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Abstract

We investigated the doping of thin polyaniline (PANI) films, prepared by the chemical
oxidation of aniline, with different acids. The initial step in the investigation is the preparation
of PANI films from aqueous hydrochloric acid solution. This is followed by dedoping with
ammonia to obtain a PANI base, which is subsequently doped with strong acids

(e.g. hydrochloric, sulfuric, phosphoric and trichloroacetic acids) and with a weak acid (acetic
acid). The dopant weight fractiomj, which is connected with the gain of mass during the
doping of PANI, was determined situusing a quartz crystal microbalance (QCM).

The behavior of PANI upon doping with different anions derived from strong acids indicates
that both proton and the anion uptake into the polymer chains occur sharply, rapidly,
completely, and reversibly. However the uptake in the case in acetic acid is characterized by
slow diffusion. The doping was studied at different concentrations of acetic acid. A second
cycle of dedoping—redoping was also performed. The kinetics of the doping reaction is
dominated by Fickian diffusion kinetics. The diffusion coefficier®} ¢f the dopant ions into

the PANI chains were determined using the QCM and by UV-Vis absorption spectroscopy in
the range 0f0.076-164) x 10~ ®cn?s*. It was found thaD in the second cycle of doping

is larger than that evaluated from the first cycle of doping for high concentrations of acetic
acid.D for the diffusion and for the dopant ion expulsion from the PANI chains was also
determined during the redoping process. It was found@hfatr acetic acid ions in the doping
process is larger than that calculated for the dedoping process.

Keywords: diffusion, acid doping, polyaniline film, thin film, quartz crystal microbalance

1. Introduction most conductive form of PANI, the emeraldine salt (ES).

Protonated PANI may be converted to the corresponding
Polymers containing conjugating-electron systems suchemeraldine base (EB) by treatment with an alkali solution,
as polyaniline (PANI), polythiophene and polypyrrole havg, by rinsing with a large excess of watet1] 13, (see
been well known for many yearsl]] PANI has attracted gchemed(a) and (b)). Imine sites of the EB form are easily
E)%tonated, with a distinctive insulator—conductor transition
eipduced by the appearance of polarons in the lattice, while the
electrodes?, 3], electrochromic deviced|[ 5], photoelectric nﬁmber .ofn-electron.s remains constant. .As a Consequence,
cells 6, 7], light-emitting diodes §] and biosensors] 10. new optical conduc_tlng angl paramagnetic properties appear

Aniline polymerization in an acidic aqueous mediunf? doped PANI, particularly in the ESL§, 19].

yields protonated PANI11, 12]. During the polymerization, The conductivity of PANI is closely related to the redox
the PANI-chain propagation results in the formation of thstate of the polymer, the pH of the working medium and the

stability, redox reversibility and electrical conductivity.

1468-6996/08/015007+10%$30.00 1 © 2008 National Institute for Materials Science Printed in the UK
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Scheme 1.(a) EB, (b) EB is doped on the imine nitrogens with acid to yield ES. Further doping of amine nitrogens (c) and (d).

