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ABSTRACT: The microstructure and thermal stability of multilayer thin films of rodlike polyglutamate
copolymers having flexible aliphatic side chains have been studied with X-ray and neutron reflectometry.
The complementary sensitivity of X-rays and neutrons and the use of four different sequences of protonated
and deuterated molecules provides an enhanced level of structural discrimination. Within bilayers formed
upon deposition, the backbones are located preferentially near the center, with backbones from the two layers
overlapping strongly. Theside chains of moleculesin adjacentlayers belonging to different bilayers interdigitate
substantially, and interdigitation between layers within a bilayer is seen as well. Upon annealing at 70 or
84 °C, the backbone positions within each bilayer relax. However, there is no ascertainable interlayer
interdiffusion and the nature of the side chain interdigitation does not change. No evidence is found for the
formation, with annealing, of a three-dimensional ordered structure.

Introduction

Rodlike polypeptide copolymers with covalently at-
tached flexible side chains have recently been studied for
use in nanostructured systems created using Langmuir-
Blodgett-Kuhn (LBK) deposition.l2 These materials
show promise for use in photonics, optoelectronics, and
chemical sensors because of their unique physical proper-
ties.13 While the rigid backbones of the molecules provide
stiffness, the aliphatic side chains render the molecules
soluble in organic solvent, improve their transfer by LBK
deposition, and provide a liquidlike matrix for the rods.
Optimal exploitation of nanostructures using these mol-
eculesrequires a good understanding of their arrangement
in LBK multilayers, both as deposited and after subjection
to elevated temperatures. In many cases of technological
interest a fabricated structure must be stable to substantial
temperature fluctuations.

Characterization of the bulk behavior of a-helical poly-
(L-glutamate) homopolymers*® and copolymers™® with
flexible side chains, illustrated schematically in Figure 1
and with their chemical structure in Figure 2, has been
undertaken by others, and these efforts suggest features
which one might expect to see in the multilayers. Ho-
mopolymers having n-alkyl side chains with n = 10 exhibit
side chain crystallization* and a resultant ordering into a
layered structure with the crystalline aliphatic chains
sandwiched between layers of peptide backbones. It has
been suggested by Watanabe et al.* that the side chains
from molecules in adjacent layers are significantly inter-
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Figure 1. Schematic of a single molecule of a poly(L-glutamate)
“hairy-rod” polymer.
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Figure 2. Chemical structure schematic of a family of poly(L-
glutamate)s of interest in this work. The particular copolymer
for which results are presented has x = 0.7, y = 0.3, and n = 17.

W
=

Figure 3. Interdigitated side chain structure of octadecyl-
substituted poly(L-glutamate) in the bulk as proposed by
Watanabe.*

i

digitated, as shown schematically in Figure 3. However,
this interdigitation has not been observed directly.

The homopolymer most closely related to the copolymer
studied in this work is that with n = 17 (see Figure 2).
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Bilayer

Figure 4. Schematic structure illustrating multilayers with
backbones preferentially located at the center of each double
layer. Circles represent the a-helical backbone including the
methyl ester group.

When heated to 60 °C this homopolymer undergoes a first-
order transition to aliquid crystalline phase with hexagonal
symmetry.® The existence of this liquid crystalline phase
suggests a means by which monodomains might be created
in thin films of this or related materials. Behavior or
related copolymers having both methyl- and n-alkyl-
substituted residues depends on the degree of substitution
with the n-alkyl side chain (see Figure 2). In particular,
the side chains in polyglutamates with intermediate
degrees of substitution are less likely to crystallize.” Tsujita
et al.? report that copolymers with 16% octadecyl side
chains (n = 17) do not display side chain crystallization
while those with 52% or greater substitution do. This
difference in side chain behavior also leads to a large
increase in the interlayer spacing from 11.6 A for 16%
substitution to 28.8 A at 52% substitution. While the
distance between layers in the bulk has been studied with
X-rays,”® the spacing between rods within a layer remains
amatter of conjecture. Calculations based on the density
of the bulk material suggest that the spacing should be
about 12.3 A for the octadecyl-substituted homopolymer.

It is not intuitively clear how similar the structure of
LBK deposited multilayers of polyglutamates may be to
that of their bulk counterparts. However, it has been
speculated that the interdigitation of the side chains could
be significantly less prevalent in the as-deposited multi-
layers due to the nature of the fabrication process. The
LBK technique is generally thought of schematically as
providing multilayers through the stacking of discrete
layers. However, it is unclear how the degree of side chain
interdigitation might develop with time, or at elevated
temperatures. Such interdigitation of parts of the mol-
ecules represents an important type of interlayer mixing
which may occur on ascale smaller than that characteristic
of the molecular center of mass diffusion among separate
layers.

Experimental work using a variety of techniques has
provided several clues to the structure and properties of
PG copolymer LBK monolayers and multilayers??10
including information on the topology and stability of the
surface.l13 These results are consistent with the sche-
matic structure model shown in Figure 4, which envisions
the multilayers as composed of double layers with the
helical backbones located preferentially at the center of
each double layer. The average double layer spacing for
thick (ca. 300 layers) multilayers measured? with con-
ventional small angle X-ray scattering is considerably
smaller than that expected in the case where layers do not
interdigitate. Also, atomic force microscopy (AFM)
measurements of a bilayer of PG on a Sisubstrate indicate
a thickness!® which is larger than that seen in the
multilayer, illustrating that when PG is next to a surface
not allowing interdigitation, the bilayer thicknessis greater.
However, details of the layer structure, particularly the
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tectures used to aid the structure elucidation with neutrons (top
left to bottom right): (a) ppdd; (b) pddp; (c) pdpd; (d) pppp.

role of interdigitation of the side chains in adjacent layers,
remain to be elucidated. In the present study neutron
and X-ray reflectometry are combined to investigate this
structure and its change upon annealing of the layers at
elevated temperatures.

