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The azimuthal helix orientation of the rigid-rod amphiphilic diblock copolypeptides (PLGA-b-PMLGSLGs) of
poly(R-L-glutamic acid) (PLGA) and poly(γ-methyl-L-glutamate-ran-γ-stearyl-L-glutamate) with 30 mol % of stearyl
substituents (PMLGSLG) in Langmuir-Blodgett (LB) monolayers was investigated using polarized transmission
Fourier transform infrared spectroscopy. The relative position of dipping with respect to the previous transfer position
can be used to manipulate the azimuthal orientation of the helices parallel to or tilted by an angle of 45� with respect to
the dipping direction in the transferred films. The study of the azimuthal order for the LB monolayers of PLGA-b-
PMLGSLGs of various block lengths revealed that the observed effect arises mainly from the deformation of the
PMLGSLG top brush layer, induced by the flow orientation around the transfer region. In those cases where the
PMLGSLG block is tilted by a sufficiently large angle with respect to the surface normal, high azimuthal order
parameters of 0.5-0.75 were obtained.

Introduction

The Langmuir-Blodgett (LB) technique has proven to be a
powerful tool for the creation of ultrathin films with control over
two-dimensional order and packing of molecules.1 Especially, in-
plane preferential molecular alignment can be introduced in the
LB films due to the orientation phenomenon during the vertical
transfer of Langmuir films onto solid substrates. This special
orientation effect has been observed for rigid-rod polymers,2,3

rod-like crystals,4 stacks of disk-like molecules5,6 and stretched
two-dimensional flexible polymer networks.7 The in-plane ani-
sotropy in LB films is of great interest as it offers the materials
useful physical properties for potential applications as alignment
layers of liquid crystals,8,9 optical nonlinear waveguides,10,11

matrices for orienting conductive guest molecules,12 and electro-
nic and microelectronic materials.13-21

The reported orientation phenomenon during the transfer
process results in an alignment of the molecular main-chain axis
along the dipping direction. The effect has been explained by flow
orientation models,22-24 in which a sink flow near the transfer
region is responsible for orientation of the molecules parallel to
the transfer direction. It has been reported for hydrophobic rigid-
rod polymers and aggregates that the transfer speed and substrate
width with respect to the troughwidth aremain factors that affect
the degree of orientation.6,22,23

Hairy-rod polypeptides provide stable LB films with a highly
ordered array of R-helices aligned parallel to the substrate.2 They
show lyotropic and thermotropic behavior25,26 and have received
attention in the past years.27,28 LB films of these hairy-rod polymers
show strong dipping-induced in-plane anisotropy with a very high
degree of orientation parallel to the dipping direction, which has
been demonstrated both experimentally and theoretically.22,29

We studied amphiphilic diblock copolypeptides consisting of a
hydrophobic block of hairy-rod poly(γ-methyl-L-glutamate-ran-
γ-stearyl-L-glutamate) with 30 mol % of stearyl substituents
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(PMLGSLG) and a hydrophilic block of rigid-rod poly(R-L-
glutamic acid) (PLGA). Besides the high mobility provided by
the amorphous side chain mantle of the hairy-rod polypeptide
block, monolayers of these diblock copolypeptides exhibit a brush
structure composed of densely packed parallel R-helices, which are
tilted at an angle with respect to the water surface normal.30-32

Interestingly, we observed strong effects of in-plane anisotropy
produced by the transfer process in the LB monolayers of these
diblock copolypeptides. Particularly, a dipping-induced helix or-
ientation oblique by an angle with respect to the dipping direction
was observed for the first time. Here, the azimuthal helix orienta-
tion effect induced by the vertical transfer of LBmonolayers of the
PLGA-b-PMLGSLG diblock copolymers is reported.

Experimental Section

Materials. The PLGA-b-PMLGSLG diblock copolymers are
abbreviated as CoPo_m_n, where m and n denote the degrees of
polymerization of the PLGA and PMLGSLG blocks, respectively
(Scheme 1). A detailed description of the synthesis of PLGA-b-
PMLGSLGscanbe found elsewhere.30 In short,R-helical PLGA-b-
PMLGSLG was synthesized via a diblock copolymer precursor
consisting of poly(γ-tert-butyl-L-glutamate) (PtBuLG) and PML-
GSLG (with 30 mol % of stearyl substituents), with the tert-butyl
group as amild acid-labile protecting group for the carboxylic acid.
PtBuLG-b-PMLGSLG was synthesized employing the primary
amine-initiated stepwise ring-opening polymerization of R-amino
acid N-carboxyanhydrides (NCAs) in chloroform at 0 �C. The
molecular weights of PtBuLG-b-PMLGSLGs were characterized
by 1H NMR (CDCl3) and gel permeation chromatography (tetra-
hydrofuran eluent, polystyrene standard, universal calibration).30,33

The tert-butyl groupwas removed using trifluoroacetic acid (TFA).
PMLGSLG (DP = 118) was prepared by NCA random copoly-
merization in chloroform at 0 �C using triethylamine as initiator.

