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Orientation of Poly(octadecyl methacrylate) and Poly(octadecyl
acrylate) in Langmuir-Blodgett Monolayers Investigated by
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ABSTRACT: Molecular orientation in Langmuir-Blodgett (L-B) monolayers of poly(octadecyl methacrylate)
(PODMA) and poly(octadecyl acrylate) (PODA) has been studied by infrared spectroscopy. Substantial
anisotropy between the spectra measured in transmission, and by reflection at grazing incidence, was observed
for both these polymers. The carbonyl group was found to be oriented approximately perpendicular to the
substrate surface, independent of polymer type and of deposition surface pressure within the range investigated.
The long aliphatic ester side groups were also found to be approximately perpendicular to the plane of the
monolayer. However, the orientation of these groups was strongly dependent upon the chemical structure
of the polymer used and on the surface pressure at transfer. More condensed L-B monolayers of PODA could
be formed than was the case for PODMA, in part due to the lower steric hindrance to rotations about backbone
bonds in PODA because of the absence of the methy! side group.

Introduction

The Langmuir-Blodgett (L-B) technique for the de-
position of ordered monolayers of amphiphilic molecules
on solid substrates has obtained new prominence since the
incorporation of L-B films into microelectronic devices.
‘This renaissance has also been inspired by the wide range
of other potential technological applications of L-B films!-3
and by the opportunities to investigate the structure and
properties of the molecules in this uniquely ordered en-
vironment. However, from the technological standpoint,
L-B films of traditionally used amphiphilic materials, such
as long-chain fatty acids, are rather fragile, possessing little
mechanical or thermal stability or resistance to dissolution.
Consequently, efforts have been made to extend the range
of materials that may be transferred as monolayers by the
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L-B technique.? Cemel et al® first suggested the polym-
erization of monolayers or multilayers of unsaturated
molecules to produce a more robust structure while still
retaining the orientation of the monomers. This technique
has met with some success; related polymerized liposome
structures have been investigated as potential drug car-
riers® and as useful models for cell membranes.” However,
recent studies®® have revealed that internal stresses, which
are frequently generated by polymerization after transfer
of the monomer to a substrate, can produce films with large
fissures and cracks. One possible means of eliminating this
stress is to polymerize a mixture of isomers such that the
average area per monomer unit is unchanged after polym-
erization. This strategy has been adopted by Rabe et al'°
using the two isomers: octadecylfumaric acid and octa-
decylmaleic acid. In an alternative approach, efforts have
been directed toward transferring L-B monolayers of
preformed polymers that do not exhibit these inherent
stress problems. Structure—property relationships may also
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be more easily investigated with a well-characterized
polymeric system as opposed to a system of uncertain
structure produced by in situ polymerization. Such
structure—property relationships are an important prere-
quisite to a fuller understanding of these quasi-two-di-
mensional polymeric systems.

Tredgold and Winter!!'? were the first to describe the
transfer of L-B monolayers of preformed polymers.
However, the polymers investigated by these authors were
poorly characterized copolymers that had to be hydrolyzed
on the surface of the water subphase prior to their transfer
to a solid substrate. The principal aim of the investigations
by Tredgold et al''"** was the development of electronic
devices; detailed analysis of the orientation and packing
of the polymers in the L-B films was not undertaken. In
the work presented here we describe studies of L-B
monolayers of well-characterized amphiphilic comblike
polymers on the surface of water, their transfer to suitable
solid substrates, and their analysis using polarized infrared
spectroscopy (IR). In order to obtain information re-
garding the orientation of the polymer on solid substrates,
the transferred films were investigated by both trans-
mission and grazing incidence reflection IR.

