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HE RO T AR SRR A R s B A R IR R
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YU AR A A

Gallot 555z 1L Xof 4% Fift S Jik it & 1 9 [ 25 454
PEAT TIRABIBLSE. A LA 20 P U5 TR IR
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Tt BRI i BRI, Fe 2 R Bl
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AT, WI-ZE i BILRY, o BT S, HaE, 2ZREH

B U P B i R ARG i R A h o 18
JRE A 1 K AR L ] A - XA 4 T, T AR 4k
K2 N HES 76 )2 i 5275 J7 HE B 4544 (hexagonal -
in-lamellar) "' 5@ /N X B 2% B0GT ( small-angle
X-ray scattering, SAXS) X fAH 73 £ J& 19 P ik B )2
JRE S o B KT ELE RN, BIKETH o
WRE 2 R AR AT, I JRRZ R /N T o IR 5
SRIRAE TR E™ . B 1 R BEZ F-b-B
(y-~ J&-L-%% & R B ) (polystyrene-b-poly(y-
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TCE) #5 rh o WRE A 45 5 1) 0 B AR JH 08 G 4 45
BRI WIPE T AN 5 37 & AHES T, 7 53 Ah— S i
, o N, N-ZOWOE BOBE B (N, N-
dimethylformamide, DMF) . 1,4-— & /N ¥ (1, 4-
dioxane, DIO) .7 Fl ik ( anisole) F1 1,2-—4 2, k¢
(1,2-ethylene dichloride, EDC) 5 /1, & 7B 5 R
o BRGE P SRR T A 20 7k S Ak T A 4 &

(@)

dPS doc-helix

Schematic illustration of PS-b-PBLG molecules

Fig. 1
packing in lamellar structure with o«-helices (a) fully

stretched and (b) folded

SRT, B ARR J3 B3 T8 550 R 0] 4 A0 G 1
RYE L. & 5l 7 W8S (transmission electron
microscope , TEM ) ¥4 J2& WL £¢ ¥4 fx Bt 22 R W) A0 43 25
T30 e BT B9 J7 157 7Y Thomas 4 L3R 26
L fE-b-R R RO OIE © BR
polyhexylisocynate, PS-b-PHIC) 4 BJF 5% X 4 , 1 13
TEM X b W 2 — fix B 2 5 ) 09 40 43 85 08 3 45
TG, WIPEERR I A AR R 3 5 Dy S5 ARG B
T S ) A5 U DI A T R AR B
8 Jan mT e R A 53 8 1 2 RO B S8 X i TRIR
(alternating wavy lamellar) [a] 4 1A Ik ( alternating
zigzag lamellar) 5% % 123,260

ARSI i SAXS F TEM 2% £¢ PS-b-PBLG {4
F o BRE T B N I ik B AL R WA 4 B A5
52 FRATE T 2 FlOAS [R] 2 03 F O 5 i PR
B R E5 Y K W PS,-b-PBLG,, 1 PS,, -b-
PBLG,,,. 1 %t i@ i %t & & & @ 3% AL ( gel
permeation chromata graphy, GPC) Fll & # fif 4L I
Iz 3% Y% ('H-nuclear magnetic resonance, H-NMR)
3 M EL A ) 1 27 5 48 R A 5 3 Ao s 25 4 i R
4343 ( differential scanning calorimeter, DSC) 43
Prfl e BT T o B2 5E 1R A ALY R PO R 2 E
W A R Ot B BE ( polarizing
microscope, POM) % %% PS-b-PBLG % B0 i 11 14
Fi. BbAh, il 5 SAXS i 57 PS,,-b-PBLG, (@, =

( polystyrene-b-

0. 621) 7E. 2 Fh i ) T I8 B AH 2 85 45 4 B )]
WK 7E0f N o BBEIT S IS B0 , 38 i 3% 5
HL 58 (TEM ) %5 %2 73 2 38 K 1Y PS,,,-b-PBLG,,,
(D g =0.828) (1 [ 25 AH 43 BB $, o 1d 28 18
P14 5 7] 1 e 2% 17 L S SRS [ 3 700 R
FARYFZ M. B TEM 5 25 #h W28 5] o BBE 76 R[] 3%
T Th 4T 2 e B AN TR 30, B — 2Bl 2 B 9
X} PS-b-PBLG AH 43 5 45 K4) ¥ 52 1

