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Polyion Complex Langmuir—Blodgett Layers Containing an
lonic Water-Soluble Polysilane
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ABSTRACT: Monolayers of anionic amphiphiles, arachidic acid (C19COOH) and a double long chain
sulfonic acid derivative (2C1,SO3Na), were spread on the water subphase containing an ammonium-
containing polysilane (APS), and Langmuir—Blodgett (LB) films from these polyion complex monolayers
were prepared. Single layer deposition of these polyion complex monolayers was successfully achieved
onto a hydrophilic substrate under all conditions examined, but multilayers could be prepared under
limited conditions in the Z-type mode. The UV absorption spectra of the transferred C;iCOO(H)/APS
monolayers indicated that the conformational state of APS in the films are dependent on the subphase
pH. The absorbance of the transferred LB films confirmed that the APS is incorporated monomolecularly
on the lifting process. Polarized UV absorption spectra revealed no preferential orientation of the APS
backbone in the LB films. The multilayers formed in the Z-type deposition were eventually inverted to
stacked bilayer structure (Y-type layers) after aging and successive annealing, as proven by the small
angle X-ray reflectometry. LB films composed of 2C,,SO3 /APS possessed a more refined layer structure
with a more smooth surface than those of C;9COO(H)/APS, probably due to a better dimensional matching
of the APS unit and the cross section of the amphiphile. Finally, structural features of the C;sCOO(H)/
APS polyion complex LB film were discussed in comparison with those of a homologous amphiphilic

material reported previously (Seki et al. Macromolecules 1995, 28, 5609).

Introduction

Research on polyion complex formation of a charged
amphiphile monolayer with a gegenionic polyelectrolyte
at the air—water interface started probably from the
work of Goddard and Hannan in 1976.1 About 10 years
later, the practical importance of the polyion complex-
ation at the interface was pointed out by Shimomura
and Kunitake.?2 They showed that Langmuir—Blodgett
(LB) deposition becomes successful by polyion complex-
ation for charged amphiphiles which encounter difficul-
ties in the ordinary LB procedures.23 Ever since, a
number of works on this class of LB films have been
undertaken from both viewpoints of technical appli-
cations?~® and structural characterizations.”~16

To date, a great deal of data have been accumulated
on the packing state of the amphiphile as well as surface
structures in the polyion complex LB films, which can
be evaluated by Fourier transform infrared spectroscopy
(FTIR),” X-ray photoelectron spectroscopy (XPS),8° X-
ray diffraction,®19 and so forth. With regard to char-
acterizations of polyion complex monolayers at the air—
water interface, UV—visible absorption analysis of the
amphiphile,!? fluorescence microscopy,?13 scanning
probe microscopy,* surface plasmon spectroscopy,!® and
neutron reflectometry® have been carried out.

Despite the above efforts, little knowledge has been
obtained on the polyelectrolyte component in the LB
films regarding the conformation and orientation. Such
information would be available if the polyelectrolyte
component is selectively probed in a spectroscopic
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method. Use of a polysilane material seems promising
for this purpose since the Si-catenated backbone, al-
though being flexible like ordinary polyelectrolyte,
exhibits strong light absorption in the UV region due
to the o-electron conjugation. The transition moment
of the o—o™* absorption band is parallel to the chain
direction, and the band gap is sensitive to the popula-
tional ratio of the trans/gauche conformers.'” These
optical properties are anticipated to shed light on the
main chain orientation and conformational states. We
have recently developed a series of ammonium-contain-
ing polysilanes.18720 The materials having a long alkyl-
ammonium moiety, like other chemically functionalized
polysilanes,?1=23 are amphiphilic and found to be suc-
cessfully assembled as multilayers by the ordinary LB
technique.’®20 On the other hand, a compound with a
trimethylammonium group (APS, Chart 1) becomes
water-soluble,?*?> and this material would be used as
the polyelectrolyte component in the polyion complex
LB films.

