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The dependence of the fluorescence quenching of electropolymerized poly(aniline-co-m-chloroaniline)
with polymer composition has been investigated. Fluorescence emission in polyaniline is quenched
when the polymer is oxidized (brought to emeraldine state); the copolymers exhibit decreasing
quenching as chloroaniline contents increases. Quenching shows a strong decrease in the presence of
0.1% m-chloroaniline monomers in the feed. The presence of dichloroaniline units in the copolymer was
confirmed by XPS measurements and a terpolymerization reaction scheme was developed, obtaining the
kinetic parameters. By Monte Carlo simulation the sequence length distributions for different compo-
sitions were obtained and compared; it was found that quenching, for low aniline contents, requires
aniline sequences of at least three units. The strong decrease in quenching at low m-chloroaniline
contents is attributed to a double effect: breaking of conjugation in the emeraldine form by the presence
of the chlorinated unit, and a disruption of the close chain packing in the crystalline domains, preventing
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state delocalization and thus efficient quenching.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Aryl amine conducting polymers, mainly polyaniline (PANI), are
very well known due to their interesting chemical, mechanical and
optical properties (such as electrochromism, fluorescence, etc.)
leading to a high number of proposed applications [1,2]. PANI and
similar polymers show photoluminescence in their reduced state,
which is quenched when the polymer is oxidized [3—8].

The redox switching of PANI and similar polymers is usually
interpreted in terms of two redox states, the reduced leucoemer-
aldine and oxidized emeraldine, the conversion between them
being a two-electron reaction [1,9]. The emeraldine state shows
quenching of the PANI photoluminescence, with a gradual change
in emission intensity for films on electrodes under potentiostatic
control when the polymer is gradually oxidized [3,5,6]. From
a structural point of view, it has been shown [10—13] that PANI
films are actually composed of small, crystalline, conductive
domains where the polymer chains are in close contact; these
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domains are separated by amorphous low conductivity regions. In
a previous study [6], the photophysical behavior of PANI films as
a function of applied potential was studied. A decrease in emission
intensity was observed as the polymer film is oxidized, leaving
a small but finite emission when the polymer is in the emeraldine
state. This behavior was consistent with a film structure composed
of crystalline domains separated by amorphous regions, the emis-
sion being efficiently quenched in or near those ordered domains.

Due mainly to practical reasons, copolymers of aniline (Ani)
with other aryl amines have been investigated [14—21]. Among
these copolymers, chloroanilines have been regarded as attractive
candidates for copolymerization with Ani due to the enhanced
solubility in common solvents. Diaz et al. [22] chemically synthe-
sized and characterized copolymers of aniline and dichloroanilines
at several monomer ratios. Li et al. [23] synthesized by chemical
oxidation and characterized systematically copolymers of aniline
with o- and m-chloroaniline (mCIA). These authors reported
that, in their working conditions (oxidant:monomer ratio of 0.5:1),
the poly(m-chloroaniline) homopolymer (PmCIA) could not
be obtained. Waware and Umare [24] synthesized by chemical
oxidation Ani-mClA copolymers in all the range, including PmCIA
using an oxidant:monomer ratio of 1:1. Recently [8], the Ani-mCIA
copolymerization in variable ratios was performed by chemical
oxidation, determining the resulting copolymer composition by
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elemental analysis and X-ray photoelectron spectroscopy (XPS).
The results show the incorporation of additional Cl substituents in
the polymer backbone for high mClA:Ani ratios, leading to
a dichloroaniline (dClIA) homopolymer in the absence of Ani.
UV—Vis spectra were recorded, and comparison with PM3-ZINDO/S
spectra calculations suggested that the Cl substituents stabilize
spinless semiquinone structures in the polymer chain. Photo-
luminescence spectra were recorded and analyzed, but the lack of
control of the oxidation state prevented detailed analysis. The
addition of chlorine was attributed to chlorination of mCIA due to
the lower reaction rate in high mCIA:Ani ratio.

The aim of this work is to study the photophysical behavior of
electrosynthesized aniline-co-m-chloroaniline polymer films, as
a function of applied potential, and to correlate it to the polymer
microstructure. To this end, copolymer films were galvanostati-
cally synthesized at different feed compositions, analyzed by XPS,
their photoluminescence spectra recorded as a function of applied
electrode potential, and the results related to the polymer
microstructure as found by Monte Carlo simulations of the poly-
merization kinetics. The Monte Carlo method has been extensively
applied in polymer science [25—29], particularly to copolymeri-
zation problems [30—34], where it has been shown to be
a powerful tool to elucidate problems such as copolymer
composition and sequence length distributions.

