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Abstract

Physicochemical properties of PBLG (poly(γ -benzyl-L-glutamate))–PEO (poly(ethylene oxide)) diblock copolymers composed of P
as the hydrophobic rod component and PEO as the hydrophilic component were investigated at the air–water interface. Surface pr
isotherms obtained by the Wilhelmy plate method provide several variables such as molecular size, compressibility of PEO, an
energy change of the PBLG–PEO block copolymer. GE-1 (Mw of PBLG:PEO= 103,700:12,000), with a relatively longer rod, has nega
temperature effects and GE-3 (Mw of PBLG:PEO= 8400:12,000), with a relatively shorter rod, shows a positive temperature effect be
of the large entropy loss. These competitions were based on the block size of PBLG and PEO and were affected by various micr
of the PBLG–PEO diblock copolymer. Monolayer aggregations transferred onto mica from the air–water interface were analyzed w
AFM images of GE-1 monolayers show cylindrical micelles, but the self-assembled structure has many large domains. The mo
GE-2 (Mw of PBLG:PEO= 39,800:12,000), which has a medium size rod, forms a spherical structure at the air–water interface
layers of GE-3, with a short rod length, form bilayer structures. These results demonstrate that the microstructures of PBLG–PE
copolymers are related to free energy changes between rod and coil blocks.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Rod–coil molecules consisting of a rigid rod block a
a flexible coil block are a novel type of block copolym
with a unique microstructural organization held together
noncovalent forces including hydrophobic and hydroph
effects, electrostatic interactions, and hydrogen bond
These forces control the phase behavior of these rod
molecules. Formation of anisotropic structures is the m
factor in the microphase separation of the coil and
blocks. Rodlike molecules have been widely studied. T
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exhibit liquid crystalline ordered phases such as nem
and/or layered smectic types of supramolecular structu
in which the molecules are arranged with their axes par
to each other[1–5].

Polymers with a stiff helical rodlike structure have ma
advantages over other synthetic polymers because the
ten possess stable secondary structures due to coope
intermolecular interactions. Theα-helical secondary struc
ture enforces a rodlike structure, in which the polypep
main chain forms the inner part of the rod[6–8]. This rod-
like feature is responsible for the formation of thermotro
and lyotropic liquid crystalline phases[9–13].

Incorporation of an elongated coillike block into the he
cal rod system in a single molecule is a unique way to cr
new supramolecular structures. The microstructures of
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coil polymers arise from a combination of organizing forc
including the immiscibility of the two blocks and the sp
cific interactions between the rod blocks. Differences in
rod–coil ratio, which affects molecular packing and crea
a thermodynamically stable microstructure, drive the form
tion of a variety of self-assembled microstructures such
lamellae, cylinders, micellar cubics, close-packed sphe
and disordered melts[14–16].

Semenov and Vasilenco (SV) initiated a theoretical st
of the phase behavior of rod–coil block copolymers,
which they introduced four new terms: ideal gas entro
of mixing, steric interaction between rods, coil stretchi
and unfavorable rod–coil interaction[17]. Muller and Schick
(MS) also studied the phase behavior of rod–coil molec
by applying numerical self-consistent field theory within t
weak segregation limit[18]. Their findings emphasized th
importance of the conformational entropy of the flexib
component. Though these studies provide valuable qua
tive information about rod–coil block copolymers, they
not sufficiently improve the quantitative understanding
rod–coil block copolymer phase behavior.

Monolayers at the air–water interface provide an imp
tant and convenient model system for investigating the
havior of rod–coil copolymers[19–22]. When amphiphilies
are studied as Langmuir monolayers, the reduction in
face energy is expressed as the surface pressure,π = γ0 −γ ,
whereγ0 andγ are the surface tensions of the clean wa
and monolayer-covered surfaces, respectively. Accordin
pressure–area isotherms obtained by the surface film
ance technique provide information about the stability
structure of the monolayer through experiments that cha
the temperature, pH, and other variables. In addition,
Langmuir–Blodgett (LB) technique allows the fabrication
ultrathin films through the deposition of monolayers fro
the air–water interface to solid substrates[23]. Indeed, LB
films typically exhibit a high degree of orientational ord
that is induced at the water surface by two-dimensional g
metrical restrictions.

