Available online at www.sciencedirect.com

SCIENCE (ﬂp.nEcT* JOURNAL OF
C Colloid and
Interface Science

s 57
ELSEVIER Journal of Colloid and Interface Science 283 (2005) 322-328

www.elsevier.com/locate/jcis

Monolayer formation of PBLG—PEOQO block copolymers
at the air—water interface

Youngmi Park, Young-Wook Chot, Sangwook Park Chong Su Ché, Michael J. Fasolkg
Daewon Soha*

@ Department of Chemistry, Hanyang University, Seoul 133-791, South Korea
b School of Agricultural Biotechnology, Seoul National University, Seoul 151-742, South Korea
¢ Polymers Division, National Institute of Standard and Technol ogy, Gaithersburg, MD 20899, USA

Received 9 July 2004; accepted 15 September 2004

Available online 11 November 2004

Abstract

Physicochemical properties of PBLG (palybenzyl+ -glutamate))-PEO (poly(ethylene oxide)) diblock copolymers composed of PBLG
as the hydrophobic rod component and PEO as the hydrophilic component were investigated at the air—water interface. Surface pressure—atr
isotherms obtained by the Wilhelmy plate method provide several variables such as molecular size, compressibility of PEO, and the free
energy change of the PBLG—PEO block copolymer. GE4}, 0f PBLG:PEO= 103,700:12,000), with a relatively longer rod, has negative
temperature effects and GE-8 of PBLG:PEO= 8400:12,000), with a relatively shorter rod, shows a positive temperature effect because
of the large entropy loss. These competitions were based on the block size of PBLG and PEO and were affected by various microstructure
of the PBLG—PEO diblock copolymer. Monolayer aggregations transferred onto mica from the air—water interface were analyzed with AFM.
AFM images of GE-1 monolayers show cylindrical micelles, but the self-assembled structure has many large domains. The monolayer of
GE-2 (M of PBLG:PEO= 39,800:12,000), which has a medium size rod, forms a spherical structure at the air—water interface. Mono-
layers of GE-3, with a short rod length, form bilayer structures. These results demonstrate that the microstructures of PBLG—PEO diblock
copolymers are related to free energy changes between rod and coil blocks.
0 2004 Elsevier Inc. All rights reserved.
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1. Introduction exhibit liquid crystalline ordered phases such as nematic
and/or layered smectic types of supramolecular structures,
in which the molecules are arranged with their axes parallel
to each othefl1-5].

Polymers with a stiff helical rodlike structure have many
advantages over other synthetic polymers because they of-
ten possess stable secondary structures due to cooperative

Rod—coil molecules consisting of a rigid rod block and
a flexible coil block are a novel type of block copolymer
with a unique microstructural organization held together by
noncovalent forces including hydrophobic and hydrophilic
effects, electrostatic interactions, and hydrogen bonding.

These forces control the phase behavior of these rod—coil Ntermolecular intera_tctions. Thﬁ‘h‘?“ca' _secondary struc-
molecules. Formation of anisotropic structures is the main ture enforces a rodiike structure, in which the polypeptide

factor in the microphase separation of the coil and rod main chain forms the inner part of the rg@k-8]. This rod-

blocks. Rodlike molecules have been widely studied. They like feature.is -res.ponsible for the formation of thermotropic
and lyotropic liquid crystalline phas¢g—13].

Incorporation of an elongated coillike block into the heli-
" Corresponding author. cal rod system in a single molecule is a.unique way to create
E-mail address: dsohn@hanyang.ac.kb. Sohn). new supramolecular structures. The microstructures of rod—
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coil polymers arise from a combination of organizing forces fﬁW*&@ HENTCH- -1 CHH 04 [ CHEHA-OCH
including the immiscibility of the two blocks and the spe- ‘ o H | &
cific interactions between the rod blocks. Differences in the g¢ CHy |y ¥

rod—coil ratio, which affects molecular packing and creates | ;u +WC%GF%J[G&%D}DJ$ —> lm
a thermodynamically stable microstructure, drive the forma- s ¥ I
tion of a variety of self-assembled microstructures such as o |°

