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Abstract In situ polarized infrared external reflection
spectra of the Langmuir monolayer of zinc stearate on a
water surface were recorded during surface pressure
relaxation, and the molecular structure of the monolayer
was evaluated. The wavenumber of the antisymmetric
methylene stretching band decreased during surface pres-
sure relaxation. This result indicated that the shift to a
highly compact packing of the hydrocarbon chain in the
Langmuir monolayer occurred on a time scale of several
minutes. Moreover, a wavenumber change in the antisym-
metric carboxylate stretching band was observed. The O—
C-0 angle of the carboxylate group and the binding nature
of the zinc cation to the carboxylate group appeared to have
changed during the relaxation. The orientation angle of the
molecule and the time scale of relaxation mechanisms were
also discussed.
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Introduction

When a Langmuir monolayer on a water surface is
compressed and held to a certain surface area, the surface
pressure of the Langmuir monolayer decreases. This
temporal phenomenon is called surface pressure relaxation.
The relaxation is due to the viscoelasticity of the monolayer
and is therefore a dynamic phenomenon. The elucidation of
the relaxation mechanisms is important for understanding
not only molecular interactions occurring in the system but
also the stability of the Langmuir monolayer, which is an
essential parameter in thin film technology [1, 2].

Various studies have been conducted on surface pressure
relaxation [3-13], and some mechanisms have been
presumed, such as the collapse of the monolayer into a
three-dimensional state, dissolution into the bulk phase, etc.
In many studies on dynamic phenomena in Langmuir
monolayers, including the study on surface-area changes
occurring at constant surface pressure [14—20], macroscopic
measurement or Brewster angle microscopy was frequently
used. However, limited work has been carried out on the
spectral study of the molecular behavior. In addition, the
Langmuir monolayer is susceptible to metal ions in
the subphase [21-23]. Certain kinds of metal ions lead
to the condensation of 7—A isotherms of fatty acid
monolayers. The molecular configuration in Langmuir
monolayers with metal ions has attracted considerable
attention because of their many potential applications.
However, studies on the role of metal ions at the molecular
level during surface pressure relaxation are still lacking.

In the present study, in situ polarized infrared external
reflection (IER) spectra of the Langmuir monolayer of zinc
stearate were recorded during surface pressure relaxation,
and the molecular structure of the monolayer was evaluated.
Infrared spectroscopy has the advantages of being easy to
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use, nondestructive against samples, and sensitive to changes
in the molecular configuration. There have already been
many investigations of Langmuir monolayers by IER
spectroscopy under various conditions [9, 11, 24-37].
However, only limited work has been conducted under the
dynamic conditions. In previous studies [9, 11], we have
measured the IER spectra of the Langmuir monolayers of
stearic acid and 12-hydroxystearic acid during surface
pressure relaxation and have elucidated that the relaxation
is due to the collapse of the monolayer based on observing of
the methylene stretching band. We have also investigated the
zinc stearate monolayer with various surface areas during
stepwise compression and have elucidated specific features
of the zinc ion [36]. Thus, this study is conducted by
employing IER spectroscopy for evaluating structural
changes occurring at the molecular level in the Langmuir
monolayer of zinc stearate during surface pressure relaxation.
In addition, we discuss the relaxation time corresponding to
each relaxation mechanism by curve fitting analysis.

Experimental

Stearic acid was the same as previously reported [26]. All
other reagents were either of high purity (above 98%) or of
spectroscopic grade. Water was prepared by an ITWAKI
GLASS, Model ASK-2DS auto still and a Millipore Simpli
Lab system.

The Langmuir monolayer of zinc stearate was prepared
on an aqueous solution of 1x107> M ZnCl, by spreading
11.3 uL of an 8.12x 10 * M chloroform solution of stearic
acid. A trough with an 80x22 mm? effective surface area
attached to a Specac 19650 monolayer/grazing angle
accessory was used. An S. T. Japan Model STJ-100 wire-
grid polarizer with 1,300 lines/mm Al wires on KRS-5 was
placed just above the water surface to optimize the
polarization. The IER spectra of the Langmuir monolayer
were recorded using a Nicolet Nexus 460 FT-IR spectro-
photometer equipped with a deuterated triglyceride sulfate
detector with a resolution of 8 cm™'. The incident angle was
42° using an s-polarized beam.

First, the background spectrum was collected with 1,500
scans at the aqueous solution surface, and then the solution
of stearic acid was spread. After waiting for 10 min to allow
the solvent to completely evaporate, the Langmuir mono-
layer was compressed at a constant velocity of 0.03 nm® per
molecule per minute down to a surface area of 0.20 nm? per
molecule, which is typical of the solid-phase region [36].
Immediately after compression, 30 IER spectra of 100
scans each were successively recorded.

