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Structure Study of Supermonomolecular Layers in Langmuir-Blodgett Films.
Surface Active Squarylium Dye-Fatty Acid Binary Mixed System
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The structures of the Langmuir-Blodgett (LB) films of the ordinary mixed monolayer (LPF) and the
supermonomolecular layer (HPF) of a surface active squarylium dye-icosanoic acid binary mixed system were
examined by absorption spectroscopy. The absorption spectra of one unit layer of LPF with a molar mixing
ratio ranging from 1/10 to 1/1 were almost the same, strongly suggesting that each component exists separately
in the films. The LB films of two unit layers of LPF showed two peaks at 590 and 560 nm ascribed to intralayer
and interlayer aggregates, respectively, besides the monomeric peak at 640 nm. The absorption spectra of one
unit layer of HPF indicated a critical value of the mixing ratio 1/3.5 above which the 700-nm peak is observed.
This peak is an indication of a multilayer consisting of pure 1 due to the interlayer interaction. The 560-nm peak
observed for LPF is caused by a hindered interlayer interaction of the chromophores between the mixed

monolayers.

Recently, the vacuum-deposited films of squarylium
dyes have been investigated from the viewpoint of pho-
tovoltaic properties, whose quantum yields are high
and depend not only upon the structure of the chro-
mophore itself but also upon the packing of molecules
involving intermolecular interaction and aggregate
formation.!”¥ Two polymorphs are observed for a
squarylium dye.>® A change in the crystal form is
considered to be the reason for the quick deterioration
of the high solar energy conversion efficiency.! It is
therefore important to develop a technique to obtain
the desired aggregate structure.

In order to construct a system with the desired struc-
ture, i.e., suitable arrangement of molecules and
aggregate formation, the Langmuir-Blodgett (LB)
technique is one of the most powerful tools.” This
technique contains a process in which a condensed
phase at the air-water interface is deposited onto a
substrate. Consequently, it is quite important to
obtain a condensed phase with the desired structure.
The desired structure is not necessarily limited to the
typical condensed monolayer. In a previous paper,?
we pointed out the technical importance of the super-
monomolecular layer defined as an ordered multilayer
at the gas-liquid interface.

Indeed, many studies have been categorized as con-
cerning the supermonomolecular layer. For instance,
the formation of ordered multilayers of some polypep-
tides at the air-water interface was observed when
compressed under appropriate surface pressures.®~!
As for l-octadecanol, octadecanoic acid, and substi-
tuted phthalocyanine, the use of different spreading
solvents leads to various structures of the condensed
phases at an air-water interface.’?-159 A stable multi-
layer is obtained when a class of water-soluble azoben-
zene amphiphiles form complexes with polyanion.!®
Even more interesting are the cases where surface
active azo dyes were squeezed out of the fatty acid

matrices.!718 Selective squeezing-out of dye molecules
from the mixed layer was, however, estimated mainly
from F-A isotherms and molecular models, and the
structure of the subsequent supermonomolecular layer
has not yet been fully understood.

We have found, for surface active squarylium dye-
fatty acid binary mixed system, that an ordinary mixed
monolayer is formed under lower surface pressures (ca.
25 mN m™1), and that higher surface pressures (ca. 40
mNm™!) result in the supermonomolecular struc-
ture.819 The structure of the supermonomolecular
layer with the mixing ratio of 1/5 is characterized as a
bilayer stack of a cadmium icosanoate monolayer and
monolayer islands of the dye molecules squeezed out
under the icosanoate monolayer. The dye molecules
exist in such a manner that they are attached to the
icosanoate matrix with their hydrophobic carbon
chains and that the long axis of the chromophore is
parallel to the film surface.

In this report, LB films with various mixing ratios
were examined by absorption spectroscopy in order to
clarify the supermonomolecular structure.

Experimental

The surface active squarylium dye, 2,4-bis[3,3-dimethyl-1-
octadecyl-2(3H)-indolylidenemethyl]-1,3-cyclobutadienedi-
ylium-1,3-diolate, (1) was synthesized as previously des-
cribed.?®  Icosanoic acid was purchased from Eastman
Kodak Co. and used without further purification. Experi-
mental conditions where LB films were prepared were the
same as those in the previous reports.®1? Icosanoic acid was
converted to cadmium icosanoate (2) upon the subphase con-
taining 4.0X10™* mol dm™3 of CdCl, and 5.0X10~%> mol dm™3
of KHCO;. Mixed LB films deposited at 25 mN m™! and at
40 mN m™! are hereafter referred to as LPF and HPF, respec-
tively. The molar mixing ratio r of mixed LB films of 1 and
2 was in the range of 1/10 to 1/1. Absorption spectra of the
deposited films were taken by differential spectroscopy,
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using the method of Kuhn et al.? Polarized absorption
spectra were measured under four conditions described
previously;?? an incident angle of 45 or 90° to the film
surface, and the electric field of the incident light parallel or
normal to the dipping direction. The polarized spectra
showed that all the transition moments discussed below were
alomst parallel to the film surface. Absorption spectra of the
solutions were measured by use of the Cary 17 DX spec-
trometer.

