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One- and multilayer Langmuir-Blodgett (LB) films of octadecyldimethylamine oxide (C18DAO) and
dioctadecyldimethylammonium chloride (2C18DAC) were prepared on gold- and silver-evaporated glass
slides. The first and the rest of the layers were deposited by vertical dipping and horizontal lifting methods,
respectively. Infrared (IR) reflection-absorption (RA) spectra were measured for the LB films to investigate
the dependence of molecular orientation and structure on the number of layers and the substrates. X-ray
diffraction and wetting properties were also measured for some of the films. For both C18DAO and
2C18DAC, there are remarkable changes in the 3000-2800 and 1700-1200 cm-1 regions between spectra
of the one-monolayer LB films and those of the two-monolayer LB films irrespective of the substrates. In
the spectra of the LB films of C18DAO on gold-evaporated glass slides, bands due to CH2 stretching modes
show a downward shift by 5-7 cm-1 and their intensities become much weaker upon the deposition of the
second layer on the first layer, suggesting that the hydrocarbon chain becomes ordered and perpendicular
to the substrate surface. In general, the rearrangement of the molecular assemblies takes place during
the accumulation of the upper layers in the multilayer LB films of C18DAO and 2C18DAC on the gold-
evaporated glass slides.

Introduction
One of the authors, Imae,1,2 has been investigating

Langmuir (L) and Langmuir-Blodgett (LB) films of
octadecyldimethylamine oxide (C18DAO) and dioctade-
cyldimethylammonium chloride (2C18DAC) (Figure 1) by
use of atomic force microscopy (AFM) and surface pressure
area isotherm measurements. The importance of the L
and LB films of C18DAO and 2C18DAC stems from two
major reasons. One is that they form unique molecular
assemblies with various structures because the two
amphiphiles have specific headgroups.1,3-6 These head-
groups are small compared with those of ordinary am-
phiphiles; C18DAO has an NfO group with a large dipole
moment while that of 2C18DAC possesses positive charge.
The second reason is that C18DAO and 2C18DAC offer good
reaction matrixes to explore structural effects of molecular
assemblies constructed by the amphiphilic compounds
upon the photocyclodimerization of cinnamic acid.2,7-9 Despite the great interest in the LB films of the two

kinds of amphiphilic compounds, there was no systematic
and comprehensive study of their structural characteriza-
tion. Thus, we have undertaken a series of structural
studies of the LB films by use of infrared (IR) spectroscopy,
X-ray diffraction, atomic force microscopy (AFM), and
contact angle measurements.10-12

* To whom correspondence should be addressed. Fax: +81-798-
51-0914. E-mail: ozaki@kwansei.ac.jp.

† Kwansei-Gakuin University.
‡ Kobe Pharmaceutical University.
§ Nagoya University.
(1) Mori, O.; Imae, T. Langmuir 1995, 11, 4779.
(2) Mori, O.; Imae, T. J. Colloid Interface Sci. 1998, 198, 11.
(3) Imae, T.; Sasaki, M.; Ikeda, S. J. Colloid Interface Sci. 1989, 131,

601.
(4) Imae, T.; Trend, B. J. Colloid Interface Sci. 1991, 145, 207.
(5) Imae, T.; Iwamoto, T. J. Colloid Interface Sci. 1992, 152, 289.
(6) Hashimoto, K.; Imae, T. Langmuir 1991, 7, 1734.
(7) Imae, T.; Tsubota, T.; Okamura, H.; Mori, O.; Takagi, K.; Itoh,

M.; Sawaki, Y. Langmuir 1995, 99, 6046.
(8) Okamura, H.; Imae, T.; Takagi, K.; Sawaki, Y.; Furusaka, M. J.

Colloid Interface Sci. 1996, 180, 98.

(9) Imae, T.; Kakitani, M.; Kato, M.; Furusaka, M. J. Phys. Chem.
1996, 100, 20051.

(10) Myrzakozha, D. A.; Hasegawa, T.; Nishijo, J.; Imae, T.; Ozaki,
Y. Submitted.