lamellae, cylinders, micellar cubics, close-packed spheres, CHy
and disordered mel{d4-16}
Semenov and Vasilenco (SV) initiated a theoretical study

of the phase behavior of rod—coil block copolymers, in
which they introduced four new terms: ideal gas entropy Fig. 1. Synthesis scheme of PBLG-PEO diblock copolymer.
of mixing, steric interaction between rods, coil stretching,

and unfavorable rod—coil interacti¢h7]. Muller and Schick at moderate temperatures in all proportions_ PEO is a neu-
(MS) also studied the phase behavior of rod—coil molecules tra| and biodegradable polymer, so it is used for numerous
by applylng numerical self-consistent field theory within the biological and medical applications.
weak segregation limitl8]. Their findings emphasized the In this study, the monolayer behavior of PBLG-PEO di-
importance of the conformational entropy of the flexible plock copolymers having the same PEO chains and different
component. Though these studies provide valuable qualita-PBLG chain lengths at the air—water interface was inves-
tive information about rod—coil block copolymers, they do tigated. Using pressure—area isotherms collected at differ-
not sufficiently improve the quantitative understanding of ent temperatures, the energy relationship between rod and
rod—coil block copolymer phase behavior. coil as a function of rod length was examing&7—29] In
Monolayers at the air—water interface provide an impor- conjunction, the microstructures of these monolayers based

tant and convenient model system for investigating the be- on the energy relationship were investigated using AFM
havior of rod—coil copolymergl9-22] When amphiphilies (atomic force microscopy).

are studied as Langmuir monolayers, the reduction in sur-

face energy is expressed as the surface pressuten — v,

whereyp andy are the surface tensions of the clean water 2, Experiment

and monolayer-covered surfaces, respectively. Accordingly,

pressure—area isotherms obtained by the surface film bal-2.1. Materials

ance technique provide information about the stability and

structure of the monolayer through experiments that change  y-Benzyl+-glutamate N-carboxyanhydride (BLG-NCA)

the temperature, pH, and other variables. In addition, the was prepared according to the method described by Good-

Langmuir—Blodgett (LB) technique allows the fabrication of man et al[30]. Monoamine-terminated poly(ethylene oxide)

ultrathin films through the deposition of monolayers from (PEO, M, = 12,000) was kindly supplied by Nippon Oil

the air—water interface to solid substraf28]. Indeed, LB and Fat Co. The PBLG (poly-benzyl4 -glutamatg)-PEO

films typically exhibit a high degree of orientational order (poly(ethylene oxide)) diblock copolymers were prepared

that is induced at the water surface by two-dimensional geo- by the ring-opening polymerization of BLG-NCA initiated

metrical restrictions. with primary-amine-terminated PEO in methylene dichlo-
The rod-coil molecule used in this study is paly( ride. The reaction scheme is shownhkig. 1L PBLG-PEO

benzyli-glutamate) (PBLG)—poly(ethylene oxide) (PEO) block copolymer composition was estimated from the peak

block copolymer. PBLG is hydrophobic, while PEO is hy- intensities of the NMR signal of methylene protons of the

drophilic [24]. PBLG is a synthetic polypeptide having a PBLG block (5.0 ppm) and the signal of the ethylene pro-

typical rigid «-helical conformation stabilized by hydrogen ton (3.6 ppm) of the PEO block. All of the block copoly-

bonds. PBLG is soluble in several solvents due to favor- mers contained poly(ethylene oxide) of 273 monomers

able interactions between the solvent and the pendent benzybnd polyy-benzyldi -glutamate part of 419, 182, and 38

side groups. The lyotropic liquid crystalline phases exhibited monomers. The characteristics of the block polymer PBLG—

by PBLG have served as important model systems for rod- PEO are summarized ifable 1 Chemical conformation and

ordering theories of the liquid crystalline state. In addition, bulk properties of these polymers have been discussed in the

the interfacial behavior of PBLG and its derivatives has re- previous papej24].

