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Polymer—Surfactant Layered Heterostructures by Electropolymerization of Phenosafranine
in Langmuir —Blodgett Films

Introduction

Langmuir-Blodgett (LB) technique is widely used for the
fabrication of films of a variety of advanced materials for
application in molecular electroniédjiosensord,and nonlinear
optical (NLO) devices. Conducting polymers are one such
material that has attracted considerable interest in recent years!
The preparation of high-quality ultrathin films of conducting
polymers has great relevance to technological applications such
as in sensofsand molecular electronié® The poor solubility
in common organic solvents and lack of amphiphilicity are two
important factors that have restricted the LB deposition of
conducting polymers. However, these factors have been over-.
come by various molecular engineering approaches. For ex-
ample, solubility can be improved by attaching linear aliphatic
side chains to the polymer backbone or by doping with an
amphiphilic dopant.® Most often, the polymer is mixed with
long chain matrix molecules for successful transfer to a substrate
in order to obtain good LB film$%1! LB multilayer films of
poly(p-phenylenevinylene) and polythienylenevinylene) have
been prepared by depositing polyanion complexes of precursor
polymers followed by polymerization of the multilayer film by
exposure to hedf3Alternatively, direct use of surface-active
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Langmuir-Blodgett (LB) films of the water-soluble dye phenosafranine (PS) have been prepared by its
adsorption from aqueous dye solution to an arachidic acid (AA) monolayer at theatier interface. Atomic

force microscopy (AFM) images of the LB films revealed the effect of change in pH of deposition on the
degree of complexation of AA with the PS dye. Well-defined circular islands and holes were observed which
disappeared with the increase in pH. Polarized absorption studies indicated that the dye molecules are oriented
uniaxially with their long axis titled at a constant angle to the surface normal of the LB film. Within the
restricted geometry of the LB film, the PS dye was electropolymerized to form a two-dimensional film of
poly(phenosafranine) sandwiched between arachidic acid layers. The film was characterized by IR spectroscopy,
cyclic voltammetry, and AFM. X-ray diffraction studies reveal the presence of a layer structure in the AA

PS LB film before and after polymerization. The polymer film showed highly anisotropic electrical conductivity

of ca. 10 orders of magnitude. This indicates the formation of two-dimensional polyPS layers between arachidic
acid layers resulting in a layered heterostructure film having alternate conducting and insulating regions.
Also, the conductivity of the polyPS prepared from LB film was found to~&&5 times higher than the
conductivity of polyPS prepared by solution polymerization method.

deposition of LB films of the monomer on solid substraté.
As a strategy, if the monomer is arranged in the form of a well-
ordered LB film and then polymerized, an ordered two-
dimensional polymer can be obtained as against three-
dimensional amorphous polymer films obtained with electro-
polymerization from solution. Manipulating the monomer
Structure or polymerizing monomers in highly organized or
restricted media provides an opportunity to exercise control over
the macroscopic properties of the polyrm&t’ Hence polym-
erization of monomer in LB films or self-assembled monolayers
(SAMs) is of importance. Bruno et. & have reported enzyme-
mediated synthesis of conjugated polymers at the\aater
interface in a Langmuir trough. There are reports on the
synthesis of conducting polymers using self-assembled mono-
layers of alkanethiols terminated by desired polymerizable tail
groups!® Willicut et al?%2! have prepared SAMs of)-(N-
pyrrolyl)alkanethiols, which were polymerized to obtain a two-
dimensional film of polypyrrole. Onoda et @have reported a
novel approach where, instead of manipulating monomers, trans
oligomers were electropolymerized to prepare good-quality
polythiophene derivatives.

Amphiphilicity of the film-forming material is a prerequisite

monomer is also possible. The surface-active monomer can pelor the formation of LB films. Therefore, in most of the reports,

polymerized either at the aiwater interfac&1® or after

the monomer was covalently attached to the amphiphile, which
hinders the mobility and limits the polymerization to a
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Ny (phenosafranine). The above strategy, in general, can be
/@E D\ extended to the polymerization of technologically relevant
HN NH conducting polymers in a multilayer LB film.

+ 2
cr
Experimental Section

The molecular structures of arachidic acid (AA) and phe-
nosafranine dye, employed in the preparation of LB films, is
shown in Figure 1. Phenosafranine (Aldrich Chemical Co.) was
purified by recrystallization from ethanol. Arachidic acid (Fluka
Chemicals) was used without further purification. A KSV 5000
LB trough was used for studying the pressuagea —A)
isotherms and for deposition of LB films. Surface pressure was
measured with a platinum Wilhelmy plate. A compression rate

Asachidic acid (AA) of 5 mm/min was used for studying the presstaeea isotherm.

