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Electroreduction of 4,5-Diiodofiuorescein in Buffer Solution Containing
Different Alcohols of Surfactants at Dropping Mercury Electrode*
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The polarographic reduction of 4,5-diiodofluorescein is investigated in buffer solutions (pH
2-11) containing different monoprotic alcohols and cationic, anionic or non-charged surfactants.
Values of 4 and Ej of the reduction waves are found to depend on the nature and proportion of

alcohol and surfactant.

The nature of the waves and the electrode reaction are also investi-

gated. Radius of the reducible species and the kinetic parameters (Kf, AG* and a) of the elec-
trode reaction have been determined and discussed.

HE polarographic reduction of fluorescein ard
I its di- and tetrahalo derivatives hive ecrlier
been shown to proceed .ccording to.iwo main
mechanisms*. In the first mechanism the re-
duction of furan ring by a two-electron process
was envisaged. The reduction may proceed either
along a single or two waves depending on the pH of
the medium and the nature of the reducible species.
The second mechanism involved upteke of four
electrors, {wo of which were consumed in the re-
duction of the furan ring znd the other two for the
reduction of orother electroactive centre in the
molecule, such as C-halogen bond®® or the pyrone
ring!.  The current due to the reduction of the
second electrozctive centre increcsed from fluores-
cein to dichloro- to dibromo-, to diiodo-derivatives?s?,
i.e. its height increosed as the polarity of C-halogen
bond decreased. Our experimental datal™ :re ot
in favour of the reduction of the halogen atoms.
The reduction of the pyrone ring was corsidered in
some cases to be conrected with the edsorption of
the reduction product at the electrode surface®?.
The presence of organic solvent or surfactants
largely hindered the adsorption of organic® com-
pounds at the elecirode surfece. Thus it seems of
interest to investigate the effect of these subst: nces
on the electro-reduction of 4,5-diiodofluorescein
with a view to recognisirg the secord electrocctive
centre.

Materials and Methods

4,5-Diiodofluorescein (BDH grade) solution,
0-01M with respect to this compourd ard also with
respect to NeOH wes prepered. Universel buffer
solutior.s of pH 2-11-5 were prepared according to
Britton and Robinson?. Aqueous-alcohol mixiures
of different pH values between 20 end 115
were prepared. The olcohols such s metharol,
ethanol and #-proparol were purified by the recom-

*This paper is dedicated to Prof. Issa Mostafa Issa, Head
of the Chemistry Department, Assiut University, on his 54th
birthday.

1+To whom correspondence should be addressed.
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mer.ded methods®. Triton X-100, dodecylbenzene-
sulphonite (DDBSOgN:) erd dodecyle mineper-
chlorate (DDACIO,) solutiors (19,) were prepared
s given before®. oo

The apperatus, electrolysis cell ar.d working pro-
cedure were the some ¢s previously giver®. The
cherecteristics of the droppirg mercury electrode
were: m=1-973 mg/sec end =47 sec/drop (open
circuit) 2t 49 cm Hg.

Results and Discussion

The polerogrems of 4,5-diiodofluorescein (5-66
% 10-¢M) in solutiors of pH 5-15-9-0 were found to
consist of three waves in addition to a prewave at
less negetive potentiell.  The prewcve wes attributed
to the edsorption of the reduced form of the de-
polarizer. At pH > 9-5 the polarogrems consisted of
only two reduction waves, the height of the second
wave was fourd to be double that of the first wave
at pH~11-0.

The polarogrems obteined in the presence of
~35%, methanol consisted of three waves within
the pH rarge 4-9-5; above pH 9-5 only two waves
are obtrired. The height of the second wave
incrersed &t the experse of the first wave till pH 11-0.

In the presence of ~ 359, ethanol the polarograms
consisted of {wo mzin reduction waves in the pH
rarge 2-11-5, in addition to 2 small wave in between
the two wives in acidic or neutrzl solutions only.
At pH ~10-0 the height of the second wave became
double that of the first then triple at pH>11-0.
The s¢me behoviour is observed in preserce of
~359, n-propar.ol.