type of dopant anion1[6]. The type of dopant anion affectstraced using two independent methods, QCM analysis and
the stability of the electrical conductivity of the polymetUV-Vis absorption spectroscopy. In addition, the kinetics of
at various temperatures and atmospheric conditidig§. [ the dedoping process of acetic acid ions was determined.
The type of dopant anion is also known to affect th&he diffusion coefficient) in both processes was calculated
polymerization kinetics and the yield of polymer in theand discussed. The PANI film was synthesized through the
electrochemical polymerization of aniling§g, 19]. chemical oxidation of aniline and characterized using the
The redoping and dedoping processes shown in scher#sM.
(@) and (b) are assumed to accompany ion migration out
of or into the polymer film. Therefore, the mass changes Experimental
in PANI films resulting from these processes provide direct
information concerning the dopant weight fractiow).( Aniline (ADWIC, Egypt) was purified by vacuum distillation,
Therefore, the piezoelectric quartz crystal microbalanegéyd ammonium peroxydisulfate (APS) (WINLAB) was
(QCM) was applied to determing for PANI film deposited used as received and was stored aCd4before the use.
onto the surface of a quartz crystal by Ayatlal [20]. This Ammonium hydroxide (ADWIC, Egypt), acetic acid (Fisher),
method also provides the possibility of followingsitusmall  hydrochloric acid (ADWIC, Egypt), trichloroacetic acid
mass changes induced by the interaction between a dop@itirich) and sulfuric acid (Fisher) were all used as received.
solution and PANI 21, 22]. Such mass changes are extracted In a typical example of PANI preparation, 250 ml of
from the shift in resonant frequency of the oscillating quariz.03 M aniline and 0.1 M HCI solution was added to 250 ml
crystal. Accordingly, the decrease in mass, resulting froof 0.015M APS solution and 0.1M HCI. The APS-to-
dedoping from a film supported on the quartz crystal, leadsiline molar ratio after mixing was 0.5. These solutions
to an increase in the resonant frequeri2§j | were added in a polypropylene container, which served as
Since thin PANI films have technological importancehe reaction vessel. A hole had been previously cut in the
for numerous application2f12], understanding the effectscap of the container and a 5MHz AT-cut quartz crystal,
of the interface on the dynamics of these films is essent@he inch in diameter, had been fixed with silicon rubber
for their application in future technology. In this work, we(RTV) in this hole. This resonator formed the frequency-
quantify the doping process for PANI with different strongletermining element of an electronic oscillator. Once the
acids (hydrochloric, sulfuric, phosphoric and trichloroacetieactants were introduced into the vessel, the film grew on
acids) and a weak acid (acetic acid) using a QCM. Thhke gold electrode of the QCM. The frequency was measured
kinetics of the doping process in the case of acetic acid wasing a GW frequency counter, Model GFC-8055G. Details

2



Sci. Technol. Adv. Mater9 (2008) 015007 M M Ayad and E A Zaki

of the apparatus design and the procedure are described in =
earlier studies43-25. The mass per unit area of the PANI "o A
i / —2 4942200 .
film, m’'(gcm <), grown on the gold surface of the crystal, \ -
was determined from the change in the crystal resonance Tinduction period=.
frequency. The frequency decreases linearly with increasing 4942050 4 "
mass deposited on the electrode. The time dependence ®f "
frequency was recorded at room temperature (23€34or 1
each solution. The relation between the frequency charge 4941900 Depleti .
. . epletion period

andm’ is well known from the work of Sauerbreg§] and is ) - /
given by 4941750 - "
Afz_(zfoz/\/m)m/’ (1) .'........Eé;”:n.
where fq (in Hz) is the natural frequency of the quartz crystal, T T T T T T
po is the quartz density (849 g cnt3), andpuq is the shear 0 10 ) 2_0 80
modulus (2947 x 10 dyne cnt?). Time (min)

When the QCM is used in an aqueous solutiofkigyre 1. Frequency change due to PANI film deposition onto the
equation {) cannot be simply adopted due to the effectgold electrode of the QCM as a function of polymerization time.
of interfacial liquid properties such as viscosity, density and

conductivity 27, 28]. It is, however, known that equation)( genosition has finished. The decrease in the deposition rate
can be used for solution systems under specific conditiopgyards the end of the deposition is due to the depletion of

where the effect of the viscoelasticity of the polymer igjwer the oxidant or the monomer or both. The polymerization

negligible 29, 30]. In our experiments, a linear refationshig, e depletion period ends with the formation iaf situ

was observed betvyeer_1 the changeln mass anpl frequency %Bed PANI film, which is denoted as E® situ doping

of the QCM both in air and in aqueous solution. Thus, thg.., ;s due to the presence of sulfuric acid, constituting the

Sauerbrey equation can be appli.ed to the aqueous Sqlquﬂction medium and also generated from the reduction of
system under study2, 28. Also, since we are dealing With Apg The ES film was dedoped with 0.1 M ammonia solution

gilute_treactant solutio(rj\st, tEe vari?ti%r:s gf \{iscct>rs]ity and I'iqu t_give an EB film of frequencyes, as shown in figuré(a).
ensily were assumed 1o be negligible during the EXpenment, o e fiim was redoped to form another ES(1)

hence, the change in frequency due to these effects Canfiﬁ‘ﬁ by exposure to 0.1M sulfuric acid. It can be seen

considered constan2). §1at the redoping process, i.e. the dopant anion uptake,

The ES film formed after the polymerization was rinse . .
. X . S . ! rred immediately. The val f the fr n han
with the acid solution constituting the reaction medium. Th@:u ed ediately e value of the frequency change