. . . . Phenosafranine dye (& 107° M) was used as the subphase,
Figure 1. Structures of the materials employed in the preparation of - e -
LB films. which was prepared from Millipore water (resistaned8

MQcm), and its pH was adjusted using dilute NaOH or dilute

acid) at the airwater interface by either electrostatic interaction HCI. The airwater interface was compressed and the surface
or hydrogen bonding. By choosing an appropriate amphiphile layer was removed to remove any PS dye at the surface. The
and parameters of deposition such as pH and deposition surfacepreading solution was 1 mg/mL AA in chloroform (S. D. Fine
pressure, it is possible to tailor the orientation of the functional Chemicals Ltd., India). After allowing 20 min for the chloroform
molecule to obtain the desired molecular arrangeriefs the to evaporate, the monolayer was compressed slowly to record
electrostatic interaction between the oppositely charged adsor-the pressurearea isotherm. When the desired surface pressure
bate and adsorbent is a strong force, high adsorption can bewas attained, the AAPS complex monolayers were transferred
obtainec?® The advantage of electrostatic binding is that it does from the air-water interface to solid substrate (glass or ITO)
not “freeze” the orientation of the monomer but leaves it a by the vertical dipping method. A surface pressure of 35 mN/m
sufficient degree of flexibility that is essential for electropoly- was maintained for deposition of LB films while the pH of the
merizatior?® Recently, Zhang et & have reported the polym-  subphase was varied from 7 to 10. The dipping and raising speed
erization of electrostatically bound aniline at the-airater was fixed at 5 mm/min, and a waiting time of 10 min was given
interface. Rubner and co-workéfs31-32have developed a novel ~ between dips to dry the LB film. For optical absorption studies
method for deposition of LB film of conducting polymers using the film was deposited on quartz substrate and the absorption
preformed polyion complexes of acid-functionalized conducting Spectra were recorded on a Spectrascan UV-2600, India, double
polymer and sterylamine. This approach is centered on the beam UV-vis spectrophotometer. LB films were deposited on
manipulation of surface-active polyion complexes formed by Cak crystal precoated with five layers of cadmium arachidate
ionic binding of an amphiphile to the ionizable side groups of for IR studies. KBr pellets were prepared for polyPS synthesized
conjugated polymer. However, to our knowledge there are no by the LB route and by the solution polymerization method. IR
reports on polymerization of electrostatically bound monomer spectra were recorded using a Jasco Model 610 FTIR spectro-
in its multilayer LB film. In this paper, we describe a new photometer with a DTGS detector. X-ray diffraction (XRD)
method of fabricating LB films of conducting polymer by first ~ patterns were recorded on a Philips X-ray diffractometer (Model
forming LB film of the electrostatically bound monomer PW 1710) with Cu Kr radiation ¢ = 1.540 56 A). The scan
followed by its electropolymerization. The resulting LB film speed and step were 0.2 deg/min and 0.02 deg, respectively.
consists of monolayers of electroactive polymers isolated Conductivity of the polymer film was measured by the two
between insulating layers of amphiphilic molecules. probe method. Circular gold contacts of 1 mm diameter were

Phenazine and phenothiazine dyes, such as phenosafraningeposited on the film as well as on the adjacent bare ITO by
(3,7-diamino-5-phenylphenazinium chloride, Figure 1), are the physical vapor deposition technique. Homemade microma-
found to undergo electropolymerizatidrio yield a new class  nhipulators were used to make contact, and the conductivity was
of electroactive polymers, commonly known as polyazines, measured using a Keithley electrometer. For measuring the in-
which has attracted attention due to their good electron- plane or parallel conductivity of the film, any two contacts on
mediating and electrocatalytic propertfés®Poly(phenosafra-  the film surface were selected. The perpendicular conductivity
nine) modified electrodes have been reported to have excellentwas measured by selecting one contact on the LB film and other
electrocatalytic activity for NADH fg-nicotinamide adenine  on the bare substrate where the film is not deposited. For
dinucleotide) oxidation to enzymatically active NADThe conductivity calculation, the thickness of the polyPS LB film
NADH/NAD* redox couple is important because a large number was derived from the bilayer separation obtained from XRD
of dehydrogenase enzymes use this coenZpidese elec- studies. In the case of polyPS film prepared by solution
trodes are also used for detection of the neurotransmitter polymerization, the thickness was calculated based on the charge

Phenosafranine (PS)

NN NSNS S S - COOH

dopaminé’ in the presence of interfering ascorbic atitHence, ~ consumed during electropolymerization.

the formation of ordered and reproducible films of poly- For atomic force microscopy (AFM) studies, three layered