This paper describes our detailed study on the prepa-
ration and structural characterization of mono- and
multilayered polyion complex LB films containing APS.2*
The anionic amphiphiles used in this study are icosanoic
acid (arachidic acid, C;9COOH) or sodium 1,2-bis-
[(dodecyloxy)carbonyl]ethane-1-sulfonate (2C;,SO3;Na)
(Chart 1). Structural characterizations of these ion-
complexed monolayers and LB films were carried out
by UV absorption spectroscopy, FTIR spectroscopy,
X-ray reflectometry, and transmission electron micros-
copy (TEM). Closely related LB films composed of an
amphiphilic analogue, C1gAPS (see Chart 1) have al-
ready been described? (designated as PS1 in the previ-
ous paper). The previous data with this amphiphilic
polysilane are likely to give useful implications in the
present study.

© 1997 American Chemical Society
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Experimental Section

Materials. Arachidic acid (C10COOH) was purchased from
Sigma Chemical Co. and used without further purification.
Sodium 1,2-bis[(dodecyloxy)carbonyl]ethane-1-sulfonate (2C12-
SO;Na) was obtained from Sogo Pharmaceutial Co. and
recrystallized once from ethyl acetate before use. Chloroform
as the spreading solvent was of Merck spectroscopic grade.

Preparation of APS?425 and C13APS?° was described previ-
ously. Both polysilanes were derived by quarternization of a
common precursor material, a quantitatively chloromethylated
poly[methyl(3-phenethyl)silane] (M,, = 21 000, M/M, = 1.30).%°

Quartz plates were cleaned as described previouly.?6 For
transmission IR spectrum measurements CaF, crystal plates
(10 x 3 x 1 mm, OKEN) were used. These substrates were
subjected to an ozone treatment using an ORC VUM-3073-B
UV dry processor prior to use.

Methods. Observation of the spreading behavior of mono-
layers and their transfer onto quartz substrates were per-
formed by a Lauda FW-1 film balance at 21 °C under dim red
light. The anionic amphiphiles were spread from chloroform
solution at a concentration of ca. 1 x 1072 mol dm~3 onto an
APS containing (1 x 107° unit mol dm~3) water subphase. pH
changes of the subphase for C13COO(H) monolayers were
attained by adding appropriate amounts of 1 N hydrochloric
acid or sodium hydroxide solutions. The sodium chloride (1.0
x 1072 mol dm~3) was commonly involved in the subphase in
these experiments to minimize the influence of changes in the
ionic strength upon pH adjustment. The subphase thus
prepared contains approximately a 50-fold excess amount of
the Si unit to the amphiphile molecules at the interface.

UV—visible absorption spectra were taken at room temper-
ature using a JASCO HSSP3 spectrophotometer. For polar-
ized UV—visible spectrum measurements, a Glan-Thomson
type polarizer was placed in front of the specimen. FTIR
measurements were carried out at room temperature with a
Perkin-Elmer System 2000 at a resolution of 2 cm™.

X-ray diffraction profile in the reflection geometry was
obtained with a Rigaku RU-300 at room temperature. The
specimens were scanned at 0.2 °C/min using Cu Ka radiation
monochromatized by pyrolyzed graphite.

The morphological observation by the transmission electron
microscopy (TEM) was performed as follows. A monolayer at
the air—water interface was deposited onto a glass substrate
by the horizontal lifting (touching) method. The films on the
substrate were covered and reinforced by vacuum-deposited
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Figure 1. Surface pressure—area curves of C;COO(H) at 20
°C on an aqueous subphase containing APS (1 x 107° mol
dm=3) and NaCl (1 x 1072 mol dm~3). C;,,COOH was spread
atpH?2.0(—),50(---),9.1(— —), 10.2 (——),and 12.0 (—+-—).
The dotted curve (-:+) shows the compression curve of C;0COO-
(H) at pH 7 in the absence of APS.

carbon film with a thickness of ca. 3 nm. The films were
stripped off from the substrate in distilled water or diluted
hydrofluoric acid solution, and the floating films were trans-
ferred onto Cu grids. The film morphology was observed with
a Zeiss CEM-902 at an accelerating voltage of 80 kV.

