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ABSTRACT: Mixed polymer brushes of rod-type polypeptide and coil-
type vinyl polymer brushes were synthesized via two sequential steps of
vapor deposition surface-initiated ring-opening polymerization (SI-ROP)
and surface-initiated atom transfer radical polymerization (SI-ATRP),
respectively. The effect on polypeptide brushes by coil-type brushes of their
surface morphology, film thickness, and orientation were investigated
before and after solvent quenching processes using chloroform and acetone.
Before solvent quenching, the as-grown coil-type brushes forced the
polypeptide brushes to stand up from the surface, resulting in higher film
thickness, but the polypeptide brushes remained randomly oriented. After
solvent quenching, polypeptide brushes tended to aggregate into conical
bundles with an orientation perpendicular to the substrate, but coil-type brushes restricted the free arrangement of the
polypeptide brushes and lessen their upward movement. Changes in film thickness, rod orientation, morphology, and wettability
were observed with increased molecular weight of the coil-type polymer in the mixed brushes.

Coil-type polymer brushes are flexible but only form a
planar surface morphology, which restricts access by big

molecules to surface functional groups on the flat, crowded
surface in a variety of possible applications. In contrast,
polypeptide rod brushes mixed with coil polymer brushes, by
combining high persistence length rod segments in brush
layers of coil chains, offer numerous possibilities in applications
dealing with surface structure and control. The mismatch in
rigidity combined with controlled chain length gives rod
brushes the potential to project a chain end with its specific
chemical functionality from the coil-phase surface. Thus,
specific functional groups can be distributed at an elevated
height above a surface and at a reduced spacing to give the
opportunity to explore conjugation with a target molecule such
as an antibody or DNA. Moreover, coil brushes (in
combination with rod brushes) may possess properties to
prevent nonspecific adsorption making such combined
materials of interest for molecular recognition and studies of
cell-surface interaction. However, rod brushes will not stand up
from the surface without intervention. In this study, we
demonstrated the use of both solvent treatment and coil
brushes to control the orientation of rod brushes as well as the
size and number of rod assemblies. Through this control, brush
surface morphology and surface properties can be tuned.
In this study, α-helical polypeptide brushes were used as

models for rod polymers in general. Polypeptides are
biocompatible and biodegrable, thus making them suited for
several biological applications1,2 The poly(γ-benzyl-L-gluta-
mate) (PBLG) rod was used in this study as it has an α-helical
conformation which is the most thermodynamically stable
conformation.3 In contrast, poly(methyl methacrylate)

(PMMA) used as the second brush is one of the most
common vinyl coil forming polymers. The PBLG polypeptide
and PMMA brushes were grown from mixed initiators using
the grafting-from approach via SI-ROP of α-amino acid N-
carboxyanhydrides (NCAs) and SI-ATRP, respectively. The
grafting-from approaches were used to ensure a homogeneous
and high grafting density film of polymer brushes.4−7 In SI-
ROP, the immobilized amine initiators on the surface will
initiate a polymerization by reacting with NCA monomers to
form the amide bond and release carbon dioxide while creating
a new amine group at the end of the growing chain.5 In this
study, the PBLG brushes were prepared via a vapor-phase
approach mainly to produce homogeneous, well controlled
thick films of polypeptides.3,8−12 SI-ATRP was used to grow
coil-type brushes because this versatile technique can produce
well-controlled polymer brushes for a wide range of monomers
under mild conditions.4,13

Our preliminary test indicated that the two polymerization
reactions are orthogonal, so no PBLG brushes can be grown
from ATRP initiator and vice versa. Moreover, the ATRP
initiators remained reactive after exposure to SI-ROP
conditions as PMMA brushes were successfully grown with
similar thickness under same conditions compared to a control
sample. In addition, previous studies of polypeptide rod−coil
block copolymers and bottlebrush polymers indicated the high
stability of polypeptide under ATRP polymerization con-
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ditions,14,15 which was also confirmed for PBLG brushes in our
preliminary results. Therefore, the synthesis of mixed brushes
was possible, but SI-ROP was carried out before SI-ATRP to
avoid a diffusion problem of monomer molecules in the vapor
phase toward reaction sites in the presence of PMMA brushes.
The deposition process to form mixed initiators was also

considered. 3-Aminopropyldimethylethoxysilane (APDMES)
was used as initiator for SI-ROP to ensure a monolayer of
initiator. A two-step deposition was used. ATRP initiator was
first deposited on surface to form a uniform, homogeneous
layer of the initiator. Subsequently, APDMES was reacted with
remaining active silanols on surface (Scheme 1). As APDMES
and ATRP initiators contain nitrogen and bromine, respec-
tively, in this study the ratio of N/Br, which was determined as
1.65 using XPS should be close to the composition of the
mixed initiators on the surface.
Using the approaches mentioned above for the initiator

depositions and polymerizations, mixed PBLG/PMMA
brushes were successfully synthesized. The presence of both
types of brushes was confirmed with FT-IR. For PBLG
brushes, α-helical conformation has characteristic peaks of
amide I (1654 cm−1, backbone carbonyl stretching), amide II
(1550 cm−1,C−N stretching), amide A (3290 cm−1, backbone
N−H stretching), and the ester side chain (1734 cm−1).8,16,17