2. Experimental
2.1. Chemicals and materials

AR grade chemicals and high purity water from a MilliQ system
were employed. Aniline (Fluka) was distilled under reduced pres-
sure and reducing conditions shortly before use and m-chloroani-
line (Fluka) was used as received.

A Teq-03 (S. Sobral, Buenos Aires, Argentina) potentiostat under
computer control was employed in all the experiments. Both
the electropolymerization and the spectroscopic experiments
were conducted in a specially constructed cell, allowing to per-
form electrochemical processes with simultaneous fluorescence
or absorbance measurements [5]. It has a rectangular shape
(6 cm x 9 cm, 5 cm tall, wall thickness 0.50 cm), made of high
molecular weight polyethylene. The working electrode was a rect-
angular glass covered with a fluorine-doped tin oxide (FTO) con-
ducting layer, with a surface area in contact with solution of about
1 em?, and was mounted on a rotatory holder in order to adjust the
incidence angle. The FTO electrode had a resistance of 21-25 Q/.
A platinum auxiliary electrode 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 as the
working electrode. All potentials are referred to this electrode.

2.2. Electropolymerization

The copolymerization of mCIA and Ani in variable ratios was
performed by galvanostatic oxidation in 2 M HCl medium. Other
electrochemical methods (cyclic voltammetry and potentiostatic
oxidation) were not employed due to the low polymerization
rate observed for polymerization solutions (feed) rich in mCIA
[8,35]. All solutions used had a total monomer concentration of
0.1 M in 2 M HCI, but with different Ani and mCIA mole frac-
tions, f; and f, respectively, in order to obtain copolymers of
different composition. The electrosynthesis conditions in all cases
were:

1) 10 min at a constant current of 3 mA cm 2.

2) Rinsing of the working electrode (FTO) with MilliQ water
3) 5 min at 3 mA cm™2.

4) Repetition of item 2.

With these conditions, thin copolymer films were obtained. To
obtain the polymers in base form, the FTO glasses were soaked in
ammonia solution for 1 h and afterward thoroughly rinsed with
MilliQ water.

2.3. XPS measurements

XPS measurements were performed using a Specs Sage 150
spectrometer equipped with a dual anode Mg/Al X-ray source and
a hemispherical electron energy analyzer. Spectra were acquired
using a monochromatic MgK, (1253.6 eV) source with a 90°
detection angle. Quoted binding energies are referred to the
adventitious C 1s emission at 285 eV, in order to compensate for
charging effects. Measurements were made directly by placing the
FTO electrode covered with each copolymer in the oxidized-base
form into the spectrometer.

2.4. Cyclic voltammetry

The polymer films were electrochemically characterized by
cyclic voltammetry in the potential region of the first anodic peak,
to avoid degradation due to oxidation to pernigraniline [9]. The FTO
glasses covered with the polymer films were thoroughly rinsed
with MilliQ water to remove the polymerization solution and
placed in a monomer free 2 M HCl solution, cycled at 50 mV s~}
until a stationary voltammogram (usually 3—5 cycles) was
obtained, and the last cycle was recorded.

2.5. Fluorescence of copolymer films as a function of potential

The resulting copolymers were characterized by fluorescence
emission spectroscopy at different electrode potentials between 0.1
and 0.8 V. At each applied potential, the spectrum was recorded
when the current (absolute value) was below 1 pA cm~2. These
measurements were also done in 2 M HCL

The fluorometric measurements were performed using a PTI
Quantamaster stationary spectrofluorometer with the same cell
described previously [5]. The incidence angle was set at 30°, to
avoid direct reflection of the excitation beam into the photo-
multiplier. The excitation wavelength, g, was set at 330 nm and the
emission range, Ae, was 350—600 nm.

3. Results
3.1. Copolymer electrosynthesis and characterization

Copolymers were synthesized by galvanostatic electro-
polymerization, as others methods (such as cyclic voltammetry or
fixed potential) did not yield products for high values of f, or pure
mCIA. It was observed that during the galvanostatic experiments
the electrode potential reached values in excess of 2 V, and gas
evolution was observed, thus Cl, production should take place. The
composition was investigated by XPS measurements. From the XPS
spectra the areas under the C 1s, N 1s and Cl 2p peaks were
computed and, using appropriate instrumental factors, the ratios
Cl/N (F¢), which is the average number of chlorine atoms per
monomer unit, and C/N were obtained. In all the measurements,
the ratio C/N was within 6.0 & 0.3 as expected. Fig. 1 (closed circles)
shows the F¢j values obtained as a function of the Ani mole fraction
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Fig. 1. CI/N ratio in the copolymer films as a function of Ani mole fraction in the feed.
Closed symbols: XPS experimental results; open symbols: Monte Carlo simulation
results; dotted line: best fit to the Mayo—Lewis equation (Equation (3), with r; = 0.35,
ry = 1.08); continuous line: fit to the terpolymerization model. The simulation and
fitting results are presented and discussed in Section 4.

in the feed, f;. The other symbols and curves, which represent
model fittings, will be addressed in the Discussion section.

