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Infrared (IR) reflection—absorption (RA) spectra have been measured for one- and five-monolayer
Langmuir—Blodgett (LB) films of octadecyldimethylamine oxide (C1sDAQ) and dioctadecyldimethylam-
monium chloride (2C1sDAC) on gold- and silver-evaporated glass slides over a temperature range of 25—
110 °C. Dependences of the thermal behavior of the LB films of C1sDAO and 2C1sDAC upon the substrates
and the number of layers have been discussed. The LB films of C1sDAO on the gold-evaporated glass slides
are more thermally stable than those on the silver-evaporated glass slides. The interaction between the
headgroup and the substrate may be stronger for the former than the latter, providing the films with the
higher thermal stability. The one-monolayer LB film of C1sDAO on the gold-evaporated glass slide shows
a clear order—disorder transition around 70 °C. In contrast, the corresponding five-monolayer LB film
gives asharp transition at about 45 °C and a rather broad one around 80 °C. It seems that the accumulation
of the upper layers yields independent transitions for the first layer and the rest of the layers and lowers
the thermal stability of the first layer. The thermal behavior of the LB films of 2C1sDAC and C1sDAO is
clearly different. For example, the 2C1sDAC films show partial recovery after the annealing from 110 °C,
but the C1sDAO films undergo irreversible temperature-dependent changes. Probably, the difference in
the thermal behavior results from the different nature of the substrate—headgroup interaction between
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them.

Introduction

In the previous and preceding papers,'? we reported
the molecular orientation and structure in one- and
multilayer Langmuir—Blodgett (LB) films of octade-
cyldimethylamine oxide (C13sDAO) and dioctadecyldim-
ethylammonium chloride (2C,3DAC) on gold- and silver-
evaporated glass slides. It was found that the structures
of the LB films show clear dependences upon the number
of monolayers and substrates.? The most important
finding in the preceding paper was that the orientation
and order of alkyl chains in the first layers are changed
largely upon the deposition of the second layers. The
interaction between the headgroups and substrates is
modified by the longitudinal interaction between the first
and second monolayers.

This paper discusses thermal behavior of the one- and
five-monolayer LB films of C;sDAO and 2C;3sDAC on the
gold- and silver-evaporated glass slides. Thermal stability
and order—disorder transitions of LB films have been
investigated by several research groups by use of infrared
(IR), Raman, and ultraviolet—visible (UV—vis) spectro-
scopies.®™8 It has been generally recognized that the
interaction between a headgroup and a substrate and the
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longitudinal interaction between monolayers are two
important factors which control the thermal stability of
LB films. Since the LB films of C;sDAO and 2C;sDAC
possess specific headgroup—substrate interactions and
interlayer interactions, the investigation of their thermal
behavior should be very interesting. In the present study,
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particular attention has been paid to the exploration of
dependences of the thermal behavior on the number of
monolayers and the substrates. The difference in the
thermal behavior between the LB films of the two kinds
of amphiphiles having quite unique headgroups has also
been noted.

Experimental Section

The procedure for the preparation of one- and five-monolayer
LB films of C1sDAO and 2C1sDAC was described in detail in the
preceding paper;? the first and the rest of the monolayers were
prepared by the vertical and horizontal lifting techniques,
respectively, on gold- and silver-evaporated glass slides. They
were dried for a few hours in a desiccator prior to the IR
measurements.

The instruments employed for the IR and contact angle
measurements were the same as those described in the preceding
paper.2 A copper block device which had a ceramic heater within
was used together with an Omron E5T programmable thermo-
controller to investigate temperature-dependent IR spectral
changes of the LB films on the gold- and silver-evaporated glass
slides. The temperature stability, provided by the thermocon-
troller, was better than +0.2 °C. The temperature-dependent IR
measurements were carried out by the stepwise temperature
raising to each given temperature of one sample. The IR spectra
were measured for the LB films in a thermal equilibrium state.

Results

Infrared Spectra of One-Monolayer LB Films of
C1sDAO and 2C;3DAC. The temperature dependence of
an IR RA spectrum of the one-monolayer LB film of Cyg-
DAO on a gold-evaporated glass slide is presented in
Figure 1A. Band frequencies and assignments for the
spectrum at room temperature were reported earlier.'?
Bands at 2914 and 2847 cm™! are assigned to the CH,
antisymmetric and symmetric stretching modes of the
hydrocarbon chains of C;3DAO, respectively.! The fre-
guencies of the CH, stretching bands are sensitive to the
conformation of the hydrocarbon chain.'*2° When the chain
is highly ordered (trans-zigzag conformation), the bands
appear at 2918 and 2848 cm™?, respectively, and their
upward shifts are indicative of the increase in the
conformational disorder; i.e., the number of gauche
conformers in the chain increases. The observation in
Figure 1A suggests that the alkyl chain is highly ordered
in the film of C;sDAO on the gold-evaporated glass slide.!
The appearance of a band due to Fermi resonance at 2933
cm~! supports this conclusion.