(phenosafranine) is important for its practical application in AA—PS LB films were deposited on mica substrate at different

sensors. pH values of the subphase dye. ITO substrate was used for

In this paper, we report our studies on the fabrication of LB studying the morphology of polymer film before and after
films of phenosafranine dye by adsorption of phenosafranine polymerization. AFM measurements were carried out using a
onto a monolayer of arachidic acid (eicosanoic acid) at the air  scanning probe microscope (SPM-Solver P47, NT-MDT, Rus-
water interface. The film was transferred to conducting substrate sia) in contact mode. Rectangular cantilevers of silicon nitride
and subjected to electrochemical polymerization to form poly- (length 200um and width 4Qum) having a force constant of 3
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N/m were employed for the measurement. Particle size and
roughness of the films were obtained using the software
provided with the AFM. It calculates the average roughnBgs (
using the formula

N Ny
.Z,Z'Z(i’j) ~ Zead

whereZ is the Z-coordinate value and

.- 1
NN,

Ny Ny
Zean= —— Z(ij)
mean NXNYI: ]Z J

Polymerization was carried out using a potentiostl-
vanostat PGSTAT20 (Eco Chemie, The Netherlands). A three-
electrode system was used with platinum wire as the counter
electrode and Ag/AgCI3 M KCI as the reference electrode.
LB films deposited on ITO coated glass slides were electropo-
lymerized in an aqueous acidic solution containing 0.05 M H
SO, under nitrogen atmosphere. For polymerization by poten-
tiodynamic method, the voltage was scanned betwe@b and
1.2 V at a rate of 50 mV/s. Polymerization was also carried out
using potentiostatic method by applying a voltage of 1.3 V for
300 s.

In order to estimate the size of AAPS complex, molecular
modeling studie® were carried out using the software HY-
PERCHEM version 7.0 (Hypercube Inc., USA). The structures
of the dye, arachidate anion, and the antdye complex were
optimized successively using the molecular force field method,
MM+, semiempirical (PM3), and ab initio (minimal STO 3G
basis set) methods to obtain the minimum energy conformation.
The geometry minimization consists of starting the optimization
from several initial starting geometries and letting the process
converge to a minimum energy. The minimum of this set of
minimum energies is assumed to be the global minimum energy,
and the corresponding geometry is assumed to be the final
geometry. The modeling calculations were carried out consider-
ing a constant dielectric medium corresponding to water.

Results and Discussion

Monolayer Characteristics at the Air—Water Interface.
The pressurearea r—A) isotherms of arachidic acid (AA)
spread on a subphase containingc 110~ M phenosafranine
(PS) were measured at different pH values and compared with
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Figure 2. Pressure-area isotherms of arachidic acid on (a) water (pH
5.8) and (b-f) phenosafranine solution (¥ 107-°M) of pH 4, 6, 7.3,
8.2, and 9.7, respectively.
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corresponding to AA monolayer on water in the absence of PS
dye is shown in Figure 2.

The isotherm of AA on the aqueous solution of PS at pH 4
(Figure 2, curve b) exhibits an expanded isotherm at lower
surface pressure compared to the isotherm of AA on pure water.
This corresponds to compressible liquid pHasad indicates
the presence of weak interaction (hydrogen bonding) between
AA and PS. At higher surface pressures, the two isotherms
overlap, giving similar mean molecular area (of 22) And
suggesting that there is no significant interaction between AA
and PS in the solid phase at a subphase pH 4. As the pH of the
dye solution is increased to 6 (Figure 2, curve c), an expanded
isotherm corresponding to the compressible liquid phase is
observed, which is similar to the isotherm at pH 4. However,
at higher pressures the mean molecular area in the solid region
increases to 25 A This indicates the formation of a complex
between AA and the dye and that the dye is adsorbed to the
monolayer of AA at the airwater interface. At subphase pH
values greater than 7, the isotherm is much more expanded at
lower surface pressure and also shows a higher mean molecular
area €30 A?) in the solid phase. Thus the amount of dye
complexing to the AA layer was found to increase with
increasing pH of the dye subphase. This is likely because, with
increase in pH, the AA molecules ionize to produce anions,
which attract the positively charged dye molecules to the surface.
The K, of AA is 5.4 which explains the change in the nature

the corresponding isotherms in the absence of the dye in theof isotherm (expansion of the isotherm) of the AA monolayer

subphase. Curve a in Figure 2 shows the pressanea isotherm
of AA on pure water (pH 5.8) at 28C. The isotherm shows an
abrupt increase in surface pressure at around2h#he high-

above pH 6, as observed in our experiments.
In order to confirm the presence of electrostatic interaction,
IR spectra were recorded for AAPS LB film, pure AA, and

pressure region the curve is steep and shows a mean moleculapure PS as shown in Figure 3. Sharp aliphatic CH stretching

