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Abstract

We report an efficient protocol to synthesize rod-coil diblock copolymers of an a-helical polypeptide and poly(4-vinyl
pyridine) via a combination of “living” ring-opening polymerization of a-amino acid N-carboxyanhydrides at 0 °C,
polymer end-group modification and atom transfer radical polymerization (ATRP) of 4-vinyl pyridine (4-VP). Due to
the competent effect of the pyridine groups with the ATRP ligand and the low initiation efficacy of the rigid polypeptide
macroinitiator at mild temperatures, the challenge on ATRP of 4-VP was overcome by performing the ATRP process
at 100 °C. Relatively well-defined poly(y-benzyl L-glutamate)-b-poly(4-vinyl pyridine) diblock copolymers were
successfully synthesized and characterized. Upon solvent vapor annealing, thin films of the diblock copolymers showed

micro-phase separation behavior.
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1. Introduction

Among vast synthetic polymeric systems, synthetic
polypeptides composed of amino acid units have drawn great
interests owing to their biocompatibility and biodegradability! .
A wide diversity of synthetic polypeptide structures can be
synthesized and modified with various functional groups to
interact with biological targets'*l. Their ordered secondary
structures (o-helix or -sheet) as well as ability of organize
supramolecularly via abundant electrostatic and hydrogen
bond interactions have been utilized to construct macro-
and micro-structural architectures!*?), Main approaches
for synthesizing polypeptides of various a-amino acid
monomer units include solution phase coupling, solid phase
peptide synthesis and ring opening polymerization (ROP)
of a-amino acid N-carboxyanhydrides (NCAs)!. The
ROP of NCA monomers has been the mostly well-known
method to produce high molecular weight polypeptides, in
which the reaction initiated via the amine mechanism using
a primary amine initiator has been recognized to result in
“living” amine chain end""\.

Polypeptide-based block copolymers with interesting
combined features of biomaterials and self-assembly
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behavior of polypeptide sequences have been explored
for various applications, such as tissue engineering
scaffolds!'”), drug delivery!'!, self-healing!'*'*! and
antimicrobial applications!'¥. To fabricate polypeptide-
based block copolymer structures, either different kinds
of polypeptides can be incorporated or a polypeptide and a
biocompatible synthetic polymer can be combined to meet
the requirements for specific applications. Within the wide
range of poly(a-amino acid), poly(y-benzyl-L-glutamate)
(PBG), with good biocompatibility and high propensity to
adopt the a-helix conformation, has been integrated as an
a-helical rod block into different block copolymer designs
to form self-assemblies!'”). Bonduelle and coworkers have
prepared block copolymers of PBG and poly(y-propagyl-L-
glutamate) followed by functionalization of nucleobases via
the copper catalyzed-azide-alkyne cycloaddition (CuAAC)
reaction!'®. Other examples of polymers that have been
combined with PBG include polysarcosine!'”, polyethylene!'®!,
poly(ethylene oxide)!"*?), poly(N-isopropylacryamide)®**),
poly(isobutylene)?**, poly(3,4-dihydroxy-L-phenylalanine)?**,
poly(L-glutamic acid)?®, poly(2-methacryloyloxyethyl
phosphorylcholine)?”), poly(w-pentadecalactone)i®®,
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poly(L-phenyl alanine)™”, poly(lysine)*”, polystyrenel*!!
and elastin-like polypeptidel*.

In this work, we report a straightforward approach to
synthesize well-defined diblock copolymers of PBG with
poly(4-vinyl pyridine) (Scheme 1). PBG was first obtained
via the ROP of the benzyl glutamate NCA monomer under
reduced temperature condition to achieve a high content
of “amine living chains”. PBG with amine end group was
modified into an atom transfer radical polymerization (ATRP)
macroinitiator to initiate the ATRP polymerization of 4-vinyl
pyridine at an enhanced temperature. The performance of
the ATRP reaction at a relatively high temperature was
found to overcome the problem of low efficacy of the rod
polypeptide macroinitiator.