Of note in Figure 1A is that a new band appears at 2927
cm~?! and the CH, symmetric stretching band becomes
broad around 50 °C. Concomitant with the spectral
changes in the 3000—2800 cm* region, the band progres-
sion in the 1400—1100 cm™! region disappears around 50
°C. Above 90 °C, the two CH, stretching bands become
singlet again, appearing at 2927 and 2856 cm™*. These
temperature-dependent spectral variations show that the
hydrocarbon chain of C;3sDAO undergoes an order—
disorder transition in the temperature range 60—80 °C.
The top trace in Figure 1A shows an IR RA spectrum of
the LB film annealed from 110 °C. It suggests that the
molecular orientation and structure do not recover after
annealing.

Figure 1B plots the frequencies of the two CH, stretching
bands versus temperature. Itis very clear from Figure 1B
that the one-monolayer film of C;sDAO on the gold-
evaporated glass slide has the order—disorder transition
between 60 and 80 °C.

(19) Umemura, J.; Cameron, D. G.; Mantsch, H. H. Biochim. Biophys.
Acta 1980, 602, 32.

(20) Sapper, H.; Cameron, D. H.; Mantsch, H. H. Can. J. Chem. 1981,
59, 2543.
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Figure 1. (A) Temperature-dependent changes in an IR RA
spectrum of one-monolayer LB film of C;3sDAO on a gold-
evaporated glass slide. (B) Temperature dependences of the
frequencies of the CH, stretching bands for the spectra shown
in (A). Throughout this paper the frequencies for the annealing
films are presented by open circles (O) and squares ().
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Figure 2A shows temperature-dependent changes in
an IR RA spectrum of the one-monolayer LB film of 2C,¢-
DAC on a gold-evaporated glass slide. At room temper-
ature, the two CH; stretching bands appear at 2924 and
2855 cm™, indicating that the alkyl chains contain some
gauche conformers, as previously reported.t

Figure 2B illustrates temperature dependences of the
frequencies of the two CH; stretching bands for the one-
monolayer LB film of 2C;sDAC on the gold-evaporated
glass slide. It can be seen from Figure 2B that the
frequencies change rather gradually with temperature.
The hydrocarbon chains become more disordered as the
temperature is increased. The relative intensities of the
two CH, stretching bands also increase gradually with
temperature, indicating that the alkyl chains become more
tilted.

The top trace in Figure 2A presents an IR RA spectrum
measured at 25 °C of the LB film annealed from 110 °C.
The spectrum in the 3000—2800 cm™! region of the
annealed film bears resemblance to that at 25 °C. Thus,
it seems that the molecular orientation and structure of
the one-monolayer LB film recover partly after the
annealing.

Infrared Spectra of Five-Monolayer LB Films of
C1sDAO and 2C;3sDAC on Gold-Evaporated Glass
Slides. The temperature dependence of an IR RA spec-
trum of the five-monolayer LB film of C;sDAO on a gold-
evaporated glass slide is presented in Figure 3A. Note
that marked spectral changes take place between 40 and
50 °C and, surprisingly, again between 70 and 80 °C for
most of the bands.

In Figure 3B, the frequencies of the two CH, stretching
bands of the five-monolayer LB film of C;sDAO on the
gold-evaporated glass slide are plotted against temper-
ature. The plots clearly show that in contrast to the one-
monolayer LB film of C;sDAO, the five-monolayer LB film
has two phase transitions. The first transition near 45 °C
is sharp, and the upward shifts by about 4 cm~1 of the two
CH; stretching bands reveal that the alkyl chain becomes
disordered partly. The intensity increases of these two
bands may be brought about partly by the introduction
of the conformational disorder. However, the intensity
increases are so large that one cannot explain the increases
only by the conformational disorder. Probably, the in-
tensity increases are also induced by the tilt of the alkyl
chain upon the transition. It is noted that the transition
temperature of 45 °C is close to the phase transition
temperature of 49 °C between the transparent solution
and the turbid (or the birefringent) solution of C;sDAO in
water.?!

In Figure 4A are shown temperature-dependent spectra
of a five-monolayer LB film of 2C;3sDAC on a gold-
evaporated glass slide. It can be seen from Figure 4A that
the most marked spectral changes occur between 30 and
40 °C, which is a rather low temperature. Figure 4B plots
the frequencies of the two CH, stretching bands as a
function of temperature. The observations in parts A and
B of Figure 4 lead us to conclude that the alkyl tails become
more disordered and tilted above 40 °C.