area of 22 A& (observed) corresponding to the true molecular
cross section of arachidic aciéiThe pH of the subphase was
varied from 4 to 9.7 using HCI/NaOH, and the isotherms of
AA in the absence of the dye were measured. It was found that
the pressurearea isotherms remained essentially similar in the
pH range 4-9.7 except for the presence of a plateau region at
lower pressure in the case of pH 4. All the isotherms overlap
well in the higher surface pressure region and give the same

bands were observed at 2915 and 2850far both pure AA

and AA—PS LB film. The carbonyl peaks at 1685 and 1700
cm ! observed in the case of AA are absent in the case of AA
PS LB film. Instead, strong bands due to the asymmetric and
symmetric stretching vibrations of the equivalent carbon
oxygen bonds are observed in the region 152610 cnt?! for

the AA—PS LB film. This provides evidence for the presence
of carboxylate anion in the LB film. Thus, in the AAPS

mean molecular area for the condensed phase. These observaomplex, the PS dye is electrostatically bound to the carboxylate

tions are in accordance with the Gaines text#8and the
reports by Oishi et & where the pressurearea isotherms of
AA monolayer were found to be identical in the pH range-3.3
9.6 at 303 K. Hence, only one representative plot (curve a)

group of AA. The packing of the dye molecules beneath the
ionized AA monolayer is such that the mean molecular area of

AA increases. However, considering the size of the PS dye

molecule ¢11 A x 9 A x 4 A, as obtained from modeling
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Figure 3. IR spectra of aracidic acid (AA), phenosafranine dye (PS), o 0.251
and AA—PS LB film deposited at a subphase pH 8.2. 8
0.204
. . . ®
studies), the observed increase in mean molecular area (MMA) o)
is very small. This could be possible if the dye molecules remain 2 0.154
adsorbed beneath the AA layer and there is not much penetration g
of the dye into the AA monolayer. Also, if not all the AA § 0.10-
molecules are complexed with PS, i.e., there is incomplete L
complexation, the MMA increase will be small. There are 8- 0.05-
several reports in the literature on adsorption of dyes to arachidic ]
acid where the increase in MMA on adsorption of dye is very 0.00 . . . . ' .
small compared to the dimensions of the dye. For example, the 0 5 10 15 20 25 30 35

MMA of AA on cyanine blue solution was found by Saito et ;
al*to be 31 R gt a surface pressure of 40 mN/n{. Hada et No. of layers deposited
al 45 have reported a MMA shift of 2 Amolecule for adsorption Figllutf_e 4. ISaP)SU\d/_ViS( SDgCt{a Olf (t) A/: PS LB film afgge r(ZCZfarﬂgﬁgIU; e
H : solution o e. ICal apsorpance vs num
of cyanine dye to AA. On the other hand, on adfs,orptlon C.)f dyes deposited for AAXPS LB ﬁlm deposited at a subphase pH 8.2. Y
to surfactants such as octadecylamine, a large increase in MMA
is observed. Ray et &.have reported a MMA shift of the order  solution spectra of P8 (plot 2 in Figure 4a). This broadening
of the size of the dye molecule for the adsorption of sulfor- and large red shift in the absorption spectrum of the LB film
hodamine dye to octadecylamine. Similarly, Takahashi &t al. can be attributed to the close packing—(z stacking) and
have observed a large change in MMA on adsorption of azo aggregation of the dye molecules under the AA monolayer. The
dyes to octadecylamine. In these cases, the dye moleculesntensity of the absorption peak at 555 nm for the LB films
penetrate the surfactant layer, leading to a substantial increaseleposited at each pH of the subphase was plotted against the
in MMA. number of monolayers transferred. Figure 4b shows one such
The collapse pressure of AA monolayer was found to be representative plot for LB films transferred at a subphase pH
around 65 mN/m when the pH of dye in the subphase was 8.25.8.2. A linear plot was obtained for all depositions above a pH
The stability of the monolayer was inferred from the hysteresis 7, indicating a regular and reproducible transfer of the- A28
of the z—A isotherm. For this, the monolayer was compressed complex monolayer. For each pH of the dye in subphase, three
to a fixed surface pressure value of 35 mN/m and subsequentlyfilms were deposited and the optical absorbance values were
relaxed to the original state. Very small hysteresis was observedfound to be highly reproducibleq0.001). Therefore, using this
during the first compression and decompression cycle for pH methodology, it is possible to control the amount of PS dye in
>7. Later cycles were found to overlap well, indicating the the film precisely for any futuristic application.
formation of a stable monolayer at the-awater interface. Thus Orientation of the Dye in LB Film. The orientation of the
complexation with the PS dye gives stability to the AA PS dye in the LB film of AA-PS was studied by polarized
monolayer as rendered on complexation with metal 18ris. visible absorption spectroscofy/Spectral anisotropy of a nine-
LB Film Formation. The monolayers of AAPS complex layer LB film of AA—PS complex was studied by carrying out
were transferred from the aiwater interface to glass substrates measurements with polarized light parallel (to the incident plane
at a surface pressure of 35 mN/m. Good LB films could be as p-wave) and perpendicular (s-wave) to the dipping direction
transferred onto substrates only above pH 7. The transfer ratioas illustrated in Figure 5. The absorbance was recorded for
for upward and downward movements of substrate was found incident polarized light falling at angles of (hormal incidence)
to be unity, indicating a Y-type deposition at pH7. At pH and 30 to the normal of the film. Figure 6 shows plots for LB
<7, the transfer ratio was found to be negative for the downward film deposited at subphase pH 8.2 (surface pressud® mN/
movement of the substrate, which could be due to the desorptionm). In the case of incidence angle of QFigure 6a), no
and/or dissolution of the deposited material. The nature ofUV  difference was observed in the absorption intensity for the s-
vis absorption spectra of the films deposited in the pH range and p-polarized lights, indicating that the transition moment of
7—10 was found to be essentially the same with peak maxima the PS dye is uniaxially distributed along the surface normal.
at 555 nm (plot 1 in Figure 4a). The LB film spectrum was In the case of the spectra recorded for polarized light incident
found to be broader and is red-shifted compared with the at an angle of 30(Figure 6b), the absorption intensity of the
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p- wave
|- \
\ v substrate
s- wave
LB film