Experimental Section

Materials. Poly[(y-methyl-L-glutamate)-co-(y-octadecyl-L-
glutamate)] (PG),shown schematically in Figure 2, is a statistical
copolymer of substituted glutamic acid repeat units. About70%
of these units have short methyl ester side chains, while about
30% have octadecyl chains replacing the methyl group. This
ratio of short and long chains provides good LB transfer
characteristics while avoiding the low-temperature side chain
crystallization characteristic of more highly packed long chains.
Both molecules with protonated side chains (p-PG) and partially
deuterated side chains (d-PG) were prepared, the degree of
deuteration in the second case being about 95%. The synthesis
of p-PG has been described in ref 14, and that of d-PG in ref 15.

The structure of a single molecule of this “hairy-rod” polymer
is shown schematically in Figure 1. At the temperatures
considered in this work, the PG is known to be in an a-helical
conformation, changing to a 8 sheet structure only when heated
to temperatures above 412-433 K.'® The a-helix has a pitch of
5.4 A and diameter, d, of 5.6 A with 3.6 monomer units in each
revolution.!” The average distance to which the methyl ester
side chains extend from the peptide backbone, when measured
as projected onto a plane perpendicular to the rod’s axis, is about
4.3 A. Thus, the diameter of the cylindrical volume including
both the polypeptide backbone and the methyl ester side chains
is about 14 A. Light scattering measurements'® of the p-PG in
0.5% solutions of CHCly/formamide indicate a molecular weight,
M., of about 460 000, which corresponds to a degree of polym-
erization of about 2100 and a contour length, L, of the molecule
of approximately 3200 A.

Sample Preparation. Inorder toprovide the greatest possible
information on the structure of the multilayers, four types of
samples, all shown schematically in Figure 5a—d, were studied.
In the first three, layers containing only p-PG or only d-PG were
deposited in a systematic way to provide contrast for neutron
reflectometry at one type of interface. The fourth contained all
p-PG layers and had a great many more layers than the other
samples. The first sample type, shown in Figure 5a, contained
molecules of the same type in both layers of each bilayer, but the
molecule type was alternated between bilayers. Thus, the first
two layers deposited were both of p-PG, the second two were of
d-PG, and this pattern repeated seven times (for a total of 32
layers). Asadesignation for thissample architecture we adopted
the shorthand notation “ppdd”, suggesting a repeat structure of
two protonated layers followed by two deuterated layers. In a
similar way, the other three architectures were designated as
“pddp”, “pdpd”, and “pppp”. The total number of layers
deposited in these structures were 24, 30, and 160, respectively.
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Three multilayers were deposited on 76 X 50 X 0.5 mm?
rectangular substrates, while pppp was deposited on a 25 X 25
% 0.5 mm?® substrate, all cut from silicon wafers (provided by
Wacker Chemical). The substrates were cleaned by ultrasoni-
fication, first in hot chloroform for 15 min and then in a hot 1:1:5
solution of NH,OH:H;05;H;O for 30 min. After rinsing in
Millipore water, the surfaces were rendered hydrophobic by
etching in an Ar/O; plasma (0.9 mbar/0.1 mbar) and then treating
them with NH,F. PG monolayers were prepared using a KSV
5000 alternating layer trough (KSV Instruments) in a clean room
at BASF, Ludwigshafen, Germany. The molecules were spread
from a 0.3 mg/mL solution in chloroform onto a Millipore-quality
water subphase and compressed at 20 °C to a surface pressure
of 20 mN/m before transfer. A Y-type deposition was performed
using a dipping speed of approximately 20 mm/min. Transfer
ratios (£0.05) for all but the first layers were between 0.9 and 1.0.
With each sample the first layer transfer ratio was slightly lower
than the rest. Annealing of the samples was done in a vacuum
oven at roughly 100 mTorr. Samples were cooled to 4 °C except
during measurements to avoid spurious annealing effects in the
sample structure.

X-ray Reflectometry. X-ray reflectometry measurements
were performed on three different reflectometers at the Max-
Planck-Institut (MPIP), the National Institute for Standards
and Technology (NIST), and the University of Akron (UA). All
three use Cu K, radiation (A = 1.54 A) and pyrolytic graphite
monochromators. The MPIP reflectometer!® is mounted on an
18 kW rotating anode source and uses comparatively long
collimation and sample to detector distances to maximize
attainable resolution for a given dynamic range. The NIST
apparatus is mounted on a sealed tube and is very compact to
achieve an excellent dynamic range with moderate resolution.
Data obtained on the UA device were collected using a configu-
ration which also provided a large dynamic range at the price of
moderate resolution. All measurements, typically lasting several
hours, were performed in air at room temperature.

Neutron Reflectometry. Measurements were performed on
the fixed wavelength (A = 2.35 A) reflectometer on beam tube
seven at the National Institute of Standards and Technology
NBSR research reactor. The resolution of the wavelength was
constant at about sA/A = 0.015, while the relative resolution of
theincidence angle 6, 56/6, improved somewhat with 6, even though
the collimating and detector slit sizes were increased gradually
through the course of the measurement to maximize intensity.
Overall the relative resolution of the incident wave vector
component perpendicular to the surface, k (=2x(sin 8)/)) varied
from about 0.0009 at the critical value for total reflection to about
0.0029 at the largest values of k measured. All data sets were
corrected for background and the effect of varying slit size before
being analyzed. While a few measurements were performed at
4 °C in a temperature-controlled sample chamber, the majority
were performed in air at ambient temperature.

