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Polyaniline dispersions 7.
Dynamic light scattering study

of particle formation

Abstract When aniline is oxidized

in the presence of colloidal silica,
composite polyaniline—silica particles
of submicrometer size are obtained.
Dynamic light scattering was used to
monitor the course of dispersion
polymerization of aniline and the
formation of particles. The increase of
a hydrodynamic radius of particles
was observed as polyaniline had been
produced. Additional increase in
particle size after polymerization has
also been recorded. The rate of aniline

polymerization was found to increase
with increasing temperature in the
range 0-50°C. Well-defined particles
are formed below 30°C while above
this temperature the colloidal stability
of the resulting systems is limited. The
activation energy of aniline
polymerization was estimated.
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Introduction

Polyaniline (PANI) is one of the important electrically
conducting polymers [1, 2]. It exists in a variety of forms
[3, 4] differing in the electrical and optical properties. It is
prepared by the chemical or electrochemical oxidation of
aniline. The course of aniline polymerization can be
monitored by various physico—chemical methods. The
spectrophotometric studies are most rewarding [5-8],
because of color changes occurring during the oxidation
of aniline [3,4]. Since polymerization of aniline is an
exothermic reaction, the solution calorimetry was used
[5, 9] to study this process. Acidity changes allow to fol-
low the polymerization by recording pH of reaction mix-
ture [3, 10-12]. The formation of cation radicals during
the polymerization of aniline has been observed by EPR
spectroscopy [8, 13]. Potentiometric measurements [9,
14-16] or the determination of residual aniline in reaction
mixture by gas chromatography [17] have also been used
to monitor the formation of PANIL

silica — submicrometer particles

Processing of PANI, especially in its conducting form,
is difficult because of its insolubility in most solvents. The
preparation and application of PANI dispersions may
thus be helpful. When aniline is oxidized in the presene of
a suitable steric stabilizer, such dispersions are obtained.
These are composed of submicrometer PANI particles
dispersed in an aqueous medium. Polymers, viz. poly
(vinyl alcohol) [6,18,19], poly(vinyl alcohol-co-vinyl
acetate) [20, 21], poly(N-vinylpyrrolidone) [19], poly(vi-
nyl methyl ether) [22, 23] or inorganic particles, e.g.
colloidal silica [24, 25], have been used for the steric
stabilization.

Dynamic light scattering (DLS) is an efficient tool of
the particle-size determination. In case of PANI, it has
been used to determine the hydrodynamic radius of par-
ticles in dispersions [18, 19, 24] and also to characterize
the individual PANI macromolecules [26, 27]. In this pa-
per we use DLS to investigate the dispersion polymeriz-
ation of aniline in the presence of colloidal silica, and the
formation of PANI-silica particles that are born during
this process.
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Experimental
Dispersion polymerization of aniline

Aniline hydrochloride (259 mg, 2 mmol) was dissolved in
6.8ml of distilled water and 1ml of colloidal silica
(40 wt% aqueous suspension Ludox AS-40; Aldrich) was
added. The solution was thermostated to desired tem-
perature (0-50°C) and 2ml of 1 M aqueous solution
of ammonium peroxydisulfate of the same temperature
was introduced to start the oxidative polymerization of
aniline [24]. The concentrations thus were: 0.2 M aniline
hydrochloride, 0.2 M ammonium peroxydisulphate, and
0.05 g/ml of colloidal silica. The mixture was briefly stirred
and then kept at rest during the following reaction [19].

Dynamic light scattering

Absorption of light by PANT in the visible region prevents
a direct obervation of scattered light during polymeriz-
ation. Therefore, 10 ul of the reaction mixture was diluted
with 10 m] of water each 60s and the diluted mixture
was then immediately characterized by DLS. Poly-
merization was stopped at this low concentration of the
reactants and the diluted mixtures were stable during
measurement.