2. Materials and Methods

2.1 Materials

L-glutamic acid (Aldrich, 99%), sulfuric acid
(Merck, 96%), trifluoroacetic acid (TFA, Merck, 99%),
benzyl alcohol (Acros, 99%), triethylamine (Merck, 99%),
triphosgene (Acros, 99%), n-hexylamine (Merck, 99%),
a-pinene (Sigma-Aldrich 98%), 4-(chloromethyl)benzoyl
chloride (Sigma-Aldrich, 97%), tris(2-aminoethyl)-amine
(Acros, 96%), benzyl chloride (Merck, 99%), formaldehyde
(Merck, 35%), formic acid (Merck, 37%), NaOH (Merck,
99%), aluminum oxide (Merck, basic), CuCl (Acros,
anhydrous, 99%), N,N-dimethylformamide (Acros, extra
dry) and Dowex Marathon MSC (Sigma-Aldrich, hydrogen
form) were used as received. 4-Vinylpyridine (Aldrich, 95%)
was purified with basic AL,O, column prior use. All the
solvents (HPLC grade, Fisher Chemicals) were were dried
with molecular sieves according to standard procedures.

2.2 Characterizations

"HNMR spectra were recorded in deuterated chloroform
(CDCI,) with TMS as an internal reference, on a Bruker Avance
300 at 300 MHz. Attenuated total reflectance (ATR) FT-IR spectra

were collected as the average of 128 scans with a resolution
of4 cm™ on a FT-IR Tensor 27 spectrometer equipped with a
Pike MIRacle ATR accessory with a diamond/ZnSe element.
Gel Permeation Chromatography (GPC) measurements were
performed in dimethylformamide with 0.01 mol/L LiBron a
Polymer PL-GPC 50 gel permeation chromatograph system
equipped with an RI detector. The data analysis was performed
with reference to polystyrene standards. Thermogravimetric
analysis (TGA) measurements were performed ona NETZSCH
STA 409 PC Instruments with a heating rate of 10 °C/min
under N, atmosphere. Differential scanning calorimetry (DSC)
measurements were performed usinga DSC Q20 V24.4 Build
116 calorimeter with the heating and cooling rate of 10.00 °C/
min. Atomic force microscopy (AFM) images were obtained
using a Bruker Dimension 3100 atomic force microscope.

2.3 Synthesis of y-benzyl-L-glutamate (BG)

v-Benzyl-L-glutamate was prepared via Fischer esterification
of L-glutamic acid and benzyl alcohol. To a flask containing
30 mL of diethyl ether 6 mL of concentrate sulfuric acid as
added dropwise, followed by the addition of 60 mL of benzyl
alcohol. Diethyl ether was then removed by rotary evaporation.
8.5 g of L-glutamic acid was added and the mixture was
stirred for 24 h at room temperature. 120 mL of ethanol and
50 mL of triethylamine were added slowly to form a white
suspension, which was further kept at 5 °C for 24 h. The raw
product was collected by filtration and washed with ethanol.
After recrystallization from 400 mL of water at 80 °C, the white
product was dried under vacuum at 50 °C overnight and was
stored at -18 °C. Yield: 65%. 'H-NMR (CDCL/TFA (10/1,
v/v), 300 MHz): 6 = 2.106-2.385 (2H, m, CH,), 2.711 (2H,
t,CH,),4.169 (1H, s, CH), 5.108 (2H, d, CH,), 7.216-7.452
(5H, m, phenyl), 7.896 (2H, s, NH,), 12.4 (TFA).

