Journal of Photochemistry und Photobiology A: Chemistry 110 (1997) 4136

7
ACHEMINTRY

Electrode kinetics of photoinduced redox reactions: phenazine
dye-EDTA aqueous systems at different pH

Asok K. Jana “*, Benoy B. Bhowmik ®

* Depariment of Chemistry. Government Degree College Khowai. Tripura (W) 799 201, India
* Depuriment of Chemistry, Jadavpur University, Caleatta 700 032, India

Received 21 November 1996: accepted 6 May 1997

Abstract

The photogalvanic effect in phenazine dye-EDTA aqueous systems was studied at differemt pH. The photovoltage growth and decay curves
follow the functional forms related to the relaxation times. Under the experimental conditions. the inverse of the relexation time or the rate of
electrode reaction is pH dependent. The rate constants & of forward and backward reactions at 25 °C were calculated. From the plot of log k
vs. pH catalytic constants for H* and OH  were determined. The thermodynamic properties and the possible mechanism of the cells are

discussed.  © 1997 Elsevier Science S.A.
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1. Introduction

The redox system phenosafranin (PSF)-EDTA has been
studied extensively for the generation of a fairly large pho-
tovoltage in aqueous solution [ 1-3] as well as in the solid
polycrystalline statc [4]. Simultaneously, other phenazine
dyes. i.e. safranin-O (saf-Q) [3.5], safranin-T (saf-T) {3]
with EDTA had been studied and the systems generate large
photovoltages. Recently, we hive reported the cell charac-
teristics of phenazine dyes (i.e. PSF, saf-O, saf-T and neutral
red (NR)) and EDTA with different inorganic redox couples
separated by a pyrex-sintercd glass membrane [6]. The triplet
state photochemistry of PSF and its interaction with EDTA,
studied vsing flash photolysis and cyclic voltammetry of the
reduction of PSF by EDTA. have been reported [7.8].
Mukherjee et al. [9] suggested the possible mechanism at
the illuminated electrode for this system. Bhowmik and
coworkers improved the SEE and storage capability for this
system using coated electrodes [ 10] and glass membrane
[11]. it is interesting to mention that the growth and decay
of the photovoltage of PSF and EDTA in agueous solution
follow the functional forms of Egs. (1) and (2), as reporied
earlier [ i2]:

V,=Voll—exp(—t/7+2))] h

V,=Voexp{ —t/m+2) (2)

* Carresponding author.

1H010-6030/97/$17.00 © 1997 Elsevier Science S.A. All rights reserved
PHSI010-6030(Y7)00155-X

Where V, is the open-circuit photovoltage at time ¢, V,, is
the steady state open-circuit [ .otovoltage, 7, and 75 are the
relaxation times for growth and decay respectively. and z,
and 2, are constants for this system.

The relaxation time plays an important role in the kinetics
of chemical reactions. The role of H™ concentration. i.c. pH.
is also found to be a vital factor in photochemical reactions
dealing with phenazine or thiazine dyes and reducing agents.
Bonneau et al. {13,14] studied thiuzine dyes and EDTA by
dye laser flash techuiques at different pH. They reported that
the degree of protonation of the triplet excited dye and the
photoproduction quantum yield are dependent on the pH and
the variation of pH depends on the acid-base equilibrium of
semithionine (pK, = 8.2). They also mentioned that the fully
deprotonated species of EDTA, i.e. Y* ™, is a better reducing
form than HY®~ and gave the acid-base equilibrium of
EDTA as

H,Y? =HY'" +H", pK,=6.16 (3
HY*" =Y*" +H*. pK,=10.22 (4)

In the case of phenazine dye PSF, the ubsorption spectra is
pH independent but the photovoltage generation in the PSF-
EDTA system is pH dependent [12]. So it is interesting to
see whether the rate-determining step in the phenazine dye~
EDTA system is affected by the change in pH. An attempt
has now been made to study the electrode kinetics of phen-
azine dye-EDTA aqueous systems at 25 °C employing refax-
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ation times for the growth and decay of the photovoltage at
different pH from 3 to 12.

2. Experimental details

The phenazine dyes used in this study were obtained from
Sigma Chemicals and Fluka. These were Phenosafranin (3,7-
diamino-5-phenyl phenazinium chloride), safranin-O (3.7-
diamino-2.8-dimethyl-5-phenyl phenazinium chloride).
safranin-T (3.6-diamino-2,7-dimethyl-5-phenyl phenazin-
ium chloride) and neutral red (3-amino-6-dimethyl amino-
2-methyl-phenazine hydrochloride). These were doubly
recrystallized from etharol-water. EDTA (disodium salt,
dihydrate) and all other chemicals were of AR grade supplied
by BDH and Merck and were used without further purifica-
tion. All the solutions were prepared in doubly distilied water.

