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The dependence of the photoluminescence of polyaniline films, supported onto platinum or fluorine-
doped SnO2 (FTO) electrodes, on the film thickness (as measured by the voltammetric charge) has been
studied for different polymer oxidation states. The fluorescence emission spectra have been corrected for
absorption and reflection from the underlying metal surface. For platinum electrodes, the absolute quan-
tum yield for films of different thicknesses, and at several electrode potentials, has been obtained using as
reference anthracene in acrilic films. Also, the corrected emission for growing films at different charges
was recorded. The potential dependence of the emission intensity is not affected by the film thickness.
The corrected emission intensity on FTO surfaces increases linearly with thickness due to the increase
in the number of fluorophores. In the case of Pt, the intensity is null for low thicknesses, quenched by
the metallic surface; as the thickness increases beyond a critical value, the emission increases sharply
and then reduces its slope increasing more slowly. The quantum yield on Pt surfaces is accordingly zero
for sufficiently thin films, and then increases in a nearly linear way. The observed behaviour on metal sur-
faces is found to be due to the interference between the field of the emitting dipole and the surface
reflected field, causing vanishing emission for dipoles sufficiently near to the surface, and a complex dis-
tance dependence afterwards. The theoretical model is found to agree with the experiments if a distribu-
tion of parallel and perpendicular dipoles is introduced, with dipoles near the surface being
predominantly parallel.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Aryl amine conducting polymers, such as polyaniline (PANI),
show interesting optical properties (such as electrochromism and
fluorescence) leading to a number of proposed applications such
as sensors, displays and other optoelectronic devices [1–13]. PANI
and similar polymers show photoluminescence in their reduced
state, which decreases when the polymer is oxidized [14–19]. Even
when the quantum yield is small, the study of these properties is
interesting because it will give insight into the electronic structure
of these materials. There are relatively few studies concerning the
photoluminescence of PANI and similar polymers. Son et al. [14]
studied the fluorescence quenching of PANI upon oxidation, and
developed a simple model assuming that charge carriers (polarons)
are responsible for quenching, allowing for overlapping between
quenching centers. Thorne et al. [15] studied the time-resolved
fluorescence of the reduced form of PANI, leucoemeraldine (LE),
and explained the time decay curves as due to the diffusion in
one dimension of randomly located traps, postulated to be short
ll rights reserved.
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segments of the oxidized, emeraldine (EM), form of PANI. Shimano
and MacDiarmid [17] studied the influence of oxidation state and
hydration degree on the fluorescence of PANI, both in N-meth-
ylpyrrolidinone (NMP) solutions and as glass supported films: they
observed the decrease in emission intensity as the polymer is oxi-
dized, and found a dependence with the amount of water present
(humidity); the results were interpreted considering PANI as a dy-
namic block copolymer.

The redox switching of PANI and similar polymers are usually
interpreted in terms of two redox states, the reduced leucoemeral-
dine and half oxidized emeraldine, the conversion between them
being a two-electron reaction [1–3,18–24]. It involves an interme-
diate state (radical cation or polaron), which shows unpaired spins
in EPR measurements [25–27] and has been considered to be a
transient one. However, more recently it has been considered as
a stable state called protoemeraldine (PE), explaining the temper-
ature dependence of the PANI magnetic susceptibility in terms of
the LE–PE–EM equilibrium [27]. The same scheme was successfully
applied to explain the electrochemomechanical behaviour of thick
PANI films [28], considering the presence of a distribution of for-
mal redox potentials for the PE to EM oxidation [29–31]. From a
structural point of view, it has been proposed [32] and recently
shown [33,34] that in the conductive (doped emeraldine) state,
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PANI films are actually composed of small, highly interacting, qua-
si-crystalline, conductive domains separated by low conductivity
regions; it has been also proposed [35] that conduction is achieved
through resonance tunneling between the conductive domains.

