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ABSTRACT: Protolytic equilibria in DMF of 10 dyes, fluorescein and its halogen derivatives, rhodamine B and N,N-
diethylrhodol, and of four sulfonephthaleins were studied by visible spectroscopy. The ratios of the stepwise
dissociation constants of the substances in DMF, and the changes of these constants on transferring from water to
DMF and other solvents, were explained taking into account the nature of functional groups and of the state of
tautomeric equilibria. From the correlations between the Gibbs energies of tautomerization of the neutral species
(quinonoid = colorless lactone) and the normalized Reichardt’s parameter, EY, the ‘limiting’ values of tautomeriza-
tion constants of fluorescein and eosin at E¥ — 0 (non-polar aprotic media) were evaluated. The conversion of the
neutral form of sulfonephthaleins into colorless sultones in DMF is demonstrated. The peculiarities of the reduction of
the substances on a dropping mercury electrode in non-aqueous media were revealed, namely the differentiating
action of DMF in the first and second stages of electroreduction of the R>™ anions. Copyright © 2003 John Wiley &
Sons, Ltd.
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INTRODUCTION

Owing to their unique optical properties, xanthene dyes
are widely used, especially for optical sensing of O,,
CO,, H,S, sulfur-containing organic compounds and
NH;,> as pH sensors, as fiber-optical systems,” for rapid
sequencing of biopolymers by using the fluorescence
polarization technique,’ for microfluidic enzyme immu-
noassay using silicon microchips,6 etc. They are also used
in spectrofluorimetric hydrodynamic voltammetry.’ Var-
ious papers have reported the behavior of rhodamine as a
guest molecule in supramolecular chemistry.® Through-
out the last decade, these dyes have been increasingly
utilized in organic solvents. Thus, fluorescein was pro-
posed for oxygen and carbon dioxide monitoring in N,N-
dimethylformamide (DMF) and dimethyl sulfoxide
(DMSO) solutions;’ a recent study was devoted to the
fluorescence lifetimes of fluorescein and various rhoda-
mines in organic media.'® Consequently, further devel-
opment of knowledge about the influence of non-aqueous
media on the interconversions of the various prototropic
forms of these substances is of significance.
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Previously we studied systematically the behavior of
hydroxyxanthene'' and aminoxanthene''*4&12 dyes
(fluorescein, eosin, rhodamine, etc.) and of structurally
similar sulfonephthaleinsl“’12'3’13 in water, alcohols and
mixtures of water with acetone, DMSO and 1,4-dioxane.
We found that the problem of medium effects on acid—
base equilibria of these substances centers around the
tautomerism.

To obtain a more generalized and objective picture, it
seemed necessary to study the equilibria in a (practically
anhydrous) ‘dipolar aprotic’ solvent. Such solvents, also
termed ‘dipolar non-hydroxylic’ or, according to Bord-
well,"* “dipolar non-HBD’ (HBD = hydrogen bond do-
nor; for details, see Ref. 14) solvents, display a strong
differentiating effect on the acid—base properties of the
solutes, and are also of great use for electrochemical
studies. A typical example is DMF.

The purpose of this work was to examine the protolytic
properties of a set of typical representatives of the
aforementioned dye groups in DMF and in such a manner
to rationalize their behavior in solutions. In addition,
some polarographic studies were carried out in this non-
aqueous medium and in H,O-C,H5OH.

The dissociation of fluorescein occurs stepwise:

H;R™ = HhbR+H, Ko (1)

H,R = HR™ +H" K, (2)
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Scheme 1. Protolytic conversions of hydroxyxanthenes. Fluorgscein, 1a-7a; 2,4,5,7-tetrabromofluorescein (eosin), 1b-7b;
and 2,7-dichlorofluorescein, 1c-7c. Kt =[4)/3]; K} =[2)/[3]; K; = K7/K; =[4)/[2]; K1, = [6)/[5]; ki.coon = a;.az/aﬁ Ko,on =
aj.as/ar;ky z = al;:as/ay Kicoon = @,+@s/as; k1on = a,-86/a3; k2.0n, = @}}:a7/as; Ka.coon = &y, a7/as