. . In comparison with the frequency change due to the
dedoping process was performed by exposure of the film (1) film formation f ves w for acid in protonated
0.1 M ammonia solution to give the EB film. The mass lo @ 9 P :

. : . 'ANI [20]. Suppose thatfy is the frequency at zero time
due to the dedoping process was determined by calculating the S ;
) . of polymerization in figurel and feg1) is the frequency
increase in the frequency of the PANI-coated quartz crystal . ; .
) ) : of the ES(1) film after redoping the EB film, then the
The EB film was then redoped by exposing the film to the ac O quency chande f. — fo— f can be calculated. and
medium to produce another ES film. The mass gain due to thea oY 981w = lo— lesa), ;

redoping process was determined by calculating the decrelét‘%gorresponds to the mass of the ES(1) film (1914 Hz).

in the frequency of the PANI-coated quartz crystal. € frequency change due to the redoping (mass gain) is

The thickness of the films was estimated using foufee ~ fesny = 383 Hz. Consequently, the value of as a

. . . . ercentage during the redoping process(383/1914 x
samples by measuring the optical absorption as described iy "™ .
Ayad and Shenashirs]. 100=20wt%. The ES(1) film was then dedoped to form

another EB(1) film by exposure to 0.1 M ammonia solution,

) ] see figure2(a). The dedoping process, i.e. the dopant anion
3. Results and discussion expulsion, occurred immediately. This process represents the
first cycle of redoping.

The EB film was redoped to form another ES(1) film
The doping processes for PANI films with 0.1 M hydrochloricky exposure to 0.1 M sulfuric acid solution. The latter film
sulfuric and phosphoric acids and with 0.5 M trichloroaceti¢as then exposed to 0.1 M ammonia and 0.1 M sulfuric acid
were studied using the QCM. Doping the PANI film withsolution to form EB(1) and ES(2) films, respectively, as
sulfuric acid was investigated in detail as an example. shown in figure2(a). This process represents the second cycle

Plots of the frequency change due to PANI filnof redoping. It can be seen that the uptake and expulsion
deposition on the electrode of the QCM as a function ¢frocesses also occurred immediately. In a similar way as for
polymerization time are shown in figurg The initially the first redoping process, the value wfassociated with
deposited PANI must nucleate on the gold surface, givilge ES(2) film was calculated and is equal to 19 wt.%. This
rise to a rather slow deposition rate. Following this inductioi$ close to the value calculated for the first redoping cycle.
period, the rate of deposition is observed to increase and thidre present results fow suggest that sulfate counterions
to decrease and the frequency attains a steady state onceshbeme 1(b), A= 1/2802‘) were present in PANIJ0, 32].

Rate of deposition

Frequen

3.1. Doping of PANI with strong acids
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Figure 2. Subsequent redoping cycles in different acids: (a) 0.1 M sulfuric, (b) 0.1 M hydrochloric, (c) 0.1 M phosphoric and (d) 0.5 M
trichloroacetic acids.

Table 1.The calculated wt.% values in different acids.

Acid
Dopant concentration  wt.% from first  wt.% from second W%
(molI71) redoping cycle redoping cycle

H,SO, 0.1 20 19 21.3
HC1 0.1 16.2 13 16.7
H3PO, 0.1 25.3 22.04 21.3
CI3CCOOH 0.5 33.9 - 45.7
CH;COOH 0.1 11.63 13.7

0.5 36.6 27.11

24.9
1.0 44.97 36.4
2.0 55.42 38.7

aCalculated from the formula £HgN4(A7),.

Similar experiments were carried out using hydrochloridhese values are very close to the ones obtained experimen-
phosphoric and trichloroacetic acids instead of sulfuric acithlly and those based on the molecular formulg,tGoN4A 2,
as shown in figureg(b)—(d), respectively. In trichloroacetic schemel(b)) for 50% intrinsically oxidized EB film after dop-
acid, only one cycle of the redoping process was performedg the imine sites30, 32-35]. Redoping with trichloroacetic
A frequency change with time during redoping occurredcid gives a value ofv equal to 33.9 wt.%, which is small
immediately upon immersion in the acid solutions. Thi& comparison with the value based on the previous formula
values ofw during these cycles were calculated and are giv¢a5.7 wt.%) but very close to the value of 33 wt.% obtained by
in table 1. The values ofw for hydrochloric and phosphoric Wei and Hsueh3?2] by thermal analysis when EB was doped
acids indicate the presence of chloride and phosphate counti¢h 0.5M trichloroacetic acid. This could be attributed to
ions (scheme 1(b), A=CI~ and ]/2HPO§‘, respectively). the insufficient acid available to dope the imine sites.
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Figure 3. Redoping cycles in different acetic acid concentrations: (a) 0.1, (b) 0.5, (c) 1 and (d) 2 M.