The polymers chosen for the present study were poly-
(octadecyl methacrylate) (PODMA) and poly(octadecyl
acrylate) (PODA). These materials were selected because
as well as having the required amphiphilic nature they are
also structurally related to the much more widely inves-
tigated poly(methyl methacrylate) (PMMA), and the ap-
parent similarities in chemical structure may be utilized
in making band assignments. In addition, a considerable
amount of work!®*?! on side-chain crystallization in bulk
PODMA and PODA has appeared in the literature. X-ray
data!®? suggest that the side chains of poly(n-alkyl acry-
lates) and poly(n-alkyl methacrylates) are extended at right
angles to the main chain, thus enhancing the crystallization
process but leaving the main chain disordered even in
materials that exhibit considerable tacticity. Of interest
in the present study are the different crystallization habits
of PODMA and PODA that are introduced by the prep-
aration of L-B films. In light of the previously mentioned
bulk studies, side-chain organization will certainly be in-
fluenced by deposition using the L-B technique such that
the resulting structures could be significantly different
from those in the bulk.

Structurally, the polymers PODMA and PODA differ
only in the replacement of a methyl group by a hydrogen
on the carbon backbone in the repeat unit (see Figure 1).
However, this small change has a profound effect on the
steric hindrance to rotation about bonds in the polymer
backbone and produces a much more rigid chain in the
case of PODMA. Tt is also of interest to examine the
ramifications of the degree of rigidity of a polymer back-
bone upon its ability to form well-ordered, closely packed
L-B films.

Experimental Section

Substrates for the IR reflection measurements were 1 X 3 in.
fused quartz microscope slides, onto one side of which had been
evaporated aluminum films approximately 0.2 um thick. Irtran-2
(38 X 19 X 2 mm) was used as the substrate for transmission
measurements. All IR measurements were made with an eva-
cuable IBM IR98 FTIR. Typical spectra were recorded at 2-cm™
resolution, using a Santa Barbara Research MCT detector cooled
to liquid nitrogen temperatures. Good signal-to-noise spectra
generally required the coaddition of 4000 scans.

For grazing incidence reflection measurements, a standard
Harrick reflection accessory was used. Since aluminum has a
maximum in the reflectivity ratio, (R, ~ R) /Ry, at an angle close
to that of silver, the GIR reflection measurements were made at
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Figure 1. Structural repeat units of (a) poly(octadecyl meth-
acrylate) and (b) poly(octadecyl acrylate).

80-81°, the angle previously?? determined to be operationally
optimal.

The L-B trough employed in the current investigation was a
modified Langmuir Trough 4, obtained from Joyce-Loebl. The
large glass tank, which is a part of this apparatus, was replaced
with a much shallower (~1 in. deep) Teflon tank. This proved
much easier to keep clean, as judged by surface pressure mea-
surements. The tank was filled with water that had been purified,
with a Barnstead NANOpure II ultrapure water system fitted with
an ORGANICpure oxidation chamber to remove organic im-
purities.

PODMA (My = 321000 and My = 97200) and PODA (My
= 23300 and My = 13000) were secondary standards obtained
from Scientific Polymer Products, Inc., Ontario, NY. Both these
polymers were atactic. The polymers were spread on the purified
water subphase from dilute (0.5-0.05 mg mL™) solutions in di-
chloromethane, and the solvent was allowed to evaporate. After
several cycles of compressing a monolayer of PODMA or PODA
and allowing it to expand, the pressure-area isotherm was found
to be completely reproducible for surface pressures up to those
approaching the collapse pressure for the respective polymer. It
was noted, however, that the collapse pressure was highly de-
pendent upon trace levels of impurities. The more dilute the
solution and the longer the time over which the polymer was
spread, the more quickly the pressure-area curve became re-
producible upon sucecessive compression and expansion cycles.

These comblike polymers could be transferred to solid hy-
drophilic surfaces as single coherent monolayers upon withdrawal
of the substrate from the subphase. Deposition was continuously
monitored, and the resulting deposition ratio was always between
0.98 and 1.02 for the L-B films used for spectroscopic studies.
The dipping speed was maintained at 2.5 mm min™!. Z-type®
(transfer on the upstroke only) multilayer structures could also
be transferred to IR reflection and transmission substrates.
Although Z-type deposition has been reported previously?#? for
other materials, it has usually been brought about by expanding
the Langmuir film, or removing it from the subphase, prior to
a downstroke of the substrate. Consequently, it is believed that
this is the first observation of the formation of a genuine Z-type
L-B multilayer. It was also possible to fabricate X-type® (transfer
on the downstroke only) assemblies on fused quartz slides that
had been alkylated?® to produce a hydrophobic surface.

