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ABSTRACT: Host-guest hybrid monolayer films composed of an amphiphilic side chain azobenzene (Az) polymer
and a low-molecular-mass liquid crystal (LC) were prepared on a solid substrate and the environmental stability was
investigated. Hybrid Langmuir–Blodgett (LB) monolayer showed structural changes under conditions of vacuum or
elevated temperature due to evaporation of the low mass LC molecule. The activation energy for the evaporation of
4′-pentyl-4-cyanobiphenyl (5CB) from the Az side chain array was estimated to be 104 kJ mol−1. Efforts were made to
block the evaporation of LC by capping a transparent LB film barrier. Over-coated polymer LB films in the glassy state
having a thickness exceeding 7 nm were capable of blocking evaporation of the LC molecule. This critical thickness was
in consistent with the conditions to prepare a defect free ultrathin polymer resist.
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Organized ultrathin films prepared by the Langmuir-
Blodgett (LB) technique offer the simplest yet the
most elegant method for obtaining highly organized
supramolecular assemblies. There have been nu-
merous works to incorporate or integrate functional
molecules into LB films in attempts to fabricate func-
tional devices.1 In recent years, considerable attention
has been paid for construction of host/guest or alter-
nately hetero-structured supramolecular LB films com-
posed of more than two components, which can lead to
many applications such as nonlinear optics, electron-
ics, optoelectronics, photonics, microlithography, op-
tical and biosensors, material-separation membranes,
and so on.2 To date almost all these functional LB
films are comprised of two or three components of low-
molecular-mass amphiphiles (first category).

Despite such fascinating potential applicability of
supramolecular LB films, there has been a severe draw-
back in terms of structural stability in low-molecular-
mass systems. The film structure may be readily de-
stroyed by environmental perturbations such as heat-
ing, mechanical stress and reduced pressures. One
promising strategy to impose stability is to employ
polymeric materials (second category). For one compo-
nent system, there are already numerous studies on LB
films of polar polymers including “comb-like” poly-
mers3–7 with long hydrophobic side chains, “linear”
polymers3,8 with a small substituent, and “rod-like”
polymers with a stiff backbone.4, 9, 10 Very recently,

hydrophobic polymers have also become targets of
the monolayer spreading experiment.11–13 However, in
terms of construction of supramolecular systems, LB
films using polymer/polymer combinations would not
make positive sense because of the severe lack of mu-
tual miscibility.

The third category would be the polymer LB films
doped with a small functional molecule. It seems
that no investigation has been so far undertaken for a
system of a host polymer incorporated with a guest
low-molecular-mass molecule except for the work of
Laschewsky et al.14 They demonstrated that a comb-
like amphiphilic polymer acts as a good host matrix
for incorporation of rod-like non-linear optical dyes in
the LB films. We recently described that Langmuir and
LB films composed of an amphiphilic azobenzene (Az)
polymer (6Az10-PVA) and a liquid crystal molecule
(4′-pentyl-4-cyanobiphenyl, 5CB) are homogeneously
mixed at a molecular level.15, 16 The structures of the
materials are shown in Scheme 1. This combination
thus provides ideal hybrid guest (small molecule)/host
(polymer) LB films. The hybrid structure is similar
to that of the films of Laschewsky et al. in that it is
composed of a comb-like polymer and a rod-like small
molecule. Information on the dynamic molecular coop-
erativity has been elucidated in such systems.15, 16 One
of the appealing practical applications of this host/guest
hybrid material is the fabrication of surface relief grat-
ings which is formed via exceedingly rapid photoin-
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Scheme 1. Chemical structures of materials used for the hybrid
film.

duced mass-migration.17

The above host/guest LB films are formed on the ba-
sis of weak interactions without covalent bonds or hy-
drogen bonds, the structure may suffer from long-term
structural stability, however no evaluations have been
made so far in this respect. To realize sustainable func-
tions, an exploration on the structural stability should
be of critical importance. In the above contexts, this
paper describes the evaluation of the environmental sta-
bility of the 5CB/6Az10-PVA monolayer. Evaporation
of 5CB from the LB film was actually observed under
elevated temperatures and reduced pressures. Details
on this phenomenon are presented in the former part.
The latter part presents an effective strategy to block the
evaporation of 5CB via placing an over-coating molec-
ular layer.