3.2. Doping of PANI in acetic acid from that with strong acids. Doping with 0.1 M acetic acid
hncreases exponentially with time until it reaches a steady

The ability of the anion and proton of an acid to interact wit : . . . .
PANI is related to the relative strength of the acid and to thState' However, doping with 0.5-2M acetic acid occurs in two

amine and imine groups within the polymer. Thié galues stages: rapid doping followed by an exponentially increases

for the two acidic nitrogen groups within PANI have beeHVIth time. This process ends with the PANI films doped

determined by titration with NaOH3p]. They are 2.5 and with _aceti_c acid ions (ES(l))._ The films doped_ with 0'.5_2 M
5.5 for (NH5—) and (-NH*=), respectively. On the basis&cetic acid were dedqped YVIth 0.1 M ammonia solutlgns. A
of these values, a strong acid{p< 2.5) will protonate both second gycle of red9p|ng with 0.1, 0'5’. land 2 M.aceuc aqd
groups. However, an acid with an intermediaté pvalue was Carrle_d _out to give the corresponghng ES(2) films, WhICh
(2.5 < pK, < 5.5) should result in the protonation of Onlyshowed similar behaviors to the previous cycle. Also, it can
the imine group. Since thekpy of acetic acid is 4.7, it is P€ S€en that the frequency change due to the rapid doping in
sufficiently strong to protonate the imine group. It has bed€ first redoping cycle is larger than that in the second cycle.
mentioned by Hatchett al [37] on the basis of voltammetric FOr €x@mple in 0.5M acetic acid, the frequency changes due
and spectroscopic techniques that thé, pf the acid affects to the rapid doplng were 82 and 64 Hz in the first and second
the degree of doping of PANI and its redox state. The dopiffycles. respectively.
properties of PANI with weak acids such as acetic acid show The values ofv for 0.1-2 M acetic acid were calculated
different behavior than that of PANI doped with strong acidgs mentioned in the previous section and are given in table
Anion and proton doping is poor for the relatively weak acetié can be seen thatv increases as the acid concentration
acid. increases. In addition, the values calculated for the first
To trace the doping process, the time course for tfiedoping cycle are larger those ones calculated for the
frequency of the EB film was measured in 0.1, 0.5, 1 arf¢cond cycle except for 0.1 M acetic acid. The latter has
2 M solutions of aqueous acetic acid. Fig@eshows plots approximately similaw values.
of the frequency changes against time during the doping of The structure of the polymer doped with acetic acid
different EB films. It is shown that the uptake of the dopartan be represented as schefifp), where A is the acetate
ions during the redoping process with acetic acid is differeation (Ac”). For the molecular formula of 50% intrinsically
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oxidized EB film after doping the imine sites with aceticiptake, and hence the doping process, follows a slow diffusion
acid to be G4H20N4(Ac)2 [34], w must be 24.9wt.%. In the process. The diffusion coefficiebtof acetate and proton ions
present work, doping EB film with 0.1 M acetic acid givesn addition to that of acid molecules into PANI films can be

a value ofw of 11.63%, however doping with 0.5 and 1 Mderived from gravimetric measurements. The mass uptake of
acetic acid givesn=36.6 and 44.5%, respectively. Thesea polymer film of thicknesk can be obtained as a function of
values exceed the value obtained from the previously givéme during the transient regime. The mass uptake of the film
formula (24.9 wt.%). A primary explanation for this may becan be determined from the change in the resonance frequency
that as the acid concentration increasesncreases and the using the Sauerbrey equation. This is based on the fact that
doping of amine sites occurs, in addition to the doping dhe frequency shifiAf during the doping process is related
imine sites, as shown in schem#g) and (d). Doping with to the change in massm. Suppose tha f; is the frequency