Another notable point in Figure 4A is that some bands
in the 1700—1000 cm™! region show temperature-depend-
entchanges in parallel with the two CH, stretching bands;
the intensities of bands in the 1650—1300 cm™! region
increase with the intensity increases in the 3000—2800
cm~! region. After annealing from 110 °C, the spectrum
recovers partly, showing a partially reversible process (see
the top trace in Figure 4A).

(21) Imae, T.; Sasaki, M.; lIkeda, S. J. Colloid Interface Sci. 1989,
131, 601.
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Figure 2. (A) Temperature-dependent changes in an IR RA
spectrum of one-monolayer LB film of 2C1sDAC on a gold-
evaporated glass slide. (B) Temperature dependences of the
frequencies of the CH; stretching bands for the spectra shown
in (A).
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Figure 3. (A) Temperature-dependent changes in an IR RA
spectrum of a five-monolayer LB film of C1sDAO on a gold-
evaporated glass slide. (B) Temperature dependences of the
frequencies of the CH; stretching bands for the spectra shown
in (A).
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Figure 4. (A) Temperature-dependent changes in an IR RA
spectrum of five-monolayer LB film of 2C;sDAC on a gold-
evaporated glass slide. (B) Temperature dependences of the
frequencies of the CH; stretching bands for the spectra shown
in (A).
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Infrared Spectra of Five-Monolayer LB Films of
C1sDAO and 2C;3DAC on Silver-Evaporated Glass
Slides. In Figure 5A, IR RA spectra are shown for the
five-monolayer LB film of C;gDAO on a silver-evaporated
glass slide measured over a temperature range of 25—110
°C. An IR RA spectrum of the LB film annealed from 110
°C is also shown as the top trace in Figure 5A.

Figure 5B shows temperature-dependent frequency
shifts of the CH; stretching bands for the LB film on the
silver-evaporated glass slide. Comparison between Figures
3B and 5B elucidates that the LB films of C;sDAO on the
silver- and gold-evaporated glass slides show significantly
different thermal behavior. The LB film on the gold-
evaporated glass slide undergoes the clear order—disorder
transition but that on the silver-evaporated glass slide
experiences only gradual temperature-dependent changes.
The intensity decreases in the 3000—2800 cm™* region at
high temperatures are observed only for the film on the
gold-evaporated glass slide.

Notable features in the 1800—1300 cm™?! region are
characteristic for the LB films on the silver-evaporated
glass slides. Similar features are observed also for one-
monolayer LB films of C;3sDAO and 2C;3sDAC on silver-
evaporated glass slides. The LB films of C;3sDAO always
give much stronger features than those of 2C;sDAC.

Figure 6A shows temperature-dependent spectral varia-
tions in an IR RA spectrum of the five-monolayer LB film
of 2C,3sDAC on a sliver-evaporated glass slide. In Figure
6B are plotted the frequencies of the two CH, stretching
bands as a function of temperature.

The temperature-dependent spectral variations of the
five-monolayer film of 2C,;3DAC on the silver-evaporated
glass slide are, in general, similar to those of the corres-
ponding film on the gold-evaporated glass slide (parts A
and B of Figure 4). However, the film on the silver-
evaporated glass slide shows a specific background feature
in the 1800—1400 cm™! region. It is also noted that an IR
spectrum of the annealed sample from 110 °C on the silver-
evaporated glass slide shows clear differences from that
of the annealed sample on the gold-evaporated glass slide;
the frequencies of the two CH, stretching bands are slightly
higher and the relative intensity of the band at 1613 cm™*
is stronger for the film on the silver-evaporated glass slide.

Parts A and B of Figure 7 plot the frequencies of the two
CH,; stretching bands versus temperature for the one-
monolayer LB films of C;sDAO and 2C,sDAC on the silver-
evaporated glass slides. Of note is that the one-monolayer
LB films on the silver-evaporated glass slides always show
gradual spectral changes with temperature. In contrast,
as shown in Figure 1B, the one-monolayer LB film of Cyg-
DAO on the gold-evaporated glass slide shows the clear
order—disorder transition.