Theory and Analysis Method

When a collimated beam of radiation strikes the surface
of a flat sample at glancing incidence, some fraction of the
radiation is reflected at a glancing angle equal to the angle
of incidence. The ratio of the reflected to incident
intensities is referred to as the reflectivity, and the variation
of this ratio with incident angle is characteristic of features
inthe sample microstructure in the direction perpendicular
to the sample surface. The microstructural variations to
which the technique is sensitive are those resulting in
modulation of the scattering length density, b/V, which
is related the refractive index, n, for X-rays of neutrons
by

n,=1-Q0\Y2mb/V),  n,=1-A2mb/V), (1)

For neutrons the contrast in the sample arises from
differences in the neutron scattering cross sections of the
various nuclei in the sample, principally hydrogen and
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Figure 6. NR data for pdpd unannealed shown along with an
unrealistic model curve based on the model (b/ V), profile in the
inset, which assumes no interdigitation between layers exists.
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deuterium, which have neutron scattering lengths, b;, of
-0.374 X 10712 and 0.667 X 10-'2 cm, respectively. Scat-
tering length density is readily calculated by summing all
isotopic scattering lengths in a representative repeat unit
of material and dividing by the corresponding repeat
volume.

For X-rays the basis for contrast is the difference in
electron density between atoms. In this case, if one is far
from an absorption edge, scattering strength may be
assumed to be proportional to the number of electrons per
atom, Z. The calculation for scattering length density is
done by summing the total number of electrons available
in a repeat unit, multiplying by the effective scattering
length of a single electron, re, the classical Thomson
electron radius, and accounting for mass density. The
scattering length density varies in an orderly fashion
through the periodic table for X-rays, while it varies
nonuniformly for neutrons. Since the samples studied
here contain several elements, the structural profiles will
bereported in terms of the scattering length density rather
than composition of a particular component. It should be
kept in mind that regions displaying a larger value of (b/
V) generally contain a higher fraction of deuterated
material.

Figure 6 presents a semilogarithmic plot of neutron
reflectivity as a function of k for the sample designated
pdpd. This and other reflectivity figures include statistical
error bars for selected points to help visualize the
uncertainty of the data points. Three key features of the
data are apparent even without any detailed analysis. First
of these is a well-defined value of k at which the reflected
intensity falls off dramatically from a value near unity.
This critical value, k., is characteristic of the scattering
length density of the most highly reflective material in
the sample, be it the deuterated organic material or the
substrate. The second of the three outstanding features
isthe interference pattern consisting of many local maxima
and minima in the curve. These fringes, sometimes
referred to as “Kiessig fringes”,!9 are indicative of the
sample’s overall thickness and their frequency increases
with increasing sample thickness. The third of the three
features we note is a peak at k* near the maximum value
of k studied. This Bragg peak, analogous to those seen in
wide angle diffraction patterns of crystalline systems, arises
from a periodic spacing, D, of uniform domains oriented
parallel to the sample surface. Its position, k¥, is related
to D by

D = x/k* k* P-kDHVE (2

= (k*
true true (k apparent
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As with all scattering techniques, the detailed analysis
of X-ray and neutron reflectivity data presents us with a
certain ambiguity due to a loss of phase information. It
is impossible to derive a unique model of the structure
solely from the experimental scattering data. Instead, we
seek a model, consistent with all that we know of the system
from other means, that is sufficiently complex to capture
all the observed features. Also important in the develop-
ment of the model is the criterion that it must reconcile
X-ray reflectivity data from the same sample as well.

In the present case it is apparent that the data justify
a model incorporating, at the least, a specific value of
overall average scattering length density, a particular
overall thickness, and one characteristic spacing. Rec-
onciling the present data will further require specifying
the microroughnesses of interfaces across which (b/ V),
varies significantly. Roughly stated, the magnitudes of
these roughnesses manifest themselves in the overall level
of reflectivity, the rapidity with which the reflectivity falls
with increasing k, and the amplitude of the Kiessig fringes.
For the purposes of presenting the data analysis we will
adopt a hierarchical approach, considering first the
simplest possible model and then adding detail as necessary
to capture all features of the curve. An attractive feature
of thisapproach is that it illustrates how certain parameters
can, in fact, be inferred nearly independently of others.

The best parameter values for a given model are
determined from the data by means of regression. Since
this regression is highly nonlinear and often does not
readily converge when fully automated, several iterations
are made interactively by the researcher, and one resorts
toan automated procedure only once the parameter values
have been well constrained. The calculation of the
reflectivity proper is done using an optical matrix formal-
ism.20 In this method the reflection (and transmission)
properties of a uniform layer { of scattering length density
b/V and thickness d; are determined from a 2 X 2 transform
matrix, M, of complex elements which depend on b/V and
k,20

_ (cos(k,,idi) -sin(k, d;)/ kz,i) 3
~ \k,;sin(k,;d) cos (k,d) ©
k,; = (k2= 4n(b/V))? @)

where k,; is the magnitude of the z component of the
refracted beam’s wave vectorin the layer. Thereflectance
(the amplitude of the reflected wave) from this layer is
given by

i = By =Ry )/ (Rt Ry ) (5)

and the reflectivity by the product of the reflectance and
its complex conjugate. By appropriate substitution for
b/V and k this same formalism may be used for both X-ray
and neutron reflectometry, though its physical interpreta-
tion differs for the two techniques.

In order to simulate the reflectivity for nonuniform
model composition profiles, the matrix formalism is simply
extended by discretizing the continuous profile using
sufficiently small steps.?2l Each step is then associated
with a fictitious sublayer of uniform scattering length
density and a corresponding optical matrix. The effective
transform matrix for the entire profile is found as the
product of all the sublayer matrices. Interface micror-
oughness is thus readily incorporated by approximating
the profile at a rough interface as a diffuse continuous one
with a width co rresponding to the degree of microrough-
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Figure7. NR datafor pdpd as deposited shown with a simulated
curve which matches the curve reasonably well but corresponds
to the unrealistic profile shown in the inset.

ness. For the conditions studied here an appropriate
approximation envisions the interfaces as having random
roughness with Gaussian distributions of height, cor-
responding to an error function type interfacial profile.22

We demonstrate the analysis in some detail for one
sample. That portion of the pdpd neutron reflectivity
curve for k < k* may be fit first using a model consisting
only of a uniform film of thickness 490 + 5 A, average
scattering length density 2.48 X 10-% A-2, and micro-
roughnesses of 6 = 3 A rms (root mean square) for the
air/polymer interface and 8 + 6 A rms for the polymer
silicon interface. This air/polymer interface roughness
corresponds well to the value of 7 = 2 A rms reported
using AFM.13 Ingeneral, NR and XR can be very sensitive
tothe overall film thickness. Inthe present case, however,
the average (b/ V), of the film is nearly equal to the (b/ V),
of the substrate and the sensitivity is not as good for
neutrons asitis for X-rays. Thereflectivity curveis always
most sensitive to those features associated with the largest
jumps in (b/V).