EXPERIMENTAL

Materials
The materials used here, 6Az10-PVA (x = 0.23),

5CB, water, and the spreading solvent, were described
previously.16, 18 The amphiphilic polymer, poly(vinyl
octanal) (OA-PVA) was synthesized as described in a
literature.6 Mole fraction of alkylalized unit was deter-
mined to be 0.80 by elemental analysis. Poly(methyl
methacrylate) (PMMA) and arachidic acid (AA) were
purchased from Sigma-Aldrich, Inc.

Film Preparations
Equimolar 6Az10-PVA/5CB hybrid monolayer on

the water surface was prepared as reported.16 The sin-
gle layer deposition of the hybrid monolayer was per-
formed in the upstroke lifting onto a clean hydrophilic
quartz plate or a gold-evaporated glass plate. The for-
mer was used for UV-VIS absorption spectroscopy and
the latter for fourier transform infrared (FT-IR) mea-

surement in the reflection-absorption (RA) mode.19 As
a control, pure 5CB monolayer was transferred on a
clean hydrophilic quartz plate at 2 mN m−1. Transfer
ratios were 1.0± 0.1, indicating that the monolayer was
successfully transferred onto the substrate in all cases.

As the covering layer, three kinds of LB films, AA,
OA-PVA, and PMMA were employed. The Langmuir
monolayers were formed on a trough (LAUDA, FW-
1) from chloroform solutions (1–3× 10−3 mol dm−3)
under similar conditions. The surface film of AA,
OA-PVA, and PMMA was transferred onto the 6Az10-
PVA/5CB monolayer on the quartz substrate by the ver-
tical dipping method at a surface pressure of 30, 20, and
10 mN m−1 and a dipping speed of 24, 24, and 5 mm
min−1, respectively. Transfer ratios in both the up- and
downstrokes were 1.0± 0.1 for AA and OA-PVA. In the
case of PMMA, transfer ratios were 1.0± 0.1 and ca.
0.7 in the up- and downstroke processes, respectively.

Measurements
FT-IR RAS measurements were achieved with a Bio-

Rad FTS 6000 spectrometer equipped with a MCT de-
tector with a resolution of 4 cm−1. The system was
purged with dried air. p-Polarized infrared incident
beam was set at 80◦ from the surface normal. UV-VIS
absorption spectra were recorded on a JASCO MAC-1
spectrophotometer at normal incidence. A water circu-
lar and a water bath shaker were used to control tem-
perature for evaporation experiments. Atomic force
microscopic observation was performed with a Seiko
SPA300/SPI3700 in the non-contact mode.

RESULTS AND DISCUSSION

Evaporation of 5CB Molecule from the Hybrid Film
The stability of 6Az10-PVA/5CB monolayer

(equimolar mixture) was first investigated under a
reduced pressure. It is confirmed that, at this molar
ratio, the two components are homogeneously mixed at
a molecular level and form a hybrid monolayer, and the
rod molecular axes are highly oriented perpendicular
to the surface.16 Figure 1 represents FT-IR RA spectra
of 6Az10-PVA/5CB monolayer on an gold-evaporated
substrate before and after storage under a reduced
pressure condition (7 mmHg) at room temperature.
FT-IR measurements provided a couple of interesting
aspects. First, after storage in a reduced pressure,
the band intensities of the benzene ring peaks (ν8a,
1603 cm−1; ν19a, 1501 cm−1) were weakened, and the
band of cyano group (νC≡N, 2225 cm−1) disappeared.
This should indicate the evidence for selective evapora-
tion of the low-molecular-weight 5CB molecule from
the hybrid monolayer with an assumption that 5CB
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molecule showed no orientational change. Second,
absorbance of the phenyl ether (νPh−O−C, 1253 cm−1)
significantly decreased, while the peak of the carbonyl
moiety (νC=O, 1736 cm−1) hardly changed. Since the
RAS spectroscopy selectively detects the transition
vector normal to the surface, the above observation can
be attributed to the orientational randomization of the
azobenzene side chain with a retention of the initial

