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Abstract : ABA-type block copolymer composed of poly(£-benzyloxycarbonyl L-lysine) (PCLL) as the
hydrophobic part and poly{ethylene glycol) (PEG) as the hydrophilic one was synthesized and its micro-
structure was investigated by differential scanning calorimetry {DSC), transmission electron microscopy
(TEM) and dynamic mechanical thermal analysis {DTMA). From their results, the block copolymer
revealed microphase-separated structure. The T,s of the PCLL in the copolymer decreased with an
increase in PEG content and the T,s of PCLL obtained by DSC were compared with those of PCLL

obtained by DMTA.

Introduction

Block copolymers are substances composed of
two or more types of polymeric segments com-
bined linearly in the macromolecular chain. These
block copolymers have been atiracted in the fields
of thermoplastic elastomer, surfactants, blending
agents, antistatic agents, impact-resistance modifi-
ers and biomaterials." The block copolymers com-
prising two kinds of incompatible polymer chains
usually undergo microphase separation. Espe-
clally, block copolymers exhibiting microphase-
separated structure have paid much attention for
biomedical application? Qkano et al.’® reported
that the block copolymers having hydrophilic-
hydrophobic microdomain structures exhibit non-
thrombogenicity, both in vivo and ex vivo, due to
a marked suppression of the activation of adher-
ent platelets. Cho et al.* also reported that the
block copolymers having hydrophilic-hydropho-
bic microdomain structures exhibit nonthrombo-
genicity. Yui et al.’ found that the crystallinity of
polyamides was closely related with the adhesion
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behavior of platelets on their surfaces, suggesting
the importance of the microstructure composed
of crystalline and amorphous phases to suppress
platelet adhesion.

In previous study,’ we reported synthesis and
structural study of ABA-type block copolymers
composed of poly(e-benzyloxycarbonyl L-lysine)
(PCLL} as the A component and poly(ethylene
glycol} (PEG) as the B component.

In this study, we wish to report microphase-sep-
arated structure of PCLL/PEG/PCLL triblock copo-
lymer by transmission eleciron microscopy (TEM},
differential scanning calorimetry (DSC) and dyna-
mic mechanical thermal analysis (DMTA).

Experimental

Materials.

Amine-Terminated PEG (ATPEG): The
ATPEG (from Texaco Chem. Co.} was purified by
dissolving it in chloroform, then precipitating in a
50-fold excess of diethyl ether and hexane (50/50,
v/iv). It was used as the initiator of the polymeriza-
tion of e-benzyloxycarbonyl L-lysine N-carboxy-
anhydride. According to the manufacturer's data,



Microphase-Separated Structure of PCLL/PEG/ PCLL Block Copolymer

it has a number-average molecular weight of
2,000 and the primary amine content of ATPEG
was 90% of chain end groups.
g-Benzyloxycarbonyl L-Lysine N-Carboxy-
anhydride (CLL-NCA): It was prepared accord-
ing to the method proposed by Goodman et al.”

PCLL Homopolymer: The homopolymer was
obtained by polymerization of CLL-NCA initiated
by triethylamine in 1,4-dioxane with a monomer-
to-initiator mole ratio of 25.

PCLL/PEG/PCLL (LEL) Block Copolymer:
The reaction scheme is shown in Figure 1. The
LEL block copolymer was prepared by polymer-
ization of CLL-NCA initiated by the ATPEG in
methylene chloride at a total concentration of
CLL-NCA and ATPEG of 3% (w/v) at 25°C for 72
hr. Once the characteristic C=0 stretching absorp-
tions of CLL-NCA at 1785 and 1860 cm’ in the
IR spectrum had disappeared in the course of
polymerization (up to 72 hr}, the reaction mixture
was poured into a large excess of diethyl ether to
precipitate the LEL block copolymer. The result-
ing copolymer was washed with diethyl ether and
methanol, and then dried in vacuo. PEG does not
precipitate from a mixture of methylene chloride
and diethyl ether. It can be assumed, therefore,
that the precipitate obtained here does not con-
tain the unreacted PEG but only PCLL/PEG/
PCLL triblock copolymers and PCLL/PEG diblock
copolymers. The yields of obtained LEL-1, LEL-2
and LEL-3 are 42.4, 51.3 and 54.1%, respectively.

Measurements.

&

'H.NMR Spectroscopy: 'H-NMR {80 MHz)
spectra of the block copolymers were measured to
estimate the composition and molecular weight of
the copolymers, using a Bruker WP 80 SY FT-
NMR spectrometer in deuterated chloroform
(100%) containing 2% by volume of frifluoroace-
tic acid. As the number-average molecular weight
(2,000) of PEG is known, the number-average
molecular weights of the PCLL block and of the
copolymer can be estimated from the copolymer
composition via the peak area ratio assigned to
both homopolymers.