Langmuir-Blodgett (LB).The substrate cleaning procedure
was described elsewhere.30 Themeasurements of surface pressure-
area (π-A) isotherms and LB film transfer were performed
using a home-modified computer-controlled Lauda Filmbalance
(FW2), with an accuracy of 0.05 mN/m. The water used for the
subphase was purified by reverse osmosis and subsequently

through a Milli-Q filtration system. The water had a resistance
of g17 MΩ and a surface tension of about 72 mN/m. PLGA-b-
PMLGSLGs were spread from N-methylpyrrolidone (NMP)
(Acros, 99.5%)/chloroform (Lab-Scan, 99.5%) (3/7, v/v) solutions
with 1-3% (v/v) of acetic acid (Acros, 99.5%) added, at a concen-
tration of 0.4-0.6 mg/mL. PMLGSLG was spread from a chloro-
formsolutionat a concentrationof0.6mg/mL.Vertical transferof a
PLGA-b-PMLGSLG monolayer onto a cleaned silicon substrate
was done at a subphase temperature of 20( 0.1 �C, at down- and
upstroke speeds of 100 and 10 mm min-1, respectively, for
CoPo_59_82 and at down- and upstroke speeds of 100 and 1 mm
min-1 for the other diblock copolymers; because the monolayer of
CoPo_59_82 forms an isotropic phase (where the R-helices are
oriented isotropically around thewater surface) witha large average
helix tilt angle, while those of the other PLGA-b-PMLGSLGs
exhibit a liquid crystalline-like phase,31,32 the different transfer
upstroke speed for CoPo_59_82 could be attributed to the different
molecular interactions andarrangements in the differentmonolayer
phases. Monolayers of PLGA-b-PMLGSLGs were deposited onto
both sides of the hydrophilic substrates during the upward stroke.
Transfer ratioswere aroundunity.Amultilayer filmofPMLGSLG
can be deposited onto a hydrophobized silicon substrate by Y-type
transfer, at down- and upstroke speeds of 3 mm min-1.

TheLangmuir troughusedwas 600mmlong and 200mmwide.
The substrate was 10 mm wide, and the total immersion length
was 12 mm. The thickness of the substrate was 1000 μm.

Removal of One-Sided Layer. Themonolayer on one side of
the transferred LB film can be removed by treating with a NMP/
trifluoroacetic acid (7/3, v/v)mixture.After 1h, the treated substrate
side was rinsed with Milli-Q water and then with methanol, and
finally was blown dry with a strong flow of nitrogen.

Transmission Fourier Transform Infrared (FT-IR). Trans-
mission FT-IR measurements of films on double-sided polished
silicon substrates were performed at a resolution of 3 cm-1, under
vacuum on a Bruker IFS66 V/S FT-IR spectrometer equipped
with aMIRDTGS detector. A sample shuttle accessory was used
for interleaved sample and background scanning. A clean silicon
substrate was used as the reference. Each spectrum is an average
of 40 cycles of 120 scans.

The polarized transmission FT-IR measurements were per-
formed as described above, but with the use of an automated
polarizer at a resolution of 4 cm-1. The sample holder was oriented
such that the IR beam was perpendicular to the surface of the
double-sided polished silicon substrate supporting a polyglutamate
film (Scheme 2). By means of the polarizer, the electric field vector
was directed to a specific direction parallel to the substrate and at an
angle to the dipping direction of the substrate (Y axis). Only the
component of the dipole transition moment in the direction of the
electric field vector in the plane of the substrate was detected. The
polarization angle was varied in the range 0-180� in steps of 15�.
Each spectrum is an average of 20 cycles of 120 scans.