ceived a great deal of attention from researchers who wish

to engineer functional surface arrays for electronics applica- 2.2. Surface pressure measurement

tions. Thus, PBLG is a useful model in the research of phase

behavior of rigid polymers. In addition, PEO is one of the The surface pressure—area isotherms were obtained us-

best-studied homopolymers, which forms a self-assembleding a film balance (KSV 3000) with a platinum Wilhelmy

structure by chain foldinf25,26]. PEO is surface active, but  plate. Surface pressure—area isotherms were measured in-

it forms an insoluble monolayer despite being water-soluble side a Teflon trough mounted within a thermostatic cham-
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Table 1

The molecular weight and the monomer ratio of GE-1, GE-2, and GE-3 304

Polymer My? Monomer unit rati8 e B eC

bt 254

GE-1 103700 60.5:39.5

GE-2 51800 40.0:60.0 o
GE-3 2Q400 12.5:78.5
Note. The pictures show the molecular models of each copolymer after en-
ergy minimization.

2 PEOMyy 12,000.

b PBLG:PEO ratio obtained by the relative ratio of NMR signals.

¢ Molecular modeling of PBLG-PEO after energy minimization.

15 4

w4

Surface pressure (mN/m)

ber. Subphase temperatures were maintained at 10, 20, and
30+ 0.5°C. The aqueous subphase was purified and deion-
ized using a Millipore purification system (Milli-Q; resis-
tivity 18.2 MQ cm) equipped with an organic removal car- 0 e e
tridge. Insoluble monolayers were prepared by dissolving 0 50 100 150 200 250 300 350 40C
copolymer samples in HPLC grade chloroform (Sigma- Area per maolecule {nm’/maolecule)
Aldrich Corporation) at concentrations ranging from 0.1 to

0.4 mg/ml. Samples of 80—150 pl of solution were spread Fig. 2. Surface pressure-area isotherms of GE-1, GE-2, and GE-3 at the
evenly over the water surface in small drops. After complete air—wat_er interface: [I] gaseous, [l1] liquid expanded, [lI1] liquid condensed,
evaporation of the chloroform (about 20 min), the layer float- (v solid.

ing on the subphase was compressed symmetrically by two

mobile barriers at a constant speed (7 fnmin). As mea- when the surface area becomes less than 10ty mwlec.
sured by the Compression_expansion scans, the So|ub|||tyThe three isotherms have similar shapeS but the lift-off
increases of these molecules on the air-water interface werdoints are different. Upon compression, the PBLG isotherm
neg||g|b|e Most surface pressure_are-a_A) isotherms curve of PBLG has plateau regions, due to the formation of
were measured several times. Typical reproducibility for a & bilayer, which is one of the characteristic properties of a

given area was=0.2 mN/m. rigid rodlike polymer.
Malcolm reports that a cylindricat-helical polypeptide
2.3. Atomic force microscope (AFM) measurements monolayer on the water surface is composed of a number

of individual molecules, which are formed from the lower
Monolayers on the water surface were deposited onto layer and become nuclei for the formation of a second layer

freshly cleaved mica substrates, which were pulled from the at the collapse pressui@l]. If the solid portion of the
water while the film was compressing at a constant concen-isotherm is extrapolated to zero surface pressure, the in-
tration (the vertical dipping method). The film was dried tercept gives the area per molecule that would be expected
for about 20-30 min under ambient conditions. The sam- for the hypothetical state of an uncompressed close-packed
ples were analyzed in noncontact mode with a commercial layer. For BLG, the measured limiting area per residue was
AFM (PSIA) equipped with microfabricated V-shaped sil- 0.197 nnt at 20°C[32]. The pressure of the PEO monolayer
icon nitride cantilevers. The transfer of monolayers to the increases slowly with a plateau occurring at 10 fmiN This
solid substrate did not introduce any artifacts. Microdomain slow increase in surface pressure at low coverage is due to
dimensions were determined from top-view AFM images the increase of intermolecular interactions between the PEO
and data cross sections of these micrographs. molecules. After the formation of the PEO monolayer at the