FT-IR Spectroscopy: IR spectrum of soild
films of samples cast from CHCk solution was
measured with a Bruker IFS-66 FT-IR spectrome-
ter between 4000 and 400 cm’.

Transmission Electron Microscopy (TEM):
A thin film was prepared at room temperature by
casting the block copolymer solution in CHCY
hexafluoroisopropyl alcohol (HFIP) mixture on a
carbon film coated on a copper grid for TEM
observation. The specimen on the copper grid
was stained by RuQ, in the vapor phase above an
aqueous RuQ), solution containing an excess
NalQ, which was prepared according to the me-
thod by Trent’ The staining was done in a flask
equipped with a tight cap which was kept at room
temperature for 30 min in a hood. Observation
was done at 75 kV in a Hitachi H-300 TEM.

Glass Transition Temperature (T,): The T;s
of the polymers were measured using a Mettler
DSC-30 differential scanning calorimeter with a

H N-CH-CHyHOCH,CHy-OCH,~CH-NH; | 25C T2
CH3 t Y CI’I3 CH"C CH‘CI
ATPEO (CHy), © i
NH —CO()CH 2C6I'15
CLL—NCA
HJ[NH-CH-C NH-CH-CH; HZCHZTOCHTCH—NH O-CH-NH[H
(¢H2_)é x Hs iy H; (éI:HZ% Z
NH-COOCH,C¢Hs NH-COOCH-C¢Hs

LEL block copolymer

Figure 1. Synthesis of PCLL/PEG/PCLL triblock copolymer.
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TC-10 microprocessor at a scan speed of 20°C/
min.

Dynamic Mechanical Thermal Analysis
{DMTA): The DMTA profiles of the polymers
were obtained by a vibrating reed method in the
form of bars using Polymer Laboratory PL-DMTA
MK COMB. The measurements were taken over a
temperature range of -50 to 60°C at a frequency
of 3 Hz and a heating rate of 2°C/min.

Results and Discussion

Characterization of the Block Copolymers.
The copolymer was prepared by polymerization
of CLL-NCA initiated by the amine-terminated
PEG in methylene chloride (Figure 1). The reac-
tion mixiure may contain unreacted amine-termi-
nated PEG, PCLL/PEG diblock copolymers with
one unreacted amine group originating from the
PEG, and the desired PCLL/PEG/PCLL (abbrevi-
ated as LEL) triblock copolymers. The initiator
{the amine-terminated PEG) cannot be precipi-
tated from a mixture of methylene chioride and
diethyl ether, although the latter is a non-solvent
for PEG. By adding diethyl ether to the reaction
mixture, the PCLI/PEG and PCLL/PEG/PCLL
block copolymers precipitated were collected on a
filter, while the unreacted amine-terminated PEG
remained in the filtrate.

In Table I are listed mol% of PEG and molecu-
lar weight of the copolymers obtained from "H-
NMR spectra. The copolymer composition and
the molecular weight were estimated from peak
intensities of phenyl protons signal (7.4 ppm) of
the PCLL block and the ethylene protons signal
(3.9 ppm) of the PEG block in the NMR spec-
trum. Figure 2 shows the representative 'H-NMR

Table 1. Characterization of PCLL Homopolymer
and LEL Block Copolymers Prepared

Content of Monomeric Units (mol%)" i

Polymer n
PEG PCLL

PCLL 0.0 100.0 -

LEL-1 17.0 83.0 60,200

LEL-2 50.1 499 13,800

LEL-3 74.8 252 6,000

“Content of monomeric units in the block copolymers
was estimated by the 'H-NMR measurement.
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Figure 2. 'H-NMR spectrum of the LEL-2 copolymer.

spectrum of the LEL-Z copolymer.

Assuming that all the amino groups of PEG,
whose content is 90 mol% of the chain ends, par-
ticipate in the polymerization, the number-aver-
age molecular weights, M,, of the copolymer and
the PCLL block can be calculated from the copoly-
mer composition and the molecular weight of
PEG chains.

Figure 3 shows representative IR spectrum of
LEL-2 block copolymer cast from chloroform. It
was found that the amid 1, II, and V bands of the
LEL-2 block copolymer appeared at 1650, 1550,
and 615 cm” respectively, at the same wavenum-
bers as for PCLL homopolymer,

|
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Figure 3. IR spectrum of the LEL-2 copolymer cast from
CHCl.
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Figure 4. TEM photographs of thin films of the LEL-1
(a), LEL-2 (b}, and LEL-3 (c) block copolymers cast from
CHCIy/HFIP mixture onto a thin carbon film and stained
by RuQ..

