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The thermal property of octadecyldimethylamine oxide (C18DAO) multilayer Langmuir-Blodgett (LB) film
was investigated by infrared reflection-absorption (IRRA) spectrometry and two techniques of molecular
orientation analysis. A conventional estimation theory of molecular orientation is expanded in the present
study so that the first layer of the LB film that shows thermal properties significantly different from other
layers is discussed separately. The results by the conventional analytical technique suggest that the multilayer
LB film is thermally disordered at 50°C and melts at 60°C. The new technique, on the other hand, suggests
that only the first layer of the LB film is greatly disordered between 50 and 60°C, prior to the entire melting
above 60°C. The newly proposed technique gives insight into the structure of a LB film that is not uniform
in structure that depends on thickness. The differing of thermal properties of the first and the rest of the
layers revealed by the new method suggests that the headgroup of C18DAO has a uniquely strong interaction
potential with the gold surface, probably due to its strong dipole.

Introduction

Two-dimensional molecular assemblies are accepting various
interests,1-10 since they possess unique physical or chemical
properties that are not found in bulk aggregates and crystals.
The unique properties are often found in biological systems.
Phospholipids are, for example, known to form stable bilayers,
which construct cell walls.11-13 The physical property and
function of the bilayers often reflect molecular structural
differences particularly found in the vicinity of the headgroup
of the phospholipid,14 while they also reflect the chain length
of hydrocarbon chains in the phospholipid.

This structure dependence reminds us of an idea that a new
two-dimensional assembly of a designed molecule may have a
novel unique property that is not found in nature. Hydrogen
bonding studies of artificially synthesized molecules with the
use of the Langmuir-Blodgett (LB) technique may be good
examples.9,15,16 That is why, in recent years, comprehensive
studies from molecular design to structural and functional
analyses of monolayer films are extensively undertaken.

Octadecyldimethylamine oxide (C18DAO: Chart 1) is a
molecule of interest as a detergent, since its headgroup is small
and its dipole moment is uniquely strong.17-23 Although the
headgroup is small, C18DAO is known to form a stable
monolayer film at an air-water interface (Langmuir (L)
film).18,22Since the molecule has a single long hydrocarbon tail
connected with the small head, it is simply expected to form a
highly condensed L film at the air-water interface. Neverthe-
less, the L film shows a largely expanded state. Mori et al.18

and Myrzakozha et al.22 reported surface pressure-surface area
(π-A) isotherms of the C18DAO monolayer. By extrapolation
of the linear part of the condensed phase in theπ-A isotherm,
the limited surface area is estimated to be∼0.63 nm2 molecule-1,
which is much larger than the cross-section area of a perpen-
dicularly standing molecule. Through atomic-force microscope
(AFM) measurements of transferred C18DAO LB monolayers
on a mica plate, Mori et al.18 concluded that the extraordinary
expansion of the L film was caused by binding water molecules
to the headgroup. The aging effect that reflected water evapora-
tion on a change in AFM image strongly supported this
conclusion.

In our previous study,21 the thermal property of one- and five-
monolayer C18DAO LB films, prepared on gold- and silver-
evaporated glass slide surfaces, was investigated by infrared
reflection-absorption (IRRA) spectrometry. The results show
a marked difference in the thermal property between one- and
five-monolayer LB films. From the wavenumber shift of C-H
stretching vibration bands, it is found that the one-monolayer
C18DAO LB film on the gold surface is highly packed with a
largely tilted stance at room temperature, and it is disordered
at 60 °C. The five-monolayer C18DAO LB film on the same
substrate, on the other hand, is highly packed with almost
perpendicularstance at room temperature, and it is largely
disordered at 50°C.

The temperature-dependent wavenumber shift suggests that
the first monolayer in a multilayer LB film of C18DAO may be
different in thermal property from other layers. The fact that
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CHART 1: Molecular Structure of C 18DAO
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the spectral feature of the monolayer at room temperature is
significantly different from that of the multilayer strongly
suggests that the discussion of the first layer should be separated
from the rest of the layers. This means that the C18DAO
multilayers are structurally heterogeneous.

In the previous paper,21 the fine mechanism of the temper-
ature-induced structural change of the multilayer film was
unclear. In the present study, IRRA measurements were
performed for the multilayer film, and the structural change was
followed quantitatively by a newly proposed method. The new
method aims at the investigation of fine insights in the
structurally heterogeneous LB film. It is based upon a conven-
tional theory23 for the analysis of molecular orientation, but the
film phase is divided into two phases to distinguish the first
layer from other layers. A new thermal property of the C18-
DAO multilayer LB film was revealed by the new method. In
comparison to the results by the conventional theory, the
characteristics of the results by the new method are described.