HR™ = R* +H" K, (3)
The detailed picture of these equilibria is presented in
Scheme 1.'! In order to determine the pK, values in DMF
we have obtained the visible absorption spectra of the
dyes within a wide range of acidity, which was created by
HCI or by salicylate, benzoate and 5,5-diethylbarbiturate
buffer solutions. The latter were prepared by mixing
appropriate amounts of solutions of corresponding acids
and of tetraethylammonium hydroxide. The working
buffer solutions contained 0.04moldm > CH;OH,
1.5v0l.% Cg¢Hg and 0.013moldm > H,O. In several
cases the spectra of R>~ species were measured in
DMF with additives of KOH + 18-crown-6, NH

(C2H4NH;), or aqueous NaOH. For obtaining the visible

Copyright © 2003 John Wiley & Sons, Ltd.

spectra of cationic species, addition of concentrated
sulfuric acid, besides HCI, was also used as well.

In buffer solutions and in dilute HCl, the pa;I+ scale
was used as a measure of acidity (pa;- = —loga;;+); ajy+
is the lyonium ion activity on a molar scale, the standard
state is the hypothetical infinitely diluted solution in
DMF with a;ﬁ = 1.1 The pai‘ﬁ values were calculated
by using the thermodynamic values of the dissociation
constants Kya of buffer acids (HA = A~ +H™), whose
concentrations were 2—3 orders of magnitude higher than
those of dyes. It is well known'®'® that in order to
describe quantitatively the ionic equilibria in DMF it is
necessary to take into account the possibility of incom-
plete dissociation of some electrolytes, known to be

‘strong’ in water, and also the processes of the so-called
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15-1 :
‘homoconjugation’,'>™"” in particular between the com-

ponents of buffer solutions:
- - -
A" +HA =HA,” Ky A (4)

The proton-exchange processes, which may be in the
simplest case described by Eqn (5), can also occur in the
presence of small amounts of water in the solvent.
However, we suppose that at an H,O content of
0.013moldm ™ (on average) the equilibrium state is
strongly shifted towards the left, to high basicity of DMF.

[(CH3),NCHOJH" 4 H,0 = (CH;),NCHO
+ H3O+ (5)

This assumption is supported by very low values of
transfer activity coefficient (vy) of the proton from water
to DMF. For instance, within the framework of the
tetraphenylborate hypothesis, logy+ = —2.5."° That is
why in DMF, as in DMSO (logyg, =—3.1), and in
contrast to methanol (logyy+ =+1.8), acetonitrile
(logyy+ = +7.8) and acetone, small admixtures of water
can hardly influence the state of acid-base equilibria
(although such H,O concentrations are able to influence
the Amax values of the fluorescein dianion, R>~, 7a”%). An
even smaller influence of alcohol and benzene additives
to DMF could be expected, taking into account the
comparison of organic acid dissociation in DMF with
that in DMF-C,HsOH-benzene (79 :4: 17) mixture.'®
Only in the region of very high paj;. values (the length of
the pay;, scale in pure DMF is reported to be 31.6 units*®)
even traces of water suppress the dissociation of very
weak acids. Just this effect is observed at the last stage of
electroreduction of the dyes under study, when in alkaline
media the tetraanion R*~ accepts a proton and transforms
practically irreversibly into a weak CH-acid:

R2- 1S R3-SR Ry (6)
Nevertheless, the difference of the half-wavelength
potentials, E! — EN, increases in DMF compared with
water on avefage by 0.3 V.