The rod–coil molecule used in this study is poly(γ -
benzyl-L-glutamate) (PBLG)–poly(ethylene oxide) (PE
block copolymer. PBLG is hydrophobic, while PEO is h
drophilic [24]. PBLG is a synthetic polypeptide having
typical rigid α-helical conformation stabilized by hydroge
bonds. PBLG is soluble in several solvents due to fav
able interactions between the solvent and the pendent be
side groups. The lyotropic liquid crystalline phases exhib
by PBLG have served as important model systems for
ordering theories of the liquid crystalline state. In additi
the interfacial behavior of PBLG and its derivatives has
ceived a great deal of attention from researchers who w
to engineer functional surface arrays for electronics app
tions. Thus, PBLG is a useful model in the research of ph
behavior of rigid polymers. In addition, PEO is one of t
best-studied homopolymers, which forms a self-assem
structure by chain folding[25,26]. PEO is surface active, bu
it forms an insoluble monolayer despite being water-solu
l

Fig. 1. Synthesis scheme of PBLG–PEO diblock copolymer.

at moderate temperatures in all proportions. PEO is a
tral and biodegradable polymer, so it is used for numer
biological and medical applications.

In this study, the monolayer behavior of PBLG–PEO
block copolymers having the same PEO chains and diffe
PBLG chain lengths at the air–water interface was inv
tigated. Using pressure–area isotherms collected at d
ent temperatures, the energy relationship between rod
coil as a function of rod length was examined[27–29]. In
conjunction, the microstructures of these monolayers ba
on the energy relationship were investigated using A
(atomic force microscopy).

2. Experiment

2.1. Materials

γ -Benzyl-L-glutamate N-carboxyanhydride (BLG–NCA
was prepared according to the method described by G
man et al.[30]. Monoamine-terminated poly(ethylene oxid
(PEO,Mw = 12,000) was kindly supplied by Nippon O
and Fat Co. The PBLG (poly(γ -benzyl-L-glutamate))–PEO
(poly(ethylene oxide)) diblock copolymers were prepa
by the ring-opening polymerization of BLG–NCA initiate
with primary-amine-terminated PEO in methylene dich
ride. The reaction scheme is shown inFig. 1. PBLG–PEO
block copolymer composition was estimated from the p
intensities of the NMR signal of methylene protons of
PBLG block (5.0 ppm) and the signal of the ethylene p
ton (3.6 ppm) of the PEO block. All of the block copol
mers contained poly(ethylene oxide) of 273 monom
and poly(γ -benzyl-L-glutamate) part of 419, 182, and 3
monomers. The characteristics of the block polymer PBL
PEO are summarized inTable 1. Chemical conformation an
bulk properties of these polymers have been discussed i
previous paper[24].

2.2. Surface pressure measurement

The surface pressure–area isotherms were obtaine
ing a film balance (KSV 3000) with a platinum Wilhelm
plate. Surface pressure–area isotherms were measure
side a Teflon trough mounted within a thermostatic cha
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Table 1
The molecular weight and the monomer ratio of GE-1, GE-2, and GE-

Polymer Mw
a Monomer unit ratiob c

GE-1 103,700 60.5:39.5

GE-2 51,800 40.0:60.0

GE-3 20,400 12.5:78.5

Note. The pictures show the molecular models of each copolymer afte
ergy minimization.

a PEOMw 12,000.
b PBLG:PEO ratio obtained by the relative ratio of NMR signals.
c Molecular modeling of PBLG–PEO after energy minimization.

ber. Subphase temperatures were maintained at 10, 20
30± 0.5 ◦C. The aqueous subphase was purified and de
ized using a Millipore purification system (Milli-Q; resi
tivity 18.2 M� cm) equipped with an organic removal ca
tridge. Insoluble monolayers were prepared by dissolv
copolymer samples in HPLC grade chloroform (Sigm
Aldrich Corporation) at concentrations ranging from 0.1
0.4 mg/ml. Samples of 80–150 µl of solution were spre
evenly over the water surface in small drops. After comp
evaporation of the chloroform (about 20 min), the layer flo
ing on the subphase was compressed symmetrically by
mobile barriers at a constant speed (7 mm/min). As mea-
sured by the compression–expansion scans, the solu
increases of these molecules on the air–water interface
negligible. Most surface pressure–area (π–A) isotherms
were measured several times. Typical reproducibility fo
given area was±0.2 mN/m.