The next step in the analysis is to include an additional
feature in the model which is capable of producing the
observed Bragg peak. In Figure 6 is shown the (b/V),
profile for a model which assigns the theoretical (b/V),
value of pure p-PG or d-PG to each of a model multilayer’s
30 component layers and incorporates some microrough-
ness at every interface. Also shown is a comparison
between the neutron reflectivity expected for such a model
and the pdpd experimental data. The position of the
experimental Bragg peak isrepresented well when a bilayer
thickness of 32.7 + 0.5 A is used. However, the proposed
model exhibits a much larger Bragg peak than does the
sample. Broadening of the interfaces between the regions
of higher and lower (b/ V), reduces the height of the Bragg
peak but is insufficient to match the experimental data.
Thus one must conclude that either additional features or
areduced (b/ V), modulation amplitude, A(b/ V), = (b/ V);
~ (b/V); = (b/ V)i+1 is needed for the model.

The height of the model Bragg peak depends on the
degree to which the model multilayer (b/ V), profile varies
above and below its overall average value. Reducing the
area between the multilayer profile and the line of constant
(b/ V)nequalto (b/ V)., reduces the Bragg peak magnitude.
Unfortunately, the shape and magnitude of the first-order
Bragg peak is not particularly sensitive to the detailed
distribution of the scattering length density about the
average, so long as the profile is periodic and has the proper
characteristic repeat spacing. To emphasize this point,
two rather different profiles which yield comparable fits
to the data are shown in the insets of Figure 7 and 8.
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Figure 8. NR data for pdpd as deposited with a model curve
corresponding to the profile in the inset and the parameters
summarized in Table 1. Properly accounting for interdigitation
yields an excellent representation of the data.
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Figure 9. Rigorous test of the structural model proposed for
pdpd as deposited, where the XR data are compared to a model
X-ray reflectivity curve derived from the identical structure model
used to fit the NR data in Figure 8. The (b/ V), profile is shown
in the insert.

Discriminating between the two models on the basis of
NR alone requires data at higher values of &, as demon-
strated below with other data sets. However, our under-
standing of the molecules’ chemical structures suggest
some reasonable limits to the dimensions of various regions
in the model. For example, the existence of a sharply
defined, 2.5 A wide region of very large (b/ V), in the model
above seems unrealistic. A model with regions having
dimensions comparable to those of a single layer or part
of a molecule (e.g. the backbone diameter) cannot have
such a large difference between the regions’ scattering
length densities. This smaller modulation is consistent
with some type of overlap among the layers. The amount
and type of possible overlap is considered in the discussion
below.

In order to further constrain the analysis of the data,
one should consider the X-ray reflectivity of this sample,
shown in Figure 9, as well. If one estimates the (b/ V),
values expected for bulk regions of the two types of PG,
one finds a negligible difference. In fact, the X-ray
reflectivity expected from the present model, which
differentiates only between layers of different types, but
not between different portions of one layer, is incapable
of explaining the observed weak Bragg peak. Very good
agreement is found with the overall sample thickness and
roughnesses used to fit the neutron data, confirming those
values. However, some modulation of (b/V); must be
included in a model to quantitatively fit the X-ray data.
This could be due, for instance, to intralayer structure.
Anoutstanding representation of the data, shown in Figure
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Figure 10. XR data for pppp as deposited and after annealing
at84 °C for 48 h. The presence of the second-order peak initially
indicates that the modulation of (b/ V), is not perfectly symmetric.

9, may be obtained by adopting a model with about a 5%
modulationin (b/V),. The maximum possible modulation
is constrained in this case by the fact that the intrinsic
contrast between the materials of the film is limited. On
the other hand, with only one Bragg peak in the data one
is not strongly sensitive to dimensions of the regions of
higher and lower (b/V),, only to the period of the
modulation. When a second peak is present, as for the
pddp sample discussed below, these further dimensions
may be precisely ascertained.

The spacing indicated by the X-ray Bragg peak position,
33.1+0.25 A, corresponds reasonably well to the thickness
of two layers one deduces from the neutron data, and the
overall multilayer thickness is the same as well. This
consistency strengthens our confidence in these funda-
mental parameter values and underscores the advantage
of using neutron and X-ray reflectometry as complemen-
tary probes. An even more striking aspect of this
complementarity, however, is the fact that X-rays uniquely
provide detail of the intralayer structure while neutrons
are uniquely sensitive to the interlayer interfaces.

Results and Discussion

As-Deposited Multilayers. Samples of all four types
described above were studied with X-rays and three with
neutron reflectometry in hopes of providing the greatest
possible number of constraints in building a structural
model for the multilayers. Inordertobe a valid possibility,
the characteristic features of a candidate model had to be
consistent with data from all four sample types. The
neutron contrast between protonated and deuterated side
chains is about twice that between the backbones and side
chains of a given layer. Thus, in the ppdd sample, the
sample feature which should dominate the measured
neutron reflectivity, in the range of & probed, is the
scattering length density profile at the interfaces between
protonated chains belonging to one bilayer and the
deuterated side chains belonging to another bilayer, as
seen in the ppdd picture in Figure 5a. Inthe pddp sample
the interface profile between layers of the same bilayer is
highlighted and in the pdpd sample interfacial profiles of
both types will figure importantly in the measured
reflectivity, as seen in Figure 5b,c, respectively.