(11) Myrzakozha, D. A.; Hasegawa, T.; Nishijo, J.; Imae, T.; Ozaki,
Y. Langmuir 1999, 15, 3601.

(12) Hasegawa, T.; Myrzakozha, D. A.; Nishijo, J.; Imae, T.; Ozaki,
Y. Submitted.

Figure 1. Chemical structures of octadecyldimethylamine
oxide (C18DAO) and dioctadecyldimethylammonium chloride
(2C18DAC).
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In our previous paper,10 the first report of our series of
papers concerned with the structural studies of the LB
films of C18DAO and 2C18DAC, we reported an IR study
of the molecular orientation and structure in one-mono-
layer LB films of C18DAO and 2C18DAC. Dependence of
the structure of the LB films on substrates, aging, and the
pH of water subphase was discussed. The important
conclusions reached in the last study were the following:
10 (i) The one-monolayer LB film of 2C18DAC on a gold-
evaporated glass slide has ordered hydrocarbon chains,
while that of C18DAO has an alkyl tail with some gauche
conformers. (ii) The molecular orientation and structure
in the LB films of both compounds depend significantly
upon substrates. (iii) The hydrocarbon chain of C18DAO
in the LB film on the gold-evaporated glass slide be-
comes more ordered over the time course, while those of
2C18DAC in the film become less ordered. (iv) The LB
films of C18DAO and 2C18DAC prepared from the aged L
films have less ordered hydrocarbon chains. (v) The
molecular orientation and structure in the films of both
amphiphilic compounds show strong dependence on the
pH of the water subphase.

The prime objective of the present study is to carry out
structural characterization for multilayer LB films of
C18DAO and 2C18DAC by use of IR reflection-absorption
(RA) spectroscopy and to compare the molecular orienta-
tion and structure between the one- and multilayer LB
films. It was expected that the first layer might be
influenced by the deposition of the upper layers because
the structure of the first layer is controlled by the
interaction not only with substrates but also with air or
upper layers.

We prepared the multilayer LB films by two different
procedures. As for the films discussed in this and following
papers,11 the first and the rest of the layers were deposited
by vertical dipping and horizontal lifting techniques,
respectively. For another series of the LB films, which we
will report separately,12 only the vertical dipping method
was employed.

The present report consists of the two papers. This paper
describes the dependence of the molecular orientation and
structure in the multilayer LB films of C18DAO and
2C18DAC on the number of layers and substrates. The
following paper reports thermal behavior of the LB films.
Besides these two papers, we shall report quantitative
analysis of the molecular orientation in the LB films of
C18DAO and 2C18DAC prepared by the vertical dipping
method. In this way, we may be able to delineate structural
characterization of the structurally heterogeneous LB
films.

Experimental Section

C18DAO and 2C18DAC employed in the present study were
the same as those previously described.10 Distilled and deionized
water, whose resistance was greater than 18.2 MΩ, was prepared
by use of an Advantec Ultrapure Water Apparatus GRS-200 and
CPW-101.

The LB films were fabricated by use of a Kyowa Kaimen
Kagaku model HBM-AP Langmuir trough with a Wilhelmy
balance. A 1.0 × 10-3 M chloroform (spectroscopic grade) solution
of C18DAO or 2C18DAC was spread onto the aqueous subphase
maintained at 20 ( 0.5 °C by a water circulator. After evaporation
of the solvent (30 min), the monolayer was compressed at a
constant rate of 20 cm2 min-1 up to the surface pressure of 35
mN m-1. After being allowed to equilibrate for 0.5-30 h at the
above surface pressure, the condensed films were transferred
onto gold- and silver-evaporated glass slides by raising the
immersed substrates at a rate of 0.5 cm min-1. The second, third,
and further layers were deposited by using the horizontal lifting
technique. The substrate was fixed horizontally, touched to the

surface of the Langmuir film, and then lifted to the air phase.
After the LB films were dried in a desiccator, the deposited
amount was confirmed from the π-A isotherm. The transfer
ratio was found to be nearly unity throughout the experiments.

