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Abstract

The stability of monolayer Squarylium Dye TSQ in air-subphase interface was studied. Langmuir–Blodgett films of this dye were
Ž . Ž .deposited on mica and on hydrophobic silicon 100 wafers and a contact mode atomic force microscope AFM was used to characterize

the structures of these films. It was found that the stability of a TSQ monolayer in the air-subphase interface was increased substantially
when cadmium chloride was added to the subphase. Although TSQ dye does not have a long alkyl tail typically required to form a LB
film, AFM images of these films and their 2D Fourier Transform analyses show that TSQ LB films possess a triclinic superstructure.

Ž .Based on the analyses of pressure-area p-A isotherms and AFM images of these films, models of TSQ molecules packing on the
subphase were developed. q 1998 Published by Elsevier Science S.A.
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1. Introduction

Squarylium dyes possess many optical characteristics
such as nonlinearity and photoconductivity. These proper-
ties make them very attractive for some industrial applica-
tions, e.g., xerographic, photoreceptors, organic solar cells,

w x Ž .optical recording, etc. 1,2 . TSQ see Fig. 1 has the
largest negative nonlinearity measured to date for a

w xsquarylium dye 3 . This dye has a centric and essentially
planar molecular structure with relatively little bond length
alternation which is important in optimizing structures for

w xnonlinear optics 3 . The maximum non-linear optical ef-
fects in organic materials can be expected from specially
designed dye molecules situation in a non-centrosymmetric
structure. The LB technique is a well known method to

w xcreate this type of structure 4 . Because photogeneration
efficiency of squarylium dyes is directly related to the dye
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aggregation structures, studying their structures as LB
w xfilms using AFM carries commercial value 5 .

Unlike any previous materials used to make LB films,
Ž .the material TSQ used in this study does not have a

relative long alkyl tail which is generally required for LB
films. A molecule of TSQ has four short tails each with
only four single carbon–carbon bonds. The length of a

Ž .hydrophobic tail or multiple tails for LB films should be
long enough to prevent the deposited materials from dis-
solving into subphase and, on the other hand, short enough
to keep sufficient flexibility for subsequent deposition
from subphase to substrate. The typical length of the tails
for most LB films reported has 16 to 22 single carbon–
carbon bonds. The short tails of a TSQ make the mono-
layer formed in the air-subphase interface unstable due to
the relatively small contact area between molecules. Nev-
ertheless, short tails may also provide the necessary flexi-
bility to form different valuable structures which long-tail
materials cannot form.

A common practice to improve the deposition character-
istics of monolayer films is to deliberately add divalent
ions, such as Cd2q and Zn2q, to the subphase to form a
salt monolayer. The formation of the salt monolayer ap-
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Fig. 1. Molecular structure of squarylium dye TSQ.

pears to convert the floating monolayer into a more con-
densed solid as the head groups are drawn closer together

w xand the tails move closer to the vertical 6 . This study was
aimed at finding whether the stability of TSQ monolayer
in the air-subphase interface can be improved by adding
cadmium to the subphase.

w xMost reports 1,2,7–9 on the aggregation structures of
squarylium dyes were determined by p-A isotherms which
is a common technique used to determine the limiting area
each molecule occupies. Knowing the limiting area of each
molecule in a monolayer film determines the orientation of
the molecule in the film because the area taken by each
molecule depends on the direction which the molecule
orients itself in the monolayer. The drawback of this
technique, however, is that sometimes it cannot guarantee

w xthat a monolayer will indeed form. Some studies 1,8
suggest that squarylium dye molecules start to tilt and
stack on each other before they form a stable monolayer in
air-subphase interface. However, another possibility of
squarylium dyes transforming into multilayer films may

w xalso exist 10 . The p-A isotherm method by itself cannot
differentiate between these two possibilities. In contrast,
AFM has been proven to be an excellent tool to image LB

w xfilms with molecular resolution in recent years 11–18 .
Molecular resolution images by AFM can not only be used
to identify the aggregation structures of deposited films but
also to determine the limiting area each molecule occupies
in a periodical molecular arrangement. Hence, in this
study, besides p-A isotherms, we also utilize an atomic
force microscopy to identify the aggregation structures of
TSQ in LB films.

