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Abstract

Poly(y-benzyl L-glutamate) (PBLG) forms a rigid helical rod in organic solvents. Cholesteric liquid crystalline ordering of these rods has
been observed in PBLG solutions and cast films. In this research, peptidic block copolymers were created using PBLG in order to determine
the effect of an added block on the classic cholesteric ordering. Peptide blocks with varied lengths and inherent secondary structures, random
coil or rigid rod, were attached to PBLG molecules. The self assembly/liquid crystalline ordering of these molecules in films cast from
various organic solvents was probed with transmission electron microscopy (TEM), atomic force microscopy (AFM), and X-ray diffraction
(XRD). In pure PBLG and PBLG diblock copolymers with relatively small additional blocks, cholesteric liquid crystalline ordering was
observed in bulk films. However, depending on the kinetics of film formation and the amount of non-PBLG block, significant changes in the
nanostructure and microstructure were observed. These purely peptidic block molecules provide the opportunity to pattern materials with

peptidic functionalities by taking advantage of block copolymer phase behavior and liquid crystal ordering.

© 2004 Published by Elsevier Ltd.
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1. Introduction

The ability to pattern materials from the nano- to
microscale plays an important role in biological appli-
cations, such as tissue engineering and cellular biosensors.
For example, soft lithography, based on replica molding
self-assembly, is a useful technique for biological appli-
cations [1,2]. Micropatterned substrates produced by soft
lithography have provided precise control of cellular
position and function on surfaces, which is essential for
the fabrication of biosensors, bioreactors, and other
biofunctional materials [3,4]. Non-lithographic techniques
for producing ordered materials include molecular self-
organization based on competing interactions. The use of
synthetic homo- and block copolymers to produce ordered,
functional materials has been widely investigated [S—11].
Using block copolymer and comb copolymer systems, these
techniques traditionally form nano-scale spherical, cylind-
rical, cubic, and lamellar structures in the bulk [5—8]. Thin
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film templates have been created when block copolymers
spontaneously self-organize into nano-scale patterns over
large surface areas of desired substrates [9—-11]. Self-
assembly in liquid crystalline systems can also be used to
form nano- to microscale structure useful in responsive
applications. For example, liquid crystals have been used to
create tunable structures, such as switches and dyes, used in
electronic, optical, and magnetic materials [12,13]. The
work on model diblock copolypeptides described herein
attempts to use facets of liquid crystalline, block copolymer,
and biopolymer materials to form hierarchically ordered
materials with biofunctionality.

Molecular architecture and polymer secondary structure
significantly effect the self-assembly and phase behavior of
block copolymer-based materials [14—20]. Because of its a-
helical secondary structure, poly(y-benzyl L-glutamate)
(PBLG) forms a rigid rod and exhibits liquid crystalline
ordering in concentrated solutions and cast films. PBLG, a
commercially available liquid crystalline polymer since the
1950’s [21], has been used as a model rigid rod system in
studying gelation and rheological properties in order to
solve industrial liquid crystal polymer processing problems
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[22-26]. Liquid crystalline polymers have local orienta-
tional order that provides for several desirable material
characteristics, including superior mechanical properties,
thermal stability, and chemical resistance [27]. These
polymers also provide the opportunity to pattern materials
with peptidic functionalities by taking advantage of the
liquid crystalline ordering of block copolypeptides contain-
ing PBLG.

Two types of liquid crystalline order are observed in
PBLG systems. Smectic layering is observed in solutions
and films of monodisperse PBLG rods synthesized using
recombinant DNA techniques [28,29]. However, when
molecular irregularity is introduced to the system, the
smectic structure is disturbed and cholesteric order is seen.
Cholesteric liquid crystalline ordering is predominantly
observed in concentrated solutions and cast films of PBLG
with a greater degree of polydispersity [21,30] or with the
addition of a second block [31-35]. This twisting nematic
phase was initially found in cholesterol derivatives, hence
the name ‘cholesteric’ [36]. The cholesteric structure occurs
with rigid, chiral molecules and has been observed in
several polypeptides with an a-helical conformation, such
as poly-y-ethyl-L-glutamate (PELG) and poly-B-benzyl-L-
aspartate (PBLA) [37]. The cholesteric phase is composed
of a twisting stack of nematically ordered molecular planes
that arises from the helical nature of the PBLG rods. As one
nematic plane is slightly skewed from the plane above, a
periodic superstructure is formed characterized by the pitch.
In solutions, left or right handedness of the pitch depends on
the dielectric constant of the solvent [30]. The magnitude of
the pitch fluctuates with temperature and has become a
useful feature in making thermometers [36]. In solid films,
where little or no solvent is present, the pitch is on the order
of 1 wm [21]. Polarizing optical microscopy (POM), TEM,
and AFM reveal regularly spaced retardation lines, defined
as 1/2 the pitch that form a fingerprint pattern. These
patterns contain characteristic liquid crystalline defects,
such as m-disclinations and edge dislocations [38,39].