Figure 5. Schematic of experimental setup for polarized absorption
studies.

s-wave was stronger than the intensity of p-wave. For unpo-
larized light, the spectra lies between the s- and p-polarized

spectra. These results suggest that the PS molecules are arranged . . ) )
Figure 6. Polarized absorption spectra of nine-layer LB film of AA

PS complex at an incidence andglef (a) ¢ and (b) 30. Dotted line:
absorption spectra for p-polarized light. Dashed line: absorption spectra

with their transition moments aligned at a constant angle to the
surface normal of the LB film. A similar trend was observed

Sawant et al.
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for LB films deposited at other pH values; i.e., the absorption for s-polarized light. Solid line: absorption spectra for unpolarized light.

intensity of the s-wave was found to be stronger than the
intensity of the p-wave. Ray et #l.have reported a similar
tilted orientation of the transition moment of sulforhodamine
dye adsorbed on octadecylamine LB films. A quantitative
estimation of the tilt angle of the PS dye was made using the
dichroic ratio of the absorbance at 555 nm. The LB film was

assumed to be made of four phases where the refractive indices T=="

were assuméé®to ben; = ny = 1.00 (air),n, = 1.50 (LB
film), and n; = 1.54 (substrate). Considering a uniaxial
orientation of the transition dipole moment with the angle
with respect to the surface normal, the ratio between the p- and
s-polarized absorption intensities is giverPby

A, ncosi+n, cosr[ 2ngn, sinf'i

.|.cosi cosr +

A, n,cosr + nycosi ny tarf 0

wherei is the angle of incidence at the LB film andis the
angle of refraction at the LB filmsubstrate interface. The angle
r can be calculated using the equation

n, sini = ngsinr

From the above equations, a tilt angle of &&s calculated
for the PS molecule, which means that the long axis of the dye
(i.e., line along the phenazine rings) is tilted at an angle 6f 63
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Figure 7. Structure of AA-PS complex obtained from ab initio
quantum mechanical optimization using minimal STO3G basis set.

of height~3.0—3.5 nm and width~200—800 nm as shown in

to the surface normal. A tilted orientation of the PS dye molecule the cross-sectional profile along the line drawn in this figure.

with respect to the arachidic acid chain (tilt angle60°) is
also evident from the molecular modeling studies. The minimum
energy conformation of the AAPS complex is depicted in
Figure 7. The dimensions of the complex were found to be 0.997
x 0.768 x 3.026 nmi. Our aim was essentially to confirm that
there is ordering of the dye molecules in the LB film before
polymerization, which is clear from the polarized light absorp-
tion experiments.

Surface Morphology Studies of AA-PS Film Using AFM.
AFM images were recorded for a three-layer LB film of AA

PS complex, deposited at different pH values of the subphase.

