100
8 6 4 2 0

9

Fig. 2 'H-NMR spectra for HBPE-Br ( A) and HBPE-b-
PMMA copolymer (B)

LB Y HBPE-b-PMMA ¥ GPC i i th £, &l
H R AR S HBPE-Br 1) GPC i 26 5 307 1) L0
TR, AR AR S M (PS) bR ke, A5 H 4y 7 &
MAEECH 129, RUIZ R G WA A B EN 3
T L 5 K47 51 A& 5N HBPE-Br A I,
HBPE-b-PMMA L5911y GPC il 2 B b 1) &5 43+
B R g, A B0 4 F R R 4.07 x 10" @
FHNE 6.85 x10°, FUKIESL PMMA i B C 5
A HBPE Z5#g . i 4h, 5 HBPE-Br /1L, SL R Y)
HBPE-b-PMMA (¥ 43 ¥ & 43 4ii &b & 42 % (PDI =
2.30) , H GPC i 1 W A7 4E — 7€ L B i AIK 4
WRAWY X ] e BT AE O R A B BOAE e 5
R &k R R B AW F 2-mAR
ST BEIR G & FE A, T 7R J5 22 R A B B 5 305
53 TCU PR B A W B A E i 2L
2.2 AEKPFRRFENHNERAEBHRERLE
7% %% HBPE-b-PMMA 54y 75 W1 oK rp R 3

HBPE-Br

HBPE-b-PMMA

15 20 25 30
Elution time (min)

Fig. 3 GPC elution traces for HBPE-Br and HBPE-b-
PMMA copolymer

B RARA SRR A B W BE ST, BB 1L
B 7 HBPE [Tl 2% PMMA 1 | & 3 5 ¥y 75 YA
HRIF R AR A SR B BE ). FE & HBPE i 5 2 o-
O R AL R AE 0. 1 MPa/35°C R fiE L 5 AT
ETCHRBEHRG, ZEEY AR OImai R
TEHE R, HAT T O S AR IR 2, A O H B il
0T K S K RAE 45 R S 0L IRATT R T8 OF Y e
SCL R 3 AN WIAE T KT R A R 1
[F) 55 25 8 8 AT W 1A 2 L3 R 20 mg 7 52/40
mg AW /10 mLiFEH], =R N A48 h R
TEARE T (4000 r/min) B .04 B 45 min, Y& |
JE B WORAT A BRI A SR AR T AN 4 (a)
B B 7, i HBPE FIl PMMA FIF 345 1 1 280 I
W 2B YR, RIIX 2 Fh 3G W AE b X
A5 R I RE AR 55 5 1 Hy 2L 2R Wy B 45 7 00 5 AR
JE BRI EE, W) RS R YA AR
R R TR IR A7 85 R4 B8 0E 1A SR 00 VA TR

hE B FRAE F A S IR Yy B A B RV WP Y
A7 SRR E X H AT T UV-Vis J63g 70 0, e e
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Fig. 4

(a) UV-Vis absorbance spectra for graphene solution in
toluene with HBPE-b-PMMA copolymer and the copolymer
solution in toluene as a controlled sample (In both samples, the

polymer concentration is 0.67 mg/mL; Inset: photos of

graphene solutions obtained with HBPE, HBPE-b-PMMA and
PMMA , respectively, in toluene at a fixed functionalization
composition of 20 mg graphite/40 mg polymer/10 mL solvent) ;

(b) UV absorbance at 660 nm (Agy,, ) as a function of
graphene concentration ( ¢ ) for determining the extinction

coefficient of graphene in toluene

SAMBOE IS A& 4 (a) FTos ;o8 B, B
A T 2R B W v T2 11 20 R 0 PR R T 1 1 P
ARTEH. A 4 (a) BoR, % LR Y A 300 ~ 800
nm 35 B A AT o] 2R AL, 7 -5 22 36 37 1) A S8 0
Ve TR0 SR AN B e R T A T R R R
HigEDE AR 5 i HBPE 7£ THF FE 05 b i 15 A
BRI 1 25 N O AR DL R A R, BT
A5 B8 s R YT T 00 91 BT A 14 4R A A 5 4
B S TR, Nk, T % A0 0% R 4
Lambert-Beer &t (A = gbe) 1] 72 5 I & A1 58 W
JE. R T DN A B AR ORI R A
Je DAL EEY) HBPE-b-PMMA 7E [F] 47 4 41 5 A T
SORAETE £ R AT AR BRI BRI R U
(#5770 mL) , 3@ 1 TGA W45 H b 47 B e )5