More recently [36,37], the fluorescent emission of PANI in dif-
ferent redox states was studied, measuring the quantum yield of
the base forms of LE and EM in solution with NMP as solvent.
The leucoemeraldine base spectrum in NMP shows an emission
maximum at a wavelength kem = 384 nm. The corresponding emer-
aldine base form shows a maximum at the same position, but with
a slightly low intensity [36]. The quantum yield for both forms
were found to be /LE = 1.2 � 10�3 and /EM = 1.0 � 10�3. The fluo-
rescence of PANI films supported on platinum electrodes was also
studied [36]. In the case of PANI films in the base form, it was
found that the spectra are noticeably shifted to higher wavelength
compared with NMP solution, having maximum intensity at
412 nm in the EM base form and about 450 nm for the LE base
form. Moreover, the EM base spectrum has much lower intensity
than the LE base one, as it was found in NMP solution. In the case
of PANI films in the salt form, for small thicknesses no emission
was observed; as the film thickness increased, the observed inten-
sity increased, reached a maximum and afterwards decreased
slightly. The fluorescent behaviour of PANI films as a function of
applied potential was also studied [37], applying a correction to ac-
count for absorption in the film and reflection at the metal surface.
It was observed a decrease in emission intensity as the polymer
film is oxidized (going from 0.1 to 0.6 V vs. RHE), leaving a small
but not null emission when the polymer is in the emeraldine state.
Also, it was found that the relative quantum yield decreases to a
minimum but finite value when the polymer is oxidized to EM.
This behaviour was interpreted considering the oxidation states
LE, PE and EM, the three states having different spectroscopic
behaviour, and a film structure composed of quasi-crystalline do-
mains separated by disordered regions, the emission being effi-
ciently quenched in or near those ordered domains.

In this work the thickness and surface nature dependences of
the quantum yield of PANI films supported on platinum and fluo-
rine-doped tin oxide (FTO) electrodes are studied at different elec-
trode potentials. The fluorescent emission is measured, corrected
for absorption and the absolute quantum yields are obtained. The
quantum yield dependence with film thickness is analyzed.
2. Materials and methods

2.1. Electrosynthesis of polymer films onto electrodes

AR grade chemicals and high-purity water from a Milli Q system
were employed. Aniline was distilled under reduced pressure and
reducing conditions shortly before use. PANI films were synthe-
sized electrochemically from 0.1 M aniline in 1 M sulfuric acid
solutions. A Teq-03 potentiostat under computer control was em-
ployed. Both the electropolymerization and the fluorescence
experiments were conducted in a specially constructed cell, allow-
ing to perform electrochemical processes with simultaneous fluo-
rescence or absorbance measurements [37]. It is a rectangular
cell (5.94 cm � 9.03 cm, wall thickness 0.50 cm), made of high den-
sity polyethylene. The working electrode had a rectangular shape,
with a surface area of about 1 cm2, and was either a platinum plate
or a FTO covered glass mounted on a rotatory holder in order to ad-
just the incidence angle. The FTO electrode has a resistance of 21-
25 X/h. The metallic electrode was polished with alumina slurries
of successively smaller particle sizes down to 0.05 lm, washed in
an ultrasonic bath, and rinsed with ultrapure water. A platinum
auxiliary electrode (CE) was placed in a compartment separated
by a porous glass, to avoid contamination of the working electrode
solution with CE products; this compartment was filled with the
same solution as the main one. The reference electrode was a
reversible hydrogen one (RHE) in the same solution with the work-
ing electrode. The solution was deoxygenated with N2 for about
15 min, before the electrochemical measurements. The electropo-
lymerization was performed by potential cycling between 0.05
and 1.00 V at a scan rate, v, of 0.050 V s�1. Before each experiment,
the working electrode was soaked in sulphonitric mixture and
rinsed thoroughly. The potentials were converted to and are pre-
sented on the standard hydrogen electrode scale (SHE). The poly-
merization was monitored through the total voltammetric
reduction charge, Qtot, in the full polymerization potential range,
and was stopped at different Qtot values, in order to obtain films
of different thicknesses.