Curve-fittingsof the side chainester (CdOstretching), acid (CdO
stretching), amide I (mainly CdO stretching), and amide II (mainly
C;N stretching) regions of transmission FT-IR spectra were per-
formed using BrukerOPUS software (version 4.2). The parameters
were optimized using a Levenberg-Marquardt algorithm.34,35

Results and Discussion

Monolayers of the amphiphilic PLGA-b-PMLGSLG diblock
copolymers have been shown to be stable up to ca. 50 mN/m (see
Figure 1 for π-A isotherms). A comprehensive interpretation of
the isotherms can be found elsewhere.30-32 By vertical deposition
using the LB technique, a two-sided monolayer film of PLGA-b-
PMLGSLG can be transferred onto a hydrophilic substrate on
the upstroke. The monolayer deposition was performed at the
maximum surface pressures where the monolayers are still stable

Scheme 1. Chemical Structure of PLGA-b-PMLGSLG and Simple

Schematic Representation of the Double-Brush Structure of the

PLGA-b-PMLGSLG LB Monolayer

(30) Nguyen, L.-T. T.; Vorenkamp, E. J.; Daumont, C. J. M.; ten Brinke, G.;
Schouten, A. J. Polymer 2010, 51, 1042.
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2010, 26, 6515.
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and transferable (10-15 mN/m below the collapse surface
pressures and listed in Table 1). At such optimal transfer condi-
tions, the R-helices are most densely packed and unidirectionally
aligned with the minimum average helix tilt angles (θ, Scheme 2).
The R-helical double-brush structure in the transferred mono-
layers (Scheme 1) has been evidenced by transmission FT-IR and
small-angle X-ray reflectivity.30 Scheme 2 shows the coordinate
system of a helix molecule in the transferred LB film, presented in
the experimental setup for the LB transfer and the polarized
transmission FT-IR analysis. The average helix tilt angle (θ) was
estimated from the transmission FT-IR absorption intensity ratio
of the amide I and amide II bands characteristic of the R-helix
structure using the method reported byWieringa et al.36 A curve-
fitting procedure was performed to separate the spectral con-
tributions to the amide bands from the PLGA and PMLGSLG
blocks, and the helix tilt angle was calculated separately for the
two blocks.32 The average helix tilt angle (θ) has been found to be

dependent on the transfer pressure and the diblock copolymer
block lengths32 and is summarized for various PLGA-b-
PMLGSLGs in Table 1.

Generally, the withdrawal of a substrate through the interface
and transfer of the monolayer causes monolayer disturbance.
This produces flow orientation effects which can induce orienta-
tion of the main chain of rigid rod molecules.37 The transferred
PLGA-b-PMLGSLG monolayers were observed to exhibit pre-
ferential azimuthal helix orientation with respect to the dipping
direction (j, Scheme 2) induced by the film transfer. The tilt
azimuth was characterized with the use of polarized transmission
FT-IR. The orientations of the amide transition dipole moments
for a polypeptideR-helix, relative to the helix axis, are presented in
Table 2.The transitiondipolemoment of the amide I and amideA
vibrations are oriented almost parallel to the helix axis, while that
of the amide II vibration is nearly perpendicular. Thus, a filmwith
a random azimuthal helix orientation results in the same absorp-
tion intensity of the amide bands at different polarization angles.
On the other hand, variation in the absorption intensity of these
bands as a function of polarization angle reveals the mean
azimuthal orientation with respect to the dipping direction as
well as the azimuthal orientation order (e.g., see Figure 2). The
polarization angle giving maxima in absorption intensity of the
amide I and amide A bands, in accordance with a minimum in
absorption intensity of the amide II band, indicates the azimuthal
angle (j, Scheme 2) by which the helices are tilted to the dipping
direction. The degree of azimuthal orientation is characterized by
an order parameter S, which can be calculated from the transmis-
sion IR dichroic ratio R using the following relations:38,39

R ¼ A^

A )

ð1Þ

S ¼ ð1-RÞ
ð2Rþ 1Þ 3

2

ð3 cos2 R- 1Þ ð2Þ

where A ) and A^ are the amide band absorptions at the polariza-
tion angle parallel and perpendicular to the preferential alignment
direction of the helices, respectively, R is the angle between the
transition dipole moment of the amide band and the helix axis

Figure 1. π-A isothermsofvariousPLGA-b-PMLGSLGsonwater
surface at 20 �C. The compression speeds were ca. 19 cm2 min-1.