Results and Discussion

Pressure—Area Isotherms. Although the molecular
weights of PODMA and PODA are substantially different
and their polydispersities are large, it has been demon-
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Figure 2. Surface pressure—area curve for poly(octadecyl me-
thacrylate) measured at 20 °C and a compression rate of 0.45 X
1073 nm? s7! repeat unit™.
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Figure 3. Surface pressure-area curve for poly(octadecy! acrylate)
measured at 20 °C and a compression rate of 0.45 X 107 nm? s
repeat unit™,

strated?” that pressure—area curves for surface films of
these high polymers do not show any appreciably depen-
dence on molecular weight under the usual experimental
conditions (surface pressure above 0.2 mN m™) and pro-
vided the molecular weight is large enough (>2000).
Consequently, surface pressures are plotted in Figures 2
and 3 as a function of the area occupied per monomer unit,
and interpretation of the isotherms will be made in terms
of differences between the chemical structure between
PODMA and PODA rather than in terms of differences
in molecular weight.

The pressure—area curves for PODMA and PODA,
shown in Figures 2 and 3, respectively, were measured at
20 °C and at a compression rate of 0.45 X 103 nm? s per
repeat unit. The isotherm of PODMA is in good agree-
ment with that measured in a much earlier study by
Crisp.2 In the isotherm of PODMA (Figure 2), it is ob-
served that there are two distinct regions in which the
surface pressure rises approximately linearly with reduc-
tion of surface area. The linear rise in the less condensed
regime is interpreted as resulting from trying to force the
backbone of the polymer into a closely packed, quasi-
two-dimensional structure against considerable steric
hindrance. The second, and steeper, rise of surface
pressure apparent upon reducing the surface area still
further is attributed to interactions between the long al-
iphatic side chains of the polymer molecules. In the phase
corresponding to this steeper rise, the long side chains are
believed to be approximately perpendicular to the surface
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Figure 4. Infrared spectra of isotropic films of poly(methyl
methacrylate), poly(octadecyl methacrylate), and poly(octadecyl
acrylate) measured in transmission.

of the water, but although they interact with one another
they are not close enough to form an ordered crystalline
lattice. The cross sectional area of a saturated aliphatic
chain in a close-packed Langmuir film in the solid phase
is ~0.20 nm,? as exemplified by arachidic acid.?® In Figure
2, it is seen that the smallest stable area per repeat unit,
which is attained immediately preceding collapse, is ~0.22
nm,? some 10% in excess of the optimum packing area.
Thus, these measurements of the pressure—area isotherm
of a monolayer of PODMA indicate that the polymer
Langmuir film becomes unstable and undergoes collapse
before the optimum crystalline packing of the aliphatic side
chains can be achieved.

The pressure—area isotherm for PODA, shown in Figure

3, differs substantially from that for PODMA. On com-
pression of a monolayer of PODA, the first rise in surface
pressure occurs at an area per repeat unit where the side
chains are expected to be entering the liquid phase.?* No
distinct contribution to a rise in surface pressure is ob-
served in the regime where compression of the polymer
backbone is thought to be dominant. This is to be ex-
pected, since rotations about bonds in the polymer back-
bone are sterically less hindered for acrylates, as compared
with methacrylates, due to the absence of the methyl side
group. This lower degree of steric hindrance in PODA also
allows the aliphatic side chains to be compressed to smaller
surface areas prior to collapse than is the case for PODMA.
The minimum stable area per repeat unit for PODA was
found to be ~0.21 nm?, which is only ~5% greater than
the optimum packing area.