air—water interface, a PEO brush gradually forms in the long

plateau region. The behavior of the monolayers of diblock

3. Result and discussion copolymers consisting of PEO and PBLG at the air—water
interface can be described by three desorption transitions.
3.1. Surface pressure-area isotherms In region [I], the molecules freely move on the water sur-

face. A slow increase [lI] region is caused by the increas-
Surface pressure—area isotherms recorded for spreadng intermolecular interaction of PEO. A gently increasing
monolayers of GE-1, GE-2, and GE-3 are presented in [Ill] region results from the gradually desorbed PEO block,
Fig. 2 For GE-1, the first increase in surface pressure is which forms a brush. The sharp pressure increase [IV] re-
noted at a surface area of 370Htmolec. The initial slopeis  gion is attributed to a strongly compressed PEO brush and
moderate, but increases abruptly as the surface area becometominated by the intermolecular interaction of PBIKgy. 2
smaller than 175 nAYmolec, and dramatically increases shows that GE-1 has a higher surface pressure than the other
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50
Table 2
Comparison between extrapolated limiting area and supposed area of GE-1, —GE-1
GE-2, and GE-3
Polymer Extrapolated ard4nn?) Supposed PBLG arB4nm?) Ll
GE-1 7765 82 11
GE-2 6718 35
GE-3 3574 74 30 4

0t

High

@ Extrapolated area was obtained form theA isotherm. b ilit
compressibility

b BLG areais 0.197 n?ryresidue and the PEO area varied with compres-
sion at the air—water interface.

11

b
=
1

molecules at the same molecular area because of the big-
ger rods. The extrapolated limiting areas of GE-1, GE-2, and
GE-3 from this graph are summarizedTiable 2 Compared

with these extrapolated limiting area of molecule and the cal-
culated area of PBLG using BLG limiting area per residue,
conformation transitions of molecules could be confirmed. 00 02 04 06
If PEO were to collapse at about 10 miN, the extrapolated
limiting area of GE-1, GE-2, and GE-3 would be equal to the
calculated area of each PBLG rod. However, as showiain Fig. 3. Compressibility as a function of the normalized concentration of
ble 2 the two values of GE-1 are similar, but the extrapolated GE-1. GE-2, and GE-3 monolayers.

limiting areas of GE-2 are approximately three times bigger

than the calculated limiting area, and the extrapolated limit- molecules and the latter refers to the interaction energy of
ing area of GE-3 is even larger than the calculated limiting different molecules. Therefore, surface tension can be an
area. This may indicate that the degree of PEO desorption isindicator of the energy relationship by the arrangement of

Campressibility (m/mN)

—_
o
1

0z 1.0
Normalized Concentration (mg.’m!)

affected by the length of the rod. molecules and can be analyzed quantitatively by the inter-
The monolayer compressibility) was determined at a  action between molecules. To investigate the effect of rod
constant temperature using the relationship length on the PEO desorption, isotherm experiments were
1dA  dInA performed with the GE-1, GE-2, and GE-3 at various tem-
f=—""—= (1) peratures.
Adnm dr

Fig. 4 shows the pressure—concentration isotherms of
whereg is the compressibility, and is the surface arg&3]. GE-1, GE-2, and GE-3 at 10, 20, and*0 The isotherms

Fig. 3shows the compressibilities of the three monolay- for GE-1 and GE-2 exhibit two different regions. In the
ers and their normalized values. For example, it was es-dilute region, where surface area concentration is low,
timated thatg of the GE-3 monolayer is 0.73 fmN at increases with increasing temperature. When surface area
10 mN/m at 20°C. The magnitude of indicates the degree  concentration is highy decreases with increasing tempera-
of compression of the molecule. By using the normalized ture. Unlike the shorter-tailed molecules, the GE-3 molecule
concentrationx-axis) we can neglect the effect of different with longer flexible tails does not show any transition.
molecular weights. GE-3 exhibits the highest compressibil-  |n Fig. 5, the surface pressure at fixed surface concentra-
ity among the three molecules. It is likely that GE-3 is more tion is plotted against temperature at four levels of surface
pliable than the other molecules. In other words, while the coverage from 1.0 to 3.0 nig22. There is a clear transition
molecular weights of the hydrophilic coil parts are equal to from slopesz/sT > 0, where
each other, the degree of PEO desorption increases with rod(S 5(v0— )
length. This relationship is a major factor for the behavior of % — 20— V) (3)
copolymer. As discussed in Introduction, the surface pres- 8T ST
sure,r = yo — y, whereyo andy are the surface tensions of Thus, a positive temperature coefficient of surface pres-
the C|ean water and mono'ayer Covered SurfaceS, is anotheﬁure ImplleS that surface tension of molecules decreases with
expression of the surface energy. By differentiatgvith increasing temperature. Thus, the adhesion free energy is
respect tod, at constant temperature and pressure, one candreater than the cohesion free energy, and vice versa.
obtain According to the Semenov and Vasilenco (SV) theory,