RESULTS AND DISCUSSION

Dissociation constants and visible spectra
of dyes in DMF

The visible spectroscopic determination of pK, values of
the dyes was made as described earlier.''“ ¢ In the case of
water—-DMSO mixtures, our algorithm of pK, calcula-
tion''f was confirmed by potentiometric titrations,?' and
the data on fluorescein dissociation are in agreement with
results of others.”® The pal*_I+ values of buffer solutions,

Copyright © 2003 John Wiley & Sons, Ltd.

used for pK, evaluations, were calculated through with
the equationm’lgb

(a)*fPca- — afy fKualena + ca- + Ky, -
X (CA* — CHA)Q} + KHAchA =0 (7)

where fis the concentration activity coefficient of the ion
and cya and ca- are initial concentrations of the acid and
of its anion, respectively. The values of cs- and of the
ionic strength of the solution were equated to the
N(C,H5),OH analytical (total) concentration, which
was maintained constant (0.0016 mol dm73). The cpa
values were obtained by subtraction of ca- from the total
HA concentration. In HCI solutions, the ionic strength
was not held constant, and the pa;jI+ values were deter-
mined, solving by the Newton method [Eqn (8)], which
can be produced from the balance of concentrations and
electrical charges:

(afy)’ {f - 4f71K1§c12*KHC1] + 4(“;)20K£c12—KHC1
—ag [f_lKIZJcl +¢f Kna + CQfK{{Clz_} (8)
+ CKHC12 =0

If necessary, the dyes were also taken into account in
the proton balance. Based on comparative analysis' of
data, available from the literature,>®1¢71822 the PKua
values of HCI and salicylic and benzoic acids were
equated to 3.2, 8.2 and 12.3, and the logK{{ A,~ Vvalues to
2.2, 1.7 and 2.4, respectively. In the case of 5 5-diethyl-
barbituric acid, homoconjugation was not taken into ac-
count, because in another aprotic solvent, acetonitrile, the
K{{ A, Value for this acid is 50—100 fold lower than those
for sahcyhc and benzoic acids.”” The value pKps =
14.7 £ 0.1 was calculated for 5,5-diethylbarbituric acid,
based on indicator measurements with phenol red, whose
pKa» was previously determined in benzoate buffers.

All the f values were calculated by using the Debye—
Hiickel second approach, taking the ionic parameter
value as equal to 5. As for the majority of salts in DMF
pKais <2 7224 the incompleteness of dissociation of
N(C2H5)4OH, N(C2H5)4A and N(C2H5)4HA2, and pOSSi-
ble association of dye ions with oppositely charged buffer
ions (including HO ™, C1~, and Na™), were not taken into
account within the working concentration range. In
Table 1, the thermodynamic pK, values of the dyes are
compiled. Typical spectral data are presented in Figs 1
and 2 and in Table 2.

Now let us consider the interrelations among the pK,
values of stepwise dissociation of the dyes in DMF and
medium effects, ApKj,, at transfer from water to DMF.
The ApK, value of the given dissociation stage (e.g.
HB?=B*"! + H") is connected with the transfer activity
coefficients, ~, by the following equation:

ApK, = pK, — = logyy+ + log(ys/mB)  (9)
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Table 1. pK, values of the dyes in DMF®°

Substance pKao pPKa 1 pKas
Fluorescein 0.3+£0.1° 146+£03 14.8+0.3
N,N-Diethylrhodol 32402 12.6 +0.1 —

Rhodamine B 6.5+0.1

2,7-Dichlorofluorescein  <— 14 104+0.2 13.24+0.1

Eosin — 7.1+£0.1 12.4£0.3
Ethyleosin —e 3.6+0.1° —

Bromophenol blue <0 294+£03 7.6£0.1
Bromocresol purple —2 —8 11.8+0.2
Phenol red <-1" 424+04 142+0.1
Thymol blue —0.5+0.1" 41+£0.1 15240.1

2 The solvent contained 0.013 mol dm > H,0, 0.04 mol dm~> CH;0H and

1.5 vol.% of benzene.
® The scale mol dm~>.

¢ Calculated from measurements in the pay;, region 1.68-2.87.

4 The values of log ([H,R}/[H3R 7]) in 1.8, 3.6, and 5.4 moldm > H,SO,
solutions in DMF are 1.57, 1.15 and 0.32, respectively.