The FT-IR spectra of mixed brushes contained those peaks,
indicating the presence of PBLG brushes in the α-helical
conformation. In addition, the significant increase in intensity
of the ester side chain (1734 cm−1) and the presence of peak of
CH3 (2997 cm−1, C−H stretching) suggested the addition of
PMMA brushes (Figures 1 and S1).
In order to understand the interaction between PBLG and

PMMA brushes, a systematic study was carried out based on
the assumption that PMMA growth kinetics are not affected
significantly by the presence of rod brushes. Various PMMA
brush thicknesses were achieved via varying ATRP reaction
time for substrates with the same rod brush thickness, which
was defined as the measured thickness before the growth of
PMMA brushes. In this work, a sample with an initial PBLG
thickness of 62 nm was cut into four smaller samples (I−IV)
from that surface PMMA brushes with different thicknesses
ranging from 0, 31, and 61 to 107 nm for samples I−IV
respectively were grown as determined from control samples of
PMMA brushes (Figure 2). Interestingly, the final thickness of
mixed brush samples was significantly higher than either PBLG

or PMMA control thickness. For example, the final thickness of
sample IV were 142 nm, larger than that of PBLG (62 nm) and
PMMA control (107 nm), respectively. To gain more insight
of final thicknesses of mixed brushes, surface compositions of
mixed brushes were studied using XPS to know if the PMMA
or PBLG layer was at the topmost surface (Figure S2). XPS
showed that a significant percentage of nitrogen retained in the
topmost layer of all the samples, indicating that PBLG brushes
remained as major component (Table 1). Considering the
significant change in mixed brush thickness, we hypothesized
that the presence of PMMA brushes changed the orientation of
PBLG brushes to more upright orientation, thus increasing the
thickness. Initially, the PBLG brushes tend to orient parallel to
the surface to minimize surface energy,16 but PMMA brushes
occupied the space and forced PBLG brushes to be more
perpendicular from the surface. Thus, the final thickness was
the new thickness of PBLG brushes at higher tilt angle.
This hypothesis can also be supported by FT-IR measure-

ments in transmission mode, since the intensity of the amide

Scheme 1. Synthesis Procedure to Make PBLG Rod/PMMA Coil Mixed Brushes

Figure 1. FT-IR transmission spectra of PBLG homopolymer brushes
(top) and mixed brushes (bottom) before and after solvent
quenching.
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bonds changes with polypeptide orientation. The transition
dipole moments with respect to an α-helix backbone are 39°
and 75° for amide I and amide II, respectively.17 Thus, under
the transmission mode, when the IR-beam went through the
samples and interacted with PBLG brushes, only the active
electric field components of the transition dipole moments of
the amide bonds parallel to the substrate were measured.17

Then, the dichroic ratio D of amide I over amide II adsorption
can give a qualitative assessment of the average orientation of

α-helical rod.17−19 The decrease in D value is related to higher
average tilt angle of the α-helical rods with respect to the
substrate. The trend of decreasing D value from sample I to IV
implied an increase in average tilt angle which was consistent
with the increase in film thickness mentioned previously
(Figures 1 and 2A). AFM images showed homogeneous and
quite smooth surfaces for all samples (Figure S3) and indicated
disordered orientations of PBLG brushes. Lastly, the water
contact angle of the samples was also measured. No obvious
change of water contact angle was observed from samples I−IV
(Figure 3).

Subsequently, a processing step called “solvent quenching”
was applied to enhance PBLG orientational order and
aggregation.18 Mixed brush samples were first immersed in
chloroform, a good solvent for PBLG to cause the chains to
stand up before immediately transferring the samples into
acetone, a bad solvent for PBLG so that the PBLG brushes
would aggregate to minimize contact with acetone, thereby
freezing any vertical orientation of PBLG brushes (Figure
4A).18,20 After solvent quenching, a dramatic change in
thickness was observed for all the samples (Figure 2B).
However, the change in thickness was less significant for an
increase in thickness of PMMA brushes, indicating a smaller
change in the angle between the α-helix rod and the substrate.
Our hypothesis was that the presence of PMMA brushes acted
as a constraint on the rearrangement of PBLG brushes during
solvent quenching. For sample I, PBLG brushes alone freely
moved from parallel to perpendicular orientation while the
entanglement of PMMA brushes made it harder for PBLG rods
to move upright as seen in the samples II−IV. The dichroic
ratio D again supported this hypothesis. The increase in D
value from sample I−IV after solvent quenching indicated that
the orientation of PBLG rods over the substrate was less
perpendicular.