Results and Discussion

1. Polyion Complex Formation at the Air—
Water Interface and Transfer onto Substrates. 1.1.
Spreading Behavior. Figure 1 presents the spreading
behavior of C;gCOO(H) monolayers on an APS-contain-
ing subphase at various pHs. Coincidence of the ionic
strength should be of importance since this can influ-
ence the electrostatic interaction behavior between a
charged polymer and a gegenionic insoluble monolayer,
as suggested by neutron reflection detection® and a
theoretical simulation.2” The monolayers showed sig-
nificant expansion from that of a pure C;9COO(H)
monolayer (dotted line), indicative of the ionic complex-
ation between the C;5COO(H) monolayer and APS at
the air—water interface. The shape of the surface
pressure—area (;1-A) curves was strongly dependent on
the subphase pH. In lower pH regimes below 5, the
monolayer gave the lift-off area of ca. 0.6 nm?2 per
C19COOH molecule and the limiting areas obtained by
extrapolation of the steepest curve regions to zero
pressure were ca. 0.2 nm2. On the other hand, the
monolayer further expanded in high pH regimes above
10. The lift-off area shifted to regions above 0.8 nm2,
and the compression curves showed a plateau at 30—
40 mN m~1 below 0.5 nm2. A collapse of the monolayer
probably occurs in this plateau region. An intermediate
behavior was observed for the monolayer at pH 9.1.

The above pH dependent character of the spreading
behavior of the C1gCOOH monolayer should be the
consequence of changes in the dissociation state of the
carboxylic acid head group. It is reasonably explained
that a more effective electrostatic interaction is attained
at more dissociated states, and this causes the film
expansion. The full deprotonation of the carboxylic acid
is thus attained at a pH above 10. We previously
reported on the results of these monolayer systems in
the range of pH 2.0—8.0.2* As shown here, deprotona-
tion of carboxylic acid is therefore insufficient within
the previous pH conditions. The z-A curves of the
polyion complexed monolayers at pHs 10 and 12 are
similar in shape to that of C13APS on pure water which
also gives a plateau near 40 mN m~! with a somewhat
smaller lift-off area (see Figure la in ref 20). Therefore,
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Figure 2. Transmission FTIR spectra of 25-layered C;9COO-
(H)/APS LB films transferred onto a CaF; plate at 5 mN m™
and pH 8.5 and 12.0.
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Figure 3. Surface pressure—area curves of 2C;,SO3;Na at 20
°C on pure water in the absence (broken line) and presence of
APS (1 x 1075 mol dm~3, solid line).

the spreading characteristics of the fully ion complexed
C19COO~/APS monolayer are almost equivalent to those
of the C13APS monolayer.

The dissociation states of the carboxylic acid head
group in the polyion complex LB films were confirmed
by transmission FTIR analysis. The IR spectra of 25-
layered C19gCOO(H)/APS LB films (for transfer condi-
tions, see below) on a CaF; plate are displayed in Figure
2. The C=O0 stretching band for the film transferred
at pH 8.5 showed dual bands peaked at 1695 and ca.
1540 cm™1, which are assigned to the bands for car-
boxylic acid and carboxylate forms, respectively. The
spectrum for the film transferred at pH 12, in contrast,
indicated the fully dissociated form of carboxylate,
giving a maximum at 1544 cm~%, and no signal of free
carboxylic acid was observed.