The light-scattering measurements were carried out at
25.0 + 0.1°C by a DLS-SLS-5000 Laser Light-Scattering
Spectrometer/Goniometer (ALV, Germany) equipped
with a Nd: YAG laser DPY 31511 (4, = 532 nm, ADLAS,
Germany) and a Multiple Tau Digital Correlator ALV-
5000. The intensity autocorrelation function G, () was
measured at an angle of observation of 90°. The field
autocorrelation function g, (f) was determined from the
intensity autocorrelation function by the relations
G,(t) = A[1 + B gi(t)] and G,(t) = <I(0) I(t)), where A is
the average uncorrelated scattering intensity, B is an in-
strument parameter and I(0), I(t) are the intensities at
the time O and t, respectively. For small monodisperse
particles, g,(t) = exp(— I't) = exp(— D,q*t), where g =
(4nn/Ay) sin{@/2) is the scattering vector, D, the transla-
tional diffusion coefficient, I' the decay rate, n the refrac-
tive index of the solvent, A, the wavelength of the incident
light in vacuo, and @ the angle of observation. Real disper-
sions particles are never completely monodisperse and the
superposition of their exponential functions is obtained.
By Laplace inversion of g (t) using the program CONTIN
[28] provided by the ALV, the z-average of the distribu-
tion of translational diffusion coefficients is evaluated. The
hydrodynamic radius R, of the particles and macro-
molecules can be calculated from the translational diffu-

sion coefficient D, by the Stokes—FEinstein equation,
D, =kT/6nneR,, where k is Boltzmann constant, T is
the temperature and #, the viscosity of solvent [29], as-
suming their spherical shape. In order to characterize the
polydispersity a*, we used the relative width of the radius
distribution. This parameter is defined as the second
moment or variance of the distribution in a logarithmic
scale.

UV/VIS/NIR spectroscopy

The spectra of diluted dispersions were recorded with
a UV/VIS/NIR spectrometer Lambda 19 (Perkin—Elmer).
The absorption coefficient, o, of PANI was calculated from
the optical transmission, t; = tq exp(— od), where d is the
thickness of the cell. The parameter t, is the experimental
transmission coefficient of all components of the reaction
mixture with the exception of aniline hydrochloride.

Results and discussion

Dispersion polymerization has been often used to prepare
polymer particles in submicrometer and micrometer range
[30, 317. In such polymerization, the monomer is miscible
with the reaction medium, but the resulting polymer is
insoluble under the same conditions. The macroscopic
precipitation is prevented by the presence of the steric
stabilizer. It has been recently observed that colloidal silica
can be used for the stabilization [32, 33] of polyaniline
dispersion and well-defined composite particles are pro-
duced [24] (Fig. 1).

We asssume that the formation of polyaniline-silica
particles proceeds as follows: At the beginning of poly-
merization, the colloidal silica particles (steric stabilizer)
are present in the reaction mixture (Fig. 2a). Polyaniline
macromolecules formed during polymerization (Fig. 2b)
aggregate into small primary particles and get attached to
the steric stabilizer either by chemical grafting or by phys-
ical adsorption (Fig. 2c). Silica particles become partly or
completely covered by the precipitating PANI and are
“glued” together with PANI into much larger dispersion
particles (Fig. 2d) [34]. A part of small ultrafine silica
particles may still be free and not attached to the disper-
sion particles (Figs. 1 and 2d). The aggregation process is
responsible for the “raspberry” morphology of the resuit-
ing particles [32, 33]. The final size of particles is depen-
dent on the amount of PANI produced and on the concen-
tration of stabilizer [24]. It will also be controlled by the
thermodynamic balance between the attractive forces of
the precipitating polyaniline macromolecules on the one
hand and dissipative forces exerted on aggregates by the
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Fig. 1 Scanning electron
micrograph of composite
polyaniline-silica dispersion
particles produced in dispersion
polymerization of aniline at
0°C. The unattached silica can
be seen on the background
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Fig. 2 Model of the formation of the composite PANI-silica particle
produced in dispersion polymerization of aniline in the presence of
colloidal silica: Particles of stabilizer, colloidal silica (a), get in con-
tact with the PANI produced during polymerization (b) and nuclei of
the future particles are produced by mutual interaction (c). The silica
particles becomes glued by PANI to produce the final dispersion
particles (d}

attached stabilizer on the other. This concept of particle
formation is discussed in relation to results obtained by
monitoring the dispersion polymerization of aniline in the
presence of colloidal silica by DLS.