2.3. Atomic force microscope (AFM) measurements

Monolayers on the water surface were deposited o
freshly cleaved mica substrates, which were pulled from
water while the film was compressing at a constant con
tration (the vertical dipping method). The film was dri
for about 20–30 min under ambient conditions. The s
ples were analyzed in noncontact mode with a comme
AFM (PSIA) equipped with microfabricated V-shaped s
icon nitride cantilevers. The transfer of monolayers to
solid substrate did not introduce any artifacts. Microdom
dimensions were determined from top-view AFM imag
and data cross sections of these micrographs.

3. Result and discussion

3.1. Surface pressure–area isotherms

Surface pressure–area isotherms recorded for sp
monolayers of GE-1, GE-2, and GE-3 are presented
Fig. 2. For GE-1, the first increase in surface pressur
noted at a surface area of 370 nm2/molec. The initial slope is
moderate, but increases abruptly as the surface area bec
smaller than 175 nm2/molec, and dramatically increas
d

d

es

Fig. 2. Surface pressure–area isotherms of GE-1, GE-2, and GE-3
air–water interface: [I] gaseous, [II] liquid expanded, [III] liquid condens
[IV] solid.

when the surface area becomes less than 100 nm2/molec.
The three isotherms have similar shapes but the lift
points are different. Upon compression, the PBLG isoth
curve of PBLG has plateau regions, due to the formatio
a bilayer, which is one of the characteristic properties o
rigid rodlike polymer.

Malcolm reports that a cylindricalα-helical polypeptide
monolayer on the water surface is composed of a num
of individual molecules, which are formed from the low
layer and become nuclei for the formation of a second la
at the collapse pressure[31]. If the solid portion of the
isotherm is extrapolated to zero surface pressure, the
tercept gives the area per molecule that would be expe
for the hypothetical state of an uncompressed close-pa
layer. For BLG, the measured limiting area per residue
0.197 nm2 at 20◦C [32]. The pressure of the PEO monolay
increases slowly with a plateau occurring at 10 mN/m. This
slow increase in surface pressure at low coverage is du
the increase of intermolecular interactions between the
molecules. After the formation of the PEO monolayer at
air–water interface, a PEO brush gradually forms in the l
plateau region. The behavior of the monolayers of dibl
copolymers consisting of PEO and PBLG at the air–w
interface can be described by three desorption transit
In region [I], the molecules freely move on the water s
face. A slow increase [II] region is caused by the incre
ing intermolecular interaction of PEO. A gently increas
[III] region results from the gradually desorbed PEO blo
which forms a brush. The sharp pressure increase [IV
gion is attributed to a strongly compressed PEO brush
dominated by the intermolecular interaction of PBLG.Fig. 2
shows that GE-1 has a higher surface pressure than the
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Table 2
Comparison between extrapolated limiting area and supposed area of
GE-2, and GE-3

Polymer Extrapolated areaa (nm2) Supposed PBLG areab (nm2)

GE-1 77.65 82
GE-2 67.18 35
GE-3 35.74 7.4

a Extrapolated area was obtained form theπ–A isotherm.
b BLG area is 0.197 nm2/residue and the PEO area varied with compr

sion at the air–water interface.

molecules at the same molecular area because of the
ger rods. The extrapolated limiting areas of GE-1, GE-2,
GE-3 from this graph are summarized inTable 2. Compared
with these extrapolated limiting area of molecule and the
culated area of PBLG using BLG limiting area per resid
conformation transitions of molecules could be confirm
If PEO were to collapse at about 10 mN/m, the extrapolated
limiting area of GE-1, GE-2, and GE-3 would be equal to
calculated area of each PBLG rod. However, as shown inTa-
ble 2, the two values of GE-1 are similar, but the extrapola
limiting areas of GE-2 are approximately three times big
than the calculated limiting area, and the extrapolated lim
ing area of GE-3 is even larger than the calculated limit
area. This may indicate that the degree of PEO desorpti
affected by the length of the rod.

The monolayer compressibility(β) was determined at
constant temperature using the relationship

(1)β = 1

A

dA

dπ
= d lnA

dπ
,

whereβ is the compressibility, andA is the surface area[33].
Fig. 3 shows the compressibilities of the three monol

ers and their normalized values. For example, it was
timated thatβ of the GE-3 monolayer is 0.73 m/mN at
10 mN/m at 20◦C. The magnitude ofβ indicates the degre
of compression of the molecule. By using the normaliz
concentration (x-axis) we can neglect the effect of differe
molecular weights. GE-3 exhibits the highest compress
ity among the three molecules. It is likely that GE-3 is mo
pliable than the other molecules. In other words, while
molecular weights of the hydrophilic coil parts are equa
each other, the degree of PEO desorption increases wit
length. This relationship is a major factor for the behavio
copolymer. As discussed in Introduction, the surface p
sure,π = γ0 − γ , whereγ0 andγ are the surface tensions
the clean water and monolayer covered surfaces, is an
expression of the surface energy. By differentiatingG with
respect toA, at constant temperature and pressure, one
obtain