In preserce of 259, metherol, 169, ethanol or
129, n-propanol, the polarographic maximum ob-
served in pure buffered aqueous solutions! wes
completely climinated. This revealed that the
alcohols ect zs maxima suppressors and the
efficacy of the alcohols which ¢s maxima. suppressors
followed the: n-propanol>ethanol>metharol. This
is in accorder.ce with expectatiors, sirce the surface
activity of alcohols increeses ¢s the chain length
increz: ses.
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The effect of vorying the alcohol convent of
alcohol-water mixtures was studied at pH values
512 and 11-0. At pH 5-12 ircreasing proportion
of alcohol shifted the Eyjo of the first maia wave
to less negative potentials wherezs that of the
second to more negative values. However, at
pH 11-0 the shift of Eyjp of the first wave wes more
towards negative potentials as compared to that of
the second wave on ircreasing the alcohol content.
At the same time, the 7; at all pH valves decreased
in the same direction. This can be expleined on
the basis of the foct that the adsorption of de-
polarizer at the electrode surface decrecses &s the
proportion of the alcohol increases, leading to ecsier
reduction at the first wave. At the same time,
because the reduction of the pyrone ring is enhanced
by adsorption'?, the increased proportion of alcohol
leads to less ecsier reduction ot the second wave
which causes an Fyg shift to more negative potentials
in solutions of pH<7-0.

On the other hand, the effect of the surface active
agent Triton X-100 (non-charged) and dodecyl-
amineperchlorate (cationic) on the polarograms is
almost the same being restricted to: (a) large decrease
of 4; at-all pH values especially in acidic media, and
distortion or elimination of second waves in some
cases and (b) the shift of Eqj2 to more negative values
(Fig. 1). Dodecy! benzenesulphonzte (anionic) has
little effect on 4 and Eqj2 of the waves. However,
in the acidic media and in the presence of 2x 10-2 9/
Triton X-100 or 8 X 10-3 9, dodecylamineperchlorate
the reduction waves become more or less rudimentary.
This may be attributed to the complete covering of
the electrode surface and herce the transfer of
electrons from the electrode surface becomes difficult.
This phenomenon is not observed in alkaline media

7.6}
6.0l
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Fig. 1 — Polarograms of 4,5-diiodofluorescein in aqueous
medium of pH 5-12 in the presence of diffcrent concentra-
tions of dodecylamine perchlorate (DDACIO,) [DDACIO,

x 10%: (a) 7%; (b) 5%: {¢) 3%; (d) 1%; (e) nil]

Fig. 2 — Eyj2 versus pH profile for the first wave in aqueous
{(curve a) and aqueous-alcohol mixtures containing 35%
of methanol (b), propanol (¢) or ethanol (d)

because surface zctive egent is less edsorbed at the
electrode surfece.

In general, the presence of alcohols, and not the
surfectant, prevents the adsorption of the depolarizer
species at the elecirode surfcce.  Her.ce the electrode
reaction becomes more clezr and its treatment can
be achieved in a more quantitative manner.

Eypp and o versus pH profiles — The plots of 4
against pH of the medium for the two main reduction
waves in the presence of ~359, alcohols, are Z or
S-shaped curves, indicating that the electrode
recction is governed by the rate of proton transfer
which becomes slower at higher pH values. The
descendirg or escending part of the 4; versus pH
curves shifts to lower pH values in the presence of
alcohols. This implies that the rate of proton
transfer becomes slower in ihe presence of alcohols.
As the proportion of alcohol increzses the H* ion
activity decreases, her.ce the rate of proton uptake
slows down.

The plots of Ey; against pH for the first wave
(furan wave) in the presence of different alcohols,
consist of three segments (Fig. 2). From the slopes
of these curves, the number of H* iors (Zg+) in-
volving in the electrode reaction can be calculated
using Eq. (1).

0-059
AEp/ApH = == Z s

(1)
Substituting the values of ans obtained from the
slopes of log (ifiq—1) versus E plots, values of Zy: in-
volved in the reduction of furan ring are found to be
~2 (at pH <9) and zero (at pH >10). Since the
electrode reaction irvolves iwo protons and two
electrons!-?, the Zu+/n, can have the values 2, 1 or
0-5 depending on whether one or two electrons and
one or two protons are involved in the rate deter-
mining step. The most probable a-values listed in
Tables 1 and 2 show that the number of electrons
and protors involved in the rate determining step
are equal. Accordingly the rate determinirg step
in the main electrode reaction should involve one
electron and one proton. The changes in the values
of AEq;2/A pH aloag the first and second segments
at pH <9 may be attribuied to the changes in the
values of the traosfer coefficient (2). Since at
pH >9'5, E, of the first wave is but slightly in-
fluenced by pH, it is assumed that H* ions are not
involved iu the electrode reaction properl:2.
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TaBLE 1 — KINETIC PARAMETERS OF THE ELECTRO-REDUCTION OF DIIODOFLUORESCEIN IN SOLUTIONS OF j)H 5:12 AND
11-0 IN THE PRESENCE OF SURFACTANTS