Infrared Spectroscopy. Shown in Figure 4 are three
spectra of isotropic films of PMMA, PODMA, and PODA.
The C-H stretching regions of the spectra of PODMA and
PODA are dominated by the asymmetric and symmetric
C-H stretching in the long ester side groups. The anti-
symmetric and symmetric C—H bands occur at 2922 and
2851 cm™! in PODMA, and at 2918 and 2850 cm™ in
PODA, respectively. The shoulder at ~2955 cm™ re-
sults®®3! from asymmetric stretching of C~H bonds in the
terminal methyl group of the long aliphatic side chains and
of the vinyl C-H bonds; plus, in the spectrum of PODMA,
an additional contribution arises from the C—H stretching
of the vinyl methyl group. These latter assignments were
made by comparison with previous®?! results obtained for
PMMA. Several absorption bands in the spectrum of
PODMA are indicative of the presence of the methyl group
that distinguishes PODMA from PODA. The most no-
ticeable of these bands, which arises from the methyl
bending mode of the C-CH, group, occurs at 1384 cm™ and
contains contributions from both the —CH; side chain and
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Figure 5. Polarized infrared spectra of a single monolayer of
poly(octadecyl methacrylate) obtained with (a) E parallel to the
surface (transmission), and (b) E perpendicular to the surface
(grazing incidence reflection).

the ~CHj end group of the octadecyl chain. This band is
approximately twice as intense in the spectrum of PODMA
as the corresponding band in the spectrum of PODA,
which only has a contribution from the terminal methyl
group. A common feature of all three spectra is the strong
C=0 stretching vibration at ~1736 cm™. It will be
principally this band, together with the bands corre-
sponding to the asymmetric and symmetric C-H stretching
vibrations in the ester side chain, which will be used to
probe the orientation of the polymer molecules in the L-B
monolayers.

Grazing incidence reflection (GIR) IR spectroscopy,
complemented by standard transmission measurements,
is a powerful technique with which to probe the orientation
of molecules in ordered films, such as L-B monolayers.
The use of GIR gives a preferential selection® of the po-
larization component perpendicular to the metal surface.
In the case of anisotropic films, this gives rise to a polarized
IR spectrum that contains bands whose transition dipole
moments have some component along the direction of the
electric field. In a standard transmission measurement the
electric field of the incident beam is parallel to the sub-
strate surface. Thus, by comparing the relative intensities
of bands in a GIR spectrum with those measured in
transmission, information regarding the orientation of
selected parts of a molecule can be obtained. Such a
comparison may be made of the two spectra presented in
Figure 5. These spectra are of a single monolayer of
PODMA transferred to solid substrates by the L-B tech-
nique at a constant surface pressure of 20 mN m™.. Such
a monolayer has a thickness of ~30 A. The upper spec-
trum in this figure was measured in transmission, whereas
the lower spectrum was recorded by reflection at grazing
incidence. Significant band intensity variations are no-
ticeable between these spectra. In particular, the C=0
stretching vibration at 1736 cm™ shows considerable an-
isotropic character, indicating that the change in dipole
moment of the C=0 bond is primarily perpendicular to
the surface. Likewise, bands attributable to the -CH,—
stretching vibrations are much less intense in the reflection
experiment, indicating that the hydrocarbon tails are also
oriented primarily perpendicular to the surface.

To examine spectroscopically the orientation of the
PODMA molecules in the two distinct regimes of the
pressure—area isotherm, L.-B monolayers were transferred
to reflection substrates at different surface pressures. The
C-H and C==0 stretching regions of the spectra of two of
these L-B monolayers are shown in Figure 6. The mon-
olayers from which these spectra were recorded were
transferred maintaining a constant surface pressure of 6
mN m™ (upper spectrum) and 20mN m™ (lower spectrum),
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films of poly(octadecyl methacrylate), deposited at 20 °C and
surface pressure of 20mN m™. The upper spectrum corresponds
to six Z-deposited layers and the lower spectrum is that of a single
monolayer.

respectively. These surface pressures correspond to the
approximate midpoints of each of the linear portions of
the pressure—area isotherm for PODMA. Upon inspection,
it is clear that the intensity of the C=0 absorption at 1736
cm™! is similar in both spectra, indicating that the orien-
tation of the C=0 bond does not change significantly
between the two regimes. At a surface pressure of 20mN
m™}, the spectra in Figure 5 show that the aliphatic side
chains are approximately perpendicular to the surface, as
attested by the relatively weak absorptions of the C-H
bonds in the reflection spectrum. In the reflection spec-
trum of the film transferred at 6 mN m-!, however, both
the symmetric and antisymmetric C-H stretching bands
are now considerably more intense. This indicates that
at a surface pressure of 6 mN m™ the ester side chains are
tilted substantially away from the normal to the surface.