Table 1. AverageHelix Tilt Angles Estimated byTransmission FT-IR

for the PLGA and PMLGSLG Block in the PLGA-b-PMLGSLG

LB Monolayers
32

Entry
PLGA-b-

PMLGSLG

maximum
transfer pressure

(mN/m)
PLGA block
θPLGA (o)

PMLGSLG
block

θPMLGSLG (o)

1 CoPo_63_39 40 77 58
2 CoPo_60_19 40 69 41
3 CoPo_59_82 35 77 74
4 CoPo_37_24 45 63 24
5 CoPo_50_11 40 36 17

Table 2. Orientations of the Transition DipoleMoments of the Amide

Bands for an r-Helix, With Respect to the Helix Axis
40

vibration bands R (o)

amide A 29
amide I 38
amide II 73

Scheme 2. Schematic Representation of the Experimental Setup for

the LBTransfer (Top Picture) and the Polarized Transmission FT-IR

Measurement (Bottom Picture) of a PLGA-b-PMLGSLG LB

Monolayer on a Silicon Substrate, Presented Together with the Helix

Coordinate System of a Single r-Helix Molecule in the Transferred

Film

(36) Wieringa, R. H.; Siesling, E. A.; Werkman, P. J.; Angerman, H. J.;
Vorenkamp, E. J.; Schouten, A. J. Langmuir 2001, 17, 6485.

(37) Malcolm, B. R. J. Colloid Interface Sci. 1985, 104, 520.
(38) Schmitt, F.-J.; M€uller, M. Thin Solid Films 1997, 310, 138.
(39) M€uller, M.; Kessler, B.; Lunkwitz, K. J. Phys. Chem. B 2003, 107, 8189.
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(Table 2). In thiswork, the order parameterSwas calculated from
analysis of the integrated area of the amide I absorption band.

For analyzing the orientation effects in the monolayer on the
front side (side facing the moving barrier) or on the back side of
the substrate, the monolayer on the other side was removed by
one-sided treatment using a solvent/acid mixture. The transmis-
sion FT-IR absorption intensity of the film after the treatment is
half that before the treatment (see Supporting Information for
transmission FT-IR spectra), indicating a successful one-sided
removal of the monolayer.
Azimuthal Orientation Changes during Monolayer

Transfer after Stabilization. Figure 2 shows the polarized
transmission FT-IR spectra of the LBmonolayer of CoPo_63_39
transferred onto a silicon substrate after stabilization, measured
at different immersion lengths on the substrate. The corre-
sponding amide I band absorption intensity as a function of
the polarization angle, the azimuthal angle, and the order
parameter deduced from the spectra in Figure 2 are presented in
Figure 3. There was no variation in absorption intensity of the
side chain methylene stretching bands at 2925 cm-1 and 2855
cm-1, and the CdO stretching bands of the ester and acid groups
at 1738 and 1711 cm-1. This indicates that these groups are
oriented randomly around the R-helices.

It is seen that the molecules deposited close to the top of the
substrate, corresponding to an immersion length of 2 mm, are
oriented perpendicular to the dipping direction (j=90�). On fur-
ther transfer, along the substrate the helix orientation changes
toward parallel to the dipping direction (j=0�), with the order
parameter increasing with immersion length. At about the middle

Figure 2. Transmission FT-IR spectra at various polariza-
tion angles (0-180� in steps of 15�) for an LB monolayer
of CoPo_63_39 transferred at 40 mN/m onto a silicon sub-
strate after film stabilization, measured along the Y axis at
an immersion length of 2 mm (a), 5 mm (b), 7 mm (c), and
10 mm (d).

Figure 3. Top: amide I band absorption intensity as a function
of the polarization angle derived from the spectra in Figure 2 for
an LB monolayer of CoPo_63_39 transferred at 40 mN/m onto
a silicon substrate after film stabilization. Bottom: average azi-
muthal angle (open dots) and azimuthal order parameter (filled
dots) as a function of the immersion length derived from the top
figure.