1 SLBEs

1.1 IWHR
IECBE JEK B EE R B L-45 2 R A 1
A THEGER AR A R AR =0l A T
Alfa Aesar 2\ F]; 2K Uiy off B 3% 19 R 28 & 4 (PS-
NH,) 51 %514 B T Polymer Source 2\ ) ; &5 ( LA
s A RaRE ) AN, N-—F 3L H % ( DMF) 1
[ 2 TEDIA 2 & ; DY S e mg (THF) . 1,1,2,2-
WE LKE(TCE) (1,2-— 45 Lkt (EDC) fil 1,4-—
A NHR(DIO) 489 550 W 3 BT R T A 27 150 23 W
JIT A 1) A 28 5 15 B 5 34 Sy 3 i . B R A
i FH A ¥ 20 285 1 1 A 4 4k, DY &k i R IE 2 e
Se R R BE T ok B S, 4 S 0 [m g T Mg, DL
JEZEVR 7 AT 4l Ak J5 % 11 DMF B R B 1 48
TR, NSRS HEAT B T4 #E 100 °C R 2R 47 08
JEZER A AL J5 DR A7 25 1 s %] TCE, EDC JH & 1k %5
Tt B, A EAES AT IR TR SRS DR 7R
MR alifb 5 IR Ar 25
1.2 WikA&E

"H-NMR 3% BRUKER DMX500 %I, ¥ % 4 77
R D5, LA Rk e (TMS) S N, 03B A
3% [ =GR 4R, K o-HE T 25 4 i ie 5 GPC
& Waters /&) Breeze 1525 %, L&A 0. 05mol/L
TRACER ) N, N-Z B B e ( DMF) 2 i 35 AH
DSC J& R 3L E TA 22 H] Q2000 #Y 7R 22 1 4 &
PAL THR B HE S 10 K/min, 5 [ Ry - 20 ~
160 °C ;% Fl R % B 190 5% ( Leica DM 2500 P) Wi 4%
WA 2R T AR XG4 AT S (Wide Angle X-ray
Diffraction, WAXD) 7£ 1 faf 2 PANalytical 2\ ®] 4=
FEf X Pert PRO {Y 2% (40 kV, 40 mA) 47 /)
1 X-SH A 5 (SAXS) #1453 & BRUKER NanoStar
U SAXS System, 26 &5 B 0. 2°~1. 5°, X 2k
£ A K 0. 1542 nm; TEM J& H 37 /A 7 H-600 %35
SH U R 75 V.
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FEA A BEFET 1 150 mL B oimA 25 g 1
L-AA %1% (0. 17 mol) 5 26.3 mL [ /82 (0. 26
mol) ,7E 65 C 21 F 12 i 18 mL 1) 65% I1)
A2 (0. 17 mol) 2 ¥ W BT WU , 7E 65 C Uk 4L
SR 16 h, J2 Ry 45 A5 R B R R T 2R R O
AT A 28.56 g B2 Z8H (0. 34 mol) 7K 75 W i =
Wbt B2 i e TR S A K I VRFEE VS VR 4 A AE
pH =6 4y, # & 1 h J5, A7 Aok 3, BD15
SR =40 5 B KL= WV i T K SR & 3 IR, LS
ZMF T 50 CHETF 24 h, BI45 5 4 fk Bk -8 -
L-A 2R (BLG) |, & ks A £ .