Builtup Z-type multilayers of either PODMA or PODA
could be fabricated on hydrophilic surfaces. Up to six L-B
monolayers have been transferred to substrates in the
current investigations. Attempts to transfer additional
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monolayers proved less successful, as indicated by a di-
minishing deposition ratio. A question arises as to whether
or not the order found in a single monolayer is maintained
in each of the repeating layers of a multilayer assembly.
Shown in Figure 7 are two grazing incidence IR spectra
of L-B films of PODMA deposited at 20 °C, while main-
taining a constant surface pressure of 20 mN m™. The
upper spectrum in Figure 7 is of a multilayer structure
comprised of six Z-deposited layers, and the lower spec-
trum was obtained from a single monolayer. The ratio of
the integrated intensity of any band in the monolayer
spectrum to that of the corresponding band in the mul-
tilayer spectrum is approximately the same for all ab-
sorption bands. With the assumption that the electric field
is constant up to 2000 A from the surface, this ratio is
expected to be 1:6. A somewhat higher value was found
here, but since this ratio was approximately constant for
all corresponding bands in the two spectra, the apparent
discrepancy is attributed to slight changes in the instru-
mental conditions rather than a difference in the orien-
tation of the molecules in the multilayer as compared to
the monolayer. Thus, we conclude that the orientation in
the single monolayer is replicated throughout the multi-
layer structure.

Comparison of pressure—area isotherms of PODMA and
PODA earlier in this work has shown that PODA could
be compressed into a more compact monolayer on a water
surface than PODMA. It is of interest to determine if this
more condensed structure is retained on transferring a
monolayer of PODA to a solid substrate and whether this
increase in packing efficiency can be discerned by polarized
IR spectroscopy. Shown in Figure 8 are the structurally
significant regions of two spectra of a single monolayer of
PODA transferred to solid substrates at 20 °C and a
surface pressure of 20 mN m™. The upper spectrum was
measured in transmission and the lower spectrum was
recorded by reflection at grazing incidence. A large degree
of anisotropy is apparent between these spectra. Com-
parison of either the transmission or reflection spectrum
in Figure 8 with the spectrum measured under identical
conditions for PODMA (Figure 5) shows that the absolute
magnitude of the C==0 stretching vibration is identical,
within experimental error. However, there are differences
between the magnitudes of the C~H stretching bands for
PODMA and PODA. Those of PODA are stronger in
transmission and weaker in reflection. The ratio of the
sum of the integrated intensities of the asymmetric and
symmetric C-H stretching modes measured in reflection
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to this sum measured in transmission is ~1:4 for PODMA;
this ratio increases to ~1:5.5 for PODA. Thus, it would
appear from these spectroscopic results that, although the
orientation of the carbonyl group is approximately the
same for PODMA and PODA, the long ester side chains
are more perpendicular to the substrate surface in mono-
layers of PODA.

Conclusions

It has been demonstrated that stable monolayers of
PODMA and PODA may be formed on a water subphase
and transferred to solid substrates by means of the L-B
technique. Z-type multilayer films can also be transferred
to hydrophilic substrates. It is believed that this is the first
time genuine Z-type deposition has been observed for L-B
films. Single L.-B monolayers of these polymers, which
are ~ 30 A thick, have been investigated by transmission
and grazing incidence reflection IR. From the polarized
IR spectra obtained with these techniques, orientation of
the carbonyl groups and long ester side chains have been
studied. The carbonyl groups and ester side chains were
found to be approximately perpendicular to the substrate
for both PODMA and PODA. The orientation of the
former group was little affected by the transfer surface
pressure, whereas the precise deposition of the aliphatic
chains was strongly dependent upon the transfer pressure
and the polymer employed.