Wetting Measurements for LB Films Annealed
From 110 °C. We have reported a contact angle of water
for one- and multilayer LB films of 2C,;3sDAC and C;3sDAO
on gold- and silver-evaporated glass slides in the preceding
paper.? We also measured the contact angle for the
annealed one- and five-monolayer LB films of 2C;sDAC
and C;3sDAO on both gold- and silver-evaporated glass
slides. The annealed monolayer of 2C,sDAC on the gold-
evaporated glass slide gave the value of the contact angle,
which is slightly higher than 101°. The annealed five-
monolayer films of the same compound on the gold- and
silver-evaporated glass slides showed angles of 103° and
101°, respectively. The contact angle was 100° for the
annealed five-monolayer film of C;3sDAO on the gold-
evaporated glass slide. The rest gave the angle between
95° and 98°. The annealing causes a marked change in
the contact for the five-monolayer film of C;sDAO on both
gold- and silver-evaporated glass slides. This result
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spectrum of five-monolayer LB film of C;sDAO on a silver-
evaporated glass slide. (B) Temperature dependences of the
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spectrum of five-monolayer LB film of 2C;3sDAC on a silver-
evaporated glass slide. (B) Temperature dependences of the
frequencies of the CH; stretching bands for the spectra shown
in (A).

Myrzakozha et al.

(V)
2860 12934
‘TE 12932 ¢
G 2858 )
® {2930 §
0
2 2856 5
£ 42928
] -3
£ o
) -
S 2854 2926 ¥
© 0
s 3,
2924 4
2852
2922
20 60 80 100 120
Temperature/co
B) 2C 18DA(:
2932
2862
{2930
-
‘g 2860 -
42028
3 el :
5 2858 g
2 42926 §
£
A -3
2 28%610 - {2024 @
o o :
s 2854 12922 3
-4 Ag N
2852 2920
20 60 80 100 120

Temperature/Co

Figure 7. Temperature dependences of the frequencies of the
CHg; stretching bands for one-monolayer LB films of C;sDAO
(A) and 2C13sDAC (B) on silver-evaporated glass slides.

suggests the occurrence of overturning of C;sDAO mol-
ecules in the films after the annealing.

Discussion

Comparison of the Thermal Behavior Between the
One- and Five-Monolayer LB Films. As reported in
the previous and preceding papers,t? the structures of LB
films of C;3sDAO and 2C;3sDAC show clear dependence on
the number of monolayers. For example, the alkyl chain
of the one-monolayer LB film of C;sDAO on the gold-
evaporated glass slide is tilted, but that of the corre-
sponding five-monolayer film is nearly perpendicular to
the substrate (compare the bottom spectra in Figures 1A
and 3A). Thus, comparison of the thermal behavior
between the one- and five-monolayer LB films of C;sDAO
and 2C;3sDAC may be interesting.

Several research groups reported such comparison for
LB films of stearic acid,!® azobenzene-containing long-
chain fatty acid,’® and 2-octadecyl-7,7,8,8-tetracyano-
quinodimethane (octadecyl-TCNQ).'® In the case of the
LB films of stearic acid, the one-monolayer film has a
higher melting temperature than the three-monolayer
film.2° The reverse result for the thermal stability was
obtained for the LB films of octadecyl-TCNQ.%

The one-monolayer LB film of azobenzene-containing
long-chain fatty acid does not show a distinct phase



Thickness Dependence of Thermal Behavior

transition while its multilayer LB films show a clear
transition.'® These differences in the thermal behavior
between the one- and multilayer LB films may result from
the difference in the effects of substrate—headgroup
interaction and from the existence and absence of the
longitudinal interactions between monolayers. The sub-
strate—headgroup interaction and the longitudinal in-
teractions are very much specific for each LB film so that
it seems rather difficult to extract general conclusions for
the differences in the thermal behaviors between one-
and multilayer films.

In the present study, the LB films of C;3sDAO on the
gold-evaporated glass slides show clear dependence of the
order—disorder transition on the number of monolayers.
The one-monolayer LB film shows a distinct order—
disorder transition near 70 °C while the five-monolayer
film gives transitions stepwise near 45 and 70 °C. The
first transition temperature is much higher for the one-
monolayer film than for the five-monolayer film. Probably,
the strong interaction of the large dipole moment of the
headgroup (N—O) with the negative charge in the surface
of the gold-evaporated glass slide increases the thermal
stability of the one-layer film. In the case of the five-
monolayer film, the interaction becomes weak upon the
deposition of the upper layers, lowering the thermal
stability of the first layer.