2.2. Fluorescence measurements

2.2.1. Fluorescence intensity corrections and quantum yield
determination

As discussed previously [37], in the analysis of photolumines-
cence of solid films, it must be considered the absorption of both
the excitation and emission beams by the film material, as well
as the reflective properties of the supporting surface in order to
have quantitatively correct results. When a fluorescent film of
thickness L, supported on a reflective surface, is irradiated with
an excitation beam of intensity I0 (of wavelength k0), the corrected
emission intensity Im,c is related to the intensity measured at the
detector Im, at a given emission wavelength ke, by
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where f0 and fe are the metal reflectance values at k0 and ke respec-
tively, a0 and ae are the respective absorption coefficients, h0 is the
incidence angle of I0 and he is the angle of emission [37]. For plati-
num supported films, Eq. (1) was applied in order to obtain the cor-
rected intensity. For FTO supported films, the reflectance was
considered negligible so that Eq. (1) simplifies considerably to:

Im;c ¼ Im
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For FTO supported films Eq. (2) is applicable; however, it must
be taken into account that there is some emission from the FTO
film in the wavelength range studied. This emission (and the corre-
sponding excitation) is affected by the absorption in the polymer,
thus the correction applied for FTO supported PANI films was:

Im;c ¼ ðIm � TPANIðk0ÞTPANIðkeÞIFTO;0Þ
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where TPANI is the transmittance of the PANI film at each wave-
length and IFTO,0 is the intensity measured for the bare FTO surface.

Absolute quantum yields can be determined if a suitable refer-
ence of known quantum yield is measured in the same conditions
as the sample. In this case, anthracene contained in films of
poly(methylmethacrilate) supported on platinum were used; the
quantum yield of anthracene in these films is known to be /
= 0.24 [38]. The films were deposited by spin coating from chloro-
form solutions and their emission measured immediately after
measuring that of the PANI films.

First of all, by integration of the corrected emission spectra (for
both, PANI and reference), the total emission intensity (Itot) was
obtained:

Itot ¼
Z

Im;cdk ð4Þ

Then, the quantum yield is obtained as

/PANI ¼ /anth
Aanth

APANI

Itot;PANI

Itot;anth
ð5Þ

where anth indicates anthracene and A is the absorbance at k0. For
the anthracene containing films, because the absorbance was very
low, the correction of Eq. (1) reduces to

Im;c ¼ Im
1

1þ fe þ f0 þ f0fe

� 	
ð6Þ

Thus, in (5) the PANI emission, corrected using Eq. (1), is inte-
grated over the measured wavelength range, whereas the anthra-
cene emission is integrated in the same range after correction by
Eq. (6). Absorbance and reflectance measurements were also con-
ducted in order to obtain the correction parameters.

2.2.2. Fluorescence of PANI films at different potentials and thicknesses
The thickness dependence was measured in two ways: in the

first case, separate films of different thicknesses were prepared
on platinum and the absolute quantum yields at different poten-
tials determined as described in Section 2.2.1. The second way
was to measure the emission of the same film at different thick-
nesses in the reduced state, by stopping the electropolymerization
and holding the potential at the cathodic limit. Here, both Pt and
FTO electrodes were employed.

In the first case, the working electrode was extracted after poly-
merization from the cell and carefully rinsed with high-purity
water. The cell was then filled with 1 M sulfuric acid, and voltam-
metric cycling was performed between 0.05 and 0.60 V, at
0.050 V s�1. The voltammetric reduction charge in that potential
range, in supporting electrolyte solution (from EM to LE), Q, was re-
corded as a measure of film thickness; although the thickness
could be estimated from Q through ellipsometric measurements
[39], the relationship between them is dependent on polymeriza-
tion conditions, thus for the experiments reported here the charge
will be given. For PANI films electropolymerized in H2SO4, it is esti-
mated that a 19 mC cm�2 film (charge measured between 0.60 and
0.05 V) has a thickness of 200 nm [39]. The emission spectra were
recorded at potentials between 0.1 and 0.6 V. At each applied po-
tential, the spectrum was recorded when the current (absolute va-
lue) was below 1 lA cm�2. The time required was about 15 min at
each potential, and it was determined by chronoamperometric
measurements. The response of the bare Pt surface was also
observed.