Overlap of the backbone C-H stretching bands with the
C-H stretching bands of the alkyl tail has prevented a
study of the orientation of the polymer backbone in the
I-B monolayer. It would be of great interest to investigate
the topography of the polymer chain in the monolayer and
to determine the extent of overlap that occurs between
neighboring chains. However, since the area per repeat
unit for these polymers is only ~5-10 % greater than the
optimum packing area, it seems unlikely that chain
overlapping occurs with any great frequency. A detailed
spectroscopic investigation of the orientation of the poly-
mer backbone is currently in progress using partially
deuterated PODMA specially synthesized for this purpose.
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ABSTRACT: Coherent mono- and multilayer polymer films of the 11-8 diacetylenic fatty acid CH;-
(CHy);;C=CC=C(CH,)3COOH were formed by the Langmuir-Blodgett technique. The films thus formed
were characterized by traditional force-area isotherms while on a pure water subphase. Molecular organization
in both mono- and multilayer films was investigated by the resonance Raman optical-wave-guide method.
Our results show that the molecular organizations in both the monolayer and multilayer films are the same
and also show no dependence on the nature of the substrate. Furthermore, both monolayer and multilayer
films can be prepared in either blue or red forms. The study of the Raman spectral change as a function
of the blue-to-red polymer-form conversion reveals that the phase transformation involves a two-phase

heterogeneous process.

Introduction

Diacetylenes have received considerable attention be-
cause of their ability to form highly ordered polymers by
topochemical polymerization in the solid state.! Poly-
(diacetylenes) are highly conjugated linear polymers that
exhibit anisotropic optical properties as well as strong
third-order nonlinear interactions. Potential applications
of poly(diacetylenes) as ultrathin resins, as protective
coatings, or as integrated optical devices have been dis-
cussed.>®

One special group of diacetylenes has the general for-
mula

C.Hyps—C=C-—C=C—(CH,),—COOH

These amphiphilic diacetylenes form traditional mono-
and multilayer Langmuir-Blodgett (abbreviated as L-B)
films. Photopolymerizations have been observed in these
L-B films to produce highly oriented polymer films.”® It
has been reported that the polymers formed in the L.-B
films are initially in a blue (nonfluorescing) form but
subsequently transform to a red form that is highly
fluorescent.!®!! The exact nature of this transformation
is not established, although it is agreed that the r-electron
conjugation in the red form is reduced.

All past studies of structural characterization have dealt
with multilayer films. Only very recently, a surface-en-
hanced Raman scattering study of monolayer L~B films
of a poly(diacetylene) with m = 12 and n = 8 in the above
formula has been reported.!? This work reports that the
polymer in a monolayer L-B film deposited on silver is of
a different form than that in multilayer films and in a bulk
state. These authors attribute this difference as being due
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to a more delocalized backbone when more than one layer
is deposited.

In the present paper, we report the structural studies
of mono- and multilayer L-B films of a specific poly(di-
acetylene) with m = 12 and n = 8 by using the technique
of Raman optical wave guide. The Raman optical-wave-
guide technique has successfully been used in the vibra-
tional study of many polymer films.!® The technique does
not rely on any specific enhancement from the surface of
the substrate, such as is the case when the film is deposited
on silver. In addition, the study of poly(diacetylene) films
in an optical-wave-guide system is also of interest from the
point of view of its application in integrated optical devices.
These films are deposited on several different kinds of
optical wave guides to examine the effect of the substrate.
Mono- and multilayer films are compared to investigate
if indeed the monolayer structure is different from that
of multilayer L-B films. Finally, we discuss the formation
of both blue and red forms in monolayer and multilayer
L-B films.

Experimental Section

L-B Experiments. The diacetylenic fatty acid used in this
study was CH3(CH,;),;C=CC=C(CH,)sCOOH. From here on the
monomer will be abbreviated as 11-8 DA and the corresponding
polymer as 11-8 PDA. It was obtained from Dr. D, Chapman
(Royal Free Hospital, School of Medicine, London, England) and
was used without further purification. Prior to L-B film for-
mation, bulk material was stored in a dark container at about 0
°C to avoid polymerization and thermal decomposition. The water
used for the subphase was first distilled and subsequently filtered
to remove trace organics and ions. This water of resistivity more
than 15 MQ cm was then quadruply distilled, first from a slightly
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