(2)γ =
(

δG

δA

)
=

(
δH

δA

)
− T

(
δS

δA

)
,

whereG, H , S, A, T are Gibbs free energy, enthalpy, e
tropy, area per molecule, and temperature, respectively.
face tension is the difference between cohesion and a
sion. The former refers to the interaction energy of the sa
,

-

r

-
-

Fig. 3. Compressibility as a function of the normalized concentration
GE-1, GE-2, and GE-3 monolayers.

molecules and the latter refers to the interaction energ
different molecules. Therefore, surface tension can be
indicator of the energy relationship by the arrangemen
molecules and can be analyzed quantitatively by the in
action between molecules. To investigate the effect of
length on the PEO desorption, isotherm experiments w
performed with the GE-1, GE-2, and GE-3 at various te
peratures.

Fig. 4 shows the pressure–concentration isotherms
GE-1, GE-2, and GE-3 at 10, 20, and 30◦C. The isotherms
for GE-1 and GE-2 exhibit two different regions. In th
dilute region, where surface area concentration is lowπ

increases with increasing temperature. When surface
concentration is high,π decreases with increasing tempe
ture. Unlike the shorter-tailed molecules, the GE-3 molec
with longer flexible tails does not show any transition.

In Fig. 5, the surface pressure at fixed surface concen
tion is plotted against temperature at four levels of surf
coverage from 1.0 to 3.0 mg/m2. There is a clear transitio
from slopeδπ/δT > 0, where

(3)
δπ

δT
= δ(γ0 − γ )

δT
.

Thus, a positive temperature coefficient of surface p
sure implies that surface tension of molecules decreases
increasing temperature. Thus, the adhesion free ener
greater than the cohesion free energy, and vice versa.

According to the Semenov and Vasilenco (SV) theo
the self-assembly of rod–coil copolymers is affected by
tramolecular and intermolecular rod–coil interactions. T
cohesion free energy consists of the rod–rod interaction
ergy and the chain–chain interaction, and the adhesion
energy consists of the incompatibility between rods
chains and the interaction between polymers and water.
interaction energy between polymer and water and the
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Fig. 4. Surface pressure plotted against surface concentration for G
GE-2, and GE-3 at three temperatures (10◦C, solid line; 20◦C, dashed line
30◦C, dotted line).

compatibility between rods and coils can be neglected
cause these are not affected by the molecular weight
by the kind of molecule. Therefore, adhesion energy ca
neglected. A positive temperature coefficient of surface p
sure indicates a decrease in the surface tension. This m
that the entropy decreases according to the increase of
stretching energy. On the other hand, a negative temper
coefficient of surface pressure indicates that surface ten
of the monolayer increases. This means that the enth
decreases as the aggregation of PBLG rods increases. In
clusion, when the PEO stretching energy is greater than
PBLG packing energy, the temperature coefficient of
face pressure is positive. When the PBLG packing energ
greater than the PEO stretching energy, the temperatur
efficient of surface pressure is negative. In the region wh
the packing energy and stretching energy cancel, PBLG
,

t

s

e

-

-

Fig. 5. Surface pressure vs temperature plots of (a) GE-1, (b) G
and (c) GE-3 at various concentrations. (Unit of surface concentrati
mg/m2.)

PEO show a transition point. This transition point is cal
the “setoff point,” which is governed by the rod and coil
tio. The GE-1 molecules with shorter flexible coils hav
setoff point at 1.7 mg/m2. The setoff point of GE-2 mole
cules is at concentration 2.5 mg/m2, and the setoff poin
of the GE-3 molecule could not be observed because
PEO segment could not compress to the size of the rod
ment.