TEAFIEFE T 150 mL SO H A 2 g(8. 44
mmol) BLG 5 30 mL THF, & A 40 °C a5 hfa

TP FE, TS A 1,08 g(3. 66 mmol) =<, i
292 h 5 B WARTERUS BRI N b R RS
T <Al i 2 07, T 30 VT T 1 O O fif
BLG-NCA 45 &4 iy , 7E - 20 C R HAE 12 h il
YEARAT €0 [ (AR = 1, 0 T, T4 A 3 IR L
MR IR 2 =6, R G Fo 20 THR 2

7 500 mL fZ BB A BLG-NCA Fil i 4
T EEREARE 3 R AR IMAT
(%) DMF 7% J5 76 0 CHi$k. 53 76 250 mL J jj
AT & R PS-NH, , il B 25 7R, 7E RS
SE A TR DMF 780 % i 78 TR E SR
S f PS-NH, 1) DMF %5 % it A BLG-NCA 11
DMF i, % 6, 76 0 CIR R RN 14 K. &
A AR R Bl 1.

Jiy
Q HN” 0
H2N OH /O O\ |
CLC™ Y Ccl Y
0
+ 6 HCI
o THF, 40°C, 3 h 0
BLG BLG-NCA
-0 -
H
NH, nBLG-NCA N NTH
DMF 0°C H
0
m m O
PS-NH, PS-5-PBLG

Scheme 1 Synthetic routes of BLG-NCA and PS-b-PBLG

Jei Ak FRR AR RN 45 TR 3 i ek 2 08 bR 2
KHB 43 DMF, I e B 1 %5 Wi A R B vh 0L
TE PRV TS R R IR BRI =, T
RO BEV ) 13 24 b f R SN ) PS Bl R A
B Witk — A BR R R RN PS, K R A WIET
DMF/ 2, 1% 2. T/ ¥R C e = M1 0 R & ¥ 71 (IR R e
DMF: Z R 2 WiR: S Cbe = 1:2:3) v, I FH B B0
g S e TR T R A5 ik B IR SR W PS-b-
PBLG = 4).

1301 B GBI ] 4
¥ PS-b-PBLG ¥ it T TCE 1 % ¥ & 40 wt%

PRV VL, o VS VR T B B A 1, #E 60 C R T
PRI 45 738 24 85 V) 3 8 o RE K BV BY B0 o
) BRI . A5 e T B 8 2ok 2% 4 /K IR 3 1T A 38 3
R B ARAT . R A VS 0.01 ~0.02 mm,
TE8S CF &R AAH 12 h J5 i1 WAXD F1
SAXS WM, LA — IR T B Ik 9 B 25+ A2 Ak i) $4 0
S At 590 B B i i £ [R) TCE.
1.3.2 TEM FE 5l 4%

¥ PS-b-PBLG 43 5l ¥ fi T TCE Fl EDC 1,
Be & 6 mg/mL (KW, FH T 5 4% 1 O — i 2 9%
A7 Tl R 1 ] P L oK A D 9 B R B IS A AR
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TE VR TV AN ZE VT B 5B T i LA 18 py el S — i B i oy 1 i S HL ok A, S2 8 — i B PS-
JEFE R T, 20 12 h e M B2 TR R BT NH, B8y 75 (M) O 28,210, 77 18 70 Al
85 Cilt & T H#EATIR AL 12 h, SR )5 #E 4703 1.02,PS (W E &2 BTN 271 LB G J5 1Y PS-