Results and Discussion

Two Condensed Phases at Air-Water Interface.
Figure 1 shows F-A isotherms of 1 (curve g), 2 (curve
a), and mixed layers of 1 and 2 with the mixing ratio r
ranging from 1/10 to 1/1 (curves b—f). A common
feature is observed for mixed layers: the first condensed
phase at ca. 20—30 mN m™, the plateau region at ca.
30 mN m™!, the second condensed phase at ca. 30—60
mNm~!, and finally the collapse point at ca. 60
mN m~!. The observed plateau region can be attrib-
uted to a transition from a monolayer in the first
condensed phase to a multilayer in the second
condensed phase.?

The mean area per molecule, s, is expressed as

s=(rsytsp)/(rt+1), (1)
where s; and s, are the areas per molecule of 1 and 2,
respectively. On the plausible assumption of s, as
0.020 nm?, even in the mixed layers,3 19 the values of s;

obtained were independent of the mixing ratio: 0.70
and nearly 0 nm? at 25 and 40 mN m™1, respectively.

H3C,_ CH3 O~ H3C_,CH

N CHCH
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The former value is consistent with the molecular
model when the chromophore is oriented with the
long axis parallel and the short axis perpendicular to
the surface. This fact indicates that an ordinary mixed
monolayer is formed in the first condensed phase. In
other words, the occupied area is governed by both 1
and 2.

On the other hand, the value of s; (0 nm?) under
higher surface pressures indicates that the occupied
area is governed by 2 alone. This strongly suggests the
presence of a monolayer of 2, which is supported by
the same collapse pressure of the mixed layers with
that of the monolayer of 2 (curve a). Absorption spec-
tra of HPF with r=1/5 gave the model for the super-
monomolecular structure.!®  This model for the
squeezing-out is supported by the fact that the F-4
isotherm of pure 1 (curve g) also shows a plateau
region at ca. 30 mN m~! which is almost identical with
that for the onset of the plateau region for the mixed
layers. The large plateau region for pure 1 (curve g)
suggests that the molecules 1 tend to form a multilayer
at air-water interface without any detectable rise in
surface pressure.

The area occupied by HPF is ns,’” where n is the
number of the molecule 2 in the mixed films and s,’ is
the area per molecule of 2 at 25 mN m™! (0.20 nm?). If
the squeezed-out molecules of 1 in the above film form
a monolayer under the monolayer of 2, the area occu-
pied by 1 will be nrs,” where s,’ is the area per molecule
of 1 at 25 mN m~! (0.70 nm?). The fact that the area is
governed by ns,” suggests that the layer of the
squeezed-out molecules of 1 becomes a multilayer
when nrs,">nsy’ (1>s,"/5,’=1/3.5).

Four Types of LB Films. In order to examine the
supermonomolecular structure more precisely, four

- | . . ..
CiaH 0 types of mixed LB films were prepared for each mixing
18737 C18H37 ratio. Figure 2 shows a schematic view of one or two
1 unit layers of LPF in the first condensed phase or HPF
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Fig. 1. Surface pressure-area isotherms of 1, 2, and mixed layers of
1 and 2. a: r=0 (pure 2), b: ¥=1/10, ¢: r=1/5, d: r=1/3, e: r=1/2,

f: ¥=1/1, g: pure 1. The data of a—f were reproduced from Ref. 19
by permission of Elsevier Sequoia, Lausanne.
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Fig. 2. Schematic view of the LB films of LPF and HPF with the mixing
ratio of 1/5 deposited on a glass slide precoated with five monolayers of 2.
Only one monolayer of 2 is drawn in each case for simplicity. A: One unit
layer of LPF followed by deposition of one monolayer of 2, B: two unit
layers of LPF, C: one unit layer of HPF followed by deposition of one
monolayer of 2, D: two unit layers of HPF.
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in the second condensed phase with the mixing ratio
of 1/5 deposited on a glass slide precoated with five
monolayers of 2. Only one monolayer of 2 is drawn in
each case in Fig. 2 for simplicity.

In case A, where one unit layer of LPF is deposited
on a substrate followed by deposition of one mono-
layer of 2, the formation of chromophore aggregates is
restricted within the same plane. Therefore, isolated
molecules and intralayer aggregates with their charac-
teristic spectra may be detected. In the case B, where
two unit layers of LPF are deposited, there is a possi-

bility of interlayer chromophore aggregation. Conse-

quently, interlayer aggregates may be observed in addi-
tion to isolated molecules and intralayer aggregates.

r=1/3, ———: r=1/5, ——-—: r=1/10.