Experimental Section

C18DAO was prepared as previously described.17 All solvents
used were spectroscopic grade and were purchased from Nacalai
Tesque Inc. (Kyoto).

Pure water was prepared by an Advantec (Tokyo) automatic
water purifier that consists of a deionization column and a
double-distillation system. The water subphase in a Langmuir
trough was maintained at 20( 0.5 °C by a water circulator.
The gold-evaporated glass slides for IRRA measurements were
cleaned subsequently by pure water, chloroform, and ethanol
in a sonicator for 5 min each, followed by the UV-ozone
cleaning, before LB depositions.

For π-A isotherm measurements and LB film depositions, a
chloroform solution of C18DAO (1.0× 10-3 M) was spread on
the surface of pure water in the Langmuir trough to prepare L
films. After 30 min was taken to fully evaporate the solvent,
the L film was laterally compressed by a Teflon-coated
aluminum barrier at a speed of 20 cm2 min-1. The surface
pressure was measured by a Wilhelmy balance. The LB films
were prepared by a Kyowa Interface Science Co. Ltd. (Saitama)
model HBM LB film apparatus, with the LB (vertical dipping)
method.24 Both dipping and withdrawing speeds of the substrate
were 0.5 cm min-1. The transfer ratio was above 0.95 for both
dipping and withdrawing. The film structure of the deposited
LB films is discussed in an earlier paper.20

The LB films deposited on a gold-evaporated glass slide were
subjected to IRRA measurements.25,26The IRRA measurements
were performed at a resolution of 4 cm-1 on a Nicolet (Madison,
WI) Magna 550 Fourier transform infrared (FT-IR) spectro-
photometer equipped with a mercury-cadmium-telluride (MCT)
detector at a liquid nitrogen cooled temperature. The number
of interferogram accumulations was at least 1000. The p-
polarized infrared ray was generated through a JEOL IR-OPT02
wire-grid polarizer. For the IRRA measurements, a Spectra-
Tech Inc. (Shelton, CT) specular reflection attachment was used.
The angle of incidence was fixed at 80° from the surface normal.
The gold-evaporated glass slides for IRRA measurements were
purchased from Sinyo Co. Ltd. (Osaka). The thickness of the
gold is 300 nm.

For temperature-dependent IRRA measurements, a handmade
heating unit that consists of a copper block and a ceramic heater
was used. The heating unit was connected with an Omron
(Kyoto) E5T programmable temperature controller. The tem-

perature was monitored by a validated copper-constantan
thermocouple. The stability of the thermocontroller is within
(0.1 °C.

Results

Temperature-dependent IRRA spectra of a seven-monolayer
C18DAO LB film deposited on the gold-evaporated glass slide
were measured. To emphasize the difference between the first
and other layers, seven-monolayer LB films were used instead
of the conventional five-monolayer ones.21 Figure 1 shows a
series of spectra of the seven-monolayer C18DAO LB film in
the temperature range from 25 to 110°C. The IRRA spectrum
of a dried LB film measured at room temperature (25°C) was
largely different (not shown) from that of the LB film measured
before the drying process.21 The dried LB film proved to have
highly ordered molecular packing as compared to those without
drying. This change may be caused by self-assembling force,
which accompanies full-evaporation of water molecules bound
to the film molecules. To remove the drying-induced structural
change from the temperature-induced structural change, the
IRRA measurements were performed after the sample was dried
in a desiccator with P2O5 powder at least overnight.

The spectrum in Figure 1 measured at 25°C shows bands
due to the asymmetric and symmetric CH3 stretching vibrations
(νa(CH3) and νs(CH3)) at 2967 and 2876 cm-1, and those
assigned to the antisymmetric and symmetric CH2 stretching
vibrations (νa(CH2) and νs(CH2)) at 2917 and 2850 cm-1,
respectively, accompanied by a Fermi resonance band at 2935
cm-1 (very weak). The clear resolution of the CH3 stretching
vibration bands and the Fermi resonance band from the CH2

stretching vibration bands suggests that the LB film is highly
organized at the temperature. This also suggests that the dried
LB film has highly organized molecular packing, and molecules
are nearly normal to the surface.