The surface-pressure relaxation isotherm was measured
by a Wilhelmy balance attached to a USI, Model FSD-220
Film Balance Controller. The compression velocity of the
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Langmuir monolayer was 0.03 nm” per molecule per

minute. All experiments were performed at 25 °C.

Results and discussion

The surface-pressure relaxation isotherm of the Langmuir
monolayer of zinc stearate compressed to a surface area of
0.20 nm® per molecule is shown in Fig. 1. Initially, the
pressure significantly decreases, and then, the decrease
becomes more gradual. At first glance, the rate at which
surface pressure of zinc stearate appears to attain equilib-
rium is considerably slower than that of stearic acid [9].
Zinc cations may induce a high viscosity in the Langmuir
monolayer.

Figure 2 shows the IER spectra of the Langmuir
monolayers of zinc stearate between 3,500 and
1,000 cm ™' under various elapsed times after compression.
In this frequency region, the antisymmetric and symmetric
methylene stretching bands (v,CH, and v,CH,) at about
2,914 and 2,850 cm ', respectively, the antisymmetric and
symmetric carboxylate stretching bands (v,COO and
v,COO") at about 1,542 and 1,398 cm !, respectively, the
methylene scissoring band (5 CH,) at about 1,473 cm ',
and the band of water at about 1,660 cm ! are observed. In
the external reflection measurements of the Langmuir
monolayers on the water surface, the reflection absorbances
appear positive or negative (upward or downward) depend-
ing on the direction of the transition moment, the angle of
incidence, and the polarization of the incident beam [25].
Under the present condition (s-polarization), the observed
infrared bands of the monolayer show negative reflection
absorbances, while the bands of water show a positive
reflection absorbance [34].

It is known that the wavenumber of the v,CH, band is
sensitive to molecular conformation and packing [26, 38].
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Fig. 1 Surface-pressure relaxation isotherm of Langmuir monolayer
of zinc stearate compressed to a surface area of 0.20 nm* per molecule
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Fig. 2 IER spectra of Langmuir monolayers of zinc stearate measured
by an s-polarized beam at 4, 48, and 92 min after compression

In a previous study [9], we have concluded that the relaxation
mechanism of the Langmuir monolayer of stearic acid is the
collapse based on observing the increase in the wavenumber
of the band. The wavenumber of the v,CH, band of the zinc
stearate monolayer versus time after compression is shown in
Fig. 3. Interestingly, the trend of the change in the wave-
number of zinc stearate was exactly opposite to that of stearic
acid. The wavenumber of stearic acid increased from about
2,917 ecm ™' to about 2,918 cm ™' during relaxation [9]. In
contrast, the wavenumber of zinc stearate decreased from
about 2,916.5 cm ! to about 2,914.5 cm ™ '. The increase in the
wavenumber of stearic acid indicates an increase in the
gauche conformation or a chain disorder. Some molecules in
the compressed monolayer slip out upward to form molecules
with a disordered chain by acquiring free space. In zinc
stearate, the shift to the highly compact packing of the
hydrocarbon chain is evaluated. The result of this evaluation
resembles crystal growth of polymers under strain [39]. It is
possible that the packing density increases with elapsed time
due to the zinc atom in the Langmuir monolayer. Since the
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Fig. 3 Wavenumbers of v,CH, band in Langmuir monolayer of zinc
stearate vs. elapsed time after compression. The result of curve fitting
is shown by the solid line. The error bar is estimated from observed
band shape distortions and noise level in the background region

zinc atom has a relatively small ionic or covalent radius
among various divalent cations [40, 41], the condensation
effect is strong [42]. Upon compression, on the other hand,
the wavenumber of zinc stearate for Langmuir monolayer
having various areas did not change at around 2,914 cm™'
[36]. In that measurement, the process carried out was
stepwise such that the IER spectrum was recorded after
compressing a certain amount of the surface area; this process
was repeated many times. Relaxation probably occurred
within a short range in that case.

Figure 4 shows the peak intensities (absolute values) of
the v,CH, and v,CH, bands versus time after compression.
The peak intensities of both bands decrease with elapsed
time. The result shows that the transition moments of both
bands show a trend of being perpendicular to the water
surface, and the orientation angle of the hydrocarbon chain
increases from the surface normal; i.e., the chain tilts [33].
It is possible that the hydrocarbon chain initially stands
almost perpendicular to the water surface just after
compression. The increase in the orientation angle can be
attributed to crystal growth in two or three dimensions
during relaxation; the hydrocarbon chain tilts until the
crystal attains an equilibrium state.