Dynamic light scattering

The dependence of the hydrodynamic radius of dispersion
particles produced during polymerization on reaction time
has a sigmoidal shape (Fig. 3a). During the induction
period the reaction mixture is colorless. The DLS
measurement is disturbed by occasional fluctuations of
scattered light (not shown in Fig. 3c). The intensity of
scattered light sharply increased for short moments
(>1000 kHz for < 0.1 s), like if large objects were passing
through the scattering volume. As the intensity was nearly
constant at the beginning of the experiment (t ~ 0) this
effect cannot be attributed to the presence of dust particles.
We assume that these disturbances could have been caused
by oxygen microbubbles resulting from decomposition of
hydrogen peroxide produced in the reaction of ammonium
peroxydisulfate with organic compounds in the system.
The fluctuations of scattered light disappear after the
polymerization has started. We have evaluated the hy-
drodynamic radius from the short measuring time with no
fluctuations. The hydrodynamic radius was determined
with a large error but roughly corresponded to the original
silica particles measured separately (R, = 16 nm, ¢* =
0.01). The polydispersity cannot be reliably determined
by DLS (Fig. 3b).

At the onset of polymerization, the polydispersity of
the system is high (Fig. 3b) and the nucleation of the future
particles takes place. Although the nucleation probably
determines the number of dispersion particles in the sys-
tem, and is of fundamental importance, its nature is not
completely understood. During the following particle
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Fig. 3 The dependence of (a) hydrodynamic radius of particles, Ry,
(b) polydispersity of particles characterized by relative width of the
radius distribution, ¢*, (c) intensity of scattered light (count rate), 1,
and (d) the absorption coefficient, « (both at 2, = 532 nm), during the
polymerization of aniline in the presence of colloidal silica at 0°C

formation, the relative width of the radius distribution is
low. It means that the number of particles produced at
nucleation stage does not significantly change during sub-
sequent polymerization, and the particles grow as the
polymerization proceeds. The increase of the hydro-
dynamic radius is probably a linear function of time.
Consequently, the amount of PANI produced in
polymerization increases with the third power of poly-
merization time, in agreement with the well-established
autoacceleration mechanism of this process [10,17]. As
mass of particles becomes larger, the intensity of scattered
light increases at first (Fig. 3¢c). The second effect that
controls the amount of the scattered light is its absorption
by PANI. Due to the deep blue coloration of the reaction

mixture during polymerization, even after dilution, the
absorption of laser light at wavelength of 532 nm becomes
significant (Fig. 3d). The primary beam and the scattered
light become absorbed and the observed intensity of scat-
tered light passes through a maximum and decreases
(Fig. 3c).

At the end of polymerization, the color of the reaction
mixture turns from blue to green 3, 4]. The absorption of
the green laser light becomes lower (Fig. 3d) and the inten-
sity of scattered light stops to decrease (Fig. 3c).

Additional slow changes in particle size

Polymerization of aniline is typically completed in less
than 1 h (Fig. 3) under the reaction conditions used in the
present study and no additional changes in particle size or
uniformity have been observed on this time scale. When,
however, the dispersion particles prepared at 0 °C were left
longer at this temperature, a small but well-reproducible
increase in the hydrodynamic radius, from 160 to 186 nm,
has been observed (Fig. 4, open symbols). We assume that
this effect reflects the formation of the final overlayer of
silica particles [32,33] on the surface of a dispersion
particle, especially in the places where PANI macro-
molecules are exposed to the dispersion medium.

If, during this ageing, a part of the dispersions was
separated and further stored at 25 °C, additional irrevers-
ible increase in the particle size was observed to proceed
on a similar time scale (Fig. 4, full points). The colloidal
silica incorporated inside the composite particles has
a tendency to get surrouded by molecules of water and the
volume of the particles may increase. The swelling may be
accompanied by the reorganization of the inner particle

Fig. 4 Changes of the hydrodynamic radius of the particles, R;, kept
at 0°C (@) and at 25°C after 1 (m), 12 (@), 70 (a), 170 (v) h at 0°C.
Data were fitted by an exponential growing function
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structure, which is then responsible for the irreversibility of
the observed effect. In practice, both processes, formation
of an overlayer and swelling, superimpose.

After the changes outlined above, the particle size re-
mains constant and the dispersions are colloidally stable
over the period of months and years. The easy sedimen-
tation of particles (due to the high density of silica,
2.17 g cm ™~ 3) does not cause any aggregation and PANI-
silica dispersions can be recovered by gentle shaking.