The results clearly show the incorporation of additional CI
substituents in the polymer chain, as a mCIA homopolymer will
have F¢j = 1.0. This has been observed previously [8] for chemically
polymerized Ani-mCIA copolymers; in the case of a mCIA feed free
of Ani, the accumulation of oxidant (ammonium persulfate) causes
the oxidation of ClI~ to Cly, chlorine reacts with mCIA giving
dichloroaniline (dClA), which polymerizes producing a dCIA
homopolymer, as evidenced by the F¢; value and spectroscopical
studies [8]; it has also been observed that slow Ani polymerization
in high HCl concentrations leads to chlorine incorporation into the
product [36]. In the present case, it is clear that a similar process is
taking place: Cl~ is oxidized at the electrode surface with the same
final result. Attempts to polymerize mCIA in the absence of CI™
anions using other strongly acid media such as HClO4 or H,SO4 did
not yield any polymer, even under very strong conditions, thus
confirming that monomer chlorination is required to obtain
a polymer from mCIA. The alternative possibility, that is chlorina-
tion of the polymer product, is discarded as in the previous study
[8], based on the following facts:

1) Aniline polymerization in the same conditions yields PANI
homopolymer with no Cl in its composition, also observed for
chemical polymerization [8].

2) The mCIA monomer does not homopolymerize at low oxidant
concentrations [23] in HCl media, nor polymerizes in other
media (such as HySO4 or HClO4) even with high oxidant
concentration (for chemical polymerization) or high anodic
current, thus indicating than chlorination of mClA is a prereq-
uisite for polymerization. The same happens for feeds with
high values of f,.

3) There was no evidence, in the experiments reported before [8],
and in this work, that the Cl contents of the copolymers
increased after the products remained for long times in the
reaction medium.

The polymer films were also studied by cyclic voltammetry;
typical voltammograms are shown in Fig. 2. For high f; feeds the
shape is typical of PANI films. It is observed that there are important
changes in the response as f; diminishes, specially for f; < 0.5, with
an important decrease in the voltammetric charge; also, these films

a

2

i/ mA cm

0.0 0.2 0.4 0.6 0.8 1.0 1.2

E/V

Fig. 2. Cyclic voltammograms of copolymer films for different mole fractions of aniline
in the feed, fi. (a) f; > 0.5; (b) f; < 0.5. Notice the different scales. HCI 2 M, 50 mV s~ .

show an orange-brownish color, different from the typical green
color shown by films of PANI and copolymers with high Ani
contents. Also, for low aniline contents the voltammograms show
a more resistive behavior.

3.2. Fluorescence measurements

Fig. 3 shows the fluorescence emission spectra (at different
electrode potentials, E) of copolymers of different composition. The
shape of these spectra has been previously discussed [5]. Briefly,
the peaks observed at about 450 and 470 nm correspond to Raman
dispersion, and are not related to polymer emission, which is the
broad band below these peaks. This band decreases rather mono-
tonically as the potential is increased; the decrease in the Raman
peaks intensity comes from the changes in film absorbance. In
Fig. 3a, where f in the feed is low (0.17) there is almost no change in
the fluorescence emission spectra with the electrode potential. In
Fig. 3b (fi = 0.83) and c (f; = 1.00, pure PANI), a decrease in the
fluorescence emission intensity is observed as the electrode
potential is increased. Moreover, this decrease is more marked in
the case of polyaniline (Fig. 3c).

The behavior observed in Fig. 3 clearly shows that the emission
fluorescence spectra of copolymers with high mCIA content in the
copolymerization feed is essentially not quenched as the electrode
potential is increased. For copolymers with higher aniline content
the emission is quenched with the increase in the electrode
potential; this quenching is higher as the aniline content increases.
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Fig. 3. Fluorescence emission spectra as a function of potential for different feed
compositions. (a) fi = 0.17; (b) f; = 0.83; (c) fi = 1.00.

These results are in agreement with our previous work [8],
where the spectroscopic properties of ANI-mCIA copolymers,
obtained via a chemical synthesis, were studied in solution. In that
work, it was observed, for the mCIA homopolymer and for copol-
ymers with high mCIA content, that the emission and the relative
fluorescence quantum yield were nearly constant, after the addi-
tion of a reducing agent.