¢ The pK, value is in the region of very high acidity.

' Calculated from measurements in the paj- region 2.43-2.87.

¢ The pK, value was not determined.

" In ‘concentration’ scale; HCI solutions in DMF.

It is evident that the medium effects for stepwise dis-
sociation constants of fluorescein, K, o, K, 1, and K>,
differ substantially. While the ratio K, /K, = 2 X 10
in DMF is 12 orders of magnitude higher than in water
(KY,/KY, = 204), the ratio K, /K,» drops from 224 in
water to 1.6 in DMF. Moreover, taking into account the
accuracy of pK, determination (Table 1), one can assume
that in DMF K, ; =~ K,,. Thus, leveling of the acidic
strength of the first and second steps takes place, although
DMF is well known as a strongly differentiating sol-
vent,'®1718¢2024 Oy data for the system water—DMSO
are of similar character."'" The same conclusion can be
made on the basis of fluorescein spectra in DMF mixture
with N,N-dimethyl-p-toluidine:”® with variation of the
N(C4Hg)4OH: CO, ratio the intensity of the band near
Amax (R?7) decreases owing to the dye conversion into
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Figure 1. Visible absorption spectra of fluorescein dianion,
R2=, in water, pH 10 (1), in acetonitrile with KOH +
dicyclohexyl-18-crown-6 (2) and in DMF with KOH + 18-
crown-6 (3)
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Figure 2. Visible absorption spectra of neutral forms of
fluorescein (1), 2,7-dichlorofluorescein (2), eosin (3) and
ethyleosin (4) in DMF

H;R molecules, represented mainly by the colorless
lactone 4a. Interestingly, the spectrum, typical for the
HR™ species of fluorescein (with Apax ~450-455 and
470-475nm), does not appear in the mentioned system
under any conditions.

Note that the spectrum of fluorescein dianion R2™ (7a)
in acetonitrile, available from the literature, possesses an
abnormally low molar absorptivity (Epaxx =~ 5.5
x10*dm’mol 'em ™! at A =513nm).*° A partial
transformation of intensely colored ion 7a into the
anion-lactone could have been expected, notwithstanding
our earlier data, according to which the phenomenon is
observed only for fluorescein dyes with nitro groups in
positions 2 and 7.11h However, our experiments demon-
strated that in CH3CN, in alkaline media, created
by addition of KOH (0.005-0.01 mol dm ) in the pre-
sence of dicyclohexyl-18-crown-6 ether (0.006-0.01
mol dm—?), the fluorescein spectrum possesses an usual,
for the dianion R?™, value of Epux = 103x
10°dm’® mol ' ecm ™' (512nm), and Beer’s law is valid.
Interestingly, addition of 20% (by volume) of DMF to
acetonitrile has practically no influence on the position of
the maximum in the R2~ spectrum, while the introduction
of only 1% of water decreases Apax to 505 nm. Probably,
in the work of Hirano,?® the traces of acidic admixtures
that are practically inevitable in acetonitrile caused al-
most complete conversion of the initial sample NayR,
with concentration 10> moldm > in unbuffered med-
ium, into the practically colorless form H;R. It can be
shown that the conversion of ca 90% of fluorescein in the
neutral form, with the simultaneous existence of ca 5% of
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Table 2. Values of Amayx (NM) [Emax x 1072 (dm3mol~' cm™") in parentheses] and tautomerization constants of dyes in DMF

Substance Anion R*™? Cation Neutral from Kr
Fluorescein 520.5 (116)>cdef ~450 (55) 455 (0.029) 1033
Eosin 529.4 (122)%" ~545 ) 480 (1.5) 15
2,7-Dichlorofluorescein 526 (89.6) ~450 (78) 470 (0.38) ~70
N,N-Diethylrhodol 517 (21.3)" 525 (42.7) 525 (0.773) 32
Rhodamine B — 560 (95.7) 537 (0.945) 100!