The morphology of the AAPS LB film deposited at subphase
pH 7.5 is shown in Figure 8a. The film showed circular islands

The minimum energy configuration for the AAPS complex
obtained from ab initio quantum mechanical optimization
(Figure 7) corresponded to the dimensions 0.99D.768 x
3.026 nm. Hence the height of the islands corresponds to the
monolayer thickness. The island patches were found to arrange
parallel to the substrate surface, hence maintaining the layer
structure in the LB films. We believe that at this pH islands of
ordered phase are formed due to incomplete complexation of
AA with PS dye. Takahashi et &.have reported formation of
islands ofo-naphthol orange (NO) and methyl orange (MO)
dyes on adsorption to LB film of octadecylamine.

The film deposited at higher subphase pH (pH 8.2) shows a
smooth morphology with a number of circular holes (Figure
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Figure 8. Surface morphology and cross-sectional view (along the line drawn) of LB film deposited at subphase dye pH (a) 7.5, (b) 8.2, and (c)
9.7, respectively.

8b). These holes have a depth of-335 nm and width of about The formation of LB films with circular holes having a depth
300 nm. The depth of the holes corresponds to the thickness ofof the order of the length of the amphiphile is reported in the
a monolayer. In this case the situation seems to be reversed, iditerature??47 During deposition of cadmium arachidate on mica
the sense that now AA is complexed to PS in a much larger at a pH 5.5, circular holes with +0100 nm diameter were
area leading to a smooth film with a few circular holes. These reported. However, upon increasing the pH, the number density
holes are much smaller in width compared to the circular islands of holes decreased and a uniform film was obtained at pH 6.5
observed at lower pH values of deposition. At still higher pH as revealed from AFM measurements. Such pH-dependent
9.7, a smooth film was obtained with just a few circular pits at changes in the morphology of the film of cadmium arachdiate
some locations (Figure 8c). The density of holes was found to are consistent with the present observation on the-RS

be less than that observed at pH 8.2. system. In both cases, the oppositely charged nature of PS or
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Cd?t ions decreases the repulsion between the ionic groups 3.0x10°
within the monolayer by complexation with the AA. Thus
oppositely charged counterions such as PS impart extra stability
to the AA monolayer in way similar to that rendered by divalent 1.0x10°
metal ions. Moreover, such complexation can lead to efficient
transfer of the monolayer to suitable substrates as revealed from
the transfer ratio obtained during deposition.

Electropolymerization of PS Dye.The use of electrochemi-
cal polymerization for synthesis of conducting polymer LB films
has been very limited despite the number of such polymeric =3.0x10°
films prepared so far: mostly chemical polymerization was 4.0x10° 4
used53Electropolymerization of LB multilayers of amphiphilic .
pyrrole derivatives has been reported by Honda’s gé8ap, 06 04 02 00 02 04 06 08 10 12 14
where they obtained anisotropic conducting film of polypyrrole Voltage (V) Vs Ag/ AgCl
having alternate conducting and insulating layers. 4.0x10°

For electropolymerization of PS in the LB film, thick film
with 31 layers of AA-PS complex were deposited on ITO 3.0x10°
coated glass slides. Both potentiodynamic and potentiostatic
methods were attempted, and the results were compared with
that of solution polymerization.

For solution polymerization, 0.5 mM PS in 0.05 %0,
was taken as electrolyte and the potential of the (bare) ITO
electrode was scanned from0.4 to 1.3 V at the rate of 50
mV/s38 During the initial scans, phenosafranine shows an  -1.0x10°+
irreversible oxidation peak at 1.2 V corresponding to the
oxidation of the amino-{NH,) group. As the scans progressed, -2.0x10° 7
a reversible peak starts to appear in the potential regiet. D ,

V. The height of this reversible peak increased successively, ™ I o 0 o2 o oo 08 10 12 14 16
indicating the formation of the polymer, namely poly(phenosa- Potential (V) Vs Ag/ AgCl
franine), as shown in Figure 9a. These cyclic voltammograms
(CVs) are in accordance with those reported in the literature 100"
for polymerization of PS dye from its aqueous solufiéf The > (c)
surface coverage of the electroactive sites in the film was
estimated from the charge required to oxidize all the electro- 0.0
active sites in the film, i.e., the charge under the oxidation peak __
in the CV of the film in 0.05 M HSO,. The amount of §
electroactive species present at the electrode after 40 scans ifs -1.ox10°
the voltage range 0f0.4 to 1.3 V at the rate of 50 mV/s is 1.8 '3
x 1078 mol/cn?. Selvaraju et at® have reported a surface

coverage of 7.4x 107° mol/cn? for deposition of polyPS in -2.0x10°
the scan range-0.5 to 1.3 V at a scan rate of 50 mV/s for 25

cycles.
Polymerization of PS in the LB film was first attempted using B 02 00 oz 04 o8 os 10 12
potentiodynamic method, the details of which are mentioned Potential (V) Vs Ag/AgCI

n the_ Experimental Sectlon._As_ the scans _progr(-_:'ssed, aFigure 9. Cyclic voltammograms recorded (a) during solution po-
reversible peak started appearing in the potential regiorl lymerization of PS on bare ITO electrode, (b) during polymerization
to 0.1V, which indicates the formation of poly(phenosafranine). of PS in AA—PS LB film by potentiodynamic method, and (c) after
Figure 9b shows 10 successive cyclic voltammograms recordedpolymerization of PS in the AAPS LB film by potentiostatic method.
during the polymerization. As the scans progressed, the peakScan rate= 50 mV/s.