To evaluate the fluorescence changes it should be considered the
integrated (total) fluorescence emission Igot:

)‘max
/ I(2)dA (1)

ITot =

)‘min

where I(4) is the intensity at each wavelength and Amax and Apjp are
the spectrum limits. To achieve a correct comparison, the total
intensities at each potential are normalized dividing by the largest
one, which is that at the more cathodic potential, 0.1 V. Fig. 4 shows
the relative fluorescence intensity, Ig:

o ha(®)
R

" Irot(0.1V) 2)

as a function of the electrode potential, E, for different feed
compositions. In general, the emission of fluorescence is affected
by radiation absorption phenomena, thus appropriate corrections
should in principle be applied [7]. However, it is verified that in
Equation (2) these corrections essentially cancel out, thus they
were omitted. Some features of Fig. 4 have been described
previously [5,6,8]; considering the curve for the PANI homopol-
ymer, it is seen that the fluorescence is quenched as the potential
is increased, which is attributed to the introduction of
quinone—imine units and thus additional energy levels as the
polymer is gradually oxidized, causing quenching of the excited
state. The electrode potential was not increased further to
prevent polymer degradation, but even with higher potentials
complete quenching is not achieved; this has been attributed to
the morphology of PANI films, composed of crystalline conduc-
tive domains surrounded by amorphous regions (see Antonel
et al. [6] and references therein): the conductive domains quench
very efficiently the emission whereas the amorphous regions are
less efficient, leaving a remaining emission, dependent on the
film morphology. The introduction of chloroaniline monomers
causes an increase of the emission at high potentials, that is,
a decrease in quenching, which has been interpreted as due to
the absence of quinone—imine units in dichloroaniline polymer
segments [8]. It can be observed in Fig. 4 that as f; decreases the
fluorescence quenching diminishes until that, for the dCIA
homopolymer, there is no quenching. A striking feature is that for
f1 =0.999, i.e., with only 0.1% mCIA in the feed there is already
a marked change in the quenching behavior of the copolymer. In
going from pure mClA in the feed to increasing Ani contents, only
for fi = 0.9999 (f, = 10~%) the behavior of the PANI homopolymer
is reached. Even without knowledge of the actual copolymer
composition, this fact indicates that the introduction of a small
proportion of chlorinated monomers disturbs significantly the
polymer energy levels.

1.0 | &= < 2 R S 2 b
09 E
0.8 S
'fl TR
« - > - 0.00 |
~ 07 F | eonr Vo
050
06 F | 42083 N
- =099
- V- 0.999 D\
0.5 |--0-09999 . b
— O 1.0000
0.4 1 1 1 1
0.0 0.2 0.4 0.6 0.8

E/V

Fig. 4. Relative fluorescence quenching of copolymers as a function of applied
potential for different feed compositions. The lines are a guide for the eyes.
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4. Discussion
4.1. Terpolymerization mechanism

An interpretation of the fluorescence quenching under poten-
tial control requires consideration of the polymer microstructure.
To that end, Monte Carlo simulations are performed in the
framework of the terminal copolymerization model, requiring in
turn kinetic parameters of the polymerization process; we thus
begin analyzing the polymer composition as a function of feed
composition.

The XPS measurement results of Fig. 1 show the incorporation of
additional chlorine substituents in the polymer due to chlorination
of the mCIA monomer to dClA, as previously reported [8]. The fact
that for f, = 1.0 it is found F¢; = 2.0 (see Fig. 2) indicates that a dCIA
homopolymer is formed, which in turn indicates that mCIA neither
forms homopolymer nor copolymerizes with the dichlorinated
monomer. On the other hand, the Fq—f; curve in the full compo-
sition range cannot be attributed to Ani-dCIA copolymerization
without mClA in the film; if that were the case, the system should
follow the Mayo—Lewis equation [37]

B rft +fifa 3)
LT 20k nff

In Equation (3), the index 2 would correspond to dCIA units in
the copolymer chain, and the CI/N ratio would be simply F¢j = 2F>.
The dotted line in Fig. 1 is the best fit found under such conditions
(using the Levenberg—Marquardt algorithm, allowing both r;
parameters to vary simultaneously, resulting in r; = 0.35, r; = 1.08),
which is clearly unsatisfactory. Additionally, Fig. S1 (Supplementary
Information) compares the experimental data with curves calcu-
lated using Equation (3) for several pairs of reactivity ratio values,
showing that the Mayo—Lewis equation does not describe
adequately the experimental results. Thus, it is proposed that, in
the general case, a terpolymerization between Ani, mCIA and dCIA
takes place. It should be noted that mCIA monomers can indeed
copolymerize with aniline, as observed by Li et al. [23] who worked
with lower concentrations of HCl (1 M) and ammonium persulfate
in a monomer:oxidant ratio of 1:0.5; in these conditions, mClA-Ani
copolymers were obtained, but mCIA in the absence of Ani did not
polymerize, indicating that the conditions were not strong enough
to produce chlorine and thus dichloroaniline. In our chemical
polymerization study [8], stronger conditions were employed (2 M
HCl, monomer:oxidant ratio 1:1), and a dichloroaniline polymer
was obtained.