2. Experiment

Squarylium dye TSQ was dissolved in chloroform to
form a solution with a concentration of 0.1 kgrm3. A
computer controlled NIMA 2000 model LB though was
used to deposit the films at room temperature. The pH

Žvalue of the subphase de-ionized water or de-ionized
3 .water with 0.5 molrm cadmium, 99.99%, Alderich was

Žadjusted to about 7.0 with sodium bicarbonate )99.5%,
.E. Merk . The TSQ dye was spread on the subphase very
Ž .slowly droplet by droplet . After the chloroform was

allowed to evaporate for several minutes, the film was
compressed at speed of 8.3=10y7 m3rs. The deposition
pressure was 2.5 Nrm and the dipping speed was 8.3=

10y5 mrs. One monolayer of TSQ film was deposited on

hydrophillic mica and one bimonolayer TSQ film on a
Ž .hydrophobic silicon 100 wafer. Mica substrates were

cleaved and silicon substrates etched by HF solution to
remove oxide layers right before deposition.

The deposited films were examined soon after prepara-
Žtion with a commercial AFM NanoScope III, Digital
.Instruments, Santa Barbara, CA . A 12 mm by 12 mm

scanner and a silicon nitride tip on a cantilever with a
spring constant of 0.08 Nrm were used for measurements.
In order to assess the overall periodicity contained within
each AFM image, two-dimensional fast Fourier transform
Ž .FFT analysis was carried out. All measurements taken in
air at room temperature were reproducible and stable under
the experimental conditions.

Ž . Ž .Fig. 2. A Isotherm for TSQ monolayer formed without cadmium. B
Isotherm for TSQ monolayer formed with cadmium in subphase.



( )T.X. Zhong et al.rThin Solid Films 315 1998 294–300296

3. Results and discussion

3.1. p-A Isotherm

Fig. 2A and B show the p-A curves for TSQ monolay-
ers formed with and without cadmium, respectively, in the
air-subphase interface. As shown in these figures, the
collapse pressures of the monolayers increase from 3.8=

10y2 Nrm without cadmium to 5.2=10y2 Nrm with
cadmium. There are two limiting areas in the p-A curve
shown in Fig. 2A for a monolayer formed without cad-
mium: one is 0.58 nm2rmolecule and the second is 0.39
nm2rmolecule. The limiting area shown in Fig. 2B for the
TSQ on the subphase with cadmium is 0.95 nm2rmole-
cule.

To interpret the information of the p-A curves properly,
the molecular structure of TSQ has to first be analyzed. A
simplified structure of the TSQ molecule is shown in Fig.
3A where the rectangular box represents the squaraine

Ž .chromophore excluding the alkyl chains and each alkyl
chain is represented by a wave-shaped line. The dimen-
sions of the box and the length of each tails are approxi-
mated using bond length data determined by X-ray meth-

w xods 3 . Fig. 3B shows the views of a TSQ molecule after
simplification from different directions.

Two types of close-packing arrangements of TSQ
molecules are possible. The first type is an arrangement in
which TSQ molecules first lie down flat on the subphase
surface with four tails bending away from the subphase
surface. As the compressing pressure increases, some
molecules from the monolayer are squeezed out forming a

Ž .second layer multilayers . In this type of arrangement, the
angle between the subphase surface and the tail pointing

direction will determine the limiting area of each molecule.
The second type is an arrangement in which the TSQ
molecules lie down flat on the subphase first and then start
to tilt and stack on each other as the compressing pressure
increases. In this type of arrangement, both the angle

Žbetween the subphase surface and molecule faces ab, ac
.or bc in Fig. 3 and the angle between the subphase

surface and the tail pointing direction will determine the
limiting area of each molecule. The calculated limiting
areas for the first type of arrangement range from 0.80
nm2rmolecule when the tail is perpendicular to the sub-
phase surface to 1.72 nm2rmolecule when the tail is lying
flat on the subphase. The calculated limiting areas for the
second type of arrangement range from 0.09 nm2rmole-

Ž .cule when both the molecule face ab, shown in Fig. 3
and tails are perpendicular to 1.72 nm2rmolecule.