2 M acetic acid givesv=55.42%, which exceeds the valuechange due to the doping of acetic acid at any tired A f,

of 48.8wt.% obtained when all the imine and amine sitds the frequency change in the equilibrium state at the end
are doped with acetic acid ions {E1,0N4(Ac),). However, of the doping process, these two parameters can be given as
when we consider doping EB in 1 M sulfuric acid, which igollows:

a strong acid, only the imine sites are doped. The molecular

formula for 50% intrinsically oxidized EB film after doping Afi=feg— fi and Afy = feg — foo,

is CoaH20N4(HSGO; )2, and hencew approximately equals . . . .
35% [20, 32). For comparison, the amount of acetic aCi(s{vhere f; is the frequency during the doping process at time

(PKa= 4.7) needed to dope the polymer with the samb fs IS the frequency_in the equilibrium state ahg is the
number of protons would be on the order of 1ines higher frequency(;)f the EB film. The I]requency_changrx]af(/AfO?)
than that of sulfuric acid. Therefore, the explanation for th orres?on S tOATt/Am?O) at tdeAsamg tnr”]ne,f.w Iemlmt IS
calculated values of for doping with 0.5 and 1 M acetic acid '€ Polymer uptake at timeand Am, Is the final polymer

based on the doping of amine sites in addition to imine sité'QtaXe' vsis of the obtained . tal dat based
is not valid. Moreover, the higher value wof in the case of nalysis of the oblained experimental data was based on

doping the EB film in 2 M acetic acid requires explanation. solving Fick's second equation which has been reviewed by

It is reasonable to explain the valueswfon the basis Crank i2]. As atypical example, the average value fbcan

; ok ; 1/2
of the fact that acetic acid is a weak acid. During aniotf_:)}e obtained from a plot f‘/Af‘?O as a_funct|on O.t /L
can be calculated from the initial linear portion of the

and proton doping in the PANI film, a significantly higher ..~ ;
concentration of undissociated weak acid is needed inside ﬁ%fgusmn using

1/2
polymer to satisfy the charge neutrality. For each acetate anion Afy =4 b t_ 2)
doped in the polymer, T undissociated molecules of acetic Afo T L
acid must associate with the polymer. Hence, a significant The relation betweenXf;/Af,.)andt2/L for different
amount of undissociated acetic acid must be present in #igetic acid concentrations suggests that the diffusion process
polymer. Therefore, the high value uf in the case of 2M follows Fickian kinetics and that the dopant undergoes the
acetic acid may be due to the possibility of the specifigiffusion process42]. The plots are linear for at least the first
absorption and adsorption of acetic acid molecules in additigalf of the curve, as shown in figude For doping with 0.1 M
to the acid ions into the PANI film. This possibility alsoacetic acid, the plot has a zero intercept with the time axis.
cannot be excluded in the cases of doping with 0.1, 0.5 andlthe cases of 0.5, 1 and 2 M acetic acid, similar behaviors
1M acetic acid. This is unlikely to occur during doping withwere obtained except for at the early stage of the doping; the
0.1 M acetic acid but becomes increasingly likely as the agiflots have a nonzero intercept with the time axis. This may
concentration increases. This hypothesis and the differengesbecause surface diffusion and the adsorption of acetic acid
betweenw values calculated for the two cycles of redopingnolecules take place onto the surface of the PANI film, which
will be explained in the next section by the kinetic diffusioroccurred during the rapid doping stage. This would explain
of acetic acid ions into the polymer film during the dopin@ur previous observation at the first stage of doping EB film

process. with 0.5, 1 and 2M acetic acid. At the end of the surface
diffusion, the acetic acid molecules and ions start to diffuse
3.3. Kinetics of dopant diffusion into the bulk and undergo volume diffusion.

The values ofD were calculated for the two cycles of
The diffusion of small molecules through a polymer igsedoping and are given in tab® They are in the range of
an important phenomenon in many areas of science a@l076-164) x 10 °cn?s! and are reasonably similar to
engineering. For example, the diffusivity in polymer films anehe rate of diffusion of organic molecules in a swollen polymer
membranesd8, 39 is important in connection with the useelectrolyte §3]. It can be seen thab for the first cycle of
of polymers as barrier coatings in packaging applicatid®k [ redoping is smaller than the value calculated for the second
and for separation-science applicatio88, [41]. cycle.