Temperature dependence of polymerization

When the polymerization proceeds above 30 °C, the rate of
polyaniline formation is high and time dependences of the
hydrodynamic radius become disordered (Fig. 5). We as-
sume that the diffusion processes are not fast enough to
accommodate all PANI chains into well-defined disper-
sion particles. This is followed by uncontrolled aggrega-
tion of PANI, resulting in less organized [24] and polydis-
perse particles and even in the macroscopic precipitation
of the product. It has been earlier reported that, besides the
temperature change, the rate of polyaniline formation can
be increased by addition of small quantities of substituted
phenylenediamines [11] (one percent relative to aniline
and less). When the rate of polyaniline formation had been
increased by addition of such compound, the dispersion
particles were not formed and only precipitates or gel-like
structures were obtained. The high rate of aniline poly-
merization thus hinders the formation of well-defined par-
ticles in this case also. Below 30 °C, the rate of the reaction
decreases with decreasing temperature (Fig. 5) and disper-
sion particles are produced. To sum up, the formation of

the dispersion particle 1s influenced both by the thermo-
dynamic (equilibrium) and dynamic (transport) effects.

The dispersion polymerizations of aniline made at vari-
ous temperatures can produce some information on the
rate of polyaniline polymerization. The shape of the time
dependences of the hydrodynamic radii is sigmoidal and
can be approximated by

Ry (t) = (Rq — RJ[L + exp(t — to)g] + Ra, (1)

where R, is the hydrodynamic radius of the stabilizer, R4 of
the final particles, g is a parameter related to the steepness
of the function, and ¢, is the position of the inflection point.

From the sigmoidal fit, one can estimate duration of
the induction period, t;, and the polymerization time, t,
(Fig. 6). In the present analysis, we have defined the start of
polymerization, t;, as the time when the sigmoidal fit devi-
ated from the radius of the steric stabilizer R, for 1 nm and
the end of polymerization, t., as the point where the
sigmoidal fit differed for less than 1 nm from the final value
of the particle size, R4. The times ¢; and ¢, found in this way
corresponded in the best way to the onset of the blue
coloration at the start of polymerization and to the blue-
to-green transition typical for its end. The time, needed for
the formation of the particles can be taken as being equal
to the polymerization time (Figs. 3a and d). Hence, the
time of polymerization 1s defined as ¢, = . — ;.

The oxidation reaction of aniline can be divided into
two parts: (1) The induction period, during which only the
reactions of low-molecular-weight components take place
and (2) the polymerization, in which PANI is produced.
The rate constant of both processes is (at a given concen-
tration of reaction components) proportional to the reac-
tion velocity; the latter quantity can be taken as being
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Fig. 6 The determination of the induction period, ¢;, and polymeriz-
ation time, t, =1, —t;, from the time dependence of the hydro-
dynamicradius, Ry, by sigmoidal fit according to Eq. (1). Data for the
polymerization at 0 °C are used for illustration
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Fig. 7 The dependence of the induction period, t = t; (4), and of the
polymerization time, ¢ = ¢, (m), on the reciprocal temperture, 1/7T

proportional to the reciprocal value of time needed for
completion of the individual reactions. By plotting the
logarithm of the induction period, ¢;, or of the polymer-
ization time, t,, vs the reciprocal temperature a linear

dependence is obtained (Fig. 7). From this analogy of
Arrhenius plot we may thus expect the slope of such
dependence to be E,/2.303 R, where E, is activation en-
ergy and R = 8.314 J K~ ! mol ~ ! is gas constant. By anal-
ysis of the data we estimate the activation energy of the
chemical processes during the induction period to be
E,;=548kJ mol™ !, and the activation energy of the
polymerization, E,, =428 kJmol™!. These are larger
than the activation energies for additions of radicals
occurring during polymerization, e.g., of olefins [35],
E,= 10-30kJmol~ !, and comparable to that of the
generation of free radicals by decomposition of per-
oxydisulfates [35], Ex = 50-60 kJ mol " !.

Conclusions

The dynamic light scattering proved to be an efficient tool
for the investigation of dispersion polymerization of ani-
line. The composite polyaniline-silica particle of submic-
rometer size is obtained when the oxidation of aniline is
made in the presence of colloidal silica. After an induction
period, polymerization of aniline starts and nuclei of future
particle are formed. The hydrodynamic radius of particles
increases as polyaniline is produced during the deep-blue
stage of the polymerization process. After polymerization
has been completed, additional changes in particle size
have been observed. These are attributed to the perfection
of the particle surface and to the swelling.

When the dispersion polymerization of polyaniline is
carried out at temperature 0-25 °C, polyaniline—silica par-
ticles have a narrow distribution of sizes. When temper-
ature exceeds 30 °C, the formation of polyaniline becomes
too fast and the accommodation of the product into well-
defined dispersion particles is not possible. In that case
polydisperse particles with limited colloidal stability are
obtained.
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