Surfactants (AEjA o kg, AGY KgD# Remark
—— log (32a--1) cm/seC kcal
Type % w (v) ng =1 Ng =2
pH = 5-15
Triton 0-0 0-090 0-65 0-33 31 x10-® 786 1-3x10°® 1st wave
0-250 024 0-12 1-0x1077 69-9 41 x107°® 2nd do
26 x1072 0-100 0-59 0-30 3.9x10°8 722 16 x10°% st do
0-192 0-31 0-15 1-0x10°8 757 41 x10°¢ 2nd do
1-5x10°2 0-100 0-59 0-30 1-0x1077 69-9 41x10¢ 1st do
0-217 0-27 0-14 1-0 x10°8 75-7 41 x1078 2nd do
DDACIO, 1x10°8 0-147 0-40 0-20 3-9x1077 66-5 1-6 X104 1st do
0-143 0-41 0-20 2-5x107® 849 11 x1077 2nd do
7-5x107% 0-100 0-59 0-30 3-1x107® 72-8 1-2x10°® 1st do
0-143 0-41 0-20 1-2x107° 81-0 49 x1077 2nd do
DDBSO;Na 1x10°® 0-094 0-63 0-31 5-0x10°® 774 2:0x10¢ ist do
0-233 0-26 013 5-0x1078 716 2:0x10°® 2nd do
8-7x107 0-106 0-55 0-28 1-2x107°8 752 4-9x10-¢ 1st do
0-145 0-41 0-21 2-5x107% 84-8 1-0x1077 2nd do
pH =110
DDACIO, 0-0 0-080 074 0-37 31 x10712 95-9 1-3x10°° 1st do
7-0x107¢ 0-089 0-67 0-34 4-2x10712 95-2 1-7 x107° 1st do
1-1 x10% 0-092 0-64 0-32 21 x10™2 91-2 8-5 x10-? 1st do

TABLE 2 — KINETIC PARAMETERS OF THE ELECTRODE REACTION OF DIIODOFLUORESCEIN IN SOLUTIONS OF DIFFERENT
pH IN THE PRESENCE OF ALCOHOLS

pH  {AE]A log(ifia—1)} « Kf AGt K§ D}y . Remark
v cm/sec kcal

na=1 na=2

35% METHANGL-AQUEOUS MIXTURE

40 0132 0-45 0-28 3:9x10-8 54-9 1-6 X102 1st wave

512 0-147 040 0-20 2:3 x10°¢ 62-1 93 x10°* 1st do

0-185 0-32 0-16 8:2x10? 762 34 x107° 2nd do

7-0 0-167 0-35 0-18 9-8 X107 64-2 41 X104 1st do

0-185 0-35 018 82x107* 762 34 x10°¢ 2nd do

9-15 0111 0-53 0-26 4.9 x10-10 83-2 2:0x1077 1st do

0-270 0-22 011 1:9x1077 68:3 7-8 x1077 2nd do

10-0 0-104 0-57 0-28 2:5 x10-12 90-7 1-0%x10°® 1st do
0-213 0-28 0-14 2-2x107® 79-5 9-0x1077 2nd do

111 0-089 066 0-33 6-8 x1071% 93-9 27 x107° 1st do
0-154 0-38 0-19 5-4 x1071°0 830 2:2x1077 2nd do

16-5% ETHANOL-AQUEOUS MIXTURE

2:28 0-222 0-27 014 4-6 x1078 54-5 1-9x10°2 i1st do
512 0-170 0-35 017 3-0x10°¢ 579 1-2x10°® 1st do