the self-assembly of rod—coil copolymers is affected by in-
8G 6H N . - .
y=(—|=(—)-T(—). () tramolecular and intermolecular rod—coil interactions. The
3A 3A 3A cohesion free energy consists of the rod—rod interaction en-
whereG, H, S, A, T are Gibbs free energy, enthalpy, en- ergy and the chain—chain interaction, and the adhesion free
tropy, area per molecule, and temperature, respectively. Surenergy consists of the incompatibility between rods and
face tension is the difference between cohesion and adhechains and the interaction between polymers and water. The

sion. The former refers to the interaction energy of the same interaction energy between polymer and water and the in-
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Fig. 4. Surface pressure plotted against surface concentration for GE-1,Fig. 5. Surface pressure vs temperature plots of (a) GE-1, (b) GE-2,
GE-2, and GE-3 at three temperatures{@)solid line; 20°C, dashed line; and (c2) GE-3 at various concentrations. (Unit of surface concentration is
30°C, dotted line). mg/m<.)

compatibility between rods and coils can be neglected be- PEO show a transition point. This transition point is called
cause these are not affected by the molecular weight, butthe “setoff point,” which is governed by the rod and coil ra-
by the kind of molecule. Therefore, adhesion energy can betio. The GE-1 molecules with shorter flexible coils have a
neglected. A positive temperature coefficient of surface pres-setoff point at 1.7 mgm?. The setoff point of GE-2 mole-
sure indicates a decrease in the surface tension. This meaneules is at concentration 2.5 nfg?, and the setoff point
that the entropy decreases according to the increase of PE®f the GE-3 molecule could not be observed because the
stretching energy. On the other hand, a negative temperaturd®EO segment could not compress to the size of the rod seg-
coefficient of surface pressure indicates that surface tensionment.

of the monolayer increases. This means that the enthalpy

decreases as the aggregation of PBLG rods increases. In con3.2. Surface morphology by AFM

clusion, when the PEO stretching energy is greater than the

PBLG packing energy, the temperature coefficient of sur-  Fig. 6 shows atomic force microscopy (AFM) images for
face pressure is positive. When the PBLG packing energy is GE-1, GE-2, and GE-3 at low (1.5 ng?) and high concen-
greater than the PEO stretching energy, the temperature cotrations (2.5-3.0 mgm?). The positive temperature effect
efficient of surface pressure is negative. In the region whereregion occurs at the higher concentration and the negative
the packing energy and stretching energy cancel, PBLG andtemperature effect region occurs at the lower concentration.
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As shown inFig. 6, at low surface pressure, GE-1 and
GE-2 have large domains where the deduced size of the do-
mains is the same as that of the rod block of the molecule and
the contribution of the coil block is negligible. It is estimated
that a single aggregate contains 10-30 molecules, which are
hypothesized have to a “monolayer puck” structure proposed
by Fredricson for the bulk structuf84]. But the length of
the rod of GE-3,~14 nm, in the AFM image is different
from the calculated rod lengthy7 nm. Based on these ex-
perimental observations, one can estimate bilayer structure.
According to the Fredricson model, molecules with long
chains form the puck micelle structure. But a§able 2 the
size of the EO monomer unit in a two-dimensional system
is about 15-20 A The size of the calculated coil of GE-3
is about 15-20« 273= 4095-5460 ,& but the rod size of