# In the case of hydroxyxanthenes, the R>~ spectra, represented in this table, were measured in DMF in the presence of 0.05-0.4 mol dm ™ of NH(C,H,NH,),.

® In DMF with KOH + 18-crown-6 the values are 516.5 (108).

¢ In the presence of 2 vol.% H,0, at 0.004 mol dm ™3 NaOH the values are 515.5 (104).
4 In NEt,OH solutions, in the presence of 0.04 mol dm™3 CH30H and 1.5 vol.% benzene, the values are 514 (90).

In water the values are 490 (88).

-

(1.7 x 10~ moldm™>) Apax =517.6.%¢

According to literature data,”> in DMF with addition of 0.1-0.5 moldm? triethylamine the values are 519 (106 % 5), and in DMF with KOH addition

¢ In NEt4OH solutions, in the presence of 0.04 mol dm ™3 CH;OH and 1.5 vol.% benzene, the values are 529 (98).

? In water the values are 515 (96.7).

' In water the values are 501.5 (75).

¥ In 7-9 mol dm > H,SOy solutions in DMF.
KR

LK.

the dye in form of R?~ anion, even in the presence of
small amounts of HR™ ion,% gives evidence for the
inversion of the constants of stepwise dissociation in
CH;CN (pK,1 — pKaz > 1). Our experiments demon-
strated that if acidification of the solution in CH3;CN,
containing R?>~ ions, leads to a substantial (e.g. two-fold)
intensity decrease, the spectra coincide after normalizing.
This proves the co-existence of two species
(R>> — H,R), while the output of HR™ in solution is
negligible. In our experiments with benzoate buffer
solution (paj;.~20, according to Kolthoff er al.*), the
intensity of fluorescein absorption in CH3CN decreases
by at least two orders of magnitude compared with the
R*™ spectrum. For eosin dianion, the published Ejax
value?® is also one order of magnitude smaller than
ours (Table 2), probably also due to acidic admixtures
in acetonitrile.

The visible absorption spectra of R>~ ions of both
fluorescein and eosin depend to some extent on the nature
of the base added to DMF (Table 2). It seems to be caused
by association with alkylammonium ions, having one or
several NH groups. In dipolar aprotic solvents, such
association is known to be much more probable?’ than
in the case of cations Na™ and especially [Na-crown]"
and N(C,Hs),". On the other hand, the association of R?~
anions with cations in DMF and DMSO results in a small
bathochromic shift and hyperchromic effect. This was
shown by Shakhverdov,28 who studied the interaction of
eosin and erythrosin with triply charged cations of
lanthanides; the absorption and emission spectra demon-
strate that the association constants in such cases may be
of the order of 10°.%® The Amax Value of the fluorescein ion
R* in N,N-dimethylacetamide (DMAC), available from
the literature (520 nm),?” is close to that registered by us
in DMF (Table 2), while the relatively low Ep,.x value
(29 x 10%), obtained in unbuffered medium,”® can be

Copyright © 2003 John Wiley & Sons, Ltd.

explained by incomplete conversion of the dye into the
R? ion, as in the case of acetonitrile (see above).

Tautomerism of molecules and ions of
xanthenes and comparison of pKj,
values in different solvents

In order to interpret the pK, values, it is necessary to
refer to the detailed picture of acid-base equilibrium
(Scheme 1), which was proposed and used earlier.'
The principal extrathermodynamic assumption, about
the identity (or proximity) of visible absorption bands
of the species 1 and 2, of 3 and 5 and (after correction to
the A\pax shift) of 6 and 7 of the given dye,11 together with
the undoubted fact of decoloration after formation of
lactone 4 (due to sp’ hybridization of the central carbon
atom), allows us to estimate the composition of equili-
brium mixtures of tautomers, designated by the formulae
H,R and HR™.