In the second case (same film at different thicknesses) the pro-
tocol utilized for the measurements on platinum was as follows:

� Five cycles were conducted from 0.05 to 1.00 V, and polymeriza-
tion was stopped at 0.05 V.
� Stabilization of the system, until the current was below
1 lA cm�2.

� Measurement of the fluorescence emission spectrum (always at
a E = 0.05 V), with k0 = 310 nm, and emission range from 330 to
600 nm.

� These steps were repeated until a maximum charge was
reached.

In the case of FTO surfaces, the protocol was somewhat differ-
ent. First, the number of polymerization cycles between fluores-
cence measurements was incremented to 10–15, because the
polymerization of aniline on FTO substrates is slower than on Pt
electrodes. Then, k0 was set at 340 nm, with a emission range from
360 to 600 nm. The excitation wavelength was changed because a
slight displacement of the absorption band was noticed.

It should be mentioned that the charge values Q, measured be-
tween 0.05 and 0.60 V, were obtained during the polymerization.
Cyclic voltammetry in support electrolyte alone was not per-
formed, because the necessary handling of the electrochemical cell
could led to modifications of the position and/or orientation of the
working electrode, introducing uncertainties in the measurements
of fluorescence. For the same reason, no measurement of fluores-
cence reference was carried out.

The fluorometric measurements were performed using a PTI
Quantamaster stationary spectrofluorometer. The incidence angle
was set at 30�, to avoid direct reflection of the excitation beam into
the photomultiplier.

2.3. Absorption spectra of PANI films

For the absorbance measurements of metal-supported PANI,
semitransparent gold films 40 nm thick were deposited by evapo-
ration onto quartz windows, and their absorption spectra in the
range 310–600 nm were recorded. For FTO supported polymer,
the absorbance of the FTO covered glass was measured in the same
range. Then, PANI films were electropolymerized as described
above, and their absorption spectra were recorded potentiostati-
cally at potentials between 0.1 and 0.6 V, in the same conditions
as for the fluorometric experiments. In all cases the absorbance
of the bare gold or FTO film was subtracted. All the absorbance
spectra were obtained using a Hewlett–Packard 8452A diode array
spectrophotometer with the same cell described previously [36].

2.4. Reflectance spectra of platinum electrodes

The total reflectance of the platinum electrodes, polished as de-
scribed above, was measured in the range 310–600 nm using a Shi-
madzu PC-3101 spectrophotometer equipped with a ISR-260
reflectance accessory, using BaSO4 as standard.
3. Results and discussion