The assembly and phase behavior of synthetic diblock
copolymers consisting of a rigid block coupled to a flexible
block has been well studied. These copolymers have been
shown to exhibit a variety of micro and nano phase-
separated morphologies depending on the total degree of
polymerization, the volume fraction of the blocks, and the
incompatibility between the blocks (Flory—Huggins inter-
action parameter, yag). The stiffness of the rod segment
causes the polymers to assemble into anisotropic liquid
crystalline phases that can be controlled by temperature and
solvent concentration [17-20]. Compared to rod—rod block
copolymers, rod—coil block copolymers have a relatively
high Flory—Huggins interaction parameter because of the
conformational asymmetry between the rod and coil
segments [14,31,40,41].

Although PBLG block copolymer systems have pre-
viously been reported [31-35], our copolymers are unique
in that they are completely peptidic. This provides the

opportunity to pattern materials exclusively with peptidic
functionality. Our study investigates the bulk phase
behavior of rod or coil peptidic block addition to the rigid
PBLG rod. We have found that PBLG diblock copolymers
with non-PBLG block addition of up to 50% by volume
continue to exhibit cholesteric ordering, depending on the
kinetics of film formation. However, when a solvent with a
high vapor pressure was used to cast the film, significant
changes in the microstructure of PBLG with a large added
block were observed. In addition, clear local hexagonal
packing was seen in films cast with a low vapor pressure
solvent.

2. Experimental
2.1. Materials

All block copolypeptides were synthesized according to
published procedures [42,43]. While secondary structure
was not explicitly investigated in this paper, the confor-
mational behavior of the polypeptides studied herein is well
documented. Data to support the proposed random coil and
rod-like structure of the blocks can be found in Nowak et al.
[43] and Yu et al. [44], respectively. Molecular character-
istics of the series studied here are listed in Table 1.

2.2. Film preparation

Bulk films with a thickness of approximately 1 mm were
cast in glass beakers by thoroughly dissolving the peptides
in pentachloroethane, chloroform, or DMF solvent and
allowing slow solvent evaporation over several days.
Selective solvent studies were done using DMF, a good
solvent for the PBLG block. Samples were subsequently
placed in a vacuum oven at 50 °C overnight to remove the
remaining solvent.

2.3. Polarizing optical microscopy

A drop of ~40 wt% PBLG block copolypeptide solution
was placed on a glass slide. The sample was viewed
between crossed polarizers using a Nikon Microphot-SA
optical microscope.

2.4. Transmission electron microscopy

The dried bulk films were microtomed both parallel and
perpendicular to the film surface. Sections with a thickness
of ~80 nm were cut at room temperature without embed-
ding using a Leica Ultracut UCT and a diamond knife. The
sections were placed on copper grids, stained with RuO, for
5 min, and carbon coated. TEM bright field imaging was
preformed with at JOEL 2000FX microscope at an
accelerating voltage of 200 kV.
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Table 1

List of characterization data for block copolymers used. N is defined as the number of monomers in the respective block, fg; ock is the mole fraction of the

added block, and W; is the weight fraction of the added block

Sample Block conformation [43,44] M,? (g/mol) M, IM,° NppLG NpLock faiock” W;
PBLG/ oo - 22,000 1.2 100 0 0.00 -
PBLGyoL ¢ Rod 21,000 1.2 90 10 0.10 0.05
PBLGgoLao Rod 20,000 12 80 20 0.20 0.11
PBLGgo(LV)2o Loose rod 20,000 1.2 80 20 0.20 0.11
PBLG7sracL;s Random coil 26,000 1.2 75 75 0.50 0.33

# Estimated from momomer initiator ratios.
® Measured using a Wyatt DAWN SEC/light scattering detector.

2.5. Atomic force microscopy

Dried films were microtomed perpendicular to the film
surface at a thickness of 1 wm and placed on a silicon wafer
fixed to an AFM mount. Amplitude (derivative of topology
signal) images were collected with a Nanoscope I1la Atomic
Force Microscope in tapping mode and a Nanodevices
TAP300 tip.