We consider first the sample containing only one type
of layer. X-ray data for pppp, shown in Figure 10, were
obtained at moderate resolution over a rather large range
of k. Clearly observable are three peaks corresponding to
nominal spacings of 34.4 £ 0.1, 17.2 £ 0.1, and 11.1 £ 0.3
A, as listed in Table 2. These data are less amenable to
quantitative representation by a model curve than are
those from the other, thinner samples. This is most
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Table 1. Structure Parameters from Neutron Reflectometry?*

i single layer -PG/d-PG
anneal t}ﬁ::’f(;iass, thickness, A 108(b/V)n, A-2 roughness A rms pintef‘face
temp, °C time, h A d-PG p-PG d-PG p-PG air/PG PG/glass width, A rms
(1.5  (£0.15) (£5) (£0.25) (+0.25) layer layer av A (3) (£6) (£2)
theory 4.3£0.2 093£0.05 2601 3.37£0.2
pdpd as deposited 490 15.9 16.8 260£0.05 235+0.06 25£0.3 0.25+0.05 6 8 3
70 4 - - - - - - - - - -
ppdd as deposited 540 16.2 169 3.20£0.15 1.25+0.156 2203 19%£0.15 10 3 8
70 5 - - - - - - - - - -
pddp as deposited 394 16.3 170 350£015 1.5+0.15 25403 20+0.15 8 8 3
84 4 - - - - - - - - - -

¢ Where given at the top of a column, estimates of error for parameter values from experimental data are uniform throughout the column.
b - denotes no change from previous measurement.

Table 2. Structure Parameters from X-ray Reflectometry*

model parameter estimates

experimental conditions roughness, .
anneal qualitative observations t}gviixall spacing 108(b/ V),, A (rms) mtgzé'fice highb/V low b/V
- eaks present? ickness, E - width, region region
temp, °C time hour P A A A air/PG PG/glass A width,  width,
sample (£1.5) (20.15)  1st 2nd 3rd (£5) (£0.2) av (£0.05) (£3) (£2) (1) A A
limits 10.6 2.8
PPPP as deposited Y Y Y NAe 34.4 102+1 0.4 6 7 24  199+1 145=%1
4 N N Y NA - - - - - - - -
84 167 N N Y NA - - - - - - - -
pdpd as deposited Y NA NA 497 331 11x1 0.4 10 8 2.4 16.5+ 3.5 165+ 3.5
70 4 Y* Y Y 487 325 1141 0.2 11 14 2.4 1951 131=+1
84 4 Y Y Y - - - ~ - - - - -
84 67 Y Y Y - - - - ~ 10 - - -
ppdd as deposited Y NA NA 535 333 111 0.4 11 6 2.4
70 5 Y Y Y 525 328 11x1 0.2 10 7 2.4
pddp as deposited Y Y Y 401 33.45 10.2+03 04 8 9 2.4
84 4 Y* Y Y 396 33.1 11.0£05 0.2 8 9 2.4 1981 133+1

¢ Where given at the top of a column, estimates of error for parameter values from experimental data are uniform throughout the column.
b “Y” = present, “N” = missing, “Y*” = present but reduced in intensity from previous measurement. ¢ NA denotes not available. ¢ “-” denotes

no change from previous measurement.

probably due to a greater variance of layer to layer structure
in the thicker sample. However, two qualitative results
are available which prove important for comparison with
the other sample types. First, the presence of a second-
order peak indicates that the variation in (b/V); is not
perfectly symmetric, i.e. the regions of above average (b/
V) are of a different thickness than those of below average
(b/V)y. Second, a feature of average dimension 11.1 A is
present in the sample. The breadth of the third peak
suggests that this periodicity is not well-defined. However,
the precise character of this feature is still not understood.

Results for the pdpd sample are displayed in Figures
6-9 and were discussed in part in the above illustration
of the analysis technique. Model structure parameter
estimates corresponding to best fits to the data are
summarized in Tables 1 and 2. While the goodness of fit
to the NR data is very sensitive to the amplitude of
scattering length density modulation, A(b/V),, used, it is
less sensitive to the absolute values of (b/ V), used for the
two layer types. Even so, one may compare the experi-
mental values with calculated neutron scattering length
densities for pure p-PG and d-PG (95% deuterated) shown
in Table 1. These are calculated using elemental com-
positions estimated from NMR and volumes per repeat
unit derived from monolayer studies (pp_pg = 1.154 g/cm?,
pd-pG = pp-pc) and represent limiting values. The (b/V),
values measured with NR for d-PG and p-PG using a
multilayer of d-PG atop a multilayer of p-PG,!® where the
values are expected to attain nearly their bulk magnitudes,
are ca. 4.3 X 108 and 1.2 X 108 A-2, respectively. The
sample average (b/ V), reported for the present reflectivity
datais about 4 % lessthan that calculated from theoretical
pure component values and also less than that from the
two part multilayer of ref 23. However, these differences

lie within the error estimates associated with these
parameter values. Differences in this range could also be
due to errors from the determination of the transfer ratios
during deposition.