The gold- and silver-evaporated glass plates were prepared by
Shinyo Co. (Osaka, Japan) as follows: after chromium of 150 nm
film thickness had been evaporated onto each glass plate, a gold
or silver film having a thickness of 300 nm was evaporated onto
it. From the cross-section profile of atomic force microscopy (AFM)
images of the gold-evaporated glass slides, their average height
of protrusion on the surface was estimated to be about 2 nm. The
gold- and silver-evaporated glass slides were cleaned first by
rinsing them in deionized water, chloroform, and ethyl alcohol.
Then, they were subjected to ultrasonic cleaning in chloroform,
water, and acetone, followed by ultraviolet-ozone cleaning for
at least 5 min.

IR spectra were measured at a 4 cm-1 resolution with a Nicolet
Magna 550 spectrometer equipped with a nitrogen cooled
mercury-cadmium-telluride (MCT) detector. A minimum of
1000 scans were co-added. IR RA spectra of LB films were
measured with a reflection attachment (Spectra-Tech Inc.)
together with a JEOL IR-OPT02 wire grid polarizer. The incident
angle of p-polarized light was set at 80°. X-ray diffraction patterns
were obtained by a Rigaku CN2125, D2 powder diffractometer
with the use of Cu KR radiation.

Static contact angles of LB films deposited on the gold- and
silver-evaporated glass slides were measured with a Ricoh digi-
tal camera DC-3Z, which enabled us to take microscopic pic-
tures of water drops with high resolution. The obtained photos
were treated with ixlaPhoto DU-3W software for Windows 95.
At least two drops were used for the readings of the contact
angles, and the readings were reproducible within (1° for a given
sample.

Results and Discussion

X-ray Diffraction. For a five-monolayer LB film of
C18DAO on a gold-evaporated glass slide, we observed
two peaks at 2θ ) 3.1° and 6.3° in the small-angle X-ray
diffraction pattern taken at 25 °C. The peaks are assigned
to the first- and second-order diffraction from the layer
structure, respectively. The layer spacing d of the film
was found to be 2.8 nm. This value is consistent with the
calculated length of C18DAO (∼2.8 nm). We were unable
to observe a significant diffraction peak for five-monolayer
LB films of 2C18DAC on both gold- and silver-evaporated
glass slides and that of C18DAO on a silver-evaporated
glass slide.

Wetting Properties. The contact angle of the water
drop was measured for LB films of C18DAO and 2C18DAC
on gold- and silver-evaporated glass slides, and the results
are plotted as a function of the number of layers in Figures
2 and 3, respectively. The contact angle of the one-
monolayer LB films of C18DAO and 2C18DAC on both the
gold- and silver-evaporated glass slides is between 101
and 112°. These data suggest that the one-monolayer films
are all hydrophobic as expected. The contact angle of the
LB films of 2C18DAC remains in the 101-104° region
irrespective of the number of monolayers, suggesting that
the hydrocarbon chains in the top layers are always
exposed to the air. In contrast, the contact angle of the LB
films of C18DAO decreases largely upon the deposition of
the second layer for both the gold- and silver-evaporated
glass slides. Thus, it is likely that the headgroup is exposed
to the air in the multilayer LB films of C18DAO.

Wetting properties may depend on not only surface
hydrophilicity but also surface roughness. Therefore, there
is also a possibility that the decrease in the contact angle
of the LB films of C18DAO results from improvement of
surface flatness by accumulation. However, in the present
case the effects of the improvement of surface flatness
may be small. While the LB films of C18DAO on the gold-
and silver-evaporated glass slides show very similar
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wetting properties, they give quite different X-ray dif-
fraction pattern. Probably, there is a significant difference
in the surface flatness between the LB films of C18DAO
on the gold- and silver evaporated glass slide.