Next, we present a terpolymerization mechanism coupled to the
mClA chlorination reaction. As already discussed, chlorine is
expected to evolve at the electrode:

2C1" >Cly + 2e~ (4)

The mCIA monomer is assumed to be chlorinated at the elec-
trode surface, or at its immediate neighborhood:

CgH4CINH, + Cl, - CgH3Cl;NH, + CI7 + Ht (5)

The product of Equation (5), dichloroaniline, is expected to be
mainly 2,3, 2,5 or 3,4 dichloro substituted; the last one will not
polymerize due to the blocking of position 4; however the yield of
this isomer should be lower due to the mechanism involving an
N-chloro intermediate [38,39]. Other isomers, on the other hand,
are able to copolymerize with Ani as previously reported [22];
here, we will refer to “dichloroaniline” in a general way, not
making isomer distinction. Thus, the copolymer chains can prop-
agate as follows:

. kg

P-A + Ani — P-A
P-A + mCIA 2 p-M
P-A + dCIA “3 p-D

. ko

P-M + Ani ‘4 P-A
P-M + dCIA 2 p-D
P-D + Ani % P-A (6)

k33

P-D +dCIA = P-D

where P-A, P-M and P-D represent electrode adsorbed intermediate
chains ending in Ani, mClA and dCIA monomers, respectively and k;;
are the rate constants; i = 1, 2, 3 correspond, respectively, to Ani,
mCIA and dCIA. It should be borne in mind that, as it is well known
[1], Equations (6) are coupled to oxidation of the polymer chains
(reaction not shown) yielding 2e~ per monomer added. Based on
the considerations above, reactions of addition of mCIA to chains
ending in mCIA and dCIA have not been considered, i.e. rate
constants ky; and k3; were assumed to be negligible. The following
rate laws result:

Ri1 = ki1l
Riz = kil
Riz = k3l'ic3
Ryt = kp1T7¢q (7)
Ry3 = kp3lrc3
R31 = k31l'3¢
R33 = k33I'3c3

Here, I'; is the surface concentration of chains ending in
monomer i and ¢; the respective monomer feed concentration.
Furthermore, dCIA is formed in situ by Equation (5), with a rate
assumed to be:

Ry =k 4[Ch]cy (8)

Chlorine is formed electrochemically at the electrode (Equation
(4)) and should partially leave the surface by gas evolution and mass
transport. Here, as a simplifying assumption, mass transport of Cl;
and dCIA will not be considered explicitly; because we are interested
only in the stationary state, the concentration of these species
should be stable. It is also assumed that the concentration of Cl is
constant through the experiments; this means that the rate of
production and transport away from the electrode by diffusion and
gas evolution is higher than the rate of consumption by Reaction (5).
It should be kept in mind that the experiment is galvanostatic, thus
the overall electrochemical reaction rate is forced to be constant; as
shown in the following, that implies that the Cl, production rate is
essentially constant throughout the experiment. At a constant
current of 3 mA, the rate of Cl; production is about 10 8 molcm 25!
whereas the total amount of polymer formed at the end of the
experiment (estimated from the voltammetric charge) is of the order
of 107°—10"% mol cm? monomer after 15 min of electro-
polymerization; oxygen evolution, on the other hand, should be
negligible as its exchange current (10~ ° A cm~2)is much lower than
the chlorine evolution one (10~ A cm~2). Thus, the presence of the
polymer film does not preclude chlorine production, but causes
a noticeable increase in the anodic potential: generally, it was about
2 V as soon as the current was applied, raising to ~2.2 V for Ani
polymerization and over 3 V in the case of mCIA.

Based on the above considerations, Equation (8) will be
written as

Rd = de2 (9)
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This implies that kg is an apparent rate constant. The kinetic
scheme of Equations (6) and (7) results, under stationary condi-
tions, in the following system of differential equations [37,40,41]:

dc% = Ri1 +Ra1 + Ry

% _ gy, (10)
dc% = Ri3+Ra3 +Rs3

with the steady state conditions:

% =Ry1 —Ri2+R31 —Ri3 =0

%:RQ_RZ]_RZB =0 (11)
% =Ri3—R31+Ry3 =0

where N;, N and N3 are the numbers of Ani, mCIA and dCIA
monomers, respectively, in the growing polymer. Applying usual
methods [40,41] the following relationships for copolymer
composition are found:

dn, dn,

c c G 3\ c c c
¢ (_1+ [ )(C] +_2+_3) o <_1+,_3) 2
31 I3 "2 T3 31 TI'f31/) T2
_ dN3
- c c C c
o L | (e R
31 3 Trz 173
where rqp, r13 and r3; are standard reactivity ratios given by rj = kj;/
kij, and ' = ko1/ka3 is the ratio of constants for the reactions of
a chain ending in mCIA with Ani and dCIA [37].