2.6. X-ray diffraction

XRD data shown in Fig. 2 were collected in transmission
mode on a pinhole-collimated camera equipped with a
Rigaku copper target rotating anode (A = 1.54 A) operated
at 3.6 kW and a Bruker, 2-dimensional detector. XRD
experiments shown in Figs. 4 and 5 were performed in
transmission mode at the National Synchrotron Light
Source (NSLS) at Brookhaven Laboratory on beamline
X10A (A=1.55 A, E = 8keV). The film surface was
perpendicular to the beam path. Data were collected using a
Bruker CCD detector and integrated into one-dimensional
plots of intensity versus scattering vector, ¢, where g = (4
w/A)sin(6) and 6 is the Bragg angle (or 1/2 the scattering
angle).

3. Results and discussion

Block copolymers, listed in Table 1, were designed in
order to determine the effects of block addition on the
classic PBLG cholesteric phase behavior. Leucine (L),
racemic copolymers of L and D leucine (racL), or a random
copolymer of L and valine (V) blocks with the inherent
secondary structures of random coil (racL. or LV) or rigid
rod (L), were attached to PBLG molecules. The phase
behavior was controlled by altering the block’s secondary
structure and length relative to the PBLG block.

Polarizing optical microscopy (POM) shows birefrin-
gence in concentrated solutions (~40 wt%) of PBLG and
PBLG-peptide block copolymers in pentachloroethane,
chloroform, and DMF. Birefringence occurs from the
anisotropic nature of nematically-ordered molecules and

has been observed in PBLG solutions of high concentration
[29,45].

The ordering of these molecules in bulk films cast from
organic solvent was probed with TEM. Fig. 1 shows
microtomed sections of bulk PBLG films cast from
pentachloroethane, a good solvent for both blocks with a
low vapor pressure that guaranteed films were slowly cast
from homogeneous solution. Sections cut parallel and
perpendicular to the film surface show similar features,
indicating that the bulk films have an isotropic macro-
structure. The appearance of a lamellar structure observed in
the TEM images suggests cholesteric twisting of the PBLG
homopolymer and PBLG copolymers with up to 50%

Fig. 1. TEM bright field images of microtomed films cast in pentachlor-
oethane. PBLG g cut (a) parallel and (b) perpendicular to the film surface
show isotropy of the bulk film. (c) PBLGgoL, and (d) PBLG7sracL;s cut
perpendicular to the film surface. Characteristic liquid crystalline defects
are indicated by (I) +m and (II)-w disclinations, (III) the helix ring
morphology, and (IV) a T-junction.
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random coil block addition. Alternating dark and light bands
correlate to the twist of molecular orientation in the
cholesteric phase, as seen in previously reported systems
[28,38,39,46—49]. This banding reveals retardation lines,
defined as 1/2 the cholesteric pitch. The size of the pitch
observed in the images can vary depending on the
orientation of the cholesteric axis in the plane of the
microtomed sections. In the PBLG homopolymer, the pitch
is on the order of 1 wm when the cholesteric axis is oriented
approximately in the plane of the microtomed section. This
value agrees with PBLG pitch size reported previously [21].
Dark regions where no banding is seen correspond to areas
viewed down the cholesteric axis when it is aligned
perpendicularly to the plane of the image. Characteristic
liquid crystalline defects, denoted I-1V, can be seen in the
TEM images. A fingerprint pattern is created by -
disclinations [38,39] and the helix ring morphology [46].
T-junction boundaries, discussed by Gido and Thomas [50],
are also observed and can be attributed to stresses during the
film casting process.

Fig. 2 shows XRD curves of films cast from the
pentachloroethane. The intense peak with a d-spacing of
132 A corresponds to the distance between the (10) plane of
hexagonally packed PBLG rods. A set of Bragg peaks with a
wave vector ratio of ¢ : /3¢ :2q, is observed that
indicates a two-dimensional columnar hexagonal packing
of the PBLG rods. The broad peak with a d-spacing of ~4 A
corresponds to a combination of the helical pitch [31] and
the hydrocarbon chain diameter [51]. Local hexagonal
packing of PBLG rods in the cholesteric phase has been
proposed by Robinson et al. [45]. Columnar hexagonal
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Fig. 2. XRD patterns of PBLG;o, and PBLG-block films cast in
pentachloroethane. Peak A has a d-spacing of 13.2 A, corresponding to
the distance between molecules. Peaks A, B, and C have d-spacings with a
ratio of 1:4/3:2, suggesting columnar hexagonal arrangement of the PBLG
rods. Intensity values were normalized to the most intense peak and the
curves were offset for clarity.