2.4 Synthesis of y-benzyl-L-glutamate
N-carboxyanhydride (BG-NCA)

2.37 g (0.01 mol) of BG was dissolved in 20 mL of
dry tetrahydrofuran, followed by addition of 3.8 mL of
a-pinene (0.024 mol, 1.2 eq.) and 1.188 g of triphosgene

0.0 o
O, NH, OH Ry Triphosgene Y O HN-H
+ H80, o a-pinene HN 0°C R
HO — T e — N m
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Scheme 1. Controlled synthesis of diblock copolymer PBG-b-P4VP.
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Synthesis of well-defined polypeptide-based diblock copolymers

(0.004 mol, 0.4 eq.). The reaction was performed at 50 °C
for 2 h until a clear solution was formed. After that, the raw
BG-NCA was filtered and precipitated in 300 mL n-hexane,
collected by filtration and dried under vacuum. The raw
product was dissolved in tetrahydrofuran and precipitated
in n-hexane twice to give a white powder, which was stored
under nitrogen atmosphere at -18 °C. '"H-NMR (CDCI,,
300 MHz): & = 2.010-2.353 (1H, m, CH,), 2.589 (2H, t,
CH,), 4.377 (1H, t, CH), 5.134 (2H, s, CH,), 6.675 (1H, s,
HN), 7.294—7.452 (5H, m, phenyl).

2.5 Synthesis of poly(y-benzyl-L-glutamate) (PBG)

PBG was synthesized via ring-opening polymerization
of BG-NCA according to the previously reported procedure.
¥l Under nitrogen atmosphere, to a solution of BG-NCA
in chloroform (5% w/v), at 0 °C, n-hexylamine as initiator
was injected and the reaction mixture was stirred for 7 days.
2.367 gof BG-NCA and 47.5 pL of n-hexylamine were used
to synthesize PBG1, while 2.367 g of BG-NCA and 23.8
uL of n-hexylamine were used to synthesize PBG2. The
product was precipitated into methanol, filtered and dried
under vacuum at 50 °C, yielding a white product. Yield:
94-95%. 'H-NMR (CDCI/TFA (10/1, v/v), 300 MHz):
6 = 0.859 (3H, s, CH, of initiator), 1.267 (8H, s, CH, of
initiator), 1.557 (2H, s, CH, of initiator), 1.800—2.685 (4H,
t,CH,), 3.945 (1H, s, CH), 5.030 (2H, s, CH,), 7.118-7.400
(5H, m, phenyl), 8.050—8.490 (1H, s, NH), (TFA).

2.6 End group maodification of PBG

To a solution of PBG in dichloromethane (2%, w/v),
a-pinene (10 eq. with respect to PBLG) was added. Then,
a solution of 4-(chloromethyl)benzoyl in dichloromethane
(2%, w/v) was added dropwise. The reaction mixture was
stirred at room temperature for 10 h. After the reaction,
the product (PBG-Cl) was precipitated in diethyl ether and
dried under vacuum at 50 °C overnight, and was stored in
dark at -18 °C.

2.7 Synthesis of Me ,TREN

Me, TREN was synthesized according to the procedure
previously reported®”. To a mixture of 36 mL of formaldehyde
(37%) and 45 mL of formic acid in 16 mL of distilled water,
10 mL of tris(2-aminoethyl)-amine was added dropwise.
The mixture was stirred for 30 min at room temperature.
The reaction was carried out at 120 °C for 6 h. The orange
product was distilled by rotary evaporation to remove water
and unreacted reactants. 150 mL of NaOH solution (20%
w/v) was added until pH = 10. The oily layer at the bottom
was extracted by dichloromethane. After the solvent and
other low boiling temperature contaminants were removed
by rotary evaporation, the final product was obtained by
Kugelrohr distillation (130 °C, 0.2 mbar) as a clear, colorless
and oil-like liquid. Me, TREN was stored at 4 °C under
nitrogen atmosphere. '"H-NMR (ppm): & = 2.213 (18H, s,
CH,),2.323-2.400 (6H, m, CH,), 2.553-2.636 (6H, m, CH,)).