N b-PBLG 4> & B K, 7 F &0 A 29 1. 80.
2 %%51¢1{k\0 1 Ll ot he [ v
PR H-NMR 1 PS i Be K 3R BRS¢ 5
2.1 HFEMRIE PBLG M5 I & WA 23 T A FL 4R A5 P ik B Y 2H A
A H-NMR F1 GPC 3 555 — i Bt PS-NH, Fl Lo Bfdh S2 v 2L 43 Lo 2. 67, A 55 — i Bt
PR BER G ) PS-b-PBLG AL =25 S s A By 724, [ I f A i S2 i &4 O PS,,,-b-
FAE. PS-b-PBLG 1" H-NMR &3 i [&l 2 Fr s, & PBLG,,,. #5080 o A B — P ik BE B & W) PS,,,-b-
2(a) BR T I T PS-NH, (B 2(b)) & 21 PBLG.,, 7> T )W Ky 186 776,k KT GPC Yl i
(LRSS BT a.o.ay 1B 415 PBLC  Z55E(M. =48 620) .3 AT B 14 M B B 42
FHOC B RRAE W, e Al o T i B L R S W o ik SV R E AT B 2H 2 DA T 5 o G 0 3 Y RS
LK. GPC S5 RN 3 o, i GPC 23 #r 15 JE.FEAL SRR & S2 MUAHSC R B L& 1.
I
Iy
'\ PS-NH
CDCl4 PS571-b-PBDG 4 1 Mw=2§700
M, /M, =1.80
(@)
® |-
! | | L | 8 10 12 14 16 18
8 6 s 4 2 0 Retention time (min)
Fig. 2 '"H-NMR spectra of (a) PS-b-PBLG and(b) PS-NH, Fig. 3 Comparison of GPC spectra of PS-NH, and PS-b-
PBLG (S2)
Table 1  Information of the synthesized compounds of PS-b-PBLG
PS-NH, PSm-b-PBLG,
Sample m* n® Dy frsre
M, M /M M, me M,/M,"
S1 9,560 1. 06 13,432 27,239 1.38 92 81 0.613 0.468
S2 28,210 1.02 48,620 186,776 1. 80 271 724 0. 828 0.728
*Based on the GPC data; "Based on the' H-NMR data; °Molecular weight calculated from the degree of polymerization; ¢ Volume fraction

calculated based on the density of PS and PBLG, i.e., PS=1.090 g/mL and PBLG =1.274 g/mL.

2.2 AMERSH

DSC Z5 5 UnfE 4 Frs. b S2 B A FE & LA
10 K/min {7 3 2N — 20 C high 3 150 C | i
Jei T LA AH [) 3 S5 B 3R 31 — 20 °C E A7 50 ki A
A AR Th & B 10 ~20 C A IR R,
IS = PBLG 4% BE (14 BY 38 A0 5 A0 9 i 2 i 95 401
70 ~80 C 119 it £ o G 4 0L RS2 PS 1) B 3 AL e A
ST R B S S2 2. AR A — T
b A v B A R B R BRI O AN BT i HL R
A AR S — R I R RN R AR AR T SR

GBI A . R e HE T 1 0 I A R A I AR
I A [ AT ) — Ao 45 A i AR B PBLG ik
B 7/2 o B2 F] 18/5 o MR B ZE e AR T iy
T S2 i) BLG R A B HE S1 iy, b W #4004
AN 95 CHEfnZE 110 C.
2.3 HEUE

b 82 Koy T & AT PBLG ¥R Y (M,
=171,300,DP =782 ,PDI = 1. 08 ) 7£ 20 wt% TCE
VW (RO PR WP 5 () A5 (b). 5 PBLG,,,
HB AT BH 5 A RS VR T TSR (&1 5 (a) ) AH
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Ist scan, 10°C

Cooling

|
=
5
'8l Heating
<
a3}
116°C
a
-20 0 20 40 60 80 100 120 140 160 180

Temperature (°C)

2ndgcan, 10 °C

Cooling

Heating

20 40 60 80 100 120 140 160 180
Temperature (°C)

20 0

Fig. 4 The DSC thermograms of S2 film in the (a) 1™ and
(b)2™ scan

The rate of the scan is 10 K/min.

F,S2 HPLEF RS (P 5 (b)), BR im0 R+ 51 W
P58 19 XU S P JB, 3 i) B T T EE A B Y
Pz S HESNIE iR FR A T 04 6 I AH P i A
T RE AL S2 (9 00 1 30 20 A B8 I S, S2 R
BN SCHR T8 BT I T & 2R Y 2% U SUIREL
}E[Q].