The z-A curves of the double-chained 2C;,SO3Na
monolayers are indicated in Figure 3. For these sys-
tems, the experiments were carried out only at neutral
pH without sodium chloride. Similarly to C;5COO(H)
systems, the curve exhibited a significant expansion
when APS was involved in the subphase. The limiting
area of the 2C,,SO3~ monolayer on pure water was ca.
0.4 nm2, which is reasonably the doubled value of the
single-chained C15COO(H). Upon addition of APS, the
shape of the 7-A curve exhibited a considerable expan-
sion which closely resembled those of C;9COO~/APS
monolayers observed at pH 10 and 12. Thus, the
number of the long alkyl chain in the amphiphile made
little influence on the molecular occupying area. It is
therefore assumed that the bulky Si unit of APS
contributes dominantly to the observed area of the
polyion complex monolayers.
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1.2. Transfer onto Solid Substrates. Transfer of
a single layer of polyion-complexed monolayers was
successfully achieved (transfer ratio > 0.9) onto a clean
hydrophilic substrate surface (quartz or CaF;) in the
vertical dipping method for both amphiphiles and under
all pH conditions employed. However, repeated deposi-
tions for assembling multilayers were attainable only
under limited conditions. For the series of C;5COO(H)/
APS monolayers, multilayer deposition could be carried
out at pH regions above pH 8. The surface pressure
applied was low (5 mN m~1) due to poor stability of these
monolayers at higher pressures (e.g. 25 mN m~1; see
section 1.3). At low pressures the LB multilayers were
deposited only in the process of upstroke lifting (Z-type
mode deposition). On the other hand, the multilayer
transfer of 2C1,SO37/APS was possible at surface pres-
sures above 20 mN m~1. In this case, again, the
multilayers were formed in the Z-type deposition.

In both cases, the transfer ratio became less at greater
repetition stages above five cycles. Refined layer struc-
tures, therefore, would not be anticipated from this
transfer behavior. The polar structure of these multi-
layered LB films formed by the Z-type deposition should
be thermodynamically unstable. As supposed, the
structure of the LB multilayer changed by long-term
storage at room temperature and more definitely by a
thermal annealing treatment (see section 3.2).

1.3. Morphology of the Monolayer. The morphol-
ogy of the polyion complex monolayer was observed by
TEM. Figure 4 indicates TEM images of C1gCOO(H)/
APS monolayers deposited at neutral pH and the
surface pressures of 5 (a and b) and 25 (c and d) mN
m~1. These images were taken in the normal (a and c)
and electron spectroscopic (b and d) modes. In the
electron spectroscopic mode, the beam was filtered at
285 eV. This allows images showing an abundance of
carbon atoms: The brighter parts in the micrographs
indicate regions where carbon atoms are more abun-
dant. Normal TEM images (a and c) show that the
monolayers were almost homogeneous, but the electron
spectroscopic images (b and d) revealed the high het-
erogeneity of these films. At 5 mN m~! where most of
the LB deposition was achieved, the monolayer film was
almost homogeneous but exhibited some domain struc-
ture having featureless contours of a few micrometers
scale. The monolayer at 25 mN m~! was found to be
highly heterogeneous, exhibiting a number of wrinkles
of several micrometer lengths which seem to start from
circular domains. The direction of stripes of the wrinkles
was orthogonal to the compression direction. As stated
in section 1.2, the deposition of this monolayer was not
successful at 25 mN m~! due to poor stability. These
TEM images support the fragile nature of the monolayer
at high pressures. Lee et al.'® observed a similar
morphology by a fluorescence microscope for a double
chain amphiphile monolayer complexed with a polyelec-
trolyte in a collapsed region.

2. UV Absorption Spectra and Conformational
States of Transferred Monolayers. The UV—visible
absorption spectra of C;5COO(H)/APS monolayers on
both sides of a quartz substrate transferred at pH 2—12
were indicated in Figure 5. The og—o™ absorption band
of the Si backbone ranged from 285 to 293 nm and was
a function of the subphase pH. Absorbance of the LB
films changed concomitantly. Absorbance values ob-
tained in the higher pH regimes (ca. 0.006) were in good
agreement with that observed for C;gAPS films.2% This
consistency confirms that APS is monomolecularly
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Figure 4. TEM images of C;COO(H)/APS monolayers transferred at 5 (a and b) and 25 mN m~! (c and d) by the horizontal
lifting method. Micrographs were taken in normal (a and c) and electron spectroscopic (filtered at 285 eV) image (b and d) modes

in the identical field.