The X-ray results show that the polypeptide backbones
are located preferentially near the center of each bilayer,
reflecting the asymmetry of the original monolayers formed
on the water surface prior to transfer. There the hydro-
philic backbones lie on the water and aliphatic chains
project into the air. When transferred to the substrate
using a Y-type transfer, the backbones of layers within
the same bilayer are placed close together. InTable 2 the
film’s average (b/V), and amplitude of X-ray scattering
length density modulation, A(b/V),, are compared with
limiting values calculated by assuming a fictitious structure
with layers containing only backbones and layers contain-
ing only amorphous aliphatic chains. Reflectivity is a
sensitive probe of the (b/ V), modulation, as indicated by
the errors assigned to A(b/V),. However, it is not as
sensitive to the absolute magnitude of (b/V),. The
observed (b/ V) modulation is much less than the limiting
value, suggesting that even in the regions containing the
backbones, many side chain portions are present as well.
Also, any tilt of the these long rods is a factor reducing the
(b/ V) modulation. A crude sketch suggesting how this
might appear is presented in Figure 4. Calculations of the
diameter of the electron rich cylindrical region containing
both the backbone and methyl ester moieties of a single
polyglutamate molecules provide a value of about 14 A.24
Without the inclusion of the ester moieties, the diameter
is about 6 A. Asseen in Table 2 the width of the electron
rich hig h(b/ V), region is about 19 A, depending on the
sample. Figure 11illustrates a model accommodating this
value by allowing interpenetration of the a-helical back-
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Figure 11. Schematic illustrating how the ester moieties of
adjacent a-helix backbones may overlap.
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Figure 12. Schematic of an idealized multilayer structure and
the corresponding neutron scattering length density profile.

bone through the space occupied by the methyl ester
moieties. This interpenetrating model has been cor-
roborated using molecular modeling simulations,? which
suggest that for noninterdigitating layers the greatest
possible width for a region containing only long side chains
would be ca. 14 A (e.g. 7 A for each of two adjacent layers
if there were no interdigitation of the side chains).

The comparatively small difference between the (b/ V),
experimental values of the what are nominally the p-PG
and d-PG layers indicate unquestionably that there is some
type of mixing of the two molecule types. Two possible
mechanisms for this mixing are interdigitation and
molecular interchange of center of mass diffusion between
layers. Analysis of the unannealed sample data alone
cannot distinguish between these two mechanisms. How-
ever, the lack of change upon annealing, discussed below,
strongly argues in favor of interdigitation. Quantifying
the amount of interdigitation is thus an important issue.
This problem may be discussed with the help of the
schematic structure and corresponding neutron scattering
length density profile in Figure 12. The side chains for
each rod are depicted as lying perferentially on one side
of the rod, as dictated by the geometry of the deposition
procedure and the X-ray results, indicating the localization
of rods to the interior of a given bilayer. As drawn, the
model has five regions of distinct composition. Moving
from left to right in Figure 12, we find protonated side
chains only, backbones with protonated side chains,
backbones with deuterated chains, deuterated chains only,
and a mixture of deuterated and protonated side chains.
One recognizes, in fact, that it is impossible to imagine
any amount of interdigitation of this type which leads to
a (b/ V), profile containing only two characteristic scat-
tering length densities, unless the layers are so highly
intermixed that the only distinction which remains is the
existence of regions rich in backbones and regions rich in
side chains. A variety of profiles containing detail such
as that suggested in Figure 12 approximate the NR data
as well as our simpler model, but none is superior. For
greater sensitivity one must have data at larger k.

A comparison of model curves and the data does offer
the following limitations on potential models. Thegreatest
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Figure 13. NR datafor as-deposited ppdd together with a model
curve corresponding to parameters in Table 1 and the profile in
theinset. The existence of the second-order Bragg peak suggests

the bilayers of protonated and deuterated material do not have
identical thicknesses.

difference between the (b/ V), values of any regions in the
multilayer structure cannot exceed about 0.8 X 10-6 A-2,
Using an appropriate layer thicknesses, (b/ V), differences
greater than this produce a Bragg peak which is too intense.
Thus, barring molecular interchange between layers, no
region rich in side chains can contain more than about
65% side chains of one type. This value is obtained by
simply determining the deuterated to protonated ratio
required to obtain the (b/V), difference. All in all, the
picture of the pdpd structure which emerges is one of
extensive interdigitation.

Figure 13 displays neutron reflectivity data for ppdd.
For this sample the technique should be sensitive only to
interfaces and dimensions of bilayers and not to those of
individual layers. Indeed, the value of k at the first Bragg
peak maximum, k*, is observed to be roughly half that for
the pdpd sample. This position reflects a bilayer spacing
of 33.1 = 0.3 A. Due to time constraints, reflectivities
were not collected for the entire range of k& studied for the
pdpd sample. However, the neighborhood about k = 2k*
has been probed in order to confirm the presence of a
weak second-order Bragg peak. A precise characterization
of the Bragg peak’s relative intensity is difficult because
the measurement of the reflectivity for & > 2k* is limited.
In any case, the existence of a weak second-order peak
alone indicates that the dimensions of the protonated and
deuterated bilayers are not identical. If they were, the
second-order peak would not appear. A slight difference
of 0.7 A in the thicknesses of the two layer types has, in
fact, been incorporated in the final model fit.

Using arguments similar to those presented above for
the pdpd sample, one may obtain a simple two region
periodic model structure sufficient to represent the ppdd
data reasonably well. The corresponding model reflectivity
curve and profile are portrayed in Figure 8. Assummarized
in Table 1, the bilayer spacing used is nearly the same as
that for pdpd, and the average b/ V for the entire multilayer
isalsosimilar. A feature ofthe profile of particular interest
is the amplitude A(b/ V), of the scattering length density
variations. For this sample the amplitude is (1.9 £ 0.15)
X 10-% A-2, much higher than the amplitude of 0.25 £ 0.5
A-2 for the pdpd sample. The number of interfaces
between p and d layers has been halved, but the amplitude
of modulation A(b/ V), has been increased by nearly a factor
of 8. The type of interface which has been removed is that
within the bilayer at which the backbones of p-PG and
d-PG are closest. Since removing this interface increased
A(b/ V), so much, it seems that this type of interface
contributes markedly to the mixing in the sample.
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Figure 14. XR data for as-deposited ppdd with a model curve
and the corresponding profile. The corresponding model pa-
rameters summarized in Table 2 agree well with those derived
from neutron measurements.
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Figure 15. NR data for as-deposited pddp with a model curve

and the corresponding profile in the inset. Model parameters
are given in Table 1.