It should be noted that the wavenumber shift profile is a little
different from that of the five-monolayer LB film that appeared
in the previous paper.21 In the case of the five-monolayer LB
film, the νs(CH2) band is at 2849 cm-1 at 25 °C, and it is
increased up to 2853 cm-1 at 110°C. In the present case, on
the other hand, the band was shifted from 2850 to 2855 cm-1

in the same temperature range. This suggests that the film
packing was better for the five-monolayer LB film than for the
seven-monolayer one. Regardless, the seven-monolayer LB film
is still highly organized at the room temperature. The band-
intensity profiles for theνa(CH2) and νs(CH2) bands against

Figure 1. IRRA spectra of the C18DAO seven-monolayer LB film in
the temperature range from 25 to 110°C.
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temperature are drawn in Figure 2. The profiles show that the
low intensities (stable molecular packing) continue until 40°C.
Above 50 °C, however, both band intensities significantly
increase. This dramatic increase continues up to 60°C. The
intensity decreases a little at 70°C, and it does not change
largely above 70°C. Judging from these profiles, the LB film
is considered to melt a little above 60°C.

Discussion

The molecular orientation in the C18DAO LB film built on
the gold-evaporated glass slide was estimated by a theoretical
method that was established several years ago by Hasegawa,
Umemura, et al.23 The method of molecular-orientation estima-
tion is based on a theory of electric field distribution at an
interfacial plane.27,28 The method can take optical anisotropy
of any layers of interest into account in calculation. This enables
us to estimate the absorbance (or reflection-absorbance) that
depends on molecular orientation, since the anisotropy of the
extinction coefficient in a material directly reflects the orienta-
tion of transition dipoles at a given wavenumber. With this
theory, the molecular orientation is estimated by using observed
reflection-absorbance.23 Details of the calculation will be
summarized in the following sections. In the present paper, the
observed values appearing in Figure 2 are used for the estimation
of the orientation angles.

The optical parameters for the calculation are as follows. The
complex refractive indices (ñj) of air (phase 1) and the gold
layer (phase 3) areñ1 ) 1.0, andñ3 ) 0.738+ 23.58i at 2850
cm-1 (ñ3 ) 0.711+ 23.08i at 2919 cm-1).29 Here, i is the square
root of minus one. The complex refractive indices of the LB
film layer (phase 2) consists of two values,ño and ñe, that
represent the indices in the direction in-plane (o: ordinary ray)
and out-of-plane (e: extraordinary ray). The two values as a
function of the orientation angle are used in the optical
anisotropic calculation. The real parts of the complex anisotropic
refractive indices of the film layer (the second layer) were
determined:no ) 1.48 andne ) 1.56.30 Each anisotropic value,
ko andke, is determined by using the extinction coefficient of
the bulk sample,kbulk, with the following equations.

Here,hLB
/ , hst, ALB, Ast, andφ are the thicknesses of an LB film

composed of tilted molecules and a standard LB film of stearic
acid, molecular areas of the present LB film and the standard
LB film, and the tilt angle of the transition dipole moment
discussed, respectively. Each of them will be described in more
detail later. The cross-term ofhst/hLB

/ and Ast/ALB
/ is newly

introduced into the conventional equations23 to correct molecular
packing density, since this cross-term represents a volume-ratio
per one molecule between the standard molecule (stearic acid)
and C18DAO. For the detail of the original equations, the reader
is referred to a previous paper.23

In the present study, the extinction coefficients are calculated
from those used for LB films of stearic acid by taking the
number of methylene groups into account. The extinction
coefficient of bulk (powder) C18DAO was estimated fromkbulk

) 0.20031 for νs(CH 2) at 25 °C by taking the number of
methylene groups into account (16 for stearic acid and 17 for
C18DAO). The kbulk value of νs(CH2) of C18DAO was thus
estimated to be 0.213 (0.200× 17/16). The corresponding value
of the νa(CH2) was also determined to be 0.274 by measuring
its KBr spectrum (not shown). The bulk extinction coefficient
of each band in a spectrum was determined with the use of
temperature-dependent KBr infrared transmission spectra. The
obtained coefficients of theνa(CH2) and νs(CH2) modes are
plotted against temperature in Figure 3.