(40) Marsh, D.; M€uller, M.; Schmitt, F.-J. Biophys. J. 2000, 78, 2499.
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of the film, a transition orientation atj=60� is observed, however,
with a very small degree of order. The change in the azimuthal
orientation of the helices in the transferred film along the vertical
direction of the substrate can be explained by the flow orientation
and deformation of the monolayer during transfer. A convergent
flow produced by vertical dipping and withdrawal of the substrate
through the interface, as shown in Scheme 3, brings about the orien-
tation of themain chain axis toward the dipping direction. This two-
dimensional flow pattern, induced by a two-sided vertical film trans-
fer in a transfer geometry where the substrate is much smaller in
width than the trough, has been reported by Schwiegk et al.22 for
monolayers of hairy-rod polymers, including the hydrophobic
PMLGSLG. Whereas for PMLGSLG the molecules are randomly
oriented in the compressed Langmuir monolayer41 as well as in the
first transferred area of a single LBmonolayer,22 in-plane anisotropy
seems to already be formed in the compressed monolayer of PLGA-
b-PMLGSLG. The lateral molecular orientation parallel to the
barrier (perpendicular to thedippingdirection) is probably generated
during film compression and stabilization. It was also noted that,
compared to PMLGSLG, the stabilization time of the PLGA-b-
PMLGSLGmonolayers, in the surfacepressure range20-45mN/m,
was much longer, most likely due to rearrangement of the mole-
cules until the equilibrium state was achieved. Our surface potential
measurements recorded for the PLGA-b-PMLGSLG monolayers
have indicated the gradual formation of unidirectional aligned
R-helices upon monolayer compression.31 Since the compression
process of themonolayerswas accompaniedby a significant increase
in chain density and increase in chain tilting order, a preferential
main chain alignment was probably favored during the process.
Helix Azimuth Induced by Flow Orientation. The azi-

muthal helix orientation and azimuthal order in the transferred
PLGA-b-PMLGSLG monolayers were studied as a function of
relative position of dipping with respect to the previous transfer
position and immersion length.

Figure 4 shows the amide I band absorption intensity as a func-
tion of polarization angle and the azimuthal order for an LBmono-
layer of CoPo_63_39 transferred onto a silicon substrate with the
dipping position the same as for the previous transfer (see Support-
ing Information for polarized transmission FT-IR spectra). Origi-
nating from both the flow pattern retained in the monolayer gene-
rated by the previous transfer and the convergent flow effect caused
by the transfer itself, the helices are oriented parallel to the dipping
directionwith ahighorderparameterSof 0.7.As shown inFigure 4,
the order parameter increases negligibly with immersion length.
Furthermore, a successive monolayer film transfer resulted in the
same azimuthal order. This suggests that, after the first transfer with

an immersion length of about 10-12mm, the azimuthal orientation
order (developed at the middle of the convergent flow region)
almost reaches a stationary value. The azimuthal order in the back-
sidemonolayer is somewhat smaller than that in the front-side film.

Peculiarly, after a transfer, e.g., performed at the middle of the
trough (position 1, Scheme 2), for the next transfer when moving
the dipping position along the X axis to a position at a distance of
25 mm away from the previous one (position 2, Scheme 2), the
transferred monolayer film of PLGA-b-PMLGSLGs exhibited a
strong azimuthal orientation at an angle of 30-60�. The amide I
band absorption intensity as a function of polarization angle and
the azimuthal order parameter are shown in Figure 5 for a
monolayer film of CoPo_63_39 with the transfer condition as just
described (see Supporting Information for representative polarized
transmission FT-IR spectra). The spectra indicate aj of 45�with a
high order parameter S ≈ 0.5. Measurements at various positions
along the horizontal direction (X axis) in the transferred film gave
the same results. The influence of dipping position relative to the
previous one on the azimuthal helix orientation is summarized in
Table 3. Experimentswith the dippingposition at other distances in
the range 20-30 mm from the previous transfer position also
showed a preferential orientation with j equal to 30-60� but with
less order. A successive transfer after the one having this effect
(entry 4, Table 3) or dipping at a distance further from the previous
transfer (entry 5, Table 3) resulted in an azimuthal orientation
along the dipping direction.

The effect observed can be ascribed to the flow history in the
monolayer causedby theprevious transfer.Asdepicted inScheme3,
there is a convergent flow, and at the two sides of the sink flow, the
R-helix rods can be rotated by the shear flowand aligned at an angle
relative to the compression direction. Upon the next transfer at the

Scheme 3. Schematic Representation of Two-Dimensional Flow

Pattern Induced by LB Vertical Film Transfer in Monolayers of

Hairy-Rod Polymers, with the Substrate Width Much Smaller than

the Trough Width
22

Figure 4. Amide I band absorption intensity as a function of the
polarization angle (top figure) and the azimuthal order parameter
as a function of the immersion length (bottom figure) for an LB
monolayer of CoPo_63_39 transferred at 40 mN/m onto a silicon
substrate at the same dipping position as for the previous transfer.