Figure 2. Thickness of PMMA and mixed brushes, and the D ratio for
(A) before solvent quenching and (B) after solvent quenching; (C)
tilt angle between the PBLG helices and the substrate before and after
solvent quenching. The D value is defined as the ratio of amide I to
amide II peak intensity. The samples have the same molecular
weight of PBLG but increasing thickness of PMMA from sample I to
IV. The angle of quenched PBLG brushes (sample I) was assumed to
be 87° as in ref 18.

Table 1. Surface Composition of Mixed Brush Samples
Measured with XPS before Solvent Quenchinga

ATRP reaction time (h) C% N% O%

sample I 0 72.24 6.64 21.12
sample II 4 71.94 4.95 23.11
sample III 8 69.80 5.26 24.94
sample IV 20 69.58 4.69 25.73

aThe samples have the same molecular weight of PBLG but increased
thickness of PMMA from sample I to sample IV by varying the ATRP
reaction time.

Figure 3. Water contact angle of mixed brush samples before and
after solvent quenching.
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Previous studies reported an almost perpendicular orienta-
tion of PBLG brushes after solvent quenching.18,20 Thus, we
assume that the final thickness of PBLG homopolymer brushes
(sample I, 235 nm) after solvent quenching should be nearly
equal to the length of the PBLG brushes. As each monomer
unit contributes 1.5 Å along the helical axis of the chain to the
final length of PBLG brushes, the degree of polymerization was
about 1500.17 Using the PBLG density of 1.32 g/cm3,21 the
grafting density of PBLG helices was estimated as 0.143 chain/
nm,2 while the grafting density of PMMA brushes calculated
from molecular weight (MW) of free polymer was 0.56 chain/
nm.222,23 The tilt angle of PBLG rods in mixed brushes was
ranged from 16° to 38° before quenching and from 87° to 51°
after quenching (Figure 2C).

AFM images also gave more information about mixed brush
structure after solvent quenching. In particular, conical
aggregates were observed for all the samples, though the
height and sizes of aggregates varied from the samples I−IV
(Figure 4B). The average height of the aggregates and the
spacing between neighboring aggregates grew smaller while the
total number of aggregates per μm2 increased from 42 to 98
aggregates going from sample I to sample IV (Table S1). The
presence of PMMA brushes disrupted the aggregation process,
so only nearby PBLG rods could interact with each other to
form aggregate bundles. The higher number of aggregates in
mixed brushes may allow more chain-end functional groups of
the PBLG rods to project from the surface. Moreover, the
aggregates looked smaller and shorter in the mixed brushes

Figure 4. (A) Schematic figure of rod−coil mixed brushes; (B) The height images and cross-sectional profiles of mixed polymer brushes after
solvent quenching. The white dashed lines in the height images indicate the cross-sectional height measurement of the accompanying height
profiles. All samples have the same molecular weight of polypeptide brushes but increased thickness of PMMA from sample I to sample IV. The
scan size is 1 μm × 1 μm.
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because their lower parts were buried by the PMMA brush
layer and became invisible to AFM (Figure 4A). Thus, with an
increase in thickness of the PMMA layer from samples I to IV,
the exposed part of the aggregates was smaller.
The water contact angle after quenching changed signifi-

cantly. Sample I changed from 72.5° to 121°. This drastic
change may be due to the formation of nanostructured rod
aggregates. A similar effect was observed for lotus leaves when
papillae structures of a leave can trap air when contacting water
drops and make the leaf superhydrophobic.24 However, the
addition of PMMA lowered the hydrophobicity as the angle of
sample IV was 98°. At higher thickness of PMMA brushes, a
higher volume of PBLG brushes was buried under a PMMA
layer, thereby reducing the surface roughness (Table S1).
In conclusion, we have reported the study of mixed polymer

brushes consisting of α-helical polypeptide rod and vinyl-type
polymer coil. With constant starting rod PBLG thickness, the
final thickness of mixed brushes prior to solvent quenching
increase monotonically with the increase in MW of coil type
PMMA brushes due to a change in the orientation of PBLG
rods. After solvent quenching, a significant increase in
thickness was observed due to the formation of the conical
aggregates of PBLG rods. However, monotonical decrease in
the final thickness was seen because the entanglement of
PMMA brushes restricted the movement of PBLG rods. As a
result, less perpendicular rods were observed with an increase
of PMMA brush thickness. Consequently, surface morphology
and hydrophobicity also changed dramatically. Our studies
showed that rod−coil mixed brushes behave differently from
coil−coil mixed brushes, which have a subtle difference in
height between two coil phases.22,25 This rod−coil system can
lead to unique types of phase separation which can bring more
chain-end functional groups of rod brushes to air interface. The
versatility of ATRP polymerization and the high stability of
polypeptides under ATRP conditions demonstrated in our
study showed the potential of stimuli-responsive coil-type
brushes or block copolymer brushes in a rod−coil system.
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