Fig. 5 Optical polarizing micrographs of the ~ 20 wt%

concentratedsolutions of PBLG,¢, and S2

2.4 X H&SH

HIRE Al ST 4 45 (49 39 U0 ) i A (TCE) 19
WAXD FI SAXS F{R & 6 (a) F1 6 (b) 7. it
S, %t AN [ 8 T BTl s A9 A (TCE) (iR B
(THF) \Jig C(DMF) \Ji£ D(EDC) Mg E (DIO) 4§
AR AL AT T X R 2 A5 R M e AT A
S5F SR E AN IR T, A O B 2R R (scattering vector,
s) AR AT Y JA ) 254 A 8

Shear orientation axis

Shear orientation axis

Fig. 6 The (a) WAXD and (b) SAXS patterns of S1 with

respect to the shear orientation axis

\Q WAXD
1: 4322
A /
2
B

Scattering intensity (a.u.)
g/ﬁ/

0.05 0.1

Scattering vector, s (nmfl)

yi 1 1
/

~

Fig. 7 The WAXD and SAXS intensity curves of
film A ~E (A: TCE, B.THF, C:DMF, D.EDC,
E.DIO)
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TEE 6 (a) T f MG 4l S e T T 5 )
I T7 1], 3% 8 W 5 A5G T IR e 1R 1 HlE A1) R
A B AT R A BE S AT gt doy
dyo =111/ /31172 UL B BEE 52 75 Jy 3 AR 0 471 45
F, BREM R 2 1. 52 nm. SR B B-E 1 — 94l
SIS, 55— T, &1 6 (b) rf i 3 4 /N £ 1
SFPUESEAT T 55 ) 77 1, BV SEE Bl el R B R G
o s e 21 R SRS AT W B TR S PR SR SN |
I B YA 3 B 2 A FA . 2 b ik R o ST 73
55 R B4 2 2 R oS 7 SRR S5 R0 R £ o
() RN WU T T2 A FR A B A — U 5.
FE TR 25 R T AR O TR E S T
AT B A v 25 A o R BE N 5 4% A i o 1y ik
RSB IE FE U FRATTAR 0 T 000 614 /N £ o 00 8
25 BT 7 AR R B0 53 1 45 T2 I IR B d g A
Ao, BEBMPTEIE ORI T2 2. R4 185E —1
BLG BT Ky 0. 15 nm K5 16 58 4 il i
PR S1 Y BRE K 25 12,15 nm. Q3% 2, % A
RN 18.39 nm,d,y, 29 11.27 nm. {1 F 5824
W1 R B2 sE K5 PBLG 21145 B A1 2 10 R
b ST Iy BRBERETENE A vhog i, I UM B 28 4
1977 HES . G5 R AR F AN 3R 2, A B TR )
ol @ £ B B-E o fr W By dPBLG #§ AH
XK, AR IR e AR X S A R R A T A

Table 2 The period length of film A-E detected from SAXS data

Film Solvent d (nm) dps (nm) dpy " (nm) n"
A TCE 18.39 7.12 11.27 0
B THF 15.76 6. 10 9. 66 0.5
C DMF 14. 24 5.51 8.73 1
D EDC 13.38 5.18 8.20 1
E DIO 12.26 4.74 7.52 1

" Based on the calculation of dps/dpg = @ps/ Pppic and d = dpg +

dppic; " n is the number of PBLG folds.

SEarE (WK 1(b)).
2.5 TEM W&

A TEM B %5 T S2 A/ B 4 iy, 1K 8
(a) Ff1(b)J& S2 43 jIfE TCE 5 EDC K h & it
Ge8 TR S Y B ZH BT S H rh SR8 43 et
BOE ) PS AH, A 43 W) Ok ) B AL AR Y PBLG
YK 8 (a),S2 1E TCE ¥ HIJE 1 2B 1 5 %5
PR 22 DR V5 T 30, 2800 A T2 A0 A 1 B0 7E W 5 43
T B 2 (D e = 0.7 0.9) [y PS-b-PHIC K
T BR R AE S2 724 AR AR BT K
25109 nm, #E52 FIK 2y 132 nm, AT &
TEM w28 1A 8] 49 )22 J8 91 #E 2§ 130 ~ 14 Onm.
R 4y T HESI R AN 8 () FIrw , F a4 1
BT AH L 2F 4, BB E B 5 1] (n ) AHRE T4 15 )2 1Y
PIYEL T 10 (p) 229 45 FEMHES]. 208 50 A
ARl RE o> A AL 58 (PDI = 1. 80) Jir i
J:&‘[”].