0-256 0-23 0-12 1-0x1077 69-9 41 x107® 2nd do

7-5 0170 0-35 0-17 9-8 x1077 64-2 4-0x10™ i1st do

0-370 0-06 0-03 1-1x10¢ 63-8 4.5 x107 2nd do

11-2 0217 0-27 0-14 1-8x10°® 627 7-4 x10™* ist do
0-330 0-06 0-03 1-4x107 69-1 5-8 x1078 2nd do

34-59% ETHANOL-AQUEOUS MIXTURE

2-6 0-110 0-48 0-24 3-1x10°® 55-7 1-3x10-% 1st do

5-12 0-098 0-60 0-30 3-0x10°® 73-0 1-2x10°® 1st do

0-189 0-31 0-15 5-3x107® 773 24 x10°¢ 2nd do

9-55 0-111 0-53 0-27 5-4 x10-1° 83-1 2:2x107? 1st do

0-294 0-20 0-10 15 x10°7 69-0 6-0x107° 2nd do

11-20 0-106 0-56 0-28 1-3 x10-1° 86-6 5-3x10°® 1st do
0-208 0-28 0-14 1-2x10°® 820 4.9 x1077 2nd do
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The foregoing results indicate that the reduction
of 4,5-diiodofluorescein can be represented s given
beforel.

Medium effect on 11— Plots of total 1 2s a function
of the concentration of surfece zctive egent indicete
a decrecse of 71 on increasing the concentration of
surface active agent and then attairs a constert
value at 4% 1073 9, Triton-X-100. This behaviour
inacdites that the reduction current decre:ses as the
electrode surface is gre dually covered with adsorption
layer of surfactant till complete coverirg, where 1
ottains a minimum value. The cdsorbed layer of
surface active agent prevents epproech of the
reducible species to the electrode surfece. When
the 2dsorbed film approaches a complete morolayer,
reduction of the electroactive species may occur
outside this film through electron emitted from the
electrode. This opinion finds support from the
plots of log #¢/log %, which are linear with slopes
~0-55 ut low concentrations of the surfece active
agent. At higher concentrations the slope values
are ~0-4, indicating partial kinetic contribution for
the electrode reection under these conditions.

The reduction current at constant pH is found
to decrease with increese in the alcohol content of
the medium. This may be attributed to the changes
in the effective diffusion coefficient. Decreased
diffusion coefficient may result either from increased
viscosity (q) or charge in the size of the solvated
species, and since in different cases these two effects
may tend either to reinforce or compensate each
other, a quantitative interpretation of the separate
influence of each is not a simple matter.

For diffusing particles that are large compared
to the solvent molecules the Stokes-Einstein relation!®
predicts that Z;pt=constant where the change of
diffusion coefficient (D) is due solely to changes in
viscosity. However, if the change of D is also
partly due to a change in the size of the solvated
Species it is evident that the product 7z nt will not
be constant. In the present study, the product of
¢ q} increases in alkaline medium (pH=11-0), but
decreases in acidic medium (pH=>5-0) with increasing
proportions of alcohols (Fig. 3). Matsuyamall
attributed the inconstancy of the 7; %t values to
changes in the effective size of the diffusirg species
caused by changes in degree of solvation, and to
partial association of the reducible enions with
cations which appears to be favoured by increesing
alcohol content.

In our investigation, the increase of 45 % in
alkaline medium can be ascribed to increased diffu-

Wil

Fig. 3 — Plots of ig n} versus wt 9, alcohol (a,b — propanol;
b, d — ethanol; e — methanol) for the first wave at different

PH values [curves (a, b) at pH 5; and curves (c-¢) at pH 11]

sion coefficient @5 a result of a decrease in the volume
(or redius) of species diffusing to the electrode
surface. This may result from the destruction of
the aquo-layer surrounding the reducible ion. On
the other hand, the decree se of 7; 9} in 2cidic solutions
may be due to the increzsed volume (or radius) of
the reducible species due to the solvation of these
species by the molecules of the organic solvent.
The difference in behsviour can be expleined by the
fact that the reducible species exist in alkaline
media s dianions which are less solvated by alcohol
molecules compared to the species in acidic solutions
which are the monovalent anions or neutral molecules
(pK,=3"75 and pK,=4-75)12.