Figure 1. FTIR-RA spectra of 6Az10-PVA/5CB hybrid mono-
layer (equimolar mixture). (a), (b), and (c) indicate that of the ini-
tial state, after exposure to reduced pressure conditions (7 mmHg,
28◦C, 3 h), and difference spectrum between (a) and (b), respec-
tively.

Figure 2. UV-VIS absorption spectral changes in equimolar 6Az10-PVA/5CB hybrid (a) and pure 5CB (b) monolayers at 23◦C under
5 mmHg. (c) and (d) indicate time profiles of absorbance changes at 330 nm (•) and 280 nm (©) obtained from (a) and (b), respectively.

state in the vicinity of the PVA backbone.
Figure 2a indicates UV-VIS absorption spectral

change of the hybrid monolayer on both sides of a
quartz substrate under a reduced pressure condition of
5 mmHg. The band intensities of the long axis π–π∗
bands for both azobenzene (350 nm) and cyanobiphenyl
chromophores (280 nm) were notably small at the ini-
tial state as described prevesouly,15 indicative of the
perpendicular orientation of both the azobenzene side
chain and 5CB molecule. The highly perpendicular
orientation is the consequence of mutual insertion of
the two components attained in a cooperative fashion.
As shown in this figure, the intensity of π–π∗ band of
azobenzene around 300–400 nm increased with time,
and the resulting spectrum became similar to that of
the pure 6Az10-PVA monolayer.18 Figure 2c shows the
change in absorbance at 280 nm and 330 nm. The π–π∗
band (the long axis) of azobenzene showed a rapid and
remarkable increase in a comparable time-scale to the
change of the IR spectrum whereas little change was
observed for the absorbance at 280 nm. Taking into
account both the data obtained by FT-IR and UV-VIS
spectroscpoies, it is reasonably concluded that 5CB
molecule is evaporated from the hybrid film at the re-
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duced pressure, and as the consequence the orienta-
tional randomization of the azobenzene side chain oc-
curs.

Evaporation of 5CB was actually observed from a
pure 5CB monolayer deposited on a quartz substrate
as clearly shown by the decrease of the absorption at
280 nm (Figures 2b and 2d). Pure 5CB film showed
dual desorption processes consisting of a faster evapo-
ration almost at a comparable rate of the hybrid film,
and a much slower one. The slower process probably
stems from the existence of stronger adsorption sites of
5CB molecule on quartz via the dipole-dipole interac-
tion and hydrogen bonding. In the experiments here-
after, the evaporation behavior of 5CB was investigated
by UV-VIS absorption spectroscopy instead of FT-IR
because the latter measurements contained larger errors
due to small molar extinction coefficients for such ul-
trathin film systems.

Thermal stability of the hybrid monolayer was ex-
plored at atmospheric pressure. As stated above, the
orientational randomization of the azobenzene side
chain observed as the increase of absorbance at ca.
330 nm was exactly consorted with the evaporation of
5CB. Figure 3a shows the changes in absorbance at
325 nm at various temperatures. It was found that
the evaporation rate increased with elevation of stor-
age temperature. Here, the rate of 5CB evaporation
was defined as a reciprocal of time required for 80%
proceeding of the entire spectral change (τ80), and the
Arrhenius plot for this thermal process was shown in
Figure 3b. From the slope, the activation energy Ea for
the evaporation of 5CB from the hybrid layer was esti-
mated to be 104 kJ mol−1. The value is comparable to
that for the permeation of fluorescent probes through a
fluid bilayer membrane above a phase-transition tem-
perature.20, 21 The coincidence seems to indicate that
the energy barrier of the evaporation process from the
array of the azobenzene side chain essentially resemble
that of the permeation through the arrayed hydrocarbon
layer.