Infrared Spectroscopy. IR RA spectra of one-, two-,
three-, four- and five-monolayer LB films of C18DAO on
gold-evaporated glass slides are shown in Figure 4a-e,
respectively. Of particular note is that the appearance of
the spectra of the multilayer films is totally different from
that of the spectrum of the one-monolayer film. Bands at
2924 and 2854 cm-1 due to the CH2 antisymmetric and
symmetric stretching modes are intense in the spectrum
of the one-monolayer LB film, but the corresponding bands
(2917 and 2849 cm-1) are relatively weak in the spectra
of the multilayer LB films. In contrast, bands at 2965 and
2877 cm-1 assigned to the CH3 asymmetric and symmetric
stretching modes, respectively, are relatively strong in

the spectra of the multilayer LB films, while they are
relatively weak in the spectrum of the one-monolayer film.

In our previous paper, we already reported the IR RA
spectrum of the one-monolayer LB film of C18DAO on the
gold-evaporated glass slide.10 It was concluded based upon
the band frequencies of the two CH2 stretching bands and
the relative intensities of the CH3 and CH2 stretching
bands that the alkyl chains are disordered and tilted with
respect to the surface normal in the one-monolayer film.
The spectrum changes dramatically upon the deposition
of the second layer (see parts a and b of Figure 4. The
multilayer LB films of C18DAO show four spectral
characteristics: (i) low frequencies of the two CH2
stretching bands and the appearance of a Fermi resonance
band at 2932 cm-1; (ii) weak intensities of the two CH2
stretching bands; (iii) the appearance of band progression
in the 1380-1100 cm-1 region; (iv) an intense band at
1675 cm-1.

Characteristics (i) and (iii) lead us to conclude that the
alkyl chains are highly ordered in the multilayer LB films
of C18DAO on the gold-evaporated glass slides.13,14 It is
clear from characteristic (ii) that the alkyl chains are
nearly perpendicular to the substrate surface.15-17 The

(13) Umemura, J.; Cameron, D. G.; Mantsch, H. H. Biochim. Biophys.
Acta 1980, 100, 17238.

(14) Sapper, H.; Cameron, D. G.; Mantsch, H. H. Can. J. Chem. 1981,
59, 2543.

(15) Greenler, P. G. J. Chem. Phys. 1968, 50, 1963.

Figure 2. Dependence of a contact angle on the number of
layers for LB films of C18DAO: (b) gold-evaporated glass slides;
([) silver-evaporated glass slides.

Figure 3. Dependence of a contact angle on the number of
layers for LB films of 2C18DAC. (b) gold-evaporated glass slides;
([) silver-evaporated glass slides.

Figure 4. IR RA spectra of one- (a), two- (b), three- (c), four-
(d), and five- (e), monolayer LB films of C18DAO on gold-
evaporated glass slides.
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molecular orientation and structure in the first layer of
the multilayer LB films are improved largely upon the
deposition of the upper layers.

In the one-monolayer LB film of C18DAO, the interaction
between the N-O group and the gold substrate plays a
very important role in determining the orientation and
order of the alkyl tail.10 For the multilayer system, it is
most likely that the hydrophobic interaction of the
hydrocarbon chains between the first and second layers
restructures the molecular assemblies of C18DAO. Based
upon the results of the IR RA spectra in Figure 4, together
with those of the X-ray diffraction and wetting proper-
ties, we propose a model structure shown in Figure 8 for
the LB films of C18DAO on the gold-evaporated glass
slides.

The band at 1675 cm-1 is assigned to the antisymmetric
CH3-N-CH3 stretching mode.10 The direction of its
transition moment is that connecting the two methyl
groups. Therefore, according to the surface selection rule
of RA spectroscopy,15-17 the strong intensity of the 1675
cm-1 band means that the direction connecting the two
methyl groups is nearly perpendicular to the substrate
surface.

The band due to the antisymmetric CH3-N-CH3
stretching mode is identified at 1622 cm-1 in the spectrum
of the one-monolayer LB film. The observed shift of the
antisymmetric stretching band from 1622 to 1675 cm-1

suggests that the nature of the interaction between the
N-O group and the gold-evaporated glass slide changes
upon the deposition of the upper layers.