2.8 Synthesis of homopolymer poly(4-vinyl pyridine)
(P4VP)

P4VP was synthesized via the ATRP of 4-vinylpyridine
(4-VP) from the initiator. 0.0198 g (0.2 mmol) of CuCl

Polimeros, 35(3), 820250031, 2025

was dissolved in 1.1 mL of anhydrous dimethylformamide
(DMF) under nitrogen atmosphere, followed by the addition
of 2.2 mL (20.6 mmol) of 4-VP and 52.6 pL (0.2 mmol)
of Me, TREN. The temperature was increased to 50 °C
and 6 pL (0.052 mmol) of benzyl chloride was injected.
The reaction was carried out at 50 °C overnight. After the
reaction, the reaction mixture was diluted with 30 mL of
DMEF. The product was precipitated into diethyl ether, filtered
and dried under vacuum a 50 °C. Yield: 87.4%. For removal
of CuCl, a solution of the product in chloroform (2%, w/v)
was mixed with Dowex Marathon MSC hydrogen form
ion exchange resin at room temperature for 20 h. Copper
elemental analysis: <3.0 ppm. 'H-NMR (CDCI,, 300 MHz):
8 = 0.970-2.226 (3H, m, CH,CH), 5.932-6.647 (2H, d,
pyridine), 8.318 (2H, s, pyridine). M, (GPC) = 61000, b
(GPC)=1.2.

2.9 Synthesis of diblock copolymer poly (y-benzyl-L-
glutamate)-b-poly (4-vinyl pyridine) (PBG-b-P4VP)

For PBG1-b-P4VP,0.243 g (0.05 mmol) of PBGI_Cl,9.9
mg (0.1 mmol) of CuCl, 26.3 uL (0.1 mmol) of Me6TREN
dissolved in 2.16 mL of dry DMF were used. For PBG2-b-
P4VP, 1.21 g (0.1 mmol) of PBGI_Cl, 19.8 mg (0.2 mmol)
of CuCl, 52.6 uL (0.2 mmol) of Me6TREN dissolved in
4.3 mL of dry DMF were used. Procedure: In a dry flask
under nitrogen atmosphere, PBGl_Cl and CuCl were added.
Then, a solution of Me, TREN in dry DMF was injected
to the flask, followed by the injection of 2.16 mL (0.02
mol) of 4-vinylpyridine. The flask was stirred at 100 °C
for 12 h. After the reaction mixture was cooled down, the
reaction mixture was diluted by adding 25 mL of DMF and
precipitated in 500 mL of diethyl ether. A solution of the raw
product in chloroform (2%, w/v) was mixed with Dowex
Marathon MSC hydrogen form ion exchange resin at room
temperature for 20 h to remove CuCl. Then, the copolymer
product was precipitated in toluene twice. The received
product was dried under vacuum overnight. Yield: 65—70%.

3. Results and Discussion

The BG and BG-NCA monomers were synthesized
according to previous procedures®. PBG was synthesized
via ring-opening polymerization of BG-NCA using the
“living” process reported by Schué and coworkers!’.
Conducting the polymerization at 0 °C has been addressed
to suppress significant side reactions, resulting in “living”
amine chain ends"*\. Two polymers with designed degrees of
polymerization (DPs) of 25 and 50 were prepared and named
as PBG1 and PBG2, respectively. Figure 1 presents the 'H
NMR spectra of BG, BG-NCA, PBG1 and PBG 2, with all
the peaks characteristic of their structures. The formation of
the NCA ring structure is confirmed by the peak at 6.7 ppm
attributed to the amide NH proton and the peak at 4.4 ppm
ascribed to the ring methine (CH) proton. The structure of
BG and BG-NCA was further confirmed by FT-IR analysis
(Figure 2). The FT-IR spectrum of BG showed a very broad
vibrational absorption region of overlapping bands in the range
0f3033-2600 cm™ attributed to acid O-H and NH, stretches,
an acid C=0 stretching band at 1577 cm’!, a benzyl ester
C=0 stretching band at 1722 cm™! and a band at 730 cm!
ascribed to the aromatic C-H out-of-plane bending vibration.
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characteristic absorption bands at ~3250 cm™ (amide N-H
stretch), 1771 cm™ (anhydride carbonyl symmetric stretch),