3.2. Surface morphology by AFM

Fig. 6shows atomic force microscopy (AFM) images
GE-1, GE-2, and GE-3 at low (1.5 mg/m2) and high concen
trations (2.5–3.0 mg/m2). The positive temperature effe
region occurs at the higher concentration and the neg
temperature effect region occurs at the lower concentra
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Fig. 6. AFM images of the PBLG–PEO monolayers film at different surf
concentrations: (a) GE-1 at high concentration: (3.0 mg/m2, 5 × 5 µm),
(b) GE-1 at low concentration (1.5 mg/m2, 250× 250 nm); (c) GE-2 at
high concentration (3.0 mg/m2, 5× 5 µm), (d) GE-2 at high concentratio
(1.5 mg/m2, 200× 200 nm); (e) GE-3 at high concentration (2.5 mg/m2,
5× 5 µm), (f) GE-3 at low concentration (1.5 mg/m2, 250× 250 nm).

For GE-1 and GE-2 molecules, there is a void space s
lar to a bare subphase in the positive effect region bec
desorption of PEO was not complete. There is no void sp
in the negative temperature effect region. For GE-3, there
scattered void spaces in the 1.5 and 2.5 mg/m2 concentration
region. These results illustrate the effect of the rod-leng
dependent packing energy of the PBLG–PEO copolym
Molecules with longer rods were stabilized by the entha
reduction of rod packing. Molecules with shorter rods h
a relatively small enthalpy decrease due to rod packing
large entropy decrease due to coil repulsion. Therefore,
crostructures of PBLG–PEO molecules suggest compet
between entropic loss resulting from the PEO repulsion
enthalpic decrease due to PBLG packing. These energ
lationships are key factors that govern the microstructur
rod–coil molecules.

The observed morphologies of the molecules differ
to their block composition. The transferred GE-1 at surf
concentration 1.5 mg/m2, which is the region of positive
temperature effect, forms cylindrical micelles with avera
lengths 63± 2 nm and widths 12± 2 nm. The rod blocks
were tightly packed in the region of negative temperat
coefficient of GE-1 at 3.0 mg/m2. For GE-2, in the positive
temperature effect region, circular micelles were obser
with a distance between the length of 30± 2 nm and the
width of 30± 2 nm. In the negative temperature effect
gion, the morphology of GE-2 is similar to that of GE-1. F
GE-3, in the 1.5 and 30 mg/m2 regions, the monolayer i
perforated with many holes.
-

As shown inFig. 6, at low surface pressure, GE-1 a
GE-2 have large domains where the deduced size of the
mains is the same as that of the rod block of the molecule
the contribution of the coil block is negligible. It is estimat
that a single aggregate contains 10–30 molecules, whic
hypothesized have to a “monolayer puck” structure propo
by Fredricson for the bulk structure[34]. But the length of
the rod of GE-3,∼14 nm, in the AFM image is differen
from the calculated rod length,∼7 nm. Based on these e
perimental observations, one can estimate bilayer struc
According to the Fredricson model, molecules with lo
chains form the puck micelle structure. But as inTable 2, the
size of the EO monomer unit in a two-dimensional syst
is about 15–20 Å2. The size of the calculated coil of GE-
is about 15–20× 273= 4095–5460 Å

2
, but the rod size o

GE-3 is∼7 nm[35]. Thus, for PEO stretching in the GE
system there is no difference between the bilayer and m
lar puck structures. Thus, when the GE-3 molecular form
structure such as the bilayer, it compensates for the enth
decrease by rod packing.

In summary, we analyzed the self-organization of ro
coil diblock copolymer into microstructures through surfa
pressure isotherm analysis. The results show that the en
relationship of PBLG–PEO diblock copolymer is a comp
tition between entropy loss of the PEO aggregation and
thalpy decrease of the PBLG packing. When the enthalpy
crease of the PBLG packing is smaller than the entropy l
the surface pressure has a positive temperature coeffic
When the enthalpy decrease of the PBLG packing is gre
than the entropy loss, the observed surface pressure
negative temperature coefficient. In the low-concentra
region, entropy loss of the PEO stretching is larger, an
the observed high-concentration region, enthalpy decr
of the PBLG packing is larger. In addition, the setoff poin
where the enthalpy and entropy losses cancel each othe
different depending on the rod and coil ratio. This means
the longer rod molecules have a bigger enthalpy decreas
the setoff point appears in the area of lower concentratio

The enthalpy effect of rod packing influences the m
crostructures at the air–water interface. GE-1, with the l
rods, forms a cylindrical structure in the monolayer d
to the bigger enthalpy decrease. GE-2, with the mid
sized rods, forms micellar structure in the monolayer
self-assembly. GE-3, with the short rods, forms a bila
structure in the monolayer and clusters with nodal s
assembly. These results demonstrate that the microstruc
of PBLG–PEO diblock copolymers are related to energy
ferences between rods and the coil block.
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