arrangement has also been seen in PBLG-polystyrene,
PBLG-poly(L-lactic acid), and PBLG-poly(ethylene glycol)
block copolymers [31,32,35]. Competition exists between
cholesteric packing due to chirality and hexagonal order due
to molecular rigidity in high concentrations of chiral, rod-
like molecules. Only a very small angular displacement
between neighboring helical rods is required to produce a
macroscopically cholesteric structure, while preserving
some hexagonal packing on the molecular level within
twisting nematic layers [52,53]. No scattering peaks were
observed in small angle X-ray experiments. Therefore, the
coexistence of hexagonal packing and a cholesteric super-
structure was verified. The XRD patterns show a slight
variation in the position of Peak A with the length of the
added peptidic block. The hexagonally ordered PBLG rods
in the PBLG homopolymer and PBLGgyL ;o are packed
more tightly with a (10) peak position at higher scattering
angle than in the other copolymers. In addition, Peak A and
the subsequent hexagonal peaks become broader when the
added block length is greater than 10 amino acid monomers
due to more disorder in the packing of the PBLG rods.
Cholesteric structure can also be seen in films cast from
chloroform, shown in Fig. 3. Chloroform has a higher vapor
pressure than pentachloroethane. Therefore, films shown in
Fig. 3 were cast more rapidly than those cast using
pentachloroethane. In films cast using chloroform, a small
added block slightly disrupts the banding on the micron
length-scale and increases the pitch without altering the

Fig. 3. TEM bright field images of microtomed films cast in chloroform and
cut perpendicular to the bulk film surface. (a) PBLGjqq, (b) PBLGgoL 0, (¢)
PBLGg((LLV)5, and (d) PBLGsracL;s. (I) denotes a - disclination.
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cholesteric nature of the ordering. This is shown in Fig. 3(b)
and (c), in which the added block has a rod-like and random
coil secondary structure, respectively. Banding is not seen in
PBLGysracL,s, which has a large random coil racemic
leucine block that apparently prevents cholesteric
arrangement.

Fig. 4 shows XRD curves of films cast using chloroform
solvent. The intense peak with a d-spacing of 13 A
corresponds to the distance between nematically-ordered
molecules in each plane of the cholesteric twist. Unlike the
films cast in pentachloroethane, a set of Bragg peaks with a
scattering angle ratio of 1:,/3:2 is not seen. The absence of
columnar hexagonal packing in films cast from chloroform
is attributed to the high vapor pressure of the solvent.
Because chloroform evaporates more rapidly than penta-
chloroethane, the molecules have less time to order in a
hexagonal fashion. In Fig. 4, the peaks at 13 A are broader
than in Fig. 2, indicating more disorder. Again, this is
attributed to the high vapor pressure of the chloroform
solvent relative to pentachloroethane in Fig. 2. The broad
peak at ~4 Ain Fig. 4 corresponds to the helical pitch or the
hydrocarbon chain diameter. No nano-scale differences are
seen between the PBLG homopolymer and PBLG with
additional blocks. PBLGysracl;s has a very different
microstructure than the other molecules when observed in
TEM but exhibits classic nematic order on the nano-scale.

Selective solvent studies using DMF, a good solvent
for PBLG, do not show evidence of cholesteric banding
in TEM images, Fig. 5(a). This featureless TEM data is
representative of all the PBLG-X block copolymer films
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Fig. 4. XRD patterns of PBLG ¢ and PBLG-block films cast in chloroform.
Peak A has a d-spacing of ~ 13 A, corresponding to the distance between
nematically-ordered molecules. Peak B corresponds to the helical pitch and
the hydrocarbon chain diameter. Intensity values were normalized to the
most intense peak, and the curves were offset for clarity. A second order
peak of A can be seen at ~0.9 A™". The small peak shoulder on the side of
Peak A at lower ¢ is due to residual Kapton tape scattering that could not be
subtracted from the data.
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Fig. 5. (a) TEM bright field image of PBLGy( film cast in DMF and
microtomed perpendicular to the bulk film surface. (b) XRD patterns of
PBLG oo and PBLG-block films cast in DMF. Peak A has a d-spacing of
~13 A, corresponding to the distance between nematically-ordered
molecules. Peak B corresponds to the helical pitch and the hydrocarbon
chain diameter. Intensity values were normalized to the most intense peak
and the curves were offset for clarity. The small peak shoulder on the side of
Peak A at lower q is due to residual Kapton tape scattering that could not be
subtracted from the data.