The significance of the microroughness values for
bilayer/bilayer interfaces is limited. At best it provides
only a gross indicator of the diffuseness of the interfaces,
as NR cannot distinguish between smooth, laterally
uniform changesin (b/ V), across the interface and abrupt,
laterally nonuniform changes. Also,the microroughnesses
are positively correlated somewhat with the magnitude of
A(b/ V),

X-ray data for ppdd are shown in Figure 14. Once again,
the subdivision of each monolayer into two regions of
differing (b/ V), is essential to adequately represent the
reflectivity. The bilayer spacings, average (b/V);,
A(b/ V), and microroughnesses determined from these
data, shown in Table 2, agree reasonably well with those
from the pdpd sample. Agreement of the overall thick-
nesses, bilayer spacings, and roughnesses with those from
the neutron experiment is also good.

Neutron data from the fourth sample to be considered,
pddp, are presented in Figure 15. A strong first-order
Bragg peak and weak second-order peak are observable,
reinforcing the picture that the deuterated and protonated
layers are slightly different in thickness. Layer thicknesses
corresponding to the fit shown are consistent with those
from the pdpd and ppdd samples. Interestingly, the
amplitude of the scattering length density modulations
for this sample is about the same as that for the ppdd
sample. In contrast to the ppdd sample, where inter-
digitation of deuterated and protonated side chains is easily
envisioned, here mixing of the two chain types can only
occur readily in the neighborhood of the peptide back-
bones. The fact that A(b/V), isno bigger in this case than
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Figure 16. XR data for as-deposited pddp with a model curve
corresponding to the profile in the inset and parameters in Table

in the case where interdigitation of deuterated and
protonated long side chains is easier suggests that either
the lowering of contrast is due to mixing of entire molecules
between layers or that interdigitation of long chains near
the backbones is of great importance. The average (b/ V),
is somewhat higher than that of ppdd and comparable to
that of pdpd.

X-ray data for pddp as deposited, shown in Figure 18,
is available over a somewhat larger range of k than for
either pdpd or ppdd. This range affords the opportunity
to observe a clear peak at a position corresponding closely
to that expected for a second-order Bragg peak as well as
a third-order peak. The existence of the second Bragg
peak greatly narrows the possible models which can fit
the data, as it allows one to specify to within 1 A the
dimensions of the regions of higher and lower (b/V),. In
particular, the region of above average (b/V), has a
thickness of 19.8 £ 1 A and that of below average (b/ V)x
a thickness of 13.3 £ 1 A. The region rich in backbones
thus is certainly thick enough (i.e. >11 A) to accommodate
the polypeptide residues from each layer of a given bilayer,
but not so thick (i.e. <28 A) as to include both the
polypeptides and all the methyl ester side chains of both
backbones. Rather, the dimension of 19.8 A corresponds
well to the sum of the two polypeptide diameters and twice
the average length of the short side chains. In contrast
to the pdpd XR data the fit here is also very sensitive to
the combination of regions used in the model. Forexample,
it is not possible to place a slight dip in the (b/ V), profile
between two regions of raised density to correspond to
slightly separated rods. Thus, as also seen with the pdpd
sample, the rods must be close enough together that the
backbones and interdigitated methyl ester side chains are
contained in a single region of nearly constant (b/ V). This
argues in favor of some crossing of the long side chains at
this interface within the bilayer’s interior.

Due to the particular thickness of this sample the
goodness of fit is also very sensitive to the absolute value
of (b/V); for the first layer next to the substrate. Our
analysis reveals that this value must be lower than those
for any other layer and indeed examination of the transfer
ratios show that the ratio for this first layer was somewhat
poorer (82 = 5%) than that for the others.

One may ask howreasonable it is from a thermodynamic
point of view for the deuterated and protonated side chains
to interdigitate. Studies of isotopic polymer blends?5.26
have confirmed that a small positive segment interaction
energy exists between chains differing only in the sub-
stitution of D for H. This interaction has been ascribed?7-2°
to the small changes in segment volume and polarizability
associated with the exchange of D for H. The effect is so
subtle, however, that it manifests itself in the form of a
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Figure 17. Comparison of the NR data for pdpd before and
after an annealing of 4 h at 70 °C indicating no change in the
interlayer structure.

measurable upper critical solution temperature only for
chain lengths greater than 103-104. Results of investiga-
tions by various groups3%3! of n-alkane/n-deuterioalkane
mixtures for n up to 40 are consistent with this view.
Therefore, while the protonated and deuterated side chains
are not perfectly equivalent, we do not expect any
significant thermodynamic barrier to their mixing at all
concentrations.

Annealed Samples. In further measurements the
stability of the as-deposited structure to annealing was
studied. Initially, samples were annealed at 70 or 84 °C
for 4 or 5 h and then studied again with both X-rays and
neutrons. Measurements were also done after still longer
annealing treatments for pppp and pdpd. The exact
annealing conditions are summarized in Table 2. Inevery
case, the initial annealing had no discernible effect on the
sample’s neutron reflectivity over the range of & probed,
as demonstrated in Figure 17 for the case of the pdpd
sample. It follows that structural relationships among
the different layers remained the same at the level of
resolution afforded by the available k range. This result
precludes the possibility of substantial center of mass
diffusion of the molecules during this mild annealing
treatment and is consistent with the results of the single
interface study in ref 23. It is therefore highly unlikely
that substantial diffusion took place at 4 °C from the time
of deposition to the measurement of the unannealed
samples (about 3 weeks). Only the deposition process itself
remains as a possible opportunity when interlayer diffusion
may have taken place. It is not known how the mobility
of the molecules may have been affected while submerged
in the aqueous subphase, but because PG is not soluble
in water, no intermixing is expected. However, even in
that condition any center of mass movement would have
had to be highly cooperative, due to the rigid rod
backbones,3 and seems unlikely.