The first limiting area measured for TSQ film formed
without cadmium is smaller than the minimum calculated
limiting area for the first type of arrangement described in
the previous paragraph. This indicates that there is a
certain degree of molecular tilting before the first limiting
area. After the first limiting area, we were able to vividly

Ž .see multilayer films purple streaks forming. These start
from the areas next to both the compressing bars right after
the first limiting area appeared in the p-A curve and can
be observed due to the strong fluorescence of TSQ dye.
More and more purple streaks were formed as the pressure
increased till the second limiting area was reached. After
the second limiting area, the film became stable and the
pressure in p-A curve rose steadily with little area change
till the film totally broke down. This phenomenon partially

w xconfirmed Kawabata et al. 10 assumption that multilayer
films might form after the first limiting area. However, this

Ž . Ž .Fig. 3. A The rectangular box is the calculated maximum volume that a TSQ molecule occupies excluding alkyl tails where a, b, c are 1.3, 0.60, 0.14
nm, respectively. H , H , H , and H represent heads 1 through 4 and T , T , T , and T represent tails 1 through 4. The length of each tail is1 2 3 4 1 2 3 4

Ž . Ž .approximately 0.53 nm B Simplified molecule views from different directions. The calculated areas excluding the tails are 0.09, 0.8, 0.19
nm2rmolecule for bc, ab, and ac respectively.
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phenomenon could not prove whether or not a superstruc-
ture exists, as suggested by Kawabata et al.

w xLaw and Chen 1 also observed a double limiting area
Ž Ž Ž . .in a p-A curve with TSSQ bis 4- distearylamino phenyl

.squaraine . The major differences between TSQ and TSSQ
Žare that the later has four longer 18 C–C bond alkyl

. Ž .chain tails and no –OH groups. They believe that the
first limiting area is due to the formation of a monolayer
with each TSSQ molecule lying flat and each tail standing
up straight perpendicular to subphase surface because their
measured first limiting area is slightly larger than the
calculated one. After the first limiting area, they believe
that TSSQ molecules start to tilt and stack on each other.
The difference of aggregation structures before the first
limiting area between our results and Law and Chen’s
could be due to the difference in the tails length between
TSQ and TSSQ.

The purple streaks described earlier have not been
observed in the case of films prepared with cadmium. The
disappearance of the purple streaks and the increase of
collapsing pressure are indications of increased stability
for films formed with cadmium in subphase. The role of
cadmium played here should be similar to that played
when forming cadmium arachidic films, that is, to link two
or more molecules together and make it more difficult to
be squeezed out or tilt the molecules. Because there is a

Ž y.negative charge –O in TSQ molecule, the following
reaction may have happened:

TSQ –Oy qTSQ –Oy qCd2qŽ . Ž .

™TSQ –O–Cd–O– TSQ 1Ž . Ž .

Ž q .The positive charge existing in a TSQ molecule 5N -

could have been balanced by other negative charge ions in
subphase such as OHy and Cly. The second possibility

Ž .could be that the polar head groups –OH have been
ionized. As the pH increases to a certain value, the hydro-
gen associated with the head group will be ionized to form
hydrogen ions and four oxygen ions for each TSQ
molecule. The cadmium ions then react with the ionized
TSQ molecules and form a closely packed monolayer. The
question of which of the above stated reactions contribute
to the increase of stability of the TSQ films remains
unanswered in this point.

Ž 2 .The measured limiting area 0.95 nm rmolecule for a
monolayer formed with cadmium is in reasonable agree-
ment with the calculated limiting area when the molecule
is lying down flat with four tails perpendicular to subphase
surface. The fact that a Y-type bimonolayer LB film was
successfully deposited further suggests that TSQ molecules
lie down flat on the subphase. That the measured limiting
area is slightly larger than the calculated area could be due
to either the angle between the subphase surface and the
tail being less than 908 or a systematic error. Accordingly,
we propose an aggregation structure of TSQ monolayer

formed with cadmium in air-subphase interface as shown
in Fig. 4.