In contrast to the band due to the antisymmetric
CH3-N-CH3 stretching mode, a band at 1279 cm-1 arising
from the N-O stretching mode is observed only in the
spectrum of the one-monolayer LB film.10 The corre-
sponding band is very weak or almost missing in the
spectra of the multilayer LB films of C18DAO. Thus, the
N-O group is nearly parallel to the substrate surface in
the multilayer films.

Figure 5a-d displays one-, two-, three-, and four-
monolayer LB films of C18DAO on silver-evaporated glass
slides, respectively. Again, marked spectral changes are
observed between the spectrum of the one-monolayer LB
film and that of the two-monolayer film. Thus, the
reconstruction of the molecular orientation and order
occurs upon the deposition of the second layer on the first
layer.

The spectra of the multilayer LB films of C18DAO on
the silver-evaporated glass slides are very close to those
of the films on the gold-evaporated glass slides (Figure
4b-d and Figure 5b-d), but the spectrum of the one-
monolayer LB film of C18DAO on the silver-evaporated
glass slide is largely different from the corresponding
spectrum of the film on the gold-evaporated glass slide.
In the spectrum of the one-monolayer film on the silver-
evaporated glass slide, the two CH2 stretching bands
appear at 2923 and 2853 cm-1 and their intensities are
weak. Therefore, it seems that the alkyl chain in the one-
monolayer film on the silver-evaporated glass slide has
some gauche structure but nearly perpendicular to the

(16) Chollet, P.-A.; Messier, J.; Rosilo, C. J. Chem. Phys. 1976, 64,
1042.

(17) Cholet, P.-A. Thin Solid Films 1978, 52, 343.

Figure 5. IR RA spectra of one- (a), two- (b), three- (c), and
four- (d), monolayer LB films of C18DAO on silver-evaporated
glass slides.

Figure 6. IR RA spectra of one- (a), two- (b), three- (c), four-
(d), and five- (e) monolayer LB films of 2C18DAC on gold-
evaporated glass slides.
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substrate. Probably, the LB films of C18DAO on the sil-
ver-evaporated glass slides have the structure shown in
Figure 8.

Figure 6a-e depicts IR RA spectra of one-, two-, three-,
four-, and five-monolayer LB films of 2C18DAC on gold-
evaporated glass slides, respectively. We previously
reported the spectrum of the one-monolayer film.10 It was
concluded in our previous paper that the hydrocarbon
chains are ordered except for one or two gauche forms in
one of the two tails near the headgroup in the one-
monolayer LB film of 2C18DAC on the gold-evaporated
glass slide and that the chains are tilted with respect to
the surface normal.10

As in the case of the LB films of C18DAO, there are
marked spectral changes between the spectrum of one-
monolayer LB film and that of two-monolayer LB film.
The restructuring of the molecular assemblies takes place
also in the multilayer LB films of 2C18DAC. In the spectra
of the multilayer LB films, the relative intensities of the
two CH2 stretching bands become weaker while those of
the two CH3 stretching bands become stronger. These
observations indicate that the two hydrocarbon chains
become more perpendicular in the multilayer LB films.
The frequencies of the two CH2 stretching bands change
little from the spectrum of the one-monolayer LB film to
that of the four-monolayer LB film, but they show a slight
upward shift in the spectrum of the five-monolayer LB
film. It seems that the accumulation of many layers makes
the chains disordered.

Another notable point in Figure 6 is that the relative
intensities of bands in the 1700-1200 cm-1 region change
largely upon going from the three-monolayer film to the
four-monolayer film. A band at 1228 cm-1 has significant
intensity in the spectra of the two- and three-monolayer
LB films, while in those of the four- and five-monolayer
films a feature at 1612 cm-1 is noted. The band at 1612
cm-1 may be due to the CH3-Nx-CH3 antisymmetric
stretching mode.