GE-3 is~7 nm[35]. Thus, for PEO stretching in the GE-3
Hlm 0ran - 4 L system there is no difference between the bilayer and micel-
e lar puck structures. Thus, when the GE-3 molecular forms a

structure such as the bilayer, it compensates for the enthalpy
P 1030 decrease by rod packing.
Fig. 6. AFM images of the PBLG-PEO monolayers film at different surface In summary, we analyzeq the self-organization of rod-
concentrations: (a) GE-1 at high concentration: (3.0/m@ 5 x 5 um), coil diblock copolymer into microstructures through surface
(b) GE-1 at low concentration (1.5 mig?, 250 x 250 nm); (c) GE-2 at pressure isotherm analysis. The results show that the energy
high concezntration 3.0 njtmz, 5x 5 um), (d) GE-2 at high concentration re|ationship of PBLG—PEOQ diblock Copo|ymer is a compe-
&'(55”"9’”" ’ 28(I)5x320tol nm); (€) GtE'? at hl'g; cogcgggaﬂggo(z.smﬁ ' tition between entropy loss of the PEO aggregation and en-
hm). () GE-3 atlow concentration (1.5 yig®, 250> 250 nm). thalpy decrease of the PBLG packing. When the enthalpy de-
crease of the PBLG packing is smaller than the entropy loss,
For GE-1 and GE-2 molecules, there is a void space simi- the surface pressure has a positive temperature coefficient.
lar to a bare subphase in the positive effect region becausewhen the enthalpy decrease of the PBLG packing is greater
desorption of PEO was not complete. There is no void spacethan the entropy loss, the observed surface pressure has a
in the negative temperature effect region. For GE-3, there arenegative temperature coefficient. In the low-concentration
scattered void spaces in the 1.5 and 2.5mgconcentration  region, entropy loss of the PEO stretching is larger, and in
region. These results illustrate the effect of the rod-length- the observed high-concentration region, enthalpy decrease
dependent packing energy of the PBLG-PEO copolymers. of the PBLG packing is larger. In addition, the setoff points,
Molecules with longer rods were stabilized by the enthalpy where the enthalpy and entropy losses cancel each other, are
reduction of rod packing. Molecules with shorter rods have different depending on the rod and coil ratio. This means that
a relatively small enthalpy decrease due to rod packing andthe longer rod molecules have a bigger enthalpy decrease, so
large entropy decrease due to coil repulsion. Therefore, mi-the setoff point appears in the area of lower concentration.
crostructures of PBLG-PEO molecules suggest competition  The enthalpy effect of rod packing influences the mi-
between entropic loss resulting from the PEO repulsion and crostructures at the air—water interface. GE-1, with the long
enthalpic decrease due to PBLG packing. These energy resods, forms a cylindrical structure in the monolayer due
lationships are key factors that govern the microstructure of to the bigger enthalpy decrease. GE-2, with the middle-
rod—coil molecules. sized rods, forms micellar structure in the monolayer by
The observed morphologies of the molecules differ due self-assembly. GE-3, with the short rods, forms a bilayer
to their block composition. The transferred GE-1 at surface structure in the monolayer and clusters with nodal self-
concentration 1.5 mgn?, which is the region of positive  assembly. These results demonstrate that the microstructures
temperature effect, forms cylindrical micelles with average of PBLG—PEO diblock copolymers are related to energy dif-
lengths 63t 2 nm and widths 12 2 nm. The rod blocks  ferences between rods and the coil block.
were tightly packed in the region of negative temperature
coefficient of GE-1 at 3.0 mgn?2. For GE-2, in the positive
temperature effect region, circular micelles were observed Acknowledgments
with a distance between the length of 3® nm and the
width of 30+ 2 nm. In the negative temperature effect re- This work has been supported by the research fund from
gion, the morphology of GE-2 is similar to that of GE-1. For KOSEF (Grant No. R-14-2002-004-01002-0) and Y. Park
GE-3, in the 1.5 and 30 mign® regions, the monolayer is  thanks Nano Science and Technology in Korea (KISTEP)
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