The study of the doping of acetic acid into PANI film  Kanget al [44] have quantitatively evaluated the effects
in the form of EB involves both the equilibrium uptake anadf dedoping-redoping cycles on the surface intrinsic oxidation
the kinetics of the doping process. The frequency changsate ratios of EB films by x-ray photoelectron spectroscopy.
with time during the doping processes indicating that the ioFhe oxidation states of EB films were substantially enhanced

6
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1.0 Table 2.D of different concentration of acetic acid ions in EB film

First cycle of re-doping d during two cycles of redoping processes using QCM and
UV-visible spectroscopy measurements.
goa D x 10%(cnm? s
UV-visible QCM Redoping Acetic acid
measurement measurement cycle (mbi
0.27 1.2 1
8 0.1
< - 0.8 2
= 0.12 0.312 1
< 0.5
- 0.252 2
0.076 0.7 1
1.0
- 1.35 2
0.205 0.736 1
2.0
’ - 1.64 2
0.0 — 1 r 1 r T T T T T r 1
2 4 6 8 10 12
t"?/L(sec” cm~") x 107
3
0.9 1 Secondcycle of re-doping d <
Qo
S
2
<
3
< 0.05 "
= )
< 300 400 500 600 700 800 900
Wavelength (nm)
1 mm‘“m Figure 5. UV-Vis absorption spectroscopy after 60 min of
0.21 o redoping EB in different acetic acid concentrations.
014 _ _ _
] cycles from a tight coil to an expanded co#l4] 45). The
0.0 — acetate and proton ions may diffuse more easily into the core
0 2 4 6 8 10 12 of the expanded caoil, resulting in a higher valueof

The second method we used for determirinfpr acetic
acid ion diffusing into the PANI film was UV-Vis absorption
Figure 4. Af,/Af,, as afunction of'/2/L at different acetic acid Spectroscopy. ES films were deposited onto the inner walls of
concentrations for the two redoping cycles: (a) 0.1, (b) 0.5, (c) 1 agghartz cuvettes. These films were dedoped in 0.1 M ammonia
(d)2M. solution and then redoped in 0.1, 0.5, 1 and 2 M acetic acid.

The UV-Vis absorption spectra for the EB films and ES films

during these cycles, particularly when high protonic acidsfter 60 min of the redoping process were measured, as shown
were used. This behavior was explained in terms of tle figure5. The spectra of the EB films exhibit characteristic
morphology-related diffusion limitations and the extent of theands at 314 and 620 nm, which are assigned torthe*
hydrolysis reaction. However, Hatchettal [37] concluded transition of the benzenoid rings and the molecular exciton
that PANI is further reduced, and hence the oxidation statessociated with the quinine diimine structure, respectively.
decrease, when it doped with a weak acid such as aceflte absorption at 620 and 314nm decreases on doping
acid. The latter phenomena, not only enhances the diffusinith acetic acid solution. The maximum absorptiog,4y)
of the dopant ions and hence a larders obtained, but also at ~730nm increases with time This new absorption is
decreasew for the second cycle of redoping. Also, Mét al attributed to a bipolaron transition band due to the doping.
[45] obtained different UV-Vis-near-infrared spectra duringhis absorption diminishes with the formation of ES films,
the dedoping-redoping cycle for PANI films depending owhich exhibit a characteristic band at 425 nm and an extended
the type of acid used. These differences were attributed tiand at wavelength larger than 730 nm. Both bands increase
conformational changes in the PANI chains during these intensity with time.

2/L(sec” cm~) x 107
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Figure 6. UV-Vis absorption spectroscopy at different times during the redoping of EB in different acetic acid concentrations: (a) 0.1,
(b) 0.5, (c) 1 and (d) 2 M.

When the spectra were recorded over time, thre@andA A is the absorbance change in the equilibrium state
isosbestic points were formed at 730473 and~363nm at the end of the doping process (60 min) with respect to the
when 0.1 M acetic acid was used for redoping (these specatasorbance of the EB film. These two parameters can be given
are not shown). The latter two points were seen durirgs follows:
redoping with 1 and 2M acetic acid. This is attributed to
the equilibrium state existing between the EB and ES forms. ~ AAr=Ass— A and AAy = Aeg — A,

The isosbestic point appearing at 730nm for 0.1 M acetic ] ] ] ]
acid was red shifted when 0.5M acid was used. At a highghereA is the absorbance during the doping process at time
concentration of acetic acid, it is expected that the bipolarén is the absorbance in the equilibrium state @gd is the
transition band related to these ES films is absorbed in tABsorbance of the EB film.