Fig. 1 shows cyclic voltammograms recorded during the elec-
tropolymerization of aniline on Pt (a) and FTO (b). In the case of
platinum, the voltammograms have the features already described
by several authors [1–5,18–21]. In the case of FTO, the effect of the
FTO film resistance is noticeable; as a result, the electropolymer-
ization on this material was slower than on platinum. Otherwise,
the films had the same properties and behaviour on both surfaces.
In general, up to approximately 90 polymerization cycles were per-
formed on platinum, and about 250 on FTO. These numbers corre-
spond to thicknesses beyond which the absorbance was so high as
to preclude computation of the corrected emission with a reason-
able degree of accuracy.
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Fig. 2. Emission spectra for PANI films at E = 0.05 V in 1 M H2SO4 on: (a) platinum
and (b) FTO electrodes for different thicknesses (indicated by the voltammetric
charge Q, measured between 0.60 and 0.05 V). (c) Emission and absorption spectra
for PANI films, in leucoemeraldine state, on different substrates: (A) absorbance (F),
fluorescence intensity. Au, PANI supported on gold thin films deposited on quartz.
Pt, PANI films supported on Pt solid electrodes. FTO, PANI films on FTO film–covered
glass substrates. Sol, in NMP solution (in base form, PANI salt form is not soluble).
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Fig. 2 shows the corrected fluorescence emission spectra of a
PANI film on Pt (a) and FTO (b) at the cathodic potential limit
(0.05 V) for different charges Q during the electropolymerization.
In (b) the emission spectrum of FTO is also presented; it is observed
that for small thicknesses the emission in the presence of PANI is the
same as of FTO alone (i.e., no polymer emission is observed). In the
case of films supported on Pt, the corrected fluorescence emission
spectra were obtained from the experimental spectra through Eq.
(1), after subtracting the metal dispersion background, using the
absorption spectra and the platinum reflectance spectrum (not
shown). Because the Pt dispersion intensity was very low, it was
subtracted directly, not attempting a correction like Eq. (3). In the
case of films supported on FTO, the spectra were corrected through
Eq. (3). Fig. 2c compares the PANI emission and absorption spectra
on metal and FTO surfaces, as well as those in N-methylpirolidinone
(NMP) solution in base form (the salt form is not soluble). It should
be noted that the absorption spectra are coincident with those re-
ported previously [36,37]; in particular, absorbance spectra on
FTO surfaces were coincident in shape with those measured on Au
surfaces. Cruz and Ticianelli [39] reported that the refractive index
of PANI films is approximately 1.5, close to that of water, and be-
cause PANI films are porous and incorporate electrolyte [28], it is as-
sumed that the PANI refractive index is approximately equal to that
of the external medium (aqueous solution), thus no corrections are
required for the incidence and emission angles.

It is observed that the intensity increases as the film grows, but
also it is noticed in the case of platinum that the band shape
changes, increasing more at wavelengths above 450 nm. Moreover,
the emission band for both electrodes is centred at the same wave-
length range (between 450 and 500 nm). This indicates that the
emission state is not altered by the different supports, in spite of
the different shape of the bands. As it was indicated previously
[36,37], the peaks observed in the fluorescence spectra are due to
Raman dispersion from the underlying surface.

By integration of the corrected emission spectra, the total emis-
sion intensity (Itot) was obtained and is presented in Fig. 3. In the
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case of films supported on Pt (Fig. 3a), no emission is observed for
low charges, Q, (film thicknesses), as it was reported earlier [36].
This is due to the interaction with the metallic surface (platinum
electrode), as it will be analyzed later. Beyond a critical thickness,
the emission increases sharply and then continues increasing but
with a lower slope. In the case of films supported on FTO
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(Fig. 3b), Itot increases linearly from low Q values, so the metallic
effect is not present. This dependence is due to the increase in
the number of fluorophores as the film thickness increases. Then,
the total emission intensity appears to approach a plateau; due
to the absorbance increase, which is very high in this film thickness
range, introducing an important error in its determination, this
part of the curve should be taken with caution. Thus, within exper-
imental error in the range studied, the corrected film emission on
FTO increases linearly with film thickness.

Fig. 4 shows the absolute quantum yield, /, of PANI films sup-
ported on Pt, calculated with Eq. (5), as a function of charge, Q,
for different electrode potentials, E. At E = 0.1 V it is observed that
the absolute quantum yield increases with film thickness, as it was
presented in Fig. 3a. However, there are some differences. In Fig. 4
marked changes in slope with Q are not observed as in Fig 3a.
Moreover, even through the experimental conditions were repro-
duced carefully, including the use of a fluorescence reference, the
absolute quantum yield as a function of Q presents a relatively high
dispersion, which can be attributed to the nature of aniline elec-
tropolymerization, being difficult to obtain exactly reproducible
films.