0.0100 . . . .
0.0075 P

0.0050 [

Absorbance

0.0025

0.0000 : .
250 300 350 400

Wavelength / nm

Figure 5. UV absorption spectra of single LB monolayers on
both sides of a quartz plate transferred at 5 mN m~ at various
pHs. The pH of the subphase was 2.0 (—), 3.0 (-**), 4.7 (— —),
6.5 (——), 7.3 (——), 10.2 (—+-—), and 12.0 (—++—).

incorporated into the polyion complex LB films. For-
merly, Takahara et al.° demonstrated the formation of
stoichiometric complexation in polyion complex LB films
by XPS analysis, and our UV spectroscopic data support
this stoichiometric relation.

Figure 6 presents the peak position of the UV spectra
(@) and absorbance at these wavelengths (b) as a
function of pH. With increasing pH, the absorption
band exhibited hypsochromic shifts. The band shifts
should reflect changes in the conformational state of the
Si backbone of APS.1820  Apbsorbance at the peak
wavelength decreased in acidic regions, indicating that
amounts of transferred APS are reduced.

Changes in the optical properties indicated above
should be closely coupled with changes in the dissocia-
tion state of the carboxylic acid moiety of the C;COOH
monolayer on the water surface. On the basis of the
above spectroscopic observations,18-20 the following
model which is schematically drawn in Figure 7 can be
assumed. The conformational state of electrostatically
absorbed APS is influenced by the changes in the two-
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Figure 6. Maximum wavelengths of the o—o* band of APS
in the polyion complex LB monolayers (a) and absorbance at
these wavelengths (b) as a function of subphase pH.

dimensional density of anionic charge, namely the
protonation state of the carboxyl head group, beneath
the C1oCOO(H) monolayer. At low pHs, the backbone
of APS is relatively extended, containing more trans
conformers from a requirement of stoichiometric charge
neutralization with diluted anionic charges of the
C19COO(H) monolayer. At higher pHs, on the other
hand, the anionic charge density increases, and the ion-
complexed APS backbone is folded and crowded more.
The amount of absorbed APS increases at higher pHs
accordingly. For the 2C1,SO37/APS LB film, the ab-
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Figure 7. Oversimplified representation of the ion complex-
ation state of APS with the C1,COO(H) monolayer at the air—
water interface for the explanation of the observed pH
dependency in the optical properties.
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sorption peak was positioned at a relatively longer
wavelength (293 nm). This is probably due to the larger
occupying area for the double chain amphiphile.

Both the absorption peak and absorbance profiles in
Figure 6 showed an inflection at pH 4-5. This pH
region nearly corresponds to the pK, of n-alkane-
carboxylic acid (4.8) at room temperature. Kobayashi
et al.?28 conducted an XPS study to determine the
amount of divalent metal ions incorporated into the LB
films as a function of the subphase pH. According to
their data, with increasing pH, the metal ions start to
be involved exactly in this pH region. It can be thus
assumed that the conformational state and the depos-
ited amount of APS is primarily influenced by the
dissociation near the intrinsic pK,. However, the overall
apparent dissociation constant of this monolayer is
substantially shifted to a higher value. As stated in
section 1.1, the full deprotonation of C;gCOOH mono-
layers required high basic conditions above pH 10.
Interestingly, the optical properties of APS were influ-
enced only in the acidic pH region below 5, but not in
the neutral to basic pH regions where the majority of
carboxylic acid groups are dissociated, as seen in the
FTIR data (Figure 2).

The absorption peak of APS in pure water is posi-
tioned at 280—286 nm.2>2° Therefore, the o—o* ab-
sorption band of C1gCOO(H)/APS monolayers trans-
ferred at acidic pHs and the 2C;,SO37/APS monolayer
are shifted to longer wavelengths. These results can
be compared with those observed for the binding process
of an anionic surfactant, sodium dodecyl sulfate (SDS),
to APS in a water solution.?® Binding of SDS to APS
induces bathochromic spectral shifts in a similar fash-
ion.