Microstructure of LEL Block Copolymer.
Figure 4 shows TEM micrographs of thin films of
the LEL-1(a), LEL-2(b), and LEL-3(c) copolymers
cast from CHCl/HFIP mixtures onto carbon film
coated onto copper grid and stained with RuQ,.
By close observation, it was found that bright and
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dark images were seen in all cases, demonstrating
that the block copolymers showed microphase-
separated structure consisting of bilayers. It was
found that the dark part increases with increasing
PEG content in the copolymers. Thus it seems
that the bright part should be assigned to the
PCLL layer and the dark one to the PEG layer.
This darkening is due to RuQ; selectively diffusing
into PEG domains.

In Figure 4(a) is seen nearly parallel, bright stri-
ations ca. 10 to 20 nm long and ca. 2 to 3 nm
thick. Taking into consideration the averae ex-
tended chain length of 16.6 nm and the inter-
chain distance of 1.73 nm estimated from the
spacing of 1.5 nm obtained by x-ray diffraction’
it might be regarded that the striations are aggre-
gates or crystals of several PCLL chains.

In Figure 4(b} is seen parallel, striations ca. 2
nm thick, each of which consists of alternating
bright domains ca. 3 nm long and dark domains
ca. 1 nm long. Taking into consideration the aver-
age extended chain length of 2.3 nm for the
PCLL of this copolymer, only few PEG chains
seem to be contained in one bright domain and
aligned parallel to the longitudinal direction of the
striation.

In Figure 4{c) is seen microfibrils several hun-
dred nm long and ca. 20 nm thick. As the length
and thickness of the microfibrils are far beyond
the sizes of the PEG and PCLL chains, it may be
regarded that they are formed by some sort of
crystallization. The microfibrils consist of a micro-
phase-separated structure similar to a mosaic
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Figure 5. DMTA profiles of LEL-2 (1} and LEL-1 (2}
block copolymers and PCLL homopolymer (3) at 3 Hz.
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Table I1. The Glass Transition Temperatures of PCLL Homopolymer and LEL Block Copolymers

Polymer Content of PEG T4(°C) by DSC T4{°C) by DMTA
in mol% PEG PCLL PCLL

PCLL 0.0 381 27.6

PEG 100.0 -42 - -

LEL-1 17.0 20 28.6 24.1

LEL-2 50.1 21 23.8 21.4

LEL-3 74.8 23 19.0 N.M.*

*Non-measurable,

structure.

Figure 5 shows DMTA profiles of PCLL homo-
polymer and LEL block copolymers at the fre-
quency in 3 Hz. Here the & peak shift was plotted
versus temperature. The tan 8§ peak plotted
against temperature is generally the o-peak,
which is associated with the T,. The tan & peak for
PCLL homopolymer, LEL-1 and LEL-2 block
copolymer attributed to the T, of the PCLL, was
observed at 27.6, 24.1, and 21.4°C, respectively,
indicating that the T, of PCLL in the copolymer
decreased with an increase of PEG content. The
resulting spectra showed significant differences in
the temperature of the damping against PEG con-
tent in the copolymer. It seems to be due to flexi-
ble chain of PEG in the copolymer. But the o-
peak of the LEL.-3 could not be measured due to
the failure of the preparation of specimen. The
observed T,s of the PCLL in the copolymer were
shown in Table II. Also, the T;s of PEG and PCLL
in the copolymer measured by DSC were also
shown in the Table II. From the results of DSC
measurement, it was found that two T,;s were
obtained for all the block copolymers, indicating
the microphase-separated structure of the copoly-
mers. The T, of the PCLL in the copolymer
decreased with an increase in PEG content as the
similar tendency of DMTA results. Also, it may be
supposed that the T;s of the PCLL in the copoly-
mer decreased with the decrease of molecular
weight of the PCLL. But there are not many dif-
ferences of T,s of PCLL in the copolymer between
DSC results and DMTA ones. Furthermore, no
endothermic peak was observed for the block
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copelymers around the melting temperature (58°C)
of PEG. This may indicate that PEG chains are
amorphous soft segments with a restricted chain
mobility.

Conclusively, ABA-type block copolymers com-
posed of PCIL as the hydrophobic part and PEG
as the hydrophilic part revealed microphase-sepa-
rated structure. The T of the PCLL in the copoly-
mer decreased with ‘an increase of PEG content
and the T,s of PCLL obtained by DSC are similar
to those of PCLL obtained by DMTA.
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