(0.050 +0.0012) mg/mL; 4K J& i 1 B 4 H5 Be 3k
15— F 5 B A ) A7 8 M vk BE 1) FRR W, 49 i)
M43 660 nm Kb {145 SF R HE (Aggp ), 4 (D) 45
BT AR A BEEEE (co) 5 A 72
fEXZ. B 4(b) R, EiRER DA BN E
AW P B A A8 0 R B2 2R P3G 0, B il 4 AR} 5
154 BIETE 660 nm Kb Y 48 401 Uk 2 B0k 44. 01
mL/mg/cm, i% 45 3 5 i HBPE BF 15 1 28 1% 78
THF(42.3 mL/mg/cm) #1545 (45. 4 mL/mg/cm)
SN ES T Ee %S
Nt — % g2 L R Y HBPE-b-PMMA 75 Hi 2K
R AR A B EE WA — RVIA
W RG4S0 0 I 6 L 8 3 [RDRE A o 2%
TP T — R4 8B40 P KB, T UV-
Vis il 2 F Lambert-Beer i X A7 25 I Wk B JF
177 RAE,H LT A W HORHR BE X BT 15 47 2 M
WM. & 5 B, B3R A P8Ok E ) 3
T, e AS A A T B AR B bR AR Y R A
Y/ 47 BRI Z 0.5 LU, f1 B IR W E 19
REAEANHEE. XN TREY/ A BB N
2, A A S 0 W R AT i ik (0. 071 £ 0.004) mg/
mL, BIVEE X5 R 3% 0 5 6 W) $50OkE E 5 fn 0. 5
I JIT A5 A S5 06 5 Wk B2 4T3 &1 34 (0. 058 +0..007)
mg/mL. FIREE R W F P& nl St R Y e
IR AT A AR T R SR A SRR AT R VR B AR Y A 5
IV TR () P 3 o oA SRS W OB LU 91, AT X A B
I e P AT
0.10

Graphite/toluene = 20 mg/10mL
0.08

¢G (mg/mL)

0 025 05 1

2 4 10

mpolymer/mgraphite

Fig. 5
HBPE-b-PMMA copolymer in toluene at different feed

Concentrations of graphene obtained with

mass ratios of polymer to graphite with a fixed graphite

feed concentration of 20 mg/10 mL

2.3 AEKREHRIE

o7 g6 LR IR Y BT AT 04 1 SR 0 B A A
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HE, 43y 958 i HRTEM F1 AFM 3 R X i 15 47 28 45
FE S AT T 50T

K6 fRFRMH A T A 84 AE & 9 HRTEM
HIAFM 2558 ik it 2L 2R Y HBPE-b-PMMA 7
FRR e i) 2 R A5, BT R FH Y W) 46 1508} 20 1 20
mg f18/40 mg 5 W) /10 mL 5], BF & 0 &
MRGY T 38 o o u8 Ve A5 DL 5Bk, o & 6
(a) PR Fi%AE 5 i HRTEM 25 5 & v i 7R 3%
A1 28 W B L O R A, HoRE ) RSF 2k
0.2 ~0.5 pm, [F#f A EMHEFZE2HEFBIRE,
2 Y HC TR R A 5 R I TR v 1 8 5 HE BRI 1Y A
A5 ) AT S ABRE X BRI R UE SR A B )2
O FF 58 B 0 b A A5 A, TR {2110 § A7 5 90 5 B
L1100 | 57 5, 6 Bl 3% A S0 )2 o W2 45
" B 6(b) R AE Eh Y AFM &R B 3R %
A7 SRR A P ARE R 0] ROT R (5 ~ 15 um ) 1Y
A8 R R A 7R 20 3 2 I ) RO A
AN AT BRI )2 s e BE A A Ml e SR W I b o A
HIZBYEREE N 4.17 nm, iIF 52 % 4 5B 1 ke 5L B A
ALK Z 4K

e LR BT B Rl b i — 20 % T AR A B

0 50 um

Fig. 6 High-resolution TEM (a) and wide-field
AFM (b) images of graphene flakes obtained with
HBPE-b-PMMA copolymer in toluene

The free polymer has been removed; Inset in (a)
is an electron diffraction pattern of the graphene
flake marked with a white square; Inset in (b) is

the high profile for the graphene flake.