3. Structure of LB Multilayers. 3.1. On the
Orientation of the APS Main Chain. The LB
deposition procedure of the vertical dipping frequently
induces an in-plane main chain orientation of polysilane
materials in LB films.18-23 Figure 8 depicts the polar-
ized UV—visible absorption spectra of two-layered LB
films of C1oCOO(H)/APS deposited at pH 8.0 (a) and
five-layered 2C1,SO37/APS (b). UV spectra taken in the
parallel and perpendicular polarization with respect to
dipping direction essentially agreed with each other for
both films, indicating that no preferential orientation
in the backbone was attained in these LB films. We
have observed a preferred orientation for C;sAPS LB
films in the direction of the dipping direction.’®=20 This
main chain orientation in the C13APS films is probably
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Figure 8. Polarized UV absorption spectra of 2-layered
C19COO(H)/APS (a) and 5-layered 2C,,SO3; /APS (b) on both
sides of a quartz plate with normal incidence. Polarization of
the probing beam was set parallel (solid line) and perpendicu-
lar (dotted line) to the dipping direction.

2X105 Y
2x104 -

Counts

1x108
1x10°

Counts

%P ——2% 3 4

2x10% - C

Counts

2 6 / degree

Figure 9. Small angle X-ray reflection profiles of a 20-layered
C19COO(H)/APS LB film deposited at 5 mN m~ on a quartz
plate. The measurements were achieved within 2 weeks after
deposition (a), after 3 months (b), and after annealing at 80
°C for 12 h (c).

attained by a flow effect on the water surface.3® We will
discuss this point in the last part of section 3.3.

3.2. X-ray Diffractometry. X-ray diffraction pat-
terns of typical examples are presented in Figures 9 and
10 for 20-layered C19COO(H)/APS and 2C;,SO3 /APS
films, respectively. Layer spacings (d) and overall film
thicknesses (L) evaluated from Bragg peaks and Kiessig
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Figure 10. Small angle X-ray reflection patterns of 20-layered
2C1,S037/APS LB films deposited at 25 mN m~! on a quartz
plate. The measurements were achieved within 2 weeks after
deposition (a), after 3 months (b), and after annealing at 80
°C for 12 h (c).

Table 1. X-ray Diffraction Data

LB film da3/nm Lbnm

C19COO(H)/AMP (pH 8, 20 layers)

freshd (broad) —c

aged® 4.48, 5.35, 7.30 -

annealedf 5.31 -
C19COO"/AMP (pH 12, 20 layers)

fresh (broad) -

aged (broad) -

annealed (broad) -
2C12S0O37/APS (10 layers)

fresh 4.11 27.4

aged 4.12,4.21 -

annealed 4.13 29.0
2C1,S037/APS (20 layers)

fresh 3.85 -

aged 3.95, 4.15 -

annealed 4.03 46.3

a Layer spacing determined from Bragg peaks. ? Overall film
thickness determined from Kiessig fringes. ¢ No Kiessig fringes
were observed. ¢ Measured within 2 weeks. ¢ Kept at room tem-
perature for 3 months. f Annealed at 80 °C for 12 h in an oven.

fringes, respectively, are summarized in Table 1. Three
patterns in the figures show the results of experiments
carried out within 2 weeks after LB deposition (a), after
storing for 3 months at room temperature (b), and after
annealing at 80 °C for 12 h (c). The layer structure of
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these polyion complex films clearly changed with aging
and annealing processes. The multilayers were depos-
ited in the Z mode, but typical values eventually
obtained for the layer spacings, d were ca. 5.3 and 4
nm for C1;gCOO(H)/APS and 2C;,SO3; /APS LB films,
respectively, indicate the structure of stacked bilayers.
An inversion process from the Z-type polar multilayers
to thermally stable Y-type stacked bilayers should have
occurred consequently.

Kiessig fringes were observed for a couple of samples
of the 2C1,SO37/APS system, which reveals sufficient
smoothness of the film surface. Overall thicknesses
obtained did not coincide with the multiplication of the
bilayer length with the supposed deposition number.
This should result from the poor transfer ratios at
repeated deposition cycles (see section 1.2).