Furthermore, as dClA is produced in situ by Equation (5), we
assume stationary state, given by:

(12)

dc
d—S:Rd—R13—R23—R33 =0 (13)

Finally, as the polymerization proceeds on the electrode surface,
it is assumed that the growing chains fully cover the surface, thus
the following condition is assumed to hold:

I'y+Ty+T3 =T (14)

where [s is the saturation surface concentration. Combining
Equations (11), (13) and (14) the following condition for c3 is found:

C1 (6) C C1 C C
C3<—+ n + /3 ) +—,/(C1 +7+—?>
Cy r3 1'rp 1'r3 r r r (o]

———c3=0 (15)
Tq G G2 C3 31
3| —+ +
rs r'rip r'rs
Here, the constant ratios r’ = kqi/ks; and " = koi/ki2 are

introduced as dimensionless parameters, as well as rg = k33 I's/kq,
which represents the ratio of consumption to production of dCIA in
a medium initially containing only mClA. Equation (15) allows, if c;,
c; and the several r parameters are known, to compute the
concentration of dCIA. It should be taken into account that, being
obtained the polymer films by electropolymerization on an elec-
trode surface, the amount of product is very small compared with
the total monomer present, thus the degree of conversion is
necessarily low. Also, because the gas evolution causes convection

in the electrode neighborhood, the monomer concentrations can be
considered constant throughout the experiment. Thus, using
Equation (12) the copolymer composition can be computed as the
mole fraction of each monomer:

N;

_ 16)
i 3 (
>ic1h
and the CI/N ratio is thus given by
FCl = 2F3 +F (]7)

The model represented by Equations (12) and (15) can be fitted
to the experimental data in order to obtain the kinetic parameters.
However, there are in total seven adjustable parameters, too many
for a reasonable confidence in the results; thus, some consider-
ations are introduced to restrict the parameter range:

1) Diaz et al. [22] studied the copolymerization of aniline and
three dichloroaniline isomers, obtaining the corresponding
reactivity ratios; these ratios (named here as ra and rp for Ani
and dCIA respectively) fall in the ranges 0.10—1.20 for ra and
0.53—0.62 for rp. They correspond, in the mechanism given in
Equation (6), to ry3 and r3y, respectively; thus these parameters
were restricted to the ranges 0.05 < ri3 < 125 and
0.50 < 31 < 0.65.

2) An initial estimate for ry; is obtained from the copolymer
prepared with the lowest non zero f,: for f; = 0.91, F; = 0.20; if
it is assumed that for this case, being expected a relatively fast
polymerization, chlorine in the copolymer will be mostly
present in mCIA units, this can be treated with the Mayo—Lewis
equation (Equation (3)) with r; = 0 (as mCIA does not homo-
polymerize) and F; =1 — Fq/2, resulting in r; = 0.29; thus, rq,
in the fitting was restricted to the range 0.2—0.4.

3) For a feed with mClA alone (c; = 0), the steady state concen-
tration of dCIA is given by c3 = cy/rg; thus if rq takes values
below unity c3 will be higher than c,. Even taking into account
that this is the concentration in the electrode surface, which is
expected to decay more or less rapidly toward the bulk value
(which is 0 here), the lower limit for rqy was set to 1.5 to avoid
excessively higher c3 values.

The equation system (12), (15)—(17) was numerically solved
with the aid of package Mathematica (Wolfram Research, Inc) using
a Nelder—Mead algorithm [42] for global optimization, fitting F¢| to
the experimental results of Fig. 1. The solid line in Fig. 1 shows the
fitted curve to the terpolymerization model, which is satisfactory. It
was also verified that direct numerical integration of the rate
equation system, Equations (10), (11) and (13), gave identical
results. The resulting kinetic parameters were 13 = 0.40, ry3 = 0.05,
r31 =0.65, 19 = 1.5, = 0.20, " = 0.34, " = 10. The three reactivity
ratios, being below unity (and, besides, k», = 0) indicate a tendency
to alternate of the three monomers. Fig. S2 (Supplementary Infor-
mation) shows the copolymer composition, the average chlorine
atoms per unit, and the dCIA concentration, c3, predicted by the
terpolymerization model.