FERLEEAT T Raman SE3E 70 #7, &5 R WK 7 R,
N, F B HT R A8 85 1 Raman 3% 81 45 1 T
P e A i T R B A SR AR R A, 1 BRI HTE SR
HBPE-b-PMMA 75 4 w1 DL AR 2 5% 20 mg A7 58/
40 mg G Y)/10 mL §l 15 41 506 H AW W, R )5
i 1o VA D8 25 R VA T S A A A 0 B 4 [
7(a) o, BFE A A Raman 3% [&] 1% 06 45 fiF 3 AR —
BEASEMMLL, A SBEEMR D IEY G g
(A5 B L A 3 m (AL 0.28 %0.40) ,IHH T A
a5 WK B AT 1Y A S 0 IS BT A R B9 3 A K
W R TS A SR R T B D 2
BT (b) fros , 54 s Ae AR LG, BT A5 A 28 0 o
B 2D W47 B A U8R A (AL 2687 em ™'
2652 em "), [r) i W S Py AR Xk R 1 XL U6 U T 75
BT I X Bk LU S AR TR 2 AIE 5 T A5 SR 0 BoAY
LR, RZBEK(<s B)7. b
HRTEM ,AFM Hl Raman 73 #7455 3K 0, th LR Yy
HBPE-b-PMMA 1 H1 3 vp Jir 1547 s 05 S 2 T kI
B BRZE A B (2 ~4 2).

— Iy/Ig=028 == I/l =040

G
Ly [}
= L}
< I 2D
g n ~
z D K
§ Lhon o

1

= JN I Graphene 72
= T VUL SRV v - Sea

1000 1500 2000 2500 3000
Raman shift (cm™)

b
2 252
2 4 B \
k%) 4 N
& |Graphene .- Mo
CH 2D e g
2687
2500 2600 2700 2800

Raman shift (cm™)

Fig. 7 (a) Raman spectra of a graphene/HBPE-b-PMMA
composite film deposited on a glass slide and pristine
graphite ( The graphene concentration in the film is
1 wt% . ) and (b) the Raman spectra within 2500 to 2800

em ™! from (a)
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A 2-BUCS T B ZE AT A D) L o-—
i 408 4 AL R, B AT R & S 2R A/
MMA HRJE T 565 [ i SR G M B RS T2, 4k
37 HBPE-b-PMMA It 5y, fy #8320 5 £ 46
PMMA fix BeAly i, He i MMA 4544 F 0 7E 3L R W)

S HOTH Y 30,6 mol% . fT 153 3L R My AE B K
Hh i B P R AT AR T R SR A SR RS AR O A 2R
W AR, MR Tk 0. 071 mg/mlL, [a] i 3 i 5%
B/ A S WA BB R RRAR TR A s 0 ok R E
PR VRS BTSSR0 b R AR s A R 2 ~
4 =, TEES R RS Y/ 0 RS 9ORE AR
AR
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Synthesis of HBPE-b-PMMA Block Copolymer and Its Application in
Preparing Graphene Solution by Noncovalent Exfoliation of Graphite in Toluene

Fei Cheng, Hai-ping Wang, Yu-xian Ye, Jing-jing Liang, Li-xin Xu"

( College of Materials Science and Engineering , Zhejiang University of Technology, Hangzhou 310014)

Abstract A hyperbranched polyethylene-b-poly ( methyl methacrylate) block copolymer ( HBPE-b-PMMA )
was synthesized herein via a tandem polymerization process, in which chain walking ethylene coordination
polymerization was first carried out with a functionalized Pd-diimine catalyst to give a telechelic HBPE
covalently tethered with a 2-bromoisobutyryl end group ( HBPE-Br), then atom radical transfer radical
polymerization ( ATRP) of MMA was initiated using the HBPE-Br as a macromolecular initiator, rendering the
HBPE-b-PMMA copolymer. The ability of the as-synthesized copolymer to noncovalently exfoliate natural
graphite (NG) leading to stable graphene solutions in toluene was further examined. The presence of PMMA
blocks in the copolymer is well confirmed by the results from proton nuclear magnetic resonance ('H-NMR)
and gel permeation chromatography ( GPC) analysis. As indicated by UV-Vis spectroscopy test, the resulting
copolymer can effectively exfoliate NG in toluene under the assistance of ultrasonication to render stable
solutions of graphene with high concentrations up to 0.071 mg/mL. The results from high-resolution
transmittance electron microscopy ( HRTEM ) , atomic force microscopy ( AFM ) and Raman spectroscopy
commonly show that the resulting graphene nanosheets are free of structural defects,with a thickness of 2 ~ 4
layers. These high-quality, stable graphene solutions in toluene are potentially useful for the preparation and
applications of polymer-based graphene nanocomposites.

Keywords Hyperbranched polyethylene, Poly( methyl methacrylate) , Block copolymer, Graphene solution,

Toluene, Noncovalent
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