The photoelectrochemical (PEC) cell employed to study
the photogalvanic effect of the phenazine dyes—-EDTA system
has been described previously [6]. The illuminated (anode)
compartment consisted of phenazine dyes and EDTA deox-
ygenated aqueous solution, and the dark (cathode) compan-
meant consisted of an aqueous solution of iodine in iodide.
separated by a pyrex-sintered glass memberne (porosity
G-4).

The light source was a tungsten projector lamp (300 W,
220 V) focused at an intensity of 30 mW cm ~2. The photo-
voltage was measured with a Keithley ( model 642) digital
electrometer. The pH values of the solutions were adjusted
with dilute acid (HCI) and dilute alkali (NaOH) and checked
with a Digisun pH meter (DI-707).

3. Results and discussion

On illumination of the anode compartment of the cell.
consisting of PSF (2% 10™* mol dm ™) and EDTA (0.1
mol dm™*) deoxygenated aqueous solution, a photovoltuge
develops which attains a maximum value V. within a few
minutes ( 15-25 min). When the illumination is stopped, the
photovoltage decays very slowly ar * 7-3 days are required
for the photovoltage to reach close 10 wie original dark value.
The growth and decay of the photovoltage with time of irra-
diation of the anode compartment consisting of a fixed con-
centration of saf~O-EDTA aqueous solution at various pH
values are shown in Fig. 1 at 25 °C. The growth and decay of
the photovoltage of the cell consisting of other phenazine
dye-EDTA aqueous solutions in the anode compartment
behave similarly. The plots of In(V,,— V,)/V,, vs. time for
growth and of In(V,/V,} vs. time for decay for phenezine
dye-EDTA systems at various pH values were found to be
linear for each pH, and the relaxation times for growth and
decay were calculated from the slopes of these plots respec-
tively. In the case of the saf-O-EDTA system, these plots are
shown in Fig. 2, where the constants z, and z, are almost zero.

The inverse of relaxation time which represents the rate of
chemical reaction was found to vary with the change in pH
of the solution. The non-lincar plots of rate vs. pH of the
solutions give two maxima for the forward reaction with
concomitant minima for the backward reaction in all cases
except the NR-EDTA system. where ore maximum-one
minimum is obtained. However, the plots of logarithm of rate
for both forward and backward reactions vs. pH of the solu-
tions show a sharp change in slope from negative to positive
value with an increase in pH. Both these plots of saf-O-EDTA
und NR-EDTA are shown in Figs. 3 and 4 respectively. Itis
evident from the plots that rate of electrode kinetics is influ-
enced by the change of pH (3-12), The rate constants & for
both forward and backward reactions were calculated with
the help of Eq. (5) at different pH values:
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~

k= {Phenazine dye] '[EDTA|" 7' (5}

It has already been confirmed [ 12} thatthe rate of electrode
reaction in the PSF-EDTA aqueous system is first and zero
order with respect to [PSF] and {EDTA] respectively. Alf
the characteristics such as maximum photovoltage, relaxation
times and rate constants of phenazine dye~EDTA systems ag
different pH values are presented in Tables 1-4.

The plot of log k against pH of the saf-O-EDTA system is
shown in Fig. 5 and the curve shows the regions of catalysis
by H* and OH ", separated by a region in which the catatysis
is unimportant in comparison with the spontaneous reaction.
Under this circ e, the rate c k (both forward
and backward) is therefore given by Eq. (6):

k=kyt+ky [HT " +hon [OHT]" (6}

In Eg. (6), k, is the rate constant of the spontaneous reaction.
ky. and &gy - are the catalytic constants for H* and OH™
respectively, and m and » represent the order in {H* | and
[OH™| respectively. At lower pH. Eq. (6) becomes k=
kotky [H* ™ and at higher pH itis k =k, + ko, - [OH ™1
in the pH range 7-8 both H* and OH " contribute to the
catalytic effect and Eq. (6) holds good. The values of &y,
kow - m and n for both forward and backward reactions were
determined from the lower and higher pH ranges of the curves
in Fig. 5. With the help of these. the value of &, was caleu-
lated; the same value is obtained when it is calculated sepa-
rately at both lower and higher pH ranges. The plotof log k
vs. pH for other phenazine dye-EDTA systems is of same
nature as Fig. 5. So, the above p of these systems
can be calculated with the help of Eq. (6). All these values
are inserted in Tables 1-4. The equilibrium constant K of the
electrode reaction, the free energy change at the electrode-
electrolyte interface AG} and at maximum photovoltage
AGY, of these systems were calculated at 25 °C. These ther-
modynamic properties of the cells are presented in Table 5.
Owing to the difference in free energy change. direct electron
transfer is not possible and as a result low effeciency of the
cells has been observed.