height decreased successively, contrary to that in the case of

polymerization of PS from solution. The decrease is because |n view of the above-mentioned observations, potentiostatic
the unpolymerized PS dye molecules, which are electrostatically method was adopted, which is expected to polymerize the
bound, get desorbed and leach out of the LB film. The leaching electrostatically bound monomer quickly before it leaches out
out was also reflected by a change in the color of the electrolyte of the LB film. The voltage was applied as soon as the film
solution, which gradually turned purple-red. This is likely was dipped in the electrolyte to avoid desorption of the dye. A
because in potentiodynamic method the polymerization occurs purple-red water-insoluble film was obtained after polymeri-
only for a fraction of time when the potential is above 1.2 V  zation. The electrolyte solution did not show much color change,
and hence the polymerization is slow compared to the leachingindicating that there is no significant desorption of PS dye
process. Moreover, electropolymerization of PS requires low- molecules from the LB film. After polymerization, cyclic
pH conditions at which AA in the LB film is expected to get voltammograms were recorded for the polymer film in 0.05 M
protonated. This will lead to the release of the dye from the LB H,SQ, as depicted in Figure 9c. A reversible peak was observed
film. After about 50 scans, the CVs were found to saturate with in the voltage range-0.1 to 0.2 V confirming the formation of

no substantial reduction in peak height. poly(phenosafranine).
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Figure 10. IR spectra of (a) AA-PS LB film, (b) polyPS prepared in 26
LB film, and (c) polyPS prepared by solution polymerization respec- 110
tively. 100 ] (b)
The peak height of the CV was found to decrease gradually 90
in successive scans and reached saturation after about 25 scans. 1 x20
The reduction in peak height was much less compared to that 80
observed in the case of polymer film obtained by potentiody- 70 4
namic method and is likely to result from the leaching out of a " 60
small amount of monomer, which is not yet polymerized. The & 1
leaching out of monomer was found to be more pronounced § 507
for polymer film prepared at shorter polymerization time. Hence, © 40+
the potentiostatic method was found to be the better method 3]
for polymerization of PS present in the LB film to form poly- 1
(phenosafranine). When the film was left dipped in water for 201
more than 24 h, it developed cracks and peeled off from the 10+
ITO substrate to give small pieces of purple-red free-floating 0
film. T T T T T T T T d T T T y
From the charge consumed during electropolymerization, the 2 4 6 8 10 12 14 16
number of electroactive PS species in the LB film was calculated 260

to be 5x 10719 mol/cn. This concentration of PS corresponds Figure 11. XRD patterns of a 31-layer AAPS LB film (a) before

to a MMA of 33 A2, which is higher than the MMA obtained  and (b) after polymerization, respectively.

from the pressurearea isotherm (29 A. The MMA obtained

from the isotherm corresponds to the area occupied by the AA polymerization of PS to form polyPS. IR spectra of solution-

PS complex. It will be the same as the MMA obtained from polymerized PS (Figure 10c) also shows a broad band at 3430

charge calculation if a 1:1 complexation is assumed. The chargecm™! corresponding to secondary amine group in the polymer.

calculation gives the actual number of PS molecules present inA band at 1640 cm! is also observed which is attributed to

the film. Since the MMA or the area available to each PS NH bending mode in secondary amines. In the case of R&

molecule in the film (33 A) is higher than the area available LB film and polyPS prepared in LB film, the aliphatic CH

to PS at the airwater interface, the number density of PS stretch bands in the region 2862920 cn1! due to arachidic

present in the film is less, suggesting that the degree of acid (AA) are very sharp and intense. Because of this, the amine

complexation is less than 1. AFM images of the films (Figure bands appear to be relatively small compared to solution-

8b) reveal the presence of a number of holes which could be polymerized PS where AA is absent. The band at 154600

due to incomplete complexation of AA as explained in the cm™! corresponding to carboxylate anion is present after

previous section. polymerization of PS in the LB film (Figure 10b). In addition,
Structural Characterization of AA —PS LB Film before the carbonyl peak at 1700 crhis also observed. This indicates

and after Polymerization of PS.IR StudiesFigure 10 depicts that, on polymerization of PS in the AAPS LB film, some of

the IR spectra of (a) AAPS LB film, (b) polyPS prepared in  the arachidate ions get converted to arachidic acid.