cast from DMF. However, the XRD pattern in Fig. 5(b)
is similar to the diffraction of films cast in chloroform,
showing d-spacings of 13 and ~4 A. This suggests that,
although no cholesteric twisting structure is evident in
the TEM images, the PBLG homopolymer and the PBLG
block copolymers are nematically ordered. The broad
first order scattering peak in Fig. 5(b) is due to a larger
distribution of inter-rod spacing within the nematic phase
compared to the spacing between molecules in the
cholesteric samples. Due to significant disordering of
the system, the inter-rod spacings are most broad and the
least intense in the copolymers with larger additional coil
blocks.

XRD data suggests all samples cast in chloroform and
DMF have nematic order, while copolymers cast in
pentachloroethane have local columnar hexagonal packing
coexisting with cholesteric order. However, the addition of a
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large random coil block to the PBLG rod results in an
altered cholesteric structure depending on the solvent used.
Fig. 6 shows TEM images of PBLG7sracL;s microtomed
sections cast in (a) pentachloroethane, (b) chloroform, and
(c) DMF. Cholesteric ordering dominates in films cast from
pentachloroethane due to the solvent’s low vapor pressure.
Slow evaporation over a period of a week allows for
alignment of the PBLG rods, despite the presence of a 50%
random coil block. Chloroform has more rapid evaporation
over a period of a few days, which results in the absence of
cholesteric structure in films. Like the PBLG homopolymer,
no microstructure is seen in PBLGysracl;s films cast in
DMF.

It has been proposed that observed TEM contrast in
microtomed cholesteric phases is due to sample thickness
variations [46—48]. AFM images of PBLG and PBLG
diblock copolymer microtomed sections appear to have
identical structure seen in TEM. Fig. 7 shows AFM
amplitude images of PBLG;o9 and PBLG7sracL;5. AFM
suggests the light and dark bands seen in TEM images do, in
fact, arise from a difference in sample thickness created by
molecular orientation during sectioning. Thicker regions
appear darker due to increased mass/thickness contrast. No
significant shift in contrast was observed by tilting the
specimen, again, indicating that most TEM contrast is due to
sample thickness. Some contrast component might also
exist from diffraction of the nematically oriented PBLG rods
as they twist about the cholesteric axis. Dark and light bands
appear depending on the strength of scattering when the

Fig. 6. TEM images of PBLGysracL,s microtomed sections cast in (a)
pentachloroethane, (b) chloroform, and (c¢) DMF.

Fig. 7. AFM amplitude images of (a) PBLG o cast in pentachloroethane
and (b) PBLGysracL;s cast in chloroform. These images mirror the TEM
images in Figs. 1(b) and 3(d), indicating that the contrast seen in TEM is
due to thickness fluctuations.

molecules are aligned parallel or perpendicular to the
electron beam [38,39,47,48]. However, direct observation
of this molecular orientation-induced diffraction contrast is
not possible due to the significant thickness differences in
the microtomed samples.

4. Conclusions

The phase behavior of PBLG-block copolymer bulk
films cast in various solvents was investigated. TEM and
XRD studies provide evidence of cholesteric order in PBLG
homopolymer and PBLG with peptidic blocks. Character-
istic cholesteric banding and defects were seen in films cast
using pentachloroethane and chloroform solvents, but no
banding was observed in films cast in DMF. Depending on
the kinetics of film formation, significant changes in phase
behavior were observed when the relative block length was
increased. A slower rate of solvent evaporation allowed for
improved cholesteric order. Unlike the copolymers with
small blocks, a 50% random coil block in PBLG7sracL;5
prohibited the PBLG rods from having cholesteric structure
in films cast in chloroform. However, cholesteric order was
seen in PBLGsracL5 films cast in pentachloroethane. The
low vapor pressure of pentachloroethane allowed for better
molecular ordering compared to the other solvents. This is
implied by local hexagonal packing of PBLG rods and the
appearance of cholesteric banding in the sample with a large
random coil block.

Cholesteric order is the dominant structure in PBLG-
block films regardless of additional blocks up to 50 mol%.
This diblock copolymer system creates a new approach for
micro-scale patterning due to its chemical and topological
ordered structure. A chemical pattern, determined by the
cholesteric twist, could be created on the surface of
microtomed films by adding functionalized groups the
PBLG rod. The same ordered design exists in the
topological features of the film, which can be used as a
template for printing micro-scale patterns on a substrate.
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