The thickness of a LB film (hLB
/ ) composed of a hydrocar-

bon chain with a tilt angle,γ*, is estimated by eq 3. Here,hLB

is the thickness of the LB film where the hydrocarbon chain is
assumed to be perfectly normal to the film surface. The
approximated tilt angle of the hydrocarbon chain (γ* ) was
calculated with the use of the tilt angle (φ) of theνs(CH2) mode.
The following approximation equation holds well when the film
molecules have uniaxial orientation.23

The thickness of each monolayer (hLB) was assumed to be 27
Å,18 while the standard thickness (hst) was 25 Å.23 The surface
areas (Ast andALB) were estimated from eachπ-A isotherm.
The estimatedALB for C18DAO is 42.0 Å2 molecule-1. Ast is
19.6 Å2 molecule-1 that is obtained from ourπ-A isotherm.

In summary, eachko andke is evaluated as a function ofφ,
through γ and hLB

/ . The reflection-absorbance is calculated
with theko andke by using the optical anisotropic theory.23 As
a result, the calculation turns out a calibration curve between
the reflection-absorbance and orientation angle,φ. With the
calibration curves for the bands of interest, the molecular
orientation angles in the C18DAO LB film were estimated. The
results are plotted in Figure 4 against temperature. The estima-
tion was performed only for the temperature range from 20 to
60 °C, since the film melted above 60°C.

In Figure 4, the calculated tilt angle of the hydrocarbon chain,
γ (not γ*), deduced from the angles of theνa(CH2) and νs-
(CH2) modes is plotted by the closed circles.23 The figure
suggests that the C18DAO LB film is highly organized at around

Figure 2. Reflection-absorbance in the RA spectra of the C18DAO
seven-monolayer LB film against the temperature of the film. The
closed and open circles indicate the intensities of theνa(CH2) andνs-
(CH2) bands, respectively.

ko ) 3
2
kbulk

hst

hLB
/

Ast

ALB
sin2

φ (1)

ke ) 3kbulk

hstAst

hLB
/ ALB

cos2 φ (2)

hLB
/ ) hLB cosγ* (3)

γ* ) cos-1(1 - 2 cos2 φ)1/2 (4)
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room temperature, and the hydrocarbon chain stands almost
normally below 40°C. The hydrocarbon chain, however, largely
tilts above 50°C. It is of interest that the slope of the increase
in γ value is very steep, and the extrapolated line (dashed line)
does not smoothly connect to the values below 40°C. This slope
seems a little unnatural. If the increase is simply caused by a
dramatic phase transition, the increasing plot is expected to be
on a continuous curve that is schematically drawn (dotted curve)
in the same figure.

The unnatural increase in the tilt angle reminds us of an
interesting result obtained in our previous paper20 that the film
structure of only a monolayer C18DAO LB film is significantly
different from that of multilayer LB films. This means that the
first layer is largely affected by the interaction with the substrate,
which may be largely different from that of film-to-film
interaction. In other words, the C18DAO LB films may have
heterogeneous film structure where only the first layer has
another molecular stance.

To analyze the molecular orientation in the heterogeneous
LB film, a new analytical technique was developed and
employed. The film phase is divided into two distinct phases
for the first and the rest layers. In other words, a four-phase
model (IR//air/LB-2/LB-1/Au) is used for the calculation instead
of the three-phase model (IR//air/LB/Au) used for Figure 3.
Here, LB-1 and LB-2 correspond to the first layer and the rest
layers of the LB film phase, respectively (Figure 5).

Each phase of the four-phase model from the air phase to
gold phase is simply numbered phase one to phase four,

respectively. The refractive indices of air and gold phases (ñ1

andñ4) are the same as those in the three-phase system (ñ1 and
ñ3), respectively. Two molecular orientations (φ2, φ3) and two
thicknesses (h2, h3) are newly introduced for the definition of
the complex refractive indices (eqs 1 and 2) of the phases two
and three (ñ2 and ñ3), respectively. Nevertheless, the two
variables (φ2, φ3) could not be estimated simultaneously from
only one RA spectrum, since two independent constraints are
always necessary to have the two solutions. Therefore, in the
present study, solutions with standard deviation are calculated
for the estimation of molecular orientation in the two phases.