The absolute quantum yields at E = 0.1 V are lower than those
obtained in NMP solutions [36]; as it is observed in Fig. 4, the abso-
lute quantum yields for PANI films varies approximately from 10�4

to 10�3 with increasing film thickness. In the case of the LE base
form of PANI in NMP, / = 1.2 10�3 [36]; taking into account the
behaviour observed in Fig. 3a, and noticing that the observed quan-
tum yields are actually values averaged over the film thickness, it
can be expected that the value observed in solution would be
reached at somewhat higher thicknesses. Unfortunately, it could
not be possible to reach this limiting value because (as discussed
above) the higher the film thickness, the higher the absorbance,
so the uncertainty introduced in the absolute quantum yield con-
verts it in an unreliable value. However, it can be possible that
the intrinsic quantum yield of the film (not counting the metal ef-
fect) is different from the one obtained in NMP solution. In the case
of PANI films, the fluorescence spectra correspond to the salt form
of the polymer, when in NMP solutions correspond to the base
form, so the differences between them can be attributed to a differ-
ent chemical environment (Fig. 2c). In NMP solution the ionic
interactions are not present, because the polymer is in its neutral
form, but in PANI films the polymer is in its salt form (positively
charged), so it interacts with the anions of the support electrolyte
ðHSO�4 andSO¼4 Þ.

Another fact observed in Fig. 4 is that the quantum yield decays
when the polymeric film is oxidized. Moreover, from E = 0.4 V the
absolute quantum yield does not change noticeably with charge in-
crease. So, the observed difference in the absolute quantum yields
of the insulating (E = 0.1 V) and conducting (E = 0.6 V) forms of
PANI is higher for thicker films. These results are in excellent
agreement with those reported earlier [37], where the potential
dependence of the fluorescence emission and of the relative quan-
tum yields of films of different charges Q was studied. Finally, the
general shape of the quantum yield–charge plots in Fig. 4 appears
to be independent of potential (that is, the plots are approximately
linear in the Q range, the slope being function of potential). So, the
effect causing low quantum yields at lower charges (thicknesses) is
independent of potential.

The fluorescence quenching at low thicknesses caused by the
metal can be attributed to an electromagnetic effect due to the
reflecting properties of the metal surfaces as follows. It was found
by Drexhage et al. [40] that the fluorescence lifetime (and, hence,
the emission efficiency) of an emitting molecule near a reflecting
surface is a function of the distance between the molecule and
the surface, due to the interference between the field of the emit-
ting molecular dipole and the surface reflected field. The decrease



Fig. 5. Geometry of the metal/polymer system for the Chance et al. [41] theory.
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in the lifetime when the distance becomes small is due to nonradi-
ative transfer of energy from the excited molecule to the metal
[41]. The emitting molecule acts as an oscillating dipole near a par-
tially absorbing and partially reflecting surface. Chance et al. [42]
developed a classical description of fluorescence and energy trans-
fer from excited molecules to reflective surfaces. It should be noted
that it was developed a quantum-mechanical treatment of lifetime
variations [43,44], which is in complete agreement with the classi-
cal results. Here, we will apply the classic electromagnetic treat-
ment to the thickness dependence of the quantum yield.

Fig. 5 shows the system geometry. Region 1 corresponds to the
platinum electrode with dielectric constant e1, and region 2 to the
polymer film with dielectric constant e2; ei = (gi + iji)2, where gi

and ji are the respective real and imaginary parts of the refractive
index. It should be noted that the analysis of Chance et al. corre-
sponds to a fixed emission wavelength, ke, so each optical constant
is evaluated at this ke. Finally, d is the distance between the dipole
and the reflective surface. The method of Chance et al. gives a rig-
orous separation of two effects of a reflective surface: radiative and
nonradiative energy transfer. It should be considered two types of
dipoles: those oriented perpendicular to the interface, and those
oriented parallel.