The radius of the diffusing species can be cal-
culated from the experimental data using Eq. (2)%13,
r=K*li3 7 ..(2)
where r is the radius of redvcible species (ia cm)
and K=n cm?/3{1/6x 2-99 % 104 and equals 13-6 x 10-5
under the experimental cornditions. The values
thus czlculeted c¢re given in Table 3. The data
indicate that the chenges in the radii of the reducible
particles depend on the pH of the medium, nature
and proportion of alcohol in the medium.

Medium effect on Ey — The observed shift in Ey of
the reduction waves to more or to less negative
potentiels, on charging the proportions of the
orgeric solvents, wes attributed to the changes of
dielectric constent of the medium, the interfzcial
tersion and solvation of species?S.

The dielectric constant, e, decreases 2s the
proportion of the organic solvent ircreases. The
decreese in e prevents the mobility of the species
and favours the formation of essociated ion. This in
turn leads to a lowering of the negative charge
dersity on the reducible species and hence to an
easier reduction, i.e. leads to a shift of E; to less
negetive values. This is a common phenomenon
observed in zcidic media, while in alkaline media
E; shifts to more negative values. The variation
of Ey with e is giver by Takahashi relation

(Eq. 3)
1 1
Eys) = Eyw—K. ey + K. =) ...(3)

where w = water, and s = solvent. If the dielectric
constant is the dominant factor, the shift in Ejyg)
would be a linear function of 1/¢s). This is not
the case in the present study (Fig. 4).

The abnormal behaviour in the shift of E; of the
first wave at pH > 10, which corresponds to the
reduction of triphenylcarbonivm ion, to more negative
values, indicate that the electrode reaction needs
higher energy in the presence of organic solvents
than in pure aqueous medium. Since the formation
of the triphenylcarbonium ion is connected with
the existence of the divalent anion ar.d the addition
of the organic solvent leeds to ions association, it
1s expected that the participation of the triphenyl-
carbonium ion in the electrode rezction is lowered.

In general the addition of organic solvents to
water causes complete destruction of the normel
structure of water. The destruction of the associeted
molecules readily influences the hydration layer
surrounding the ions, leading to a shift of Ej to less
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TABLE 3 — VALUES OF igy!/2 AND RaDIUS (1) OF THE REDUCIBLE SPECIES AT pH 5:12 anp 110 1v Agurous-ArconoL
MIXTURES

[Depolarizer conc.= 0-56 mM]

Alcohol pH Methanol Ethanol n-Propanol
%
? ianll2 10% ianl/2 10% ianli2 10%
{xA) (cm) (zA) (cm) (nA) (cm)
Nil 5-12 72 3.57 72 3-57 7-2 3.57
11-00 59 5-31 59 5:31 59 5-31
40 5-12 718 3-59 691 3.87 7-3 347
11-00 5-84 542 5-97 5-19 62 4-81
12.3 512 7-24 3-53 — — 7-66 3-15
11-00 591 5-30 6-28 4-69 6-43 4-47
16-5 512 7-33 344 6-31 4-65 7-35 342
11-00 5-98 5-18 6-43 4-47 6-61 4-23
25-5 512 7-66 315 6-24 4.75 6-93 3-85
11-00 6-28 4:69 657 429 —
350 512 7-91 2-96 6-11 4-95 6-93 3-85
11-00 6:28 4-69 6-85 3-94 6-93 3-85
-075¢ equation?® (5)
0-886 (5 (114
<070} . . Kl (5)
e tuafi; = _—_kT_———
£ 1-+0:886 \/I%I[Hﬂ
-065 ¢ . S
which can be modified in the form
: ¢ 7 h— N
13 15 L pH = log (’—H—é) + log 0-886 J kit
1/5 x10° tHA K,

Fig. 4 — Plots of E1j2 versus 1/e(s) for the first wave at pH §
in (a) ethanol and (b) propanol

negative values. Thus, it seems that the dest_ruc-
tion of the hydrated layer and solvation of ions
through organic solvents, exhibit an Important
influence on Ej; values. Accordingly, the observed
shift in E;, with increcsing proportiors of organic
solvents, while keeping the pH of the medium con-
stant, is due to the net resultant effect of these
two factors.