As is seen in this figure, LPF is an ordinary mixed
monolayer whose occupied area is governed by both 1

“and 2.

In the cases C and D where one and two unit layers
of HPF are deposited, respectively, the structures are
quite different from those in the above two. HPF con-
sists of dye and cadmium icosanoate segregated from
each other into different layers. This gives rise to
aggregates different from those in the cases A and B.
The occupied area of HPF is, as is seen, governed by 2
alone.

One Unit Layer of LPF (Case A). Figure 3A shows
the absorption spectra of one unit layer of LPF.
Almost the same spectral patterns were observed for
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LPF with r ranging from 1/10 to 1/1. This fact
strongly suggests that the molecules 1 are immiscible
with the molecules 2 and that each component exists
separately in the form of domains.

Each peak value of absorbance,l, was proportional
to the area fraction of 1 in the film plane (Fig. 4). This

Molar mixing ratio, r

1/10 1/5 1/3 1/2 1/1
L] L] L) L] L)

Absorbance (arbitrary unit)

1
0 0.5 1
Area fraction of 1, rsl'/(rsl'+ sz')

Fig. 4. Absorbance of one unit layer of LPF at
each peak position as a function of area fraction
of 1. The molar mixing ratio is also shown.

O: 640nm, A: 590 nm.

. N
. . —
. - \\
. > yé’—'"‘_..\-.\
|l —1 1

Absorbance (arbitrary unit)

—te

500 600 700
Wavelength/nm
Fig. 5.

—: r=1/1, e Fr=1/2, ——- :
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is expressed by
I=Iors1’/(151’+sz’), (2)

where I, is the limiting value of I when the area frac-
tion approaches unity. This proportional relation-
ship indicates that 1 was not dissolved into the sub-
phase and supports the structure of the ordinary mixed
monolayer.

The absorption spectra of 1 in CHCI; solution rang-
ing in concentration from 4.5X107% to 1.0X1073
moldm™3 show a main peak at ca. 640 nm (The full
width at half maximum is ca. 20 nm.) and a shoulder
at ca. 590 nm. The 640-nm peak and the 590-nm peak
as well are attributed to isolated molecules. The
absorbance ratio of the latter to the former is ca. 0.2
irrespective of concentration. This indicates that these
two peaks are a vibronic progression.23.24)

In contrast to the case of chloroform solutions, the
590-nm peak observed for LB films will be ascribed to
an aggregate by the following reasons, although we
cannot deny the contribution from the vibronic state.
Firstly, the 590-nm peak is also observed even when the
monomeric peak at 640 nm is hardly found (shown
later in Fig. 5B). Secondly. the absorbance ratio of the
590-nm peak to the 640-nm peak is ca. 0.7, which is
much larger than the value observed in solution.
Therefore, we assume that the 590-nm peak mainly
originates from the side-by-side structure of the aggre-
gate?® formed through intralayer interaction, since the
origin of the 590-nm peak does not change the context
significantly.

Studies with polarized light indicated that the tran-
sition moments for both 590-nm and 640-nm peaks lie
statistically in the layer plane.

Two Unit Layers of LPF (Case B). The absorption
spectra of two unit layers of LPF are depicted in Fig.

Absorbance (arbitrary unit)

-

. _— T TN
. —

VZ/_" —_— T -
?‘ L 1 1 1
500 600 700

Wavelength/nm

Absorption spectra of one unit layer (A) and two unit layers (B)
of HPF with various mixing ratios.
r=1/3, ———: r=1/5, ——=: r=1/10.
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3B. In this case, both intralayer and interlayer aggre-
gates have the possibility of being formed. Actually,
evidence for an interlayer aggregate is clearly shown in
the spectra. The 560-nm peak becomes prominent
with an increase in the r value, which is presumably
caused by the increasing occurrence of the interlayer
interaction between two chromophores located in
adjacent unit layers. Therefore, this peak is ascribed to
the side-by-side structure of the aggregate through
interlayer interaction.2®)

Polarized spectra indicated that the transition
moments for the 590-nm and the 640-nm peaks lie sta-
tistically in the film plane, whereas that of the inter-
layer aggregate prefers the arrangement parallel to the
dipping direction (absorbance ratio of 1.2—1.3). This
suggests that the chromophores are slightly rearranged
during or after the deposition process when the inter-
layer interaction of the chromophores occurs.

One Unit Layer of HPF (Case C). Figure 5A shows
the absorption spectra of one unit layer of HPF. In the
case of r>s,"/s’=1/3.5, the excessive 1 should be
squeezed out of the monolayer of 1 to form a compli-
cated multilayer, since otherwise the area must be gov-
erned by nrs;’. This structural change with r value is
schematically shown in Fig. 6.