Table |
Pholovoltage generation. refasation times and vate constants of the PSF-EDTA system at different pH at 25 °C (| PSF] =2 X 10 "*mol dm ~*and [EDTA | =0.1
mol dm ™)
pH Ph ltage (mV;  Relaxation time (min moldm ') Rate constant & (min ') Specitic constant values according to Eq. (6)
Growth Decay Growth > 10" * Decay X 10 ° Growth Decay
A5 432 8.0 148 6.23 436 & (min~H)
4.6 518 6.6 7.1 7.58 340 3A45%10° 6.72x10°
5.6 59 5.6 8.93 275 kG (min™ "}
6.8 620 45 [N N 214 372x 108 692X 10°
70 608 48 1042 251 m
76 S4¢ 6.5 769 371 -0.07 0.08
80 580 5.8 8.62 312 ”
84 628 4.2 1190 207 —0.10 .10
100 384 57 8.77 269 kg {min ')
10 506 69 725 346 5.05x10° s2xig
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times and rate constants of the saf-O-EDTA system at different pH at 25 °C ([saf-0]=2x 10 ¥ moldm * and

|EDTA] =01 moi dm *)

pH Photavoitage (mV)  Relaxation iime (minmoldm ') Raie cunstant & (min ') Specific constant values aceording to Eq. (6)
Growth Decay Growthx 10 ' Decayx 10 > Growth Decay
35 312 6.2 1214 8.10 412 ki {min
45 496 53 140.8 9.39 3.55 4.52x 10 79107
56 572 14 1709 2 ke tmin '}
67 &M 37 203.2 1355 189 x10° 7.84 x 10*
72 a2 34 2 14.80 i
15 & 37 1905 1343 -0.00 0.10
s 536 18 162.6 10.39 ”
89 o0 40 190.5 1244 - 0.0 0l4s
92 604 27 030 1355 Ky tmin ')
10 Seh 4.3 i68.1 11L.6Y SAS X0 9.34% 10!
110 488 s 1338 9.75
Table: 3
Ph claxa times and rate constants of the sal-T-EDTA system at differemt pH w25 °C ([sal-T]=2x 10 * moldm * and

[EDTA| =(L1 moldm ')

PH Phowovoltage RV Reluxation tae {min mol dm )

Rate constant & (min '}

Specific constant values

ceording to Eq. (0)

Growth Decay Growth x 10 Decay x 10 ° Growth Decay
3n 346 55 4.7 914 4.76 k) tmin 'y
45 dud 49 1208 LI ARd 6.53% 10} 113 x10°
56 351 34 1654 §1.29 303 hong tmin 1y
67 3ud 34 2114 12.85 236 646 10" £ox10°
72 9B 37 2404 1350 2.08 "
75 586 40 2000 12,53 2.50 =4 m13
8.1 520 48 1428 1049 A50 n
89 S84 45 w7 1004 260 —0.05 0.15
9.2 44 208 11.25 238 Ay tmin 'y
.o 47 160.3 HIxS) R I 553 x 107 941 x 10!
1o 49 RN 1o 440
Table 4
Phi Ttag tmes and rate censtants of e NR-EDTA system st different pHat 25 'C [NR[ =25 10 “maldm ‘and FEDTA| =1}
moldm ")
pH Phatovoltage (tmV)  Relaxation time tmin mol dm Rate constant A (min ') Specitic constant vabues according o Eq. (6)
Growth Decay Growthx 10 ' Decayx 10 ° Growth Decay
LR AU 4.9 116.2 10.25 430 Ay (min )
45 354 43 1349 11.20 37 o.86x 107 72040
s6 457 40 156.5 1244 304 ko Amin
60 472 3% 1678 1300 2.9% 6.07 X 10 9.62x 107
a8 320 1.2 131.3 1186 3.53 m
75 382 16 1204 10.88 413 — L 0.9
80 316 <8 105.9 10.35 4.72 »
Yo 24 54 842 9.25 594 —-0.03 006
Ay tmin ')
o 108 6.0 758 8.29 6.59 SRTX Y 9.63x10'

The wansient photochemistry of saf-O | 15], a dye very
similar to PSF. as a function of pH indicates that the order of
reactivities  of  the  three  triplet  species  are
‘DH3 ' >*DH’ >7D. The pK, values of EDTA (H,Y) [ 16}
are 2.1, 2.7, 6.2 and 10.3. Bonneau et al. [ 17] have shown

that only the species HY* " and Y** have a lone pair of
electrons on nitrogen atoms which can be donated 10 suitable
acceptors. Theretore EDTA will act as an efficient electron
donor towards triplet dye above pH 6.0. While the triplet
diprotonated dye (*DH; *) is a prominent electron acceptor
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Fig. 5. Plots of log k for both growth and decay against pH of the solution
fur the saf-0-EDTA aqueous system (curves and 2 for growth and decay
respectively ).

among the three triplet dye species, the fully ionized EDTA
(Y*" ) is also expected to function as a strong electron donor
among the different species of EDTA.