The formation of BG-NCA structure was supported by the
1726 cm™ (benzyl ester C=0 stretch), 1701 cm™! (amide I).

disappearance of the broad band regions corresponding
to (CO)O-H and NH2 vibrations, and the appearance of
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Figure 1. 'H NMR spectra of BG, BG-NCA, PBG1 and PBG2.
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Synthesis of well-defined polypeptide-based diblock copolymers

The "H NMR spectra of the resulting polymers PBG1 and
PBQG?2 also revealed peaks typical of the polymer structure,
with shift of the amide NH peak to 8.3 (Figure 1, PBG1). In
the presence of a few drops of TFA to eliminate aggregation
of polymer chains, the amide NH signal at 8.3 ppm became
sharper (Figure 1, PBG2). By comparing the integral ratio
between peak b at 4.4 ppm (ring methine) and g at 0.86 ppm
(CH, of the n-hexyl end group), DPs values of 21 (M, =4601)
and 54 (M_ = 11840) were determined for PBG1 and PBG2,
respectively. The GPC results gave just slightly higher values
of M, of 6600 and 13200 g mol" and D values of 1.23 and
1.26 for PBG1 and PBG2, respectively (Table 1). The good
agreement between the resulting and designed molecular
weights suggested a relatively controlled NCA-ring opening
polymerization process was obtained. PBGs were further
coupled with 4-(chloromethyl)benzoyl chloride to give
polymers (named as PBG1_Cl and PBG2_Cl) end-capped
with (chloromethyl)benzoyl group that can be used as an
initiating group for the ATRP process. According the chloride
analysis results of PBG_Cl polymers, capping efficiencies of
76.9 and 82.1% for PBG1_Cland PBG2_Cl, respectively.

PBG-b-P4VP was then synthesized via the ATRP of 4-vinyl
pyridine (4-VP) from the macroinitiator PBG-Cl. PBG-Cl
and CuCl were dissolved in anhydrous dimethylformamide
(DMF), followed by the addition of 4-VP and Me, TREN.
The temperature was increased to 100 °C and the reaction
was left overnight. It should be noted that the ATRP of 4VP
using PBG_Cl as macroinitiator at room temperature and
at 50 °C did not result any trace of P4VP block. After the
reaction, the diblock copolymer product was recovered by

precipitation into diethyl ether to eliminate the unreacted
4VP monomers. The copolymer was further purified by
double precipitation in toluene, which is a good solvent
for PBG but a poor solvent for P4AVP and its copolymers.
Therefore, the unreacted PBG polymer could be removed.
In a comparison of the 'H NMR spectra of the diblock
copolymers with that of PBG1_Cl, new peaks attributed
to the pyridine ring protons at ~8.3 and 6.4 ppm and to the
backbone methylene and methine protons at around 2.8-0.8
ppm of P4AVP block were observed (Figure 3). By comparing
the integral ratio between the peak corresponding to the
pyridine ring (peak x or y, Figure 3) and the peak arising
from the methine proton of the PBG block (peak b, Figure 3),
the ratio between the DPs of two blocks were estimated.
Taking into consideration of the DPs of PBG1 and PBG2
(determined by '"H NMR), DPs values of the P4VP block
were determined to be 399 and 168 for PBG1-5-P4VP and
PBG2-b-P4VP, respectively.

Figure 4 compares the GPC curves of the diblock
copolymers with those of corresponding macroinitiators.
The GPC curves of the copolymers clearly shifted to the
higher molecular weight values, indicating the successful
formation of the diblock copolymer structure. The GPC
results also showed acceptable molecular weight distribution
(D) values of 1.46 and 1.66 for PBG1-b-P4VP and PBG2-
b-P4VP, respectively (Table 1).