This change is clearly detected in the absorption
spectra, which is strong evidence for the validity of the
supermonomolecular structure. With an increase in
the r value, the monomeric peak at 640 nm is relatively
suppressed and the 700-nm peak emerges instead of the

A

//%W/

7, ;';5’////////
W4

Fig. 6. Schematic view of the structural change of
one unit layer of HPF with r value. The portions
with and without hatches represent the layers
composed of pure dye 1 and pure 2, respectively.
A: nrsy=Snsy (r=0.20/0.70), B: nrsy>nse (r>
0.20/0.70). When r is small, the supermono-
molecular structure is a bilayer as shown in A,
while the excessive 1 and the bilayer should form
a complicated multilayer in the case of r>1/3.5.
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560-nm peak observed for LPF. The 700-nm peak is
observed only when r is higher than the critical value
of 1/3.5. This peak is an indication of a multilayer
consisting of pure 1. The 700-nm peak indicates the
aggregate involving end-to-end interaction® or J-
aggregate?” induced by interlayer interaction within
the multilayer region consisting of pure 1.

Studies with polarized light showed that the transi-
tion moment of the above aggregate also has the ten-
dency to be oriented parallel to the dipping direction
(absorbance ratio of 1.3—1.4). This again suggests a
slight rearrangement of the chromophores during or
after the deposition process. The transition moments
for the other peaks lie statistically in the film plane.

Two Unit Layers of HPF (Case D). The absorption
spectra of two unit layers of HPF are shown in Fig. 5B.
The feature of the similar spectral patterns for samples
with 7 ranging from 1/5 to 1/1 should be noted. Two
peaks are observed at 590 and 700 nm, whereas the
monomeric peak at 640 nm and the 560-nm peak are
hardly to be seen.

The supermonomolecular structure is supported by
the absorbances at peak positions for samples with r
ranging from 1/5 to 1/1. If the structures shown in
Fig. 6 are valid, the absorbances should be propor-
tional to the number of the molecule 1 per unit area
because the spectral patterns are similar for these sam-
ples. The number of the molecule 1 per unit area is
nr/nsy’. Therefore, the absorbances I’ should obey the
following equation:

=ly, )

where Iy’ is the absorbance when r equals unity. This
relationship is clearly seen in Fig. 7. This figure
includes the points for the sample with ¥=1/10. It is
noted that the point for the 700-nm peak is signifi-
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Fig. 7. Absorbance of two unit layers of HPF at
each peak position as a function of the mixing
ratio r. O: 700nm, A: 590 nm.
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cantly deviated under the straight line. Equation 3
also indicates that 1 was not dissolved into the sub-
phase even when compressed under higher surface pres-
sures.

The two observed peaks are attributed to two differ-
ent aggregates, as opposed to the single herringbone
structure whose unit cell contains two chromophores
and which possesses two allowed transitions.?%®
This is concluded by the fact that the 590-nm peak is
also observed for the case of intralayer interaction in
LPF, while the 700-nm peak is found only when the
multilayer consisting of pure 1 is formed. Further-
more, the transition moment for the 590-nm peak lies
statistically in the film plane, while that for the 700-
nm peak has a preference of being oriented to the dip-
ping direction (absorbance ratio of 1.3—1.4). This is
quite contradictory to a herringbone structure, where
two allowed transitions are governed by one and the
same distribution of the aggregate. In other words, if a
random distribution in a plane is the case with one
transition moment, this applies also to the other.

The relationship of Eq. 3 suggests that the relative
ratio of occurrence of the two aggregates remains
invariant for HPF with higher mixing ratios (1/5—
1/1), i.e., the equilibrium between the two aggregates
is held in the multilayer region consisting of pure 1.
As for HPF with r=1/10, the 700-nm peak is almost
extinguished and the broad band covering from 550 to
650 nm remains. This suggests that the 700-nm peak is
attributable to a larger aggregate than the 590-nm peak
since HPF with r=/10 would have a considerable frac-
tion of area which is not occupied by 1 in the muti-
layer region of pure 1.

The aggregates in HPF containing multilayers of
pure 1 (case C with r=1/3 and case D with r=1/5) are
not the same as those in LPF consisting of multilayers
diluted by 2 (case B with all values of r studied). This
is reflected in the fact that the 700-nm peak emerges
only for the former films and that the 560-nm peak is
observed only for the latter films. The chromophores
of the dyes are subjected to interlayer interaction for
both cases. In contrast to the former films, however,
this is more or less hindered by the molecules 2 for the
latter films.

In conclusion, the desired aggregates can be
obtained by the control of mixing ratio and surface
pressure, which is useful in constructing molecular
organizates. The method employed in this work will
serve as means for clarifying other supermonomolecu-
lar structures involving interlayer interaction between
chromophores.
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