In the case of Fig. 5, if a plane above the dipole (z > d) and a
plane below it (0 < z < d) are considered, the total energy flux
through these planes can be obtained. The flux through each plane,
F" or F;, is calculated by integrating the normal component (n) of
the complex Poynting vector, S�, over the plane:

F";# ¼ Re
Z

A";#
S� � ndA ð7Þ

S� ¼ c
8p

� �
E�H� ð8Þ

H ¼ �i
x
c

� �
r�P ð9Þ

where E corresponds to the electric field at any point in region 1, H
is the magnetic field, P is the Hertz vector (which has a different
expression for perpendicular and parallel dipoles), x is the fre-
quency and c is the speed of light.

Following Chance et al. [42] Eqs. (10)–(13) show the results for
the normalized decay constants (inverse of the lifetime) b̂ ¼ b=b0

(where b0 is the decay constant in the absence of the reflecting sur-
face) for the emission through the above and below planes, for the
perpendicular ðb̂?" ; b̂?# Þ and parallel ðb̂k"; b̂

k
#Þ dipoles, respectively:

b̂?" ¼ q� 3
4

q Im
Z 1

0
ð1� jRkj2Þu

3 du
l1
� 3

2
q Im

Z 1

0
Rk

e�2l1 d̂

l1
u3 du ð10Þ

b̂?# ¼
3
4

q Im
Z 1

0
ð1� jRkj2Þu

3 du
l1
� 3

2
q Im

Z 1

1
Rk

e�2l1 d̂

l1
u3 du ð11Þ
b̂k" ¼ q� 3
8

q Im
Z 1

0

u
l1
ð1� jR?j2Þ þ ð1� u2Þð1� jRkj2Þ
h i

du

þ 3
4

q Im
Z 1

0

u
l1

e�2l1 d̂½R? þ ð1� u2ÞRk�du ð12Þ

b̂k# ¼
3
8

q Im
Z 1

0

u
l1
ð1� jR?j2Þ þ ð1� u2Þð1� jRkj2Þ
h i

du

þ 3
4

q Im
Z 1

0

u
l1

e�2l1 d̂ R? þ ð1� u2ÞRk
h i

du ð13Þ

Here, Rk is the reflection coefficient of an incident ray polarized par-
allel to the plane of incidence (p-polarized) and R\ is the reflection
coefficient for the incident ray polarized perpendicular to the plane
of incidence (s-polarized):

Rk ¼ e1l2 � e2l1

e1l2 þ e2l1
; R? ¼ l1 � l2

l1 þ l2
ð14Þ

In Eq. (14), l1 and l2 are defined as:

l1 � �ið1� u2Þ1=2
; l2 � �i

e2

e1
� u2

� �1=2

ð15Þ

Finally, q is the relative emission in the absence of reflective surface
and d̂ is the normalized distance between the dipole and the
surface:

d̂ � 2pðg1 þ ij1Þ
k

d ð16Þ

Now an apparent quantum yield at a given wavelength ke, qa, can be
calculated for both cases, perpendicular and parallel dipoles, as:

q?a ¼
b?"
b?tot

ð17Þ

qka ¼
bk"

bktot

ð18Þ

b?tot ¼ b?" þ b?# þ ð1� qÞ ð19Þ

bktot ¼ bk" þ bk# þ ð1� qÞ ð20Þ

Fig. 6 shows calculated curves for q?a and qka at ke = 500 nm. The
optical parameters employed were g1 = 1.5; j1 = 0; g2 = 2.0;
j2 = 3.4. For PANI it was set j1 = 0 because, the experimental fluo-
rescence emission was already corrected for the absorbance at k0