Figure 5 shows the wavenumber of the v,COO™ band
versus time after compression. Initially, the wavenumber
increased from about 1,540.5 cm ! to about 1,543 cm™!, and
then, the wavenumber remained almost constant. As
discussed in a previous paper [36], the v,COO  wave-
number depends on the O—C—O angle, «, of the carboxylate
group as follows [43]:

11—
V,CO0™~ = 1,303\/K<—+ﬂ) (1)

mo me

where K is the C—O stretching force constant in millidynes
per angstrom, and m, and m, are the relative atomic masses
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Fig. 4 Peak intensities of v,CH, (open circle) and v,CH, (solid
circle) bands in Langmuir monolayer of zinc stearate vs. elapsed time
after compression. The error bar is estimated from the noise level in
the background region
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Fig. 5 Wavenumbers of v,COO  band in the Langmuir monolayer of
zinc stearate vs. elapsed time after compression. The result of curve
fitting is shown by the solid line. The error bar is estimated from
observed band shape distortions and noise level in the background
region

of oxygen and carbon, respectively. Substitutions of K=7.2
[44], m.=12.01, m,=16.00, and the previous v,COO"
wavenumbers into Eq. 1 cause an increase in the value of
« from 125.5° to 126.1° during relaxation. In addition,
metal cations can bind to the carboxylate group in several
ways [45]. In a previous paper [36], we assigned zinc
stearate to the bidentate structure in the monolayer. The
wavenumber change in this study may be assigned either to
the chelating-bridging bidentate structural change or to the
coordination number change [46].

Figure 6 shows the peak intensities of the v,COO  and
vsCOO  bands versus time after compression. The peak
intensities of both bands increase with elapsed time. This
result shows that the transition moments of both bands
show a trend of being parallel to the water surface. Thus,
the O—-C-O plane becomes parallel to the water surface
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Fig. 6 Peak intensities of v,COO™ (open circle) and v,COO  (solid
circle) bands in Langmuir monolayer of zinc stearate vs. elapsed time
after compression. The error bar is estimated from the noise level in
the background region
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during relaxation. The trend is quite consistent with the
tilting of the hydrocarbon chain.

Finally, we discuss the time scale of the relaxation
mechanism. The above-mentioned spectral changes of the
methylene and the carboxylate groups do not appear to
synchronize with the surface pressure change. For the
analysis of the time scale in these changes during
relaxation, curve fitting was carried out using the following
exponential equation:

(w—we)/wo =a exp(—t/;) (2)

where w, wy, and w, are the wavenumbers at time ¢, 0, and
at equilibrium, respectively; 7 is the relaxation time; and a
is a pre-exponential factor. These results are shown in
Figs. 3 and 5 by the solid line. The relaxation times 7, of
the v,CH, band and v,COO band were 9.1 (+2.2, standard
error) and 3.9 (£0.9), respectively. However, the surface-
pressure relaxation isotherm could not be fitted using Eq. 2.
Therefore, we used another equation:

(7 — ) /mo = a exp(—t/m) + (1 - @)exp(~t/r2)  (3)

where 7, 7, and 7, are the surface pressures at time ¢, 0, and
at equilibrium, respectively, and 7; and 7, are the relaxation
times, whose values were 2.2 and 68.9, respectively (the
errors were negligible). These results suggest that two
mechanisms occur during surface-pressure relaxation. The
relaxation time 7; of the surface pressure probably corre-
sponds to these molecular structural changes, and the
relaxation time 7, corresponds to another mechanism. In
this case, the latter mechanism is a mechanism other than the
dissolution of molecules into the bulk phase due to the very
low solubility. This can be attributed to the fact that the two-
dimensional crystal converts to a three-dimensional one or
the holes between domains in the Langmuir monolayer are
gradually filled on the time scale of several tens of minutes.
In conclusion, the pressure relaxation of the zinc stearate
monolayer is subject to two mechanisms: one is the
molecular structural changes on the time scale of several
minutes, and the other is mesoscopic or macroscopic changes
on the time scale of several tens of minutes.

Conclusion

We have investigated the Langmuir monolayer of zinc
stearate on a water surface during surface pressure
relaxation by polarized IER spectroscopy and evaluated
the molecular structure of the monolayer. The wavenumber
of the antisymmetric methylene stretching band decreases
during surface pressure relaxation. This result implies that
the shift to a highly compact packing of the hydrocarbon
chain occurs due to the zinc atom in the Langmuir
monolayer during relaxation. In addition, the orientation
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angle of the hydrocarbon chain tilts from the surface normal
during relaxation. Moreover, the wavenumber change of the
antisymmetric carboxylate stretching band is observed. The
result would suggest that the O—C—O angle of the carboxylate
and the binding nature of the zinc cation to the carboxylate
group change. In addition, a curve fitting analysis confirmed
that pressure relaxation is subject to two mechanisms, each
with a different time scale, i.e., several minutes and several
tens of minutes. The change in the above-mentioned
molecular structure corresponds to the former mechanism.
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