Electrode reaction — The behaviour of 4,5-di-
iodofluorescein reveals thet it is related to the
category of organic compounds where E; and 1 are
pH-dependent’®. This pH-dependent reaction can
be either a chemical transformation which is not
probable for the compound under investigation or
an acid-bese reaction, which is influenced by pH
as shown in Eq. (4)

Kq
HA=K;A+H* (4

The ratio of the height iua of the first wave of the
acidic form to 4; could be expressed by the Koutecky
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The plot of log “z. fHA es a function of pH, taking
HA
the current of the first wave to represent the
reduction of HA is linear, indicating that the
electrode reaction involves an acid-bese equilibrium.
Considering the informations given by Zuman?,
and the results of the present work, the sequence
suggested for the electroreduction of the furan
centre of 4,5-diiodofluorescein through the uptake
of two clectrons would be (,e-, H¥, e-, H*) which can
be represented 2s shown in Scheme 1.

(Oxidized)x— 4 &- f; p+1)
p,=+-  LH* g(PlH)x— (pH-dependent)
P, H=- +e —f; P{+b-
(PyH)=+1— L H* ; (Red.)*-
Scheme 1
In media containing sufficiently high [H*] the

rate of protonation (K,) is high leading to a low
stability of the intermediate (P{+Y-). Thus the
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two steps involving the electron transfer would
proceed at the same rate and cccordingly E; will
not differ much from E, The reduction of furan
ring under such conditions will comprise one wave
with a height corresponding to two electrons (at
sH < 9).

If the [H*] is not sufficient to achieve the
protonation of the intermediate (P{+1)—), the second
reduction step is only achieved at higher energies,
l.e. at more negative potentials. This leads to the
reduction of furan ring through two weves each
corresponding to one electron. The retarded wave
overlaps the pyrone wave at pH > 9-5. The de-
crease in the height of originel furan wave is due
to slower rate of protonatioa of the intermediate
radical enion® (P(*+V-). This is substantiated by
the fact that the 7; versus pH plots are typicel dis-
sociation or association curves either Z or S-shoped.
The lowering of 7; of the first wave, ¢s is obvious
from #; versus pH curves, starts at lower pH values
with increasing proportion of the alcohols in the
medium. An iIncrease in alcohol content causes
a decrease in the activity of the protons. In other
words the protor excharge with the reducible species
becomes slower as the polarity of the medium is
decreased by the addition of a high proportion of
the alcoholl?”. Thus the dissocietion of the pro-
tonated intermediate will be easier in the presence
of alcohols. The lowering of #; of the furan wave
is ascribed to the incressed stability of the P{+1)—
species. Accordingly, it is possible to calculate
the equilibrium constant {termed protonation con-
stant K,) of the recction (Eq. 6) using Eq. (7)
and analysing the 7, versus pH curves s given
previously®. The values obtained in e.queous medium
359, methanol, ethanol and #-propanol cmount
to 10-2, 10-0, 9-75 and 9-6 respectively. These
results indicate thct pKq values ere dependent on
the nature and proportion of the alcohol in the
medium. These values were found to decrecse on
increasing the proportion of the zlcohol due to de-
creased HY ion activity

K
P+~ | H¥ = P,Hx- . (6)

. (P,H*]
K, = EP——gx“)—][Hx"] (7
Kinetic parameters of the electrode reaction — Values
of some kinetic parameters of the electrode reaction
were calculated at different pH values end in the
presence of varying proportiors of alcohols or

surfactants. Values of rote constent (Kg) end

activation energy (AG*) were calculated using the
equations?-18 (8) ard (9) respectively.

log Kj, =log (ifiq—1);_onug) 1108 (DV2/0-87 t1(/82;
and

AG* = 5778-8 (5:097—log K3)r_onup ...(9)

Representative results are given in Tables 1 and 2.
These vclues indicate that the different kinetic
parameters (K5, AG¥ K3 D-12) are influenrced by
pH of the medium, nature and proportion of the
zlcohol 2nd svrfactent. The values of K5 D~'/2

reveal that the electrode rezction is meinly governed
by the rate of electron transfer, i.e. it is essentially
kipetic. Values of Kg ard AG¥* indicate that as
the pH or alcohol and surfactant proportion
it.creeses, the reduction process becomes more diffi-
cult. At'the seme time, velues of trensfer coefficient
(@) indicate that the electrode recction proceeds
irreversibly. The degree of irreversibility depends
on pH of the medium, nature and proportion of
organic solvent and surfactant.
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