and ke. The results of Fig. 6 cannot be directly compared with the
experiments, because they show the emission of dipoles at a fixed
distance from the surface, thus these curves should be integrated
to find the total emission (quantum yield) of a film of a given thick-
ness. Moreover, it should be considered the relative contributions
of parallel and perpendicular dipoles to the total emission. Inspect-
ing Fig. 6, it is observed that at low thicknesses the parallel contri-
bution drops to negligible values in a way compatible with the
experimental results. Thus, it is proposed that at low distances
from the surface the distribution of dipoles is preferently parallel.
This can be rationalized considering that in the electropolymeriza-
tion the first layers of PANI are near the surface and interacting
strongly with it, thus the polymer chains will be adsorbed and ori-
ented parallel to the surface (the emitting dipole is expected to be
parallel to the aromatic ring). It has been experimentally observed
(see for example [45]) that the first layers of PANI films electro-
chemically grown are compact and at a certain distance the struc-
ture becomes more open and fibrous. As the film grows, the
following polymer layers will be more randomly oriented and con-
sequently the emission will have contributions from both parallel
and perpendicular orientations. Thus, the total emission (or appar-
ent quantum yield) qa,tot of a film of thickness L is assumed to be
given by:
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Fig. 7. Corrected emission intensity as a function of thickness at 500 nm (circles)
and fitting to Eq. (21) (line) for PANI on Pt. Inset: Fraction of perpendicular dipoles
as a function of distance to the surface resulting from the fitting.
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qa;tot ¼
Z L

0
½q?a ðdÞf?ðdÞ þ qkaðdÞð1� f?ðdÞÞ�dd ð21Þ

where f?ðdÞ is the fraction of emitting dipoles which are perpendic-
ular to the surface at the distance d. This function could be in prin-
ciple deduced from statistical mechanics considerations introducing
a polymer/surface interaction with a given distance dependence.
However, that procedure requires a detailed knowledge of the
microscopic energy contributions in the polymer film, obviously
including interaction energies which are not known. For the sake
of testing Eq. (21) and its ability to describe the observed behaviour,
it was fitted to experimental data with the use of the following sig-
moid-like function for f, with two fitting parameters:

f?ðdÞ ¼ fmax 1� 1
1� eðd�d0Þ=d

� �
ð22Þ

where fmax corresponds to the f value when d ?1, d0 is the d value
for the inflection point in the curve and d is a parameter that defines
the slope at that point.

Moreover, to enable the procedure the voltammetric charges Q
recorded in the experiments are converted to thicknesses using
data from Cruz and Ticianelli [39], for PANI films electropolymer-
ized in H2SO4 under similar conditions to those employed here;
it is estimated that a 19 mC cm�2 film (charge measured between
0.05 and 0.60 V) has a thickness of 200 nm. Fig. 7 shows the fitting
of Eq. (21) to the data of Fig. 3a, always at ke = 500 nm, normalized
by an adjustable parameter in order to scale the experimental
intensities to the theoretical range. A good agreement is found.
The inset in Fig. 7 shows the f?ðdÞ function resulting. It predicts
that in the surface vicinity almost all dipoles are parallel to the sur-
face, and as the distance increases the fraction of perpendicular di-
poles increases reaching a limiting value, fmax, of about 0.6,
somewhat higher than 0.5, which would be expected for a random
distribution. The transition between the two limits occurs at a dis-
tance, d0, from the surface estimated as ca. 90 nm. Thus, the treat-
ment of Chance et al. [42] is consistent with our experimental
results.

4. Conclusions

The fluorescence emission of PANI films supported on metallic
surfaces (like Pt) is quenched at low thicknesses. Beyond a critical
thickness, the intensity increases sharply. In the case of films sup-
ported on non-metallic conducting surfaces (like FTO), the cor-
rected emission intensity shows a monotonous increment with
the film thickness, due to the increase in the number of fluoro-
phores. The metallic surface produces the reflection of the emitting
molecular dipole field and the fluorescence quenching due to the
interaction between the reflected and emitted field. The quantita-
tive analysis of the emission of films supported on metals is consis-
tent with a distribution of emitting dipoles: in the first layers, they
are oriented parallel to the electrode surface and then, as the film
grows, there is a transition to a contribution of both orientations.
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