Another feature of the layer structure which is important
in this regard is the degree to which the orientation of the
rods in one layer corresponds to that in the next. For the
larger samples, the flow of molecules onto the substrate
during depositionis not convergent. Thus, one anticipates
that orientation of the rods in neighboring layers will differ.
This lack of orientation certainly hinders diffusion. The
pppp sample is considerably smaller and the alignment of
the rods between layers apparently is better in this case.3?

Three types of changes with initial annealing were
observed in the X-ray reflectivity in each case. First, the
intensity of the X-ray first-order Bragg peak decreased
markedly with annealing. An example of this change is
shown in Figure 18 for the pdpd sample. Only the initial
anneal of 4 h at 84 °C was required to fully eliminate the
first peak in the X-ray reflectivity of pppp, but at least
some hint of this peak remained after initial annealing of
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Figure 18. Comparison of the XR data for pdpd before and
after annealing for 4 h at 70 °C revealing a relaxation of the
deposition-induced intralayer asymmetry.

the other three samples. A structural model change which
can represent this change in reflectivity is a reduction in
the scattering length density modulation amplitude of a
perfectly periodic structure. (Thatis, we allow no variation
of layer thickness for layers of a given type.) Such a
reduction may be rationalized by considering a delocal-
ization of the peptide backbone positions, i.e. a relaxation
of the intralayer asymmetry imposed by sample deposition.
Such a relaxation seems plausible, since at elevated
temperature the molecules have greater mobility and the
configurational entropy gained by randomizing the posi-
tions of the backbones would easily offset any enthalpic
costs due to changes in contacts. However, the thicknesses
of the higher and lower (b/V) regions in the models used
to fit the pddp XR data before and after annealing are
essentially identical. This argues against a broadening of
the spatial distribution of backbone axes in each bilayer
with annealing.

Two additional changes seen in the structure of every
sample are small decreases in the overall sample thick-
nesses and corresponding bilayer thicknesses. The ob-
served decreases in sample thickness amount to about 10,
10, and 5 A for the pdpd, ppdd, and pddp samples,
respectively. Resolution in the XR for the thicker pppp
sample was insufficient to measure its overall thickness
change with annealing.

One feature which appeared to remain relatively unaf-
fected by the annealing was the third broad peak shown
in Figure 10. This constancy was observed directly for
pppp and pddp, for which measurements were made out
to at least a k of 0.5 A-! both before and after annealing.
In fact, in the case of pppp, the third peak remained
essentially unchanged after 6 days of 84 °C annealing.
The third peak was also observed for pdpd, though first
after an initial annealing of 4 h at 70 °C. Remarkable
about this lack of change is the fact that the first- and
second-order peaks both changed with annealing for the
pppp and pddp samples. Four hours at 84 °C was sufficient
to erase all signs of both the first- and second-order peaks
from pppp, while the second-order peak from pddp was
diminished but remained after the same treatment. A
second-order peak was also present for the pdpd sample
after 4 h at 70 °C and remained after an additional 67 h
at 84 °C. Perhaps the second-order XR peak reflects the
slight difference between the p and d layers as well as
bilayer periodicity.

It was of particular interest to note after annealing of
the samples if a hexagonal phase had been formed, as is
seen in bulk samples of the octadecyl-substituted poly-
glutamate homopolymer and other rigid rod polymers such
as polysilanes.?* If a hexagonal phase had developed, one
would have expected the appearance of a peak k* ~ 0.094
A-1 corresponding to the 100 spacing of about 34 A. No
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peak was observed at this position for any of the annealed
samples. The fact that vestiges of the sample’s multi-
layered character persist after annealing, even through
extensive interdigitation occurs, could very vwell be due
tothe difference in rod alignment from layer to layer which
hampers development of the alignment needed to form a
3-D ordered phase.

Taken together, the effects seen with annealing suggest
the following. First, annealing at moderately elevated
temperatures for several hours does not lead to significant
interlayer interchange of molecules, as seen by the lack of
change in NR for the pdpd, ppdd, and pddp samples.
Second, this annealing does bring significant rearrange-
ment of the molecules within each bilayer and the
relaxation of structural asymmetry caused by the deposi-
tion. This rearrangement may be divided into two cases,
that of the sample pppp which is a small sample and that
of the pdpd, ppdd, and pddp samples which are larger. As
noted above, the sample size has a direct effect on rod
orientation. The pppp sample exhibited a complete loss
of the first and second Bragg peaks in the XR data,
indicating a complete loss of periodic electron density
variation in the sample. This is evidence of an increased
mobility for the rods in these samples, which may be due
to an initial alignment which is better than that of the
rods in the larger samples. Some relaxation of the larger
samples also occurs, as seen by changes in, but not complete
loss of, the Bragg peaks in the XR data. The exact nature
of this relaxation is unclear. Lastly, there is no evidence
that the PG forms a structure with hexagonal symmetry
upon annealing.

Conclusions

The study of Langmuir-Blodgett~Kuhn multilayers of
a novel hairy-rod polyglutamate copolymer with the
complementary techniques of X-ray and neutron reflec-
tometry reveals several aspects of their structure and
change upon annealing at elevated temperature. The
deposition process creates a multilayer with significant
structural asymmetry with the polypeptide backbones
located preferentially near the interface at the center of
each bilayer. Distinctions between layers are not sharply
defined, even in the as-deposited multilayers, but rather
substantial interdigitation occurs between both the layers
of adjacent bilayers and the layers within one bilayer.

When the multilayers are annealed, at 70 or 84 °C, the
asymmetry within each bilayer induced by the deposition
is relaxed irreversibly. However, there is no measurable
interchange of molecules between layers and the layered
structure appears to persist.
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