To further confirm that the type of arrangement in Fig.
4 indeed represents the actual aggregation structure of
TSQ molecules in air-subphase interface, we imaged the
films with molecular resolution, the alternative approach
Ž .AFM characterization to study the arrangements of TSQ
molecules.

3.2. Atomic force microscopy analysis

Atomic resolution images of mica and molecular resolu-
tion images of cadmium arachidic LB films were taken
and used as standards for calibration of later images. We
have obtained the first images of ordered structures of
TSQ films. Two types of periodical structures were ob-
served by AFM analysis for bimonolayer TSQ films formed

Ž .with cadmium on silicon 100 wafers. The most common
structure is shown in Fig. 5A where the molecular rows in
the film are clearly visible. FFT analysis of Fig. 5A shows
a triclinic structure from which, by cross-sectional analy-
sis, a periodical molecule row distance of 1.1 nm with
surface corrugations of 0.15 nm could be extracted. The
molecule row distance is in good agreement with the

Žcalculated molecule length excluding the tails a in Fig.
.3A . Provided TSQ molecules indeed lie down flat on

subphase, the limiting area per molecule is approximately
0.7 nm2 which is also in good agreement with the calcu-
lated limiting area. Hence, we believe that each row in Fig.
5A is indeed TSQ molecules lying down flat next to each
other, as proposed in Fig. 4.

Another type of superstructure observed is shown in
Fig. 6A. This type of superstructure accounts for only a
small portion of the periodical structures observed. The
two-dimensional Fourier spectrum in Fig. 6B also shows

Fig. 4. The proposed close packing of TSQ molecules in air-subphase
interface. The letters ab, bc, and ac correspond to the views described in
Fig. 3.
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that TSQ adopts a triclinic lattice. The above analysis
suggests a packing of molecules as shown in Fig. 6C. This
type of packing means each TSQ molecule lies down flat
with its four tails tangled with neighbour molecules’ tails.
The unit cell area for this type of packing is 1.03 nm2

which is slightly larger than the measured limiting area. In
this type of arrangement, the condensing process induced
by cadmium seems not to take place. This could be due to
the tails interaction preventing the condensation by cad-

Ž .mium from happening in certain areas Fig. 6C .

Ž . Ž . Ž . Ž . Ž .Fig. 5. A An AFM image 20 nm by 20 nm of bimonolayer TSQ LB film deposited on Si 100 . B 2D FFT of A .
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Images less ordered than Fig. 5A and Fig. 6A were also
observed. The disorder could be caused by reorganization
of the film after deposition. No ordered structures have
been observed in either TSQ films formed on mica without
cadmium or monolayer TSQ formed on silicon with cad-
mium.

4. Conclusion

The stability of TSQ monolayers on an air-phase inter-
face has been shown increase substantially by adding
cadmium chloride to the subphase. The p-A isotherm

Žanalysis shows that there are two limiting areas 0.58 and

Ž . Ž . Ž . Ž . Ž . Ž .Fig. 6. A Image 15 nm by 15 nm of bimonolayer TSQ LB film deposited on Si 100 . B 2D FTs of A . C A possible packing arrangement of TSQ
Ž .molecules based on analysis of A .
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Fig. 6C.

2 .0.39 nm rmolecule for TSQ monolayer formed without
cadmium. Multilayer TSQ films were observed after the
first limiting area in these types of films. The limiting area
measured for TSQ monolayer formed with cadmium is
0.95 nm2rmolecule. This is in good agreement with the
limiting area defined from AFM image analysis and the
calculated limiting area. The analysis suggest that TSQ
molecules lie flat in the air-subphase interface with its tail
groups bending away from the subphase. Two types of
periodic structures were found in a bimonolayer TSQ LB

Ž .film deposited on Si 100 and a 2D FFT analysis shows
that these periodical structures are triclinic.
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