(41) Kurthen, C.; Nitsch, W.; St€ockelhuber, W. Makromol. Chem., Macromol.
Symp. 1991, 46, 371.
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side of the deformedmonolayer region, the orientation of the trans-
ferred molecules was affected by both the preoriented flow pattern
in the compressedmonolayer anda flow effect generated by the new
transfer. The latter is indicated by a slight change in the azimuthal
orientation from j=60� to j=45�, but with a negligible change
in order with increasing immersion length (Figure 5). As seen in
Figure 5, the azimuthal order parameter S for the front-side layer is
larger than for the back-side layer. This indicates that the shear flow
effect due to the transfer, accompanied by the monolayer compres-
sion, is much greater for the side facing the compression barrier.
Because the interval between the two successive transfers was large
(ca. 20 min), the preserved helix orientation in the subsequent
transfer indicates that relaxation of the orientation is very slow, if it
occurs at all. Besides, varying the transfer speed (upstroke speeds of
1 and 30mmmin-1) resulted in the same azimuthal angle j of 45�.
Different from other hydrophobic rigid rod polypeptides, the

molecular arrangement in the monolayer flow pattern of PLGA-
b-PMLGSLGs can be relatively stably maintained throughout the
next transfer, in spite of a new convergent flow produced tending to
orient the rods toward the dipping direction.

The transfer-induced azimuthal orientation phenomenon with
j=45�, only observed for the amphiphilic PLGA-b-PMLGSLGs,
can probably be related to themolecular organization characteristic
of their highly packed double-brush structure. The induced orienta-
tionphenomenon studiedhere affectedonly the tilt azimuth andnot
the tilt order. Brewster angle microscopy images of the PLGA-b-
PMLGSLG monolayers upon compression to high surface pres-
sures showed homogeneous films with no formation of anymacro-
scopic domains.30Moreover, it has been implied that at the transfer
pressures investigated (Table 1) in the monolayer of CoPo_59_82
the PMLGSLG block segments are oriented isotropically around
the water surface normal with an average tilt angle, whereas the
monolayers of the other diblock copolymersmight exhibit a smectic
C-like phase.32 Therefore, the same transfer-induced orientation
phenomenon observed for all PLGA-b-PMLGSLGs strongly sug-
gests the orientation of individual polymer chains. The individual
arrangement of a helix is in a strong relation with the surrounding
ones as a whole. Besides, the side chainmantle around theR-helices
of the PMLGSLG block provides the molecular mobility at the
interface. As a result, the molecules can be strongly sheared toward
a preferential orientation by anymonolayer deformation caused by
the combined effects of shear flowand compression. This azimuthal
orientation can be significantly maintained because of strong
mutual relations of the parallel R-helices in the double-brush.

To assess the influence of the double-brush structure on the
phenomenon, the same experiments on the dipping-induced azi-
muthal orientationwere performed for other PLGA-b-PMLGSLG
diblock copolymers with different block lengths and tilt orders
(Table 1). The influence of the PMLGSLG and PLGA blocks can
be indicated separately by studying the azimuthal orientation effect
in the LB films of, respectively, PMLGSLG and a PLGA-b-PML-
GSLG diblock copolymer with the PMLGSLG block oriented
nearly perpendicular to the interface. The results for the azi-
muthal orders obtained are shown in Figure 6. Because the chain

Figure 5. Amide I band absorption intensity as a function of the
polarization angle (top figure); the azimuthal angle (open circles) and
azimuthal order parameter (filled shapes) as a function of the immer-
sion length (bottom figure) for an LB monolayer of CoPo_63_39
transferredat40mN/montoa siliconsubstratewith thedippingposi-
tion (in theX-axis direction) at 25mmaway from that of theprevious
transfer.

Figure 6. Average helix tilt angle of the PMLGSLG block for the
LB monolayers of PLGA-b-PMLGSLGs transferred onto silicon
substrates at 35-45 mN/m (see Table 1) and the azimuthal order
parameter for the LB monolayers of PLGA-b-PMLGSLGs with
the transfer condition as entry 2 (Table 3) (j = 0�) and with the
transfer condition as entry 3 (Table 3) (j=45�). For comparison,
the helix tilt angle and azimuthal order of a multilayer LB film of
PMLGSLG transferred at 20mN/monto a hydrophobized silicon
substrate (4 layers on each side) is also presented.