Figure 5 compares the FT-IR spectra of the homopolymers
PBG and P4VP with those of diblock copolymers PBG1-b-
P4VP and PBG2-b-P4VP. The structure of the polypeptide

1577 1771
1722
730 1722 730
701
BG
BG-NCA
3200 2400 1600 800 3000 2500 2000 1500 1000
Wavenumber (cm-1) Wavenumber (cm-1)
Figure 2. FT-IR spectra of BG and BG-NCA.
Table 1. Molecular weight characteristics of PBGs and PBG-b-P4VPs.
DP of DPof DPof M, of polymer/
Polymers ::lP (:f:]?i();n P4vVP mft*ﬁcizict}i]a(:fr“ Yield (lt)hP 0: l::t:l]ll;c PBG P4VP copolymer (GMPHC) (G}I:C)
eSIZNC) (designedy ™A 0 coretical)”  (NMR) (NMR) (NMR)
PBGl 25 76.9% 94% 21 4604 6600 1.23
PBG1-b- 400 70% 364 399 46,669 60,800 1.46
P4VP
PBG2 50 82.1% 95% 54 11840 13200 1.26
PBG2-b- 200 65% 158 168 29,506 32000 1.66
P4VP

“calculated from monomer and initiator/macroinitiator feed ratio; *from chloride elemental analysis of PBG_Cl; °calculated taking into account

the efficacy of macroinitiator and yield of polymerization of 4VP.

Polimeros, 35(3), 820250031, 2025
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Figure 3. 'H NMR spectra of PBG1_Cl, PBG1-b-P4VP and PBG2-5-P4VP.

PBG was again confirmed by FT-IR analysis, as indicated
by characteristic vibrational absorption bands of amide
and ester groups at 3293 cm-1 (amide A), 1728 (ester C=O
stretch), 1650 cm-1 (aSmide I) and 1543 (amide II). The FT-
IR spectrum of P4VP revealed vibrational absorption bands
typical of the pyridine ring, including bands at 1596-1556
cm! (doublet, pyridine ring stretches), 993 cm™! (pyridine
ring breathing mode) and 818 cm™ (pyridine C-H out-of-
plane deformation).

6/11

The differential scanning calorimetry (DSC) heating
and cooling scans of the PBG and P4VP homopolymers
showed glass transitions at 15.3 and 154.3 °C, respectively
(Figure 6). For PBG1-b-P4VP, due to the large length of the
P4VP block (DP of P4VP =399) relative to the PBG block
(DP of PBG =21), only a glass transition attributed to the
P4VP block was detectable at a somewhat lower temperature
0f 149.6 °C. On the other hand, the DSC result of PBG2-b-
P4VP revealed both glass transitions related to both PBG and

Polimeros, 35(3), 820250031, 2025
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Figure 4. GPC curves of PBG1 and PBG1-b-P4VP (a), and of PBG2 and PBG2-5-P4VP (b).
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Figure 5. FT-IR spectra of PBG, PAVP, PBG1-5-P4VP and PBG2-b-P4VP.

P4VP blocks at 15.5 and 136.5 °C, respectively, indicating
the diblock copolymer structure. The clearly lower glass
transition temperature of P4VP block in PBG2-b-P4VP
compared with that of the P4VP homopolymer could arise
from hydrogen bonding interactions between the two blocks.

The thermogravimetric analysis (TGA) results showed
that while P4VP was thermally stable up to 325 °C, PBG
started to degrade at 265 °C (Figure 7). However, PBG had a
relatively high char yield of 14.2% where as P4VP decomposed
completely. The TGA curves of the diblock copolymers
revealed a two-step degradation process corresponding to
consecutive decompositions of the PBG block and P4VP
block. The weight loss of the first degradation step and the
char yield was well relevant to the weight fraction of the
PBG block in the diblock copolymers (Table 2).