Figure 6 shows a relation between the calculated reflection-
absorbance andφ2 for theνs(CH2) mode in the seven-layer C18-
DAO LB film on the gold-evaporated glass slide. An angle of
φ3 (for the first layer) was assumed before calculation. For
example, if the observed value is 0.001, the curves ofφ3 ) 74°
and 76° do not have a solution (intersection). The curves ofφ3

) 83.5 ( 5.5°, on the other hand, have intersections with the
line at 0.001, andφ2 ) 85.5( 1.5° is estimated from the figure.
The two orientation angles with deviation bars are obtained in
this manner. It should be noticed in this example that there is
a difference in the average orientation angles in the LB-2 and
LB-1 phases. In the same fashion, the orientation angles of the
νa(CH2) mode in the two phases are calculated to obtain the tilt
angles in LB-2 and LB-1 phases,γ2 andγ3.23

The temperature-dependent IRRA spectra of the seven-
monolayer C18DAO LB film (Figure 1) were analyzed by the
four-phase model calculation. The calculated results are shown
in Figure 7. It is found that the LB film at a low temperature
shows very small tilt angles from the surface normal for both
γ2 andγ3 that accompany no deviation. These results are very
similar to those obtained by the 3-phase model calculation
(Figure 4). This indicates that the adequately dried LB film has
a uniformed film structure through the layers where the

Figure 3. Temperature-dependent extinction coefficients of the bulk
samples determined by the KBr pellet measurements. Triangles and
circles indicated the coefficients of theνa(CH2) and νs(CH2) bands,
respectively.

Figure 4. Orientation angles calculated by the three-phase method.

Figure 5. Schematic drawing of the four-phase model that represents
the IRRA measurements on a gold-evaporated glass substrate. The film
phase is divided into two phases: the first monolayer (LB-1) and other
layers (LB-2). The italic figures indicate the number of a phase.

Figure 6. Calculated reflection-absorbance against the orientation
angle in phase two,φ2, as a function of the orientation angle in phaes
three,φ3.
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molecules are highly ordered. This is also supported by a fact
that theνa(CH2) band is resolved from the Fermi-resonance band
(2937 cm-1). Theνa(CH2) band is located at 2917 cm-1, which
indicates the trans-zigzag conformation of hydrocarbon chain.32

The calculated orientation angles remain without significant
change up to 40°C, which corresponds to the results in Figure
4.

At 50 °C, however, a remarkable change happens (Figure
7). The average tilt angle in the first layer (LB-1) jumps up to
14°, while the tilt angle in LB-2 phase changes moderately. The
deviation bars become large at this temperature especially for
the LB-1 phase.

At 60 °C, φ2 was calculated to have a small deviation, as the
observed absorbance was very large and contribution of the
LB-1 phase to the large absorbance is very small in comparison
to that of the LB-2 phase. The angleφ3 could have a large value
that is above the magic angle (54.7°), and it was not mathemati-
cally confirmed (not shown) for the large absorbance. It is
noticed, however, thatφ2 by the four-phase model (ca. 11°) is
converged fairly well, and it is apparently smaller than that by
the three-phase model (ca. 19°) at 60°C. These results suggest
that the LB-1 phase is completely disordered at the temperature,
while the LB-2 phase is not perfectly disordered. It can be
understood again that the results by the three-phase model are
considered to be averaged values ofφ2 andφ3. It is of note that
the film is not perfectly melted at 60°C.

An important conclusion revealed by the four-phase model
is that the seven-monolayer C18DAO LB film melts aboVe 60
°C, while its first layer directly deposited on the substrate starts
to be disordered at 50°C, which is 10°C lower than the melting
temperature at least. It is of interest that the melting and
premelting temperatures closely resemble the phase transition
temperature of colored (iridescent)-to-turbid solution (49°C)
and that of turbid-to-transparent solution of C18DAO in water
(60 °C), respectively.9 In other words, the thermal property of
the multilayer unexpectedly shows similar properties to those
of bulk aggregates, and two distinct properties were found in
the first and the remaining layers.

The six-monolayer phase laid on the first layer is considered
to have bulky property, since the phase comprises crystalline-
like molecular aggregates, as compared to the first layer that is
directly touched on a gold surface.

Summary

A new method for the estimation of molecular orientation in
the structurally heterogeneous LB film was proposed, and it
was applied to the temperature-dependent IRRA spectra of the
C18DAO LB film.

Although the proposed method was a trial approach, it
revealed that the C18DAO LB film consisted of two physically
distinguishable phases: the first and other layers. When the
temperature of the film was elevated, only the first layer was
largely damaged by heating at 50-60 °C, followed by the total
melting above 60°C.

The above study and the previous study of the bulk C18DAO
dispersed in water suggest that the thermal property of C18DAO
responds to the aggregation form in both bulk and two-
dimensional molecular aggregates.
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