4.2. Monte Carlo simulations

Kinetic simulations by the Monte Carlo method were performed
to obtain sequence-length distributions for different feed compo-
sitions. The model stated in the previous section (Equations (7) and
(9)) is employed, with the assumptions already made, and the
additional assumption that the initiation and termination reactions
are not considered explicitly; P-A is assumed to be present initially,
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that is I'1 = I's because aniline is the most reactive monomer.
Because only the steady state is studied (see below), this assump-
tion has no influence on the results. The procedure involved the
addition of M total monomers to nc chains as follows:

1) For a given feed composition f; the monomer concentrations
were set as ¢1 = fi, 3 = f> and c3 = M3/M where M3, the number
of dCIA monomers, was initially zero.

2) I's was arbitrarily set to nc/M; for i = 1-3, the surface coverage
of chains ending in each monomer was set as I'; = n;j/M;
initially, n;y = nc and ny = n3 = 0. The numbers of the three
monomers in the copolymer, N;, were all initially set to 0.

3) The rate constants were computed setting k11 = 1 and calcu-
lating the remaining from the set of r parameters found in the
fitting.

4) In each simulation step, the reaction rates according to Equa-
tions (7) and (9) were computed and normalized to get the
reaction probabilities, and one reaction was chosen at random
based on these probabilities.

5) Ifreaction (9) was selected, M3 was increased by one. In any other
case, a monomer addition to a chain took place; a chain was
chosen at random, the corresponding monomer was added to
that chain and the values of the n; and N; were modified accord-
ingly. If a dCIA monomer was added, M3 was decreased by one.

6) The above procedure (1-5) was repeated until a steady state
was reached, defined by constancy of M3 and all the F;.

7) Once the steady state was reached, the N; were reset to 0, and
the procedure given in 1-5 were repeated for a total of M steps,
recording in an array the monomers added to each chain.

8) After finishing item 7), the arrays were analyzed to compute
the sequence-length distribution as the number of segments, n;
for each length [, for both Ani and dCIA. In the case of mCIA
obviously all segments have length [ as k;; = 0. Also, the pre-
dicted copolymer fractions F; (Equation (16)) were computed,
as well as F.

The above procedure was implemented in the FORTRAN
programming language using a lagged Fibonacci random number
generator [43] providing a long sequence and fast implementation.
The number of monomers M were typically set to 4 x 107; it was
verified that the results were independent of M for M > 10”. For nc,
values between 100 and 40,000 give identical results; the value
used was typically 1000, because higher values increased signifi-
cantly the computation time. Only in the case of f; = 0.999 there
were some noticeable fluctuations (due to the very low c3) thus
longer runs and averaging were employed. The open symbols in
Fig. 1 show the Monte Carlo results for F¢ as a function of fi; it is
seen that they match the results obtained from the analytical model
thus verifying the correctness of the procedure.

Fig. 5 shows the sequence length distributions predicted by
Monte Carlo simulations; in Fig. 5a and b aniline sequences are
shown; it is observed that for low aniline contents in the feed
(fi < 0.5) only very short sequences of aniline monomers are
present, with a high proportion of isolated aniline monomers.
Fig. 5c shows the corresponding results for dCIA sequence lengths;
it is observed a behavior similar to Ani, increasing the lengths as fi
decreases, with a tendency to show shorter sequences than Ani. It
was verified that different sets of kinetics parameters compatible
with the copolymer composition shown in Fig. 1 lead to similar
sequence-length distributions. The restrictions in the fitting
procedure above lead to parameters with physically reasonable
values. A less restricted fitting procedure yields other value sets for
the r parameters, quite different from those reported in Section 4.1
and physically less reasonable, but also showing a good fitting; the
sequence-length distributions deduced from Monte Carlo
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Fig. 5. Sequence length distributions predicted by Monte Carlo simulations for aniline
(a and b) and dichloroaniline (c) sequences for different feed compositions.

simulations using these parameters are qualitatively very similar to
those presented in Fig. 5.

To analyze the dependence of the fluorescence behavior with
the polymer microstructure, we compare in Fig. 6 the quenching at
the anodic limit, defined as:

AlRq = [R(0.1V) —R(0.8V) (18)
with the total aniline monomer fraction in the polymer, Fj, as well

as Fy, the fraction of aniline monomers contained in sequences of
length | > j, for j = 2, 3 and 4.
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Fig. 6. Comparison of the fluorescence quenching at the anodic limit (closed symbols)
with the total fraction of aniline monomers, and the fraction of aniline in sequences of
length at least of 2, 3 and 4 segments (open symbols). The lines are a guide for the eyes.