As in the case of the CH3-N-CH3 stretching band of
C18DAO, the strong appearance of the CH3-Nx-CH3
antisymmetric stretching band means that the direction
connecting the two CH3 groups is nearly perpendicular to
the substrate surface. The band at 1228 cm-1 may be
assigned to the Nx-C(CH2) stretching mode because the
CH3 and CH2 groups do not give vibrational modes in the
1250-1200 cm-1 region except for the band progression

Figure 7. IR RA spectra of one- (a), two- (b), three- (c), four-
(d), and five- (e) monolayer LB films of 2C18DAC on silver-
evaporated glass slides.

Figure 8. Schematic models of molecular assemblies for the LB films of C18DAO and 2C18DAC on gold- and silver-evaporated glass
slides.
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of the CH2 wagging mode. Accordingly, the large spectral
variations in the 1700-1200 cm-1 region between the
spectrum of the three-monolayer film and that of the four-
monolayer film imply that the orientation of the headgroup
changes largely during the accumulation of the mono-
layers.

On the basis of the following two reasons, we infer the
structure with the two tail groups in opposite directions
for the LB films of 2C18DAC on the gold-evaporated glass
slides (Figure 8). One reason comes from the observation
of the wetting properties which suggest that the hydro-
carbon chains in the top layers are always exposed to the
air. Another reason is concerned with the observation that
the IR RA spectra of the LB films of 2C18DAC on the gold-
evaporated glass slides change markedly in the whole
region upon going from the one-monolayer film to the two-
monolayer film.

In Figure 7a-e, IR RA spectra of one-, two-, three-,
four-, and five-monolayer LB films of 2C18DAC on silver-
evaporated glass slides are shown. The spectra of the
multilayer LB films on the silver-evaporated glass slides
are similar to those of the corresponding films on the gold-
evaporated glass slides. Therefore, the structures of the
multilayer LB films of 2C18DAC are similar between the
gold- and silver-evaporated glass slides (Figure 8). How-
ever, small but significant changes are observed for the
frequencies of the two CH2 stretching bands and the
relative intensity of the two bands at 1611 and 1233 cm-1.
It seems likely that the hydrocarbon chains are less
ordered in the films on the silver-evaporated glass slides
than in those on the gold-evaporated glass slides because
the frequencies of the two CH2 stretching bands are
significantly higher in the spectra of the films on the silver-
evaporated glass slides. In addition, the marked change
in the orientation of the headgroup occurs when the third
monolayer isdepositedon the film for thesilver-evaporated
glass slide, since upon going from the spectrum of the
two-monolayer film to that of the three-monolayer film,
the band at 1233 cm-1 becomes much weaker and that at
1611 cm-1 becomes much stronger. The change in the

orientation of the headgroup takes place earlier in the
silver-evaporated glass slides than in the gold-evaporated
glass slides.

The spectrum of the one-monolayer LB film of
2C18DAC on the silver-evaporated glass slide is signifi-
cantly different from that of the one-monolayer film on
the gold-evaporated glass slide in terms of both the
frequencies and intensities of the two CH2 stretching
bands. It seems likely that the alkyl chains are less ordered
in the film on the silver-evaporated glass slide. Distribu-
tion of the negative charge on the metal surface may be
different between the gold- and silver-evaporated glass
slides so that the nature of the substrate-headgroup
interaction is significantly different between the two kinds
of metal substrates.

Conclusions

The present study has provided new insight into
structural characterization of the multilayer LB films of
the two kinds of amphiphiles with the unique headgroups.
The most important finding in this study is that the
molecular orientation and structure in the first monolayers
of multilayer LB films of 2C18DAC and C18DAO are
significantly different from those in their one-monolayer
LB films. In other words, the process of the reconstruction
of the first layer during the accumulation of the upper
layers has been observed clearly. In our previous study,
it was found that the structural features of the one-
monolayer LB films are controlled largely by the specific
interaction between the headgroups and substrates. The
effects of the headgroup-substrate interaction may be
weakened by longitudinal interaction between the mono-
layers in the multilayer LB films.

To analyze quantitatively the molecular orientation in
these structurally heterogeneous LB films, we have
applied a new theoretical analytical method for the
molecular orientation to their RA spectra. The results
will be reported elsewhere.12
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