Protection of 5CB Evaporation by Over-Coating of a
Molecular Layer

Next attempts were made to prevent 5CB evapora-
tion by over-coating a protecting molecular layer on
the hybrid monolayer. First, a 2-layered LB film of
a low-molecular-mass amphiphile, AA, was deposited
on the hybrid film, however no appreciable blocking ef-
fect was admitted in terms of evaporation rate. Atomic
force microscopy (AFM) observation revealed that the
AA LB film collapsed in the process of 5CB evapora-
tion. This result suggested that LB film composed of
a low-molecular-weight material lacks sufficient me-

Figure 3. Thermal stability of the equimolar 6Az10-PVA/5CB
hybrid film at ambient pressure. (a) Time courses of absorbance in-
crease at 325 nm stemming from the randomization of the azoben-
zene side chain (corresponding to 5CB evaporation) at 60◦C (©),
40◦C (•), 20◦C (�), 5◦C (�), and −20◦C (�). (b) Arrhenius plot
for the rate of thermal relaxation obtained from the data in (a).

Scheme 2. Structures and properties of over-coating polymers.

chanical and chemical stability. In this context, over-
coating of polymeric LB multilayers on top of the hy-
brid monolayer was performed and its ability as a pro-
tecting layer for 5CB evaporation was evaluated. In the
present work, OA-PVA and PMMA (Scheme 2) were
used since they are known to form stable monolay-
ers6, 8, 22 having no light absorption in the UV region.

The surface pressure isotherms of OA-PVA and
PMMA are shown in Figure 4. The limiting areas of
the repeating unit of OA-PVA and PMMA, extrapo-
lating the steepest region to the zero surface pressure,
were 0.32 nm2 and 0.12 nm2, respectively, which were
in good agreement with those reported in literatures.6, 22

Watanabe et al. described that OA-PVA can provide the
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Figure 4. Surface pressure-area isotherms of OA-PVA and
PMMA at 20◦C.

Figure 5. UV-VIS spectral changes of the 6Az10-PVA/5CB
hybrid monolayer coated with an ultrathin (6 nm) LB film of OA-
PVA (a) and PMMA (b) at 22◦C under 5 mmHg.

Langmuir and LB monolayers with hydrophilic main
chains spread over the interface and hydrophobic side
chains directed approximately normal to the interface.6

With respect to PMMA, Crisp et al. reported that the
hydrophilic C = O group is expected to be directed to-
ward the water phase with the chain backbone lying
parallel to the water surface.8

Figure 6. Time profiles of absorbance changes at 280 nm for
the equimolar hybrid monolayer coated with LB films of OA-PVA
(a) and PMMA (b) at 22◦C under 5 mmHg. The stroke numbers of
the LB deposition are indicated in the figure.

Figure 5 represents UV-VIS absorption spectral
changes of the 6Az10-PVA/5CB hybrid monolayer
over-coated with an LB film (thickness = 6 nm) of OA-
PVA (a) or PMMA (b) under reduced pressure condi-
tions. Thicknesses of OA-PVA and PMMA LB films
were estimated from literature data. Average thick-
nesses per layer are reported to be 1.0 and 0.9 nm for
OA-PVA6 and PMMA,23 respectively. The absorbance
of these protecting polymers on quartz plate was neg-
ligible (less than 0.001) over the wavelength range as
estimated by UV-VIS spectroscopy. The initial band
peaks at 280 and 350 nm corresponding to the long axis
of cyanobiphenyl and azobenzene increased upon coat-
ing with the polymer LB film, indicative of some in-
duced disordering in the molecular orientation. In the
case of OA-PVA (Figure 5a), the band around 280 nm
decreased immediately, and the change ceased within
1 h under reduced pressure conditions. This indicates
that most of the 5CB molecules were readily removed
from the hybrid monolayer in 1 h. On the other hand,
the majority of 5CB molecules were maintained within
the hybrid monolayer when coated with PMMA LB
film (Figure 5b).