£ EDC T1 &0 T B9 AH 43> 25 JE S an &1 8 (b)
Fi7n, 5 TCE T4 B8 S5 AH th, J2 /Y J 10 < i AR
5,29 60 ~65 nm, WRHERAITE 1K, B dpy o ~
54.5 nm Fl dps ~ 11.3 nm, 258 (4 4> F HE 51 R
W 8(d) FroR. 18 0y 16 B0 0 B AE ST 4R & o iy
WA R, T BT S 4 TR SR
AH 53 B8 A5 4 A ph 22 2 S B O J2 RO 30 3 A8 R
FH RS TEM B 55 SAXS (1) 25 4
W&, AH A B TR S R AR AR 156 B T R T R e
B BT 1 A AT B AN

3 i

@ﬁ NCA ﬂ:ﬂ:g%%&i %IJ% PS9z'b'PBLGm %n
PS,;,-b-PBLG,,, 2 il i Be AL K. B 17 X5 HiAk
Sy HRCE R RV AR PR BT AT R AR S T X

Ul
=

Fig. 8 The TEM micrographs of the solid-state morphologies of by PS-b6-PBLG ( S2) rod-coil diblock copolymers dried from (a) TCE and

(b)EDC, respectively; The schematic packing model showing the packing arrangement of (¢) the in interdigitated and unfolded a-helical

rod (gray) and coil (black) segments in zigzag morphologies and (d) onolecules with folded a-helical rods
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SYERAT S 2 B M, R AE AR RE R TR USRI B 7R EDC il T o BRE T B A SR
AT ARG B W . BeAh i TEM B ARSRSEE R, Ul BV 800 % PS-b-PBLG A
WEE T PS,;,-b-PBLG,,, #£ TCE F1 EDC 2 FiEsl 4y BAT =4 T EZ A .

PR R, R A BT A TCE IR 52 %
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SYNTHESIS AND INVESTIGATION OF PHASE-SEPARATED LAMELLAR
MORPHOLOGIES OF ROD-COIL TYPE
POLYSTYRENE-b-POLY (y-BENZYL-L-GLUTAMATE) POLYPEPTIDE HYBRIDS

Jin Wu, Qin Wang, Shuang-feng Tang, Chu-chun Yen
( Department of Materials Science, Fudan University, Shanghai 200433)

Abstract Using the primary amino-ended polystyrene ( PS-NH, ) as the macroinitiator, diblock copolymers of
polystyrene-b-poly ( y-benzyl L-glutamate) ( PS-b-PBLG) polypeptide hybrids were synthesized by the ring
opening polymerization of N-carbonyl anhydride ( NCA) method. The molecular weight and its distribution
(M,/M_ =1.4 ~1.8) were characterized by GPC. Comparing with the first segment, the molar ratios of the
compound could be confirmed by 'H-NMR. The thermoproperties characterized by differential scanning
calorimetry (DSC) indicate two temperature step changes at 10 ~20 C and 70 ~80 °C , corresponding to the
two glass transitions of PBLG and PS, respectively. The texture of PS-6-PBLG in 1,1,2,2-tetrachloroethane
(TCE) under a polarizing microscope (POM) shows relatively weak birefringence comparing with that of the
PBLG homopolymer, but it still maintains some cholestericliquid crystalline properties. In structure of the shear-
oriented solid film , a-helical segments were arranged in hexagonal packing,while another larger period parallel
to the helical axis was found in small-angle X-ray scattering ( SAXS) pattern, indicating a phase-separated
structure of alternative lamellar. The morphologies were observed through the transmission scanning electron
microscope (TEM). Unlike the zigzag-lamellar texture of films from TCE,the texture of films dried from 1,2-
dichloroethane ( EDC) is stripe-shaped. The different morphology is due to the solvent effects on the rigidity of
a-helix,which means the shorter cycle length should be attributed to the «-helical folding. It is therefore
concluded the self-assembled structure of PS-b-PBLG is changed by the solvents.

Keywords Polypeptide hybrids, Rod-Coil diblock copolymers, «-helix chain folding, Phase separation,

Lamellar structure