The fresh sample of C;gCOO(H)/APS LB film trans-
ferred at pH 8 (Figure 9a) gave very broad and distorted
Bragg peaks with which the layer spacing could not be
determined. When the film was aged, several diffrac-
tion peaks appeared (Figure 9b). Mainly three kinds
of peaks corresponding to d = 4.48, 5.35, and 7.30 nm
were observed. The final annealed film (Figure 9c) gave
a single layer spacing (d = 5.35 nm). Therefore, among
the three peaks for the aged film, the most thermally
stable layer structure had the spacing of 5.35 nm. The
C19COO(H)/APS films deposited at pH 8 showed a first-
order Bragg peak; however, that transferred at pH 12
is highly disordered and the determination of the layer
spacing was impossible. A very close value of the layer
spacing was reported for cadmium arachidic acid
(C1oCO0-1/,Cd?*) LB multilayers (5.4—5.5 nm).3! Given
that the long alkyl chains are in the trans-zigzag
conformation (see section 3.3, arguments on IR data),
the alkyl chains should be more tilted in the C,;9COO-
(H)/APS LB films than in the C13COO-Y/,Cd?" multi-
layer in consideration of the insertion of APS.

Multilayers of 2C1,SO3~/APS were better structured,
and the pattern changes after the aging and annealing
were smaller. This is probably due to a better dimen-
sional matching between the APS unit and the occupy-
ing area of the 2C,,SO3~ monolayer. The fresh sample
gave a diffraction pattern which shows a broadened but
clear Bragg peak corresponding to 3.85 nm spacing
which is overlapped with weak Kiessig fringes (Figure
10a). Similarly to the C;9COO(H)/APS film, the aging
process led to a more complicated pattern giving an
additional Bragg peak of 4.15 nm spacing (Figure 10b).
After annealing, this film exhibited a refined layer
structure giving a single layer spacing (d = 4.03 nm).
For the annealed film, clear fringes were overlaid in the
Bragg peaks. Kajiyama et al.® reported the structure
of a relating polyion complex film composed of 2C14SO3~
(a homologue of 2C1,SO3~ having two tetradecyl chains)
and poly(ethyleneimine) (PEI) which was deposited
above 30 mN m~1. The small angle X-ray diffraction
pattern of 2C14,SO;~/PEI film indicated a layer spacing
of 5.31 nm with a tilt angle of 5° from the surface
normal. A comparison of the spacing could be made
with the film containing 2C1,SO3™ if the length of four
methylene groups (ca. 0.56 nm) for the bilayer is
subtracted. The final spacing of the observed 2C,,SO37/
APS film (4.03 nm) is smaller than that expected from
this calculation (4.75 nm). The length occupied by the
amphiphile in each layer should be even smaller in
consideration of the larger dimension of the APS unit
compared to that of PEI unit. We assume a consider-



1774 Seki et al.

able tilt of the long alkyl chain part in the 2C;,SO37/
APS film.

3.3. Structural Features of the Amphiphilic and
Polyion Complex LB Films. We have already re-
ported a relevant LB work using ammonium-containing
amphiphilic polysilane homologues.?® Among them, the
features and properties of C13APS having a single long
chain can be properly compared with those of the
present polyion complex LB films. The essential dif-
ference in the chemical structure between C1gAPS and
C19COO(H)/APS is the linkage mode that connects the
alkyl chain to the ammonium group, namely covalent
and ionic bonds, respectively.