Figure 6 shows the evaporation behavior of 5CB
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Figure 7. Absorbance at 280 nm at the final state for the
equimolar 6Az10-PVA/5CB hybrid monolayer coated with PMMA
(�), and OA-OPVA (•) LB films having various thicknesses un-
der low pressure atmospheres (5 mmHg). The initial open diamond
corresponds to a sample without a coating layer.

from the hybrid monolayers over-coated with the poly-
mer film obtained at various stroke numbers of LB
deposition under reduced pressure conditions at room
temperature. In the case of OA-PVA LB films (Fig-
ure 6a), absorbance corresponding to cyanobiphenyl
decreased rapidly (within 0.5 h), and the rate was not
appreciably changed with the increase of the deposi-
tion number of the protecting layer. On the other hand,
in the case of PMMA LB films (Figure 6b), the thicker
protecting LB film impeded the evaporation of 5CB to
the more extent.

The extent of final evaporation was estimated as a
function of the film thickness of the protecting layer.
Figure 7 indicates absorbance at 280 nm corresponding
to the final state (after storage for 4 h under reduced
pressure) of the hybrid monolayer covered with the
polymer LB films of varied thickness. Absorbances at
280 nm in this figure were corrected for the slight con-
tributions (scattering) of the over-coated polymer. As
shown in this figure, the permeation of 5CB molecule
was fully blocked by over-coated PMMA layers having
a sufficient thickness. For PMMA LB film, thickness
of 7 nm is sufficient for entire protection of the 5CB
evaporation. This result can be compared with the data
obtained for the PMMA resist. Kuan et al. showed
that PMMA LB resist films thinner than 6.0 nm have in-
trinsic weak defect spots (20 nm in diameter), and that
number increases dramatically as the film thickness de-
creases.24 It is also reported that the defect can be cov-
ered up by the next 1.7 nm thick layer. The data pre-
sented in Figure 7 is in excellent agreement with their
results. Therefore, it is reasonable to postulate that the
leak of 5CB at the defect spot is responsible for the in-
sufficient protection for the PMMA layers at smaller
thicknesses. In contrast, the OA-PVA layers were inca-
pable of blocking the evaporation even at a thickness of

12 nm. These differences may be ascribed to the differ-
ence in the glass transition temperature (Tg) of the poly-
mers. At the experimental temperature (22◦C), OA-
PVA and PMMA are in the rubbery and glass states,
respectively (see Scheme 2). There remains a possibil-
ity that 5CB molecules are evaporated through defects
of the OA-PVA layer. However, judging from the fact
that only little improvements are attained with thick-
ness increases of the protecting layers, we assume that
5CB molecules mostly diffuse within the rubbery poly-
mer matrix in the case of OA-PVA.

CONCLUSION

A host–guest hybrid LB monolayer consisting of
6Az10-PVA and 5CB was found to show structural
changes under conditions of vacuum or elevated tem-
peratures. It was confirmed that this change is ascribed
to the evaporation of 5CB molecule on the topmost
layer as shown from spectroscopic data. In this pa-
per, both the evaporation behavior of 5CB molecule
and an attempt to prevent the evaporation of 5CB are
described. The LB films of OA-PVA, and PMMA were
prepared on the hybrid LB monolayers. PMMA can
block the evaporation of 5CB whereas OA-PVA does
not work as the protecting layer. This distinction may
be attributed to the difference in the glass transition
temperature. It is indicated that the PMMA LB film
over 7 nm thick is sufficient to impede the removal of
5CB molecule, which is in good agreement with the
data on the existence of defects in the PMMA resist.

In terms of constructing stable hybrid LB films, co-
valent linkage of the mesogenic group would be a
promising strategy. Thus, an investigation with am-
phiphilic copolymers having both the azobenzene and
cyanobiphenyl mesogen seems fascinating. Such ap-
proach is anticipated to provide useful information on
the molecular cooperativity in the two dimensions even
at elevated temperatures, and will be the subject of fu-
ture investigation.
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