Polimeros, 35(3), 820250031, 2025

Thin films of the diblock copolymers were prepared
on silicon wafers via spin-coating and their morphologies
were investigated by atomic force microscopy (AFM). As
shown in Figure 8a, the film matrix of the film matrix
PBG1-b-P4VP before annealing was quite flat and
homogeneous. Some round holes with different diameters
were distributed randomly. The reason of forming these
holes is still not clear. The ring-in-ring structure in the
right and left corners might be due to fast, inhomogeneous
evaporation of the solvent, as the domains inside and
outside the rings had the same height and composition.
Interestingly, after annealing with the vapor of chloroform
as a good solvent, the hole structure disappeared, and there
appeared some white, drop-like domains embedded in the
matrix. The edges of the drop-like domains were rather
sharp. Taking the phase image into account (Figure 8a-D),
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Table 2. Weight loss and char yield values obtained from the TGA results.

Weigh fraction of PBG block®  Weight loss at 340 °C Char yield_theoretical® Char yield_TGA
PBG1-b-P4VP 10% 12% 1.4% 2.1%
PBG2-b-P4VP 40% 41% 5.7% 7.3%

‘calculated from the Mn values determined by '"H NMR method (Table 1); calculated from the char yield of the PBG homopolymer and the

weight fraction of the PBG block in the diblock copolymers.
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Figure 6. DSC thermograms of PBG, P4VP, PBG1-b-P4VP and PBG2-b-P4VP.
it is very clear that the drop-like domain belonged to the
PBG block and the matrix was formed of the PAVP block. 100 (2) PBG
i i i d (b) P4VP
The explanation f(')r.thls could be that th(? PBG hehs:es 50| R i
were much more rigid than P4VP coil chains and during _ (d) PBG2-b-P4VP
the solvent annealing process, the helices remained intact g o
while P4VP coils were swollen. )
2
The AFM images of PBG2-5-P4VP are shown in 2 40+
Figure 8b. Before annealing (Figure 8b-A and B), the film
surface had an island-like structure. These “islands” had a 20+
higher boundary but lower inside domain, and their sizes
were not uniform. This was probably due to relatively 01
broader polydispersity (D = 1.66) of PBG2-b-P4VP. After W5 900 %0 40 ©i0 60 7o 8

chloroform vapor annealing, phase separation became
more obvious. From the topographic image (Figure 8b-C),
it was clear that instead of the island-like structure, an
inhomogeneous network was formed. For both copolymers,
drop-like and round-like domains after long-time annealing
process converted to partly orientated “worm-like”” domains
of rod-like PBG block situated in the matrix of coil-like
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Temperature (°C)

Figure 7. TGA curves of PBG, P4VP, PBG1-6-P4VP and
PBG2-b-P4VP.

P4VP block. It indicates that during the annealing process,
phase rearrangement occurred.
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a) PBG1-56-P4VP

0 nm 30 nm

b) PBG2-b-P4VP

0 nm 30 nm

0 nm

30 nm

Figure 8. AFM images (5 um x 5 um) of PBG1-5-P4VP (a) and PBG2-b-P4VP (b) before annealing (A: topographic image, B: phase
image) and after 3-day-chloroform vapor annealing (C: topographic image, D: phase image).

4. Conclusion

Two PBG-bH-P4VP diblock copolymers with different block
length ratios were successfully synthesized through “living”
NCA ring-opening polymerization at 0 °C in combination
with ATRP in DMF at 100 °C. Their chemical structures were
confirmed by '"H-NMR, and ATR-FTIR. Their molecular
weights and thermal properties were characterized by GPC,
TGA and DSC. In addition, the AFM results of thin films
of the diblock copolymers proved that solvent annealing
rearranged phase domains prompting micro-phase separation.
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