Table 3. Influence ofDippingPositionRelative toThat of thePrevious

Transfer on theAzimuthalHelixOrientation for theLBMonolayer of

CoPo_63_39 Transferred at 40 mN/m onto a Silicon Substrate

entry
dipping position of
the previous transfer

dipping position
(in the X-axis direction) j (o)a

1 after stabilization 1a 90-0
2 1a 1a 0
3 1a 2a (25 mm to the left from 1) 45
4 2a 2a 0
5 2a 3a 0
6 1a 3a (25 mm to the right from 1) 135
a See Scheme 2.
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density at the interface and the average helix tilt angle of the
double-brush monolayers are determined by the PMLGSLG
hydrophobic block length,32 it appears that the PMLGSLGblock
also has a crucial role on the transfer-induced azimuthal helix
orientation. The first series of experiments corresponds to the
same dipping position as for the previous transfer (entry 2,
Table 3), resulting in an azimuthal helix alignment along the
dipping direction. The results showed that PLGA-b-PMLGSLGs
with the PMLGSLG block tilt angle θ in the range 40-75� had
high order parameters S of 0.7-0.8, which are slightly lower than
for a multilayer LB film of PMLGSLG. However, the order
parameter considerably decreases with decreasing the tilt angle of
the PMLGSLGblock.ForCoPo_50_11 consistingof a very small
PMLGSLG block with a nearly perpendicular helix orientation,
the azimuthal order parameter S is even lower than 0.1.

On the other hand, a similar trend for the effect of PMLGSLG
block on the transfer-induced orientation was also found in the
experiments with the transfer position at the side of the convergent
flow generated by the previous transfer (entry 3, Table 3). As
indicated in Figure 6, the azimuthal orientation tilt from the
dipping direction by an angle j = 45� was only observed in the
transferred films of PLGA-b-PMLGSLGs with the PMLGSLG
block tilted by a sufficiently large angle θPMLGSLG with respect to
the surface normal. When the R-helices of the PMLGSLG block
are oriented nearly perpendicular to the surface, for CoPo_50_11,
the molecules were azimuthally oriented parallel to the dipping
direction regardless of the dipping position, but still with an order
parameter not exceeding 0.1. Furthermore, the azimuthal order
found in these experiments correlates increasingly with the average
helix tilt angle of the PMLGSLG block. Up to θPMLGSLG = 74�,
the order parameter almost reaches the optimal value often found
for the in-plane helix orientation of hairy-rod polymers.22,38

Therefore, it can be concluded that the azimuthal helix orienta-
tion phenomena induced by the transfer process in the LB
monolayers of PLGA-b-PMLGSLGs arise mainly from the

molecular shear of the PMLGSLG hydrophobic block. The
observed effects are derived from the rod-like feature and espe-
cially from the parallel helix packing and the helix tilting at the
interface specific for the double-brush structure. Irrespective of
the fact that the PMLGSLG block segments are oriented either
isotropically or preferentially in the stabilized monolayers, they
can be azimuthally oriented strongly under the influence of the
flow pattern induced by the substrate dipping.

Conclusions

The influence of dipping position relative to the previous
transfer on the azimuthal helix orientation has been found in
the LB monolayers of the amphiphilic PLGA-b-PMLGSLG
diblock copolypeptides. The dipping position can bemanipulated
resulting in an azimuthal alignment of the R-helices in the trans-
ferred films parallel to or tilted by an angle of 45� with respect to
the dipping direction. The azimuthal anisotropy originates from
the flow history retained in the compressed monolayer and arises
mainly fromdeformationof the PMLGSLGtopbrush layer upon
transfer. Consequently, the azimuthal order of the transferred
PLGA-b-PMLGSLG LB monolayers was low for the diblock
copolymers with the PMLGSLG block oriented closely to the
surface normal and increased with increasing tilt angle between
this block and the substrate normal. For the diblock copolymers
with θPMLGSLG in the range 40-75�, significant azimuthal ori-
entations, indicated by high order parameters S of 0.5-0.75, were
obtained.

Acknowledgment. This research is supported by NanoNed, a
nanotechnology program of the Dutch Ministry of Economic
Affairs.

Supporting Information Available: Transmission FT-IR
spectra. This material is available free of charge via the
Internet at http://pubs.acs.org.