As mentioned carlier. the rate of phenazine dye-EDTA
photoinduced redox reactions depends on [D] only. i.¢. the
electrode species generated by the reaction which takes place
via Kinetic encounter hetween a long-lived triplet state of dye
molecule and EDTA molecule. If we consider the variation
of photovoltage with pH of the systems from Tables 1-4. it
is observed that the systems with dye PSF. saf-O and saf-T
give two maxima at pH ~ 7 and pH ~ 9 respectively. but with
NR the second maximum in the alkaline region (pH ~9) is
not obtained. Considering the pK,, values of triplet species of
PSF and saf-O [ 7.15] and studying the eftect of pH on them,
it can be concluded that the CT interaction occurs between
‘DHE* and HY?~ at pH~ 7 and that of *DH"* with Y*~ at
pH~9.0. Since structurally saf-T is similar to sat-O. two of
three triplet species interact with EDTA and form CT com-
plexes at pH 7.2 and 9.2 respectively. In the case of neutral
red, it was reporied { 18] that two CT interactions occur
between triplet species and EDTA at pH > 4.8 and pH <9.5,
but one CT interaction at pH 6.0 is observed from our study.
This may be duc to the limited solubility of NR above pH
7.0. and the decay of *DH* is very fast compared with
*DH3”. It is also interesting to mention that the maximum
photovoltages are generated at pH carresponding to the pK,,
values of dyes when the rate of forward reaction is maximum
and the rate of backward rcaction is minimum.

Tuble 5

The various steps of redox reaction initiated after light
absorption by the dye for photovoltage generation in the PEC
cell Pt|phenazine dye-EDTAYI ", [, | Prat pH corresponding
to low pK, values of protonated phenazine dyes ase given
below:

D+hv—'D—=*D {H
“H e
‘D = DH" = ‘DH;" (ii}

- BN
'DH** +HY® =('DHi" ...HY' )

= (DH; ... HY?")(CT interaction) —» DH7 + HY*"

(i)
2DH; =DH* + DH; (iv)
DH. —»DH' +H"' +e (anode reaction) (v)
ilh+e <1 (cathode reaction) {vi)
HY?™ +17 =HY'" + i, (at junction) (vii)

The overall forward {light) and backward (dark) reactionat
the electrode is represented by Eq. ( viii):
Tight
D+HY* +2H* =DH.! +HY*" {viit)
dark
Here D. DH*. DH; and DH, represent dye. protonated
dye. protonated semi- and leuco- dye respectively atpH ~ 7.0
whereas HY* ™ represents triply ionized EDTA. Similarly,
the photachemical and electrochemical reactions ut pH~ 9.0
corresponding to high pK, values of protonated phenazine
dyes are the same except the formation of *DH ™ by Eq. (i)
and its CT interaction with Y* ~ and the generation of efec-
trode species DH and Y * which in wm react as shown in
Eqs. (ix) and (x) while the cathode reaction remains the
same:

DH—D+H" +¢~ (anode reaction) (ix)
Y417 =Y + 11 (at the junction) (x)

while the formation of protonated triplet dve in Eq. (ii) is
favoured at low pH, the anode reactions Egs. (v) and (ix)
should be favoured at higher pH and the maximum photo-
voltage generation at pH~7.0 and pH~9.0 is the balance
between the two. In the above mechanism. the slowest step
is the protonation of the triplet state of the dye as is evident

Thermadynamic properties of the PEC cell consisting of phenazine dye~EDTA redox systems

Phenazinc dye K

[ kol Forward) ]
Au( Backward)

AGY at the electrede—
clectrolyte interfuce

AGH of cell corresponding 1o
max. photovuhage (ki mo! )

P&, values of the tripket dye species

(K mol
PSF 967 —5.66 —60.7 68 8.9
Saf-0 5.83 -4 —59.1 72 9.2
Saf-T 5.87 —4.41 —-57.8 72 .2
NR 6.09 —4.51 —43.6 0
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from studies by Baumgartner et al. [15] and Marks et al.
{ 18]. From this study. the pK, values of phenazine dyes have
been evaluated and are Ested in Table 5.

Thus the results of the present work help us io calculate
the free energy of electron transfer across the electrode—clec-
trolyte interface and to determine the rate-determining step.
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