LB film, and (c) polyPS prepared by solution polymerization, XRD StudiesThe periodic structure of the LB films was

respectively. In the case of AAPS LB film, two bands are studied by X-ray diffraction measurement. Figure 11 shows the

observed at 3210 and 3350 chwith separation between them.  XRD patterns of a 31-layer AAPS LB film (deposited on ITO

These correspond to free asymmetric and symmetric stretchingglass at subphase pH 8.2) before (a) and after (b) polymerization.

of the aromatic primary amine group of PS. On polymerization The profile of AA—PS LB film shows several sharp diffraction

of PS, some of the primary amine groups couple with the peaks corresponding to the (@@lanes, indicating the presence

aromatic ring of another PS molecule to form polymer, which of a highly ordered layered structure. The bilayer spacing was

will have secondary amine groups. For polyPS prepared in LB found to be 5.638 nm, which is slightly less than twice the

film (Figure 10b), a broad band is observed at 3325&m length, 3.026 nm, of the AAPS complex. The length of AA

corresponding to secondary amine group, thus confirming the acid itself is reported in the literatt®®&to be 2.7 nm. Thus the
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Figure 12. Surface morphology of 31-layer LB film of AAPS complex (deposited on ITO substrate at subphase pH 8.2) (a) before and (b) after
polymerization.

bilayer spacing obtained from XRD measurements is slightly
less than twice the length of the A4S complex obtained from
the modeling results. This can be explained by assuming an
interdigitated structure where the hydrocarbon chain ends of
the neighboring layers overlap each offi@#4®as well as have
tilted orientation. Such an arrangement of the hydrocarbon chain
can be expected in the case of dye adsorbed films because dy:
adsorption leads to an increase in the intermolecular distance
as reflected from the increase in mean molecular area in the
pressure-area isotherm (Figure 2). The increase in intermo-
lecular distance results in a decrease in the lateral interaction
between the hydrocarbon chains, which can be compensated ir
the case of interdigitated structu#eThus the PS molecules fit Oin-pane
in the void space between the hydrocarbon chains with the Figyre 13. Anisotropic conductivity of polyPS LB film.
nitrogen of PS molecule in the vicinity of the carboxylic group
of AA to facilitate ionic interaction. to be 15.7 nm. After polymerization, the grain size was found
On polymerization of the PS dye in the AZ°S LB film, to reduce to an average of 50 nm. The surface roughness of the
the bilayer distance is reduced to 4.53 nm. The sharpness offilm is also reduced to 5 nm. Since the polymerization of PS
the peaks is also reduced, but the layer structure remains intactdye in the layer structure occurs in a lateral fashion, it could
The further decrease of the bilayer thickness can be due toprobably lead to fragmentation of larger granular islands into
rearrangement of the AA and PS molecules in the LB film. The finer regions, resulting in a uniform film.
degree of interdigitation seems to further increase. The ionic  Conductivity Measurements. The dc conductivity of the
bonding between PS and AA gives PS molecules the flexibility polymer LB film was measured using the two probe method.
required to come close for polymerization to occur. Hence, on The conductivity was measured in two different geometries,
polymerization of the LB film, two-dimensional polymer layers namely, in-plane conductivity and conductivity across the film
are formed, which are separated by AA layers. This gives rise thickness (in the perpendicular direction), as shown in Figure
to a layered heterostructure having alternate polymer and AA 13. For a 31-layer polyPS LB film, the in-plane conductivity
layers as evidenced from XRD studies. was found to be of the order of 18S/cm. The perpendicular
AFM StudiesFigure 12 shows the AFM images of 31-layer conductivity, i.e., the conductivity across the film thickness, was
AA —PS complex (deposited on ITO substrate at pH 8.2) before found to be of the order of 18> S/cm. Thus the polyPS LB
(a) and after (b) polymerization. Before polymerization, granular film showed highly anisotropic dc conductivity of ca. 10 orders
features with an average width of 200 nm were observed. The of magnitude. This highly anisotropic conductivity arises due
whole scan area was selected to obtain the average surfacéo the presence of insulating AA layers in between the polymer
roughness of the film. The average surface roughness was foundayers in the LB film. Honda’s grodf>*have reported a similar

o =105 S/cm

perpendicular

=105 S/cm
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anisotropic conducting film prepared by polymerization of help and fruitful discussions. The authors also thank Dr. Mrinal

amphiphilic pyrrole derivative in its LB film. Their film had  Pai for IR measurements.

an alternating layered structure of a conducting polypyrrole layer
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