Notable features of the C;3APS in the monolayers and
LB multilayers can be summarized as follows: (i) the
monolayer on the water surface is sufficiently stable
even at high-pressure regions for transfer (e.g., 30 mN
m~1), (ii) the transfer is performed in the Y mode, (iii)
both the monolayers and LB multilayers are fully
homogeneous, as proven by TEM observation even in
the electron spectroscopic mode, (iv) the surfaces of the
multilayers were more highly smooth, which is charac-
terized by the appearance of clear Kiessig fringes, and
(v) a preferential orientation of the Si main chain in the
dipping direction is observed in the multilayers. Good
stability and transfer behavior (i and ii) may result from
the covalent bond between the long chain and the
ammonium moiety in our systems. However, this is not
fully understood since many of the polyion complex LB
films have been prepared at relatively high surface
pressures (above 20 MmN m™1), and a repeated transfer
process does not lessen the transfer ratios. Instability
of the C;9COO(H)/APS monolayer is probably due to
unmatched proportions between the size of the APS unit
and the cross section of C;gCOOH. In fact, the film
transfer was improved when the larger double chain
amphiphile (2C1,SO3Na) was employed. The features
of C18APS films concerning (iii) and (iv) should originate
from the thoroughly amorphous nature. The morpho-
logical heterogeneity of the C1oCOO(H)/APS film (Figure
4), in contrast, seems to stem from a partial crystal-
lization of the C;9COOH monolayer.

In the FTIR spectra (Figure 2), the asymmetric and
symmetric C—H stretching bands of the long alkyl
chains of the C;9COO(H)/APS LB film were observed
at 2915 and 2849 cm™!, respectively, and were not
changed by the pH conditions of deposition (pH 8.5 and
12). These low-frequency peaks reasonably indicate
that the long alkyl chains are in the trans-zigzag
conformation in both films.3233 |n contrast, a 43-layered
C1sAPS LB multilayer gave C—H asymmetric and
symmetric stretching peaks at higher frequencies of
2922 and 2853 cm™1, respectively, indicative of disor-
dered packing of the alkyl chains involving a consider-
able amount of gauche conformers.?® For C;3APS LB
films, we have proposed a structural model from FTIR
and X-ray data in which the Si main chain is located
within the hydrocarbon array of stacked bilayers. For
the present polyion complex film, in contrast, this model
would be inadequate judging from the packing state of
the alkyl chains fixed in the trans-zigzag conformation.
The Si backbone of APS in the polyion complex film is
possibly positioned between the hydrophilic ends of the
C19COO(H) layers, as one may expect in polyion complex
LB films.

Finally, the complete absence of the backbone orien-
tation with respect to the dipping direction in the
polyion complex LB films is worth mentioning. The
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orientation mechanism is generally understood by a
deposition-induced flow of monolayer on the water
surface.?® Two explanations for the present result may
be possible. First, the monolayers of C;gCOO(H) and
2C1,S03~ complexed with APS form rigid solidlike states
and possess little fluidity, and the monolayer flow on
the water surface should not be reflected in the orienta-
tion of the absorbed polymer. Rigidity of the ion
complex monolayer is implied from the FTIR data that
the hydrocarbon chains are fixed in the trans-zigzag
conformation. Second, if the ion exchanging between
the anionic amphiphile and APS occurs at a fast or
comparable rate, this can also diminish or cancel a flow-
induced orientation.

Summary

This work was undertaken to extend the utility of
polysilane derivatives to the research of polyion complex
LB films, in particular, aiming at obtaining knowledge
on the polyelectrolyte component in the LB film. Meas-
urements of UV absorption spectra of APS of the
transferred films confirmed an important aspect that a
monomolecular film formation of the polyelectrolyte is
fulfilled in the polyion complex LB film. More impor-
tantly, the optical evaluation provided new insights on
the conformational and orientational state of the poly-
electrolyte component.

Structural and morphological features of the polyion
complex films can be extracted in comparison with those
of the amphiphilic analogue (C1sAPS). Major differences
between these films are the transfer modes (Y- or
Z-type) which are then correlated to the structural
stability after deposition, the homogeneity of the film
morphology, the quality of the bilayer stacks, and the
surface smoothness. Also, the plausible location of the
Si main chain in the LB films is supposed to be different.
We assume that the dimension of the APS unit is
uncorrespondingly large for occupying areas of ordinary
amphiphiles, and this should lead to disordering of the
film structures and unsuccessful deposition. Polysilane
electrolytes having a more refined structure with a
smaller unit would be required to make honest com-
parisons with studies using widely employed polyelec-
trolytes.
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