It is already clear from the results shown in Fig. 4 that the
presence of aniline monomers is necessary for the quenching of
fluorescence. However, Fig. 6 shows that quenching does not
correlate well with the total number of Ani monomers; instead, for
low fi it follows closely the number of monomers found in
segments of at least three aniline units. Three consecutive Ani
monomers is the minimum needed to allow the formation of
quinone—imine groups upon oxidation; poly(dichloroaniline) does
not develop stable quinone—imine units, as shown in our previous
study [8]. Thus, quenching should be the consequence, in this range
of fj, of the presence of quinone—imine units, not necessarily of the
electric conductance, which requires at least tetramers of aniline
[44]; the increase in quenching thus follows the introduction, in
a film of essentially poly(dichloroaniline), of sequences with 3 or
more Ani units. For f; > 0.6, the fraction of Ani monomers in
segments with [ > 3 grows rapidly whereas quenching does not.
However, for high values of f; inspection of Fig. 5c reveals that dCIA
sequences are very short, mostly single units, and mCIA are always
isolated units, thus in this conditions the film is essentially a PANI
structure with isolated mono and dichloroaniline units inserted;
the photophysical behavior should be, consequently, essentially
that of PANI with some amount of chlorinated monomer units. On
the other hand, when a few chloroaniline units are inserted in PANI
there is a marked change in the fluorescence quenching: for
fi = 1.000 about 51% of the emission is quenched, whereas for
f1 =0.999 only ~30% change in intensity is observed; for this feed
composition it is found from Equations (12) and (15) that
F; =0.9962, F, = 2.5 x 1073 and F; = 1.3 x 1073, Thus, the intro-
duction of about 0.4% chloroaniline units causes a 40% decrease in
quenching. A rough estimation from these numbers, assuming that
the loss in quenching is equal to the number of Ani monomers
involved, yields that one chloroaniline (either mono- or di-) affects
about 100 Ani units. There are two possible explanations, not
mutually exclusive, for this effect:

1) The most efficient quenching is expected to come from the
crystalline conductive domains, where close lateral coupling
between polymer chains allow electron delocalization
[6,12,13,45]. The introduction of relatively bulky Cl substitu-
ents will disrupt the lateral coupling and consequently
delocalization, eventually decreasing the size of such
domains.

2) Besides lateral coupling, obviously delocalization along PANI
chains due to conjugation is needed for efficient quenching.
Because chloroanilines are not oxidized in the potential range

studied [8] its introduction will break the conjugation and
hence prevent quenching.

The second consideration could not certainly explain the full
effect on quenching, as it would require that a single mCIA or dCIA
monomer disturbs the conjugation of about 100 units along the
chain. Likely, its presence would affect a much shorter segment,
which can be estimated of at least 4 units, as this a “redox” unit in
PANI films and the minimum chain to achieve a noticeable
conductivity [44]. However, in the crystalline domains there is
a three-dimensional coupling leading to state delocalization,
energy level separation of a few meV and, ultimately, efficient
quenching [46,47]. According to Pouget et al. [10] emeraldine salt
PANI synthesized in the presence of HCl forms closely packed
pseudoorthorhombic crystalline domains with lattice parameters
a=43Ab=>59Aand c= 96 A, the Cl” ions filling the voids
between chains. The introduction of one or two Cl substituents will
certainly disturb the crystalline arrangement and interrupt the
lateral coupling between chains. In the lattice, each chain has 8
nearest neighbors and 16 s-nearest neighbors; if the nearest, and
some second-nearest neighbors are affected, with a minimum of 4
units in each chain, the ratio of 1 chloroaniline affecting roughly
100 Ani units can be explained. We thus attribute the marked
decrease in quenching for fi = 0.999 to the combined effect of
breaking the conjugation, in the oxidized state, in the chain where
the chloroaniline monomer is located and the steric effect which
either prevents or creates defects in the formation of crystalline
domains responsible for efficient quenching.

4.3. Concluding remarks

Concluding, it has been found that the quenching of polyaniline
fluorescence by polymer oxidation to the emeraldine state is
affected by copolymerization with m-chloroaniline, with a strong
decrease in the presence of 0.1% mCIA monomers in the feed, and
is further diminished as mCIA feed contents increases. The pres-
ence of dichloroaniline units in the copolymer was confirmed and
a terpolymerization reaction scheme where one of the monomers
is produced in situ was introduced for the first time, obtaining the
kinetic parameters. A Monte Carlo simulation of the terpolyme-
rization model including the chlorination step was also intro-
duced for the first time. The sequence length distributions for
different compositions were obtained and compared, finding that
quenching, for low aniline contents, is given by Ani sequences of at
least three units. The strong decrease in quenching at low mCIA
contents is attributed to a double effect: breaking of conjugation
in the emeraldine form by the presence of the chlorinated unit,
and a disruption of the close chain packing in the crystalline
domains, preventing state delocalization and thus efficient
quenching.
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