near-infrared region. The relation between A;/A A, andt/2/L is shown in

These spectroscopic observations allow the analysis figfure 7. It is clear that the doping reaction was controlled by
the kinetic doping reaction. Figuré€a)—(d) show the time a diffusion process42, 46]. The values oD were calculated
course {) of the UV-Vis spectra of the EB film in the from the slopes of the initial plots, and are given in table
region 600-900 nm for different concentrations of acetic acid is in the range(0.076-027) x 10-*cn?s™t, which is
solution. TheA A;/A Ay, ratios at 680 nm, which correspondslightly lower than the corresponding range obtained from the
to AM{/AM, were calculated.AA; is the absorbance QCM measurements but still represents a feasible range of
change with respect to the absorbance of the EB film at timelues §3].
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Figure 8. Af,/Af,, as afunction of/?/L during the dedoping of

. . 12 . L
Figure 7. AA/A A, as a function of"/¢/L at different acetic acid different ES(1) films with 0.1 M ammonia.

concentrations during redoping in EB films.

3.4. Kinetics of dedoping diffusion Table 3.D of acetic acid during the dedoping processes of ES films
using 0.1 M ammonia.
The frequgncy changes during the dedoping of d.iffer'ent ES(1) Dx 105 Acetic acid
films obtained from 0.1, 0.5, 1 and 2 M acetic acid with 0.1 M (cm?st)  (mollY)
ammonia solution to produce the corresponding EB(1) films
L . ; 0.024 0.1
are shown in figurel. It is clear that the expulsion process 0.16 0.5
of dopant ions during the dedoping process is different from 0.124 10
that with strong acids. The dedoping occurred in two stages: 0.106 2.0

rapid dedoping followed by dedoping at a rate that decreases
exponentially with time.

The kinetics of dedoping can be determined from thexidation of aniline. In this paper, we demonstrate thata QCM
change in the resonance frequency with timeAlf; is the can also be used to characterize the dedoping and redoping
frequency change due to the dedoping of acetic acid atttimgrocesses in PANI. Also, it has been shown that there is a
andAf is the frequency change at the end of the dedopifgndamental difference between the doping of PANI in strong
process, these two parameters can be given as follows:  gand weak acids.

In 0.1 M strong acid, the doping of EB film is rapid;
Afi=fes— fi and Afe = fes— f, however, in acetic acid solution, the doping obeys Fickian
] ) ) _ diffusion kinetics. The present concept of the change in the
where fi is the frequency during the dedoping process at timgy sta| frequency as a result of the mass increase or decrease
t, fo is the frequency at the end of the dedoping proce§gying the doping or dedoping of PANI, respectively, was
and fes is the frequency of the ES film. Plots @ff/Afe  ;5eq in the determination of the type of diffusion and its

i 1/2 in fi i _ . .
as a fUI"ICtI.OH O_ﬁ _/L are shown in figure. The relatlions. coefficient. It was concluded that the diffusion depends on the
follow Fickian kinetics and the dopant undergoes the d'ﬁus'orﬂorphology and the oxidation state of the EB film
process. The plots are linear for at least the first half of the '

curve and have a nonzero intercept with the time axis. This

is due to the adsorption of apetlc aqld molecules tak_lng Plagiferences

on the surface of the PANI film, which dedoped rapidly, and

explains our previous observations during the redoping of EB1] skotheim T A 1986Handbook of Conducting Polymevsls 1

films in 0.5, 1 and 2M acetic acid. After the expulsion of and 2 (New York: Marcel Dekker)

the surface dopant, the diffusion of the expelled acetic acif?] MacDiarmid AG, Mu S L, Somasiri N L D and Wu W 1985
molecules and ions starts at the bulk of the EB film. The values ~ Mol. Cryst. Lig. Cryst121187

of D were calculated and are given in taBlelt can be seen [3] Novak P, Muller K, Santhanam K S V and Hass O 1€gem.

. . .2 . Rev.97 207
that D for acetic acid expulsion is lower thdn for the acid [4] Kobayashi T, Yonevama N and Tamura H 19Blectroanal.

ion uptake. Chem.177281
. [5] Batich C D, Laitinen H A and Zhou H C 199D Electroanal.
4. Conclusions Soc.137883

] _ [6] Desilvestro J and Hass O 1985Chem. Soc. Chem. Commun.
A QCM has been successfully used to monitor the formation 346

of PANI films on the electrode of the quartz crystal during the[7] Dong Y H and Mu S L 199Electrochim. Acte86 2015
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