Comparison of the Thermal Behavior Between the
Gold-and Silver-Evaporated Glass Slides. To our best
knowledge, this is the first time that the temperature-
dependent IR spectral changes have ever been compared
for the same compound on the gold- and silver-evaporated
glass slides. The structure of the LB films of C;sDAO and
2C13sDAC show the substrate dependences so that the
comparison of the thermal behavior between the gold-
and silver-evaporated glass slides should be very impor-
tant. The LB films of 2C;3sDAC show the similar temper-
ature-dependent changes between the gold- and silver-
evaporated glass slides. In contrast, the LB films of
C13DAO on the gold substrates are significantly more
stable than those on the silver substrates (compare Figure
1B with Figure 7A and Figure 3B with Figure 5B). These
results suggest that the interaction between the headgroup
and gold surface is more effective than the interaction
between it and the silver surface in stabilizing the films.

The LB films on the silver-evaporated glass slides show
two other characteristic features. One is the variations in
the baseline in the 1800—1300 cm™* region (see Figures
5A and 6A). The variations were observed also for the
one-monolayer LB films of C;3sDAO and 2C,3DAC on the
silver-evaporated glass slides. Of particular note is that
the baseline change is always much stronger for the Cig-
DAO films whose headgroup adsorbs water.?%22 Thus, the
baseline change may be ascribed to water.

Another characteristics for the LB films on the silver-
evaporated glass slides is that the two CH, stretching
bands show the larger upward frequency shift compared
with those for the gold-evaporated glass slides. For
example, the two CH,; stretching bands appear at 2930
and 2859 cm~! in the spectrum of the five-monolayer LB
film of C;sDAO on the silver-evaporated glass slide at 110
°C, while they are seen at 2927 and 2855 cm™! in the
corresponding spectrum of C;3DAO on the gold-evaporated
glass slide. Thus, in general, the hydrocarbon chains
become less ordered at higher temperatures in the LB
films on the silver-evaporated glass slides than in those
on the gold-evaporated glass slides.

The significant differences in the thermal behavior of
the LB films of C1sDAO between the gold- and silver-

(22) Mori, O.; Imae, T. Langmuir 1995, 11, 4779.
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evaporated glass slides may come from the difference in
the strength of the interaction between the large dipole
moment of the headgroup (N—O) and the charge on the
metal surface, as described above.

Comparison of the Thermal Behavior Between
C1sDAO and 2C;3DAC. We already discussed the dif-
ference in the thermal behavior between the LB films of
C1sDAO and 2C,gsDAC. For example, the films of C;sDAO
on the gold-evaporated glass slides show the distinct
order—disorder transitions, whereas those of 2CsDAC
do not give clear phase transitions irrespective of the
substrates. Another notable difference in the thermal
behavior between the LB films of C;sDAO and 2C;sDAC
is the annealing effect. The spectra of the annealed LB
films of 2C,3sDAC always show some recovery. In contrast,
those of the annealed samples of C;sDAO do not show
recovery, indicating that the temperature-dependent
structural changes occur irreversibly in the LB films of
C1sDAO.

The reasons for the differences in the thermal behaviors
between the LB films of C;sDAO and 2C,3sDAC may come
from the following differences in the properties of the two
compounds. One is that the former has one tail while the
latter has two tails. Another is that the headgroup of Cg-
DAO is greatly hydrated but that of 2C;sDAC 22 is not so
hydrated.

Conclusions

The present study has provided new insight into the
thermal behaviors and thermal stability of the LB films
of two kinds of amphiphiles with the unique headgroups.
The thermal behaviors have shown the dependences on
the number of monolayers and the substances. The
following three observations are particularly notable for
the present study.

(i) The one-monolayer LB film of C;sDAO on the gold-
evaporated glass slide undergoes a sharp phase transition
near 70 °C while the corresponding five-monolayer film
shows two stepwise transitions near 45 and 70 °C. The
accumulation of the upper layers lowers the thermal
stability.

(ii) The LB films of C;3sDAO on the gold-evaporated glass
slides are more thermally stable than those on the silver-
evaporated glass slides.

(iii) The LB films of 2C,;3DAC show partly reversible
temperature-dependent structural variations, but those
of C1sDAO show irreversible structural changes.

The above three results and all other observations in
the present study may be explained by the specific
interaction between the gold or silver surface and the
headgroups. The strong interaction between the N—O
group with the large dipole moment and the negative
charge on the gold surface stabilizes the one-monolayer
LB film of C;3sDAO on the gold-evaporated glass slide up
to 60 °C which is higher by about 10 °C than the phase
transition temperature of the bulk material. The strong
interaction is weakened significantly by the deposition of
the upper layers or by the exchange of the substrate from
the gold-evaporated glass slide to the silver-evaporated
glass slide.

We have carried out quantitative analysis of temper-
ature-dependent changes in the molecular orientation in
LB films of C;sDAO and 2C,;3DAC based upon a newly
proposed analytical theory. The results will be reported
elsewhere.?®
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