The spectrum of the singly charged fluorescein anion
HR™ in DMF, like those in other solvents,” reveal its
‘carboxylate’ structure Sa. Hence the last dissociation
stage is 5a — 7a. Among three tautomers of the neutral
form H,R, the colorless lactone 4a predominates.
Further, the spectrum of H,;R species of fluorescein
(Fig. 2) gives evidence of some small amount of quino-
noid tautomer 3a, while the band that could have been
attributed to zwitterion 2a is not observed. The constant
of the tautomeric equilibrium, K, characterizing the
degree of conversion of the quinonoid, or 2-(6-hydroxy-
3-oxo-3H-xanthene-9-yl) benzoic acid (3a) into the
lactone, or 3',6'-dihydroxyspiro[isobenzofuran-1(3H),
9'(9H)- xanthene]-3-one (4a), appeared to be equal to
1033 in DMF. This value differs from the data given in
literature (Kt = 770).>° The deviation is caused, in our
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view, by the presence of some HR™ ions while measuring
the H;R visible absorption spectrum in the cited work.>’
Similar discrepancy with the results of Fompeydie and
Levillain®® were noted earlier for the system water—
DMSO."'*" From Scheme 1 the following relationships
can easily be derived:

pK.o = pkoon — log(1 + Kt + K7) (10)
pKaJ = pkl,COOH + log(l + Kt +K”,F) (11)

PKa2 = pkaon (12)

The knowledge of the Kt value allows us to estimate the
microscopic dissociation constants, k (Table 3). Based on
the spectral data, Kt > K’T can be assumed; the values of
these constants are commensurable only in water or
aqueous solutions with modest additives of organic co-
solvents. As in other solvents, the pk; coon value obtained
(11.6) is lower than the pK, value of benzoic acid (12.3).

The dissociation of rhodamine B cation occurs accord-
ing to

HR* = R+H" K, (13)

The cation HR™ exists in solutions as structure 8, while
the form R is actually an equilibrium mixture of the
zwitterion 9 and colorless lactone 10,!!&-¢-d::12.31.32

The equilibrium 9 =10 is an example of an intramo-
lecular Lewis acid-base reaction.'** Using our K. values
for water, acetone'**" and for trichloromethane saturated
with water (K7 90)'%* and also the data for alcohols,** we
obtained the following dependence of logK{ on the
normalized Reichardt parameter, E¥ 14

logKy = 3.80 — 6.20 EY
g T T (14)
n=15r=-096, s =0.34
Processing the previously published data'*® for the Sys-
tem water—-DMSO within the range of DMSO molar
fractions from 0.221 to 0.844 results in

logKy = 6.69 — 9.095EY

(15)
n=14,r=-0.97,5=0.16
Extrapolation to pure water leads to K{ = 0.004, which
agrees satisfactorily with our earlier estimates.'**" The
reason for the successful description of the tautomeric
equilibrium data by a single-parametric equation seems
to be the nature of the EY function, which reflects both the
H-donor ability and polarity of the solvent.'* Thus, a
compromise is made between the viewpoints on the
exceptional role of H-bonding on the one hand, and on
the electrostatic conceptions of the zwitterion nature on
the other.'?*®14%32 At the same time, simultaneous hand-
ling of the data for alcohols and water-DMSO mixtures
aggravates the correlation coefficient (r = —0.81). Prob-
ably, some effects, while insignificant in alcohols, be-

(CaHs),N o N(CzHs), (C2Hs)N o] N(C;Hs), (C2Hs)N 0 N(C2Hs),
. +
H* 0
COoOH  ~—= coo — /
+H %
o
8 9 10

The estimation of the tautomeric equilibrium constant
K{ =[10]/[9], made on the assumption that the maximum
molar absorptivities of the structures 9 and 8 are equal,
results in the value K7 = 100. The latter is much higher
than that in water (K{ = 0.005—0.01),"**® higher than in
91 mass% DMSO (K{ = 59)"1412¢ and lower than in ace-
tone (Ky = 250).'22® The value Epgyx =23 x 10°, reported
for rhodamine B in DMAC (g = 39),” is rather high for
such an aprotic solvent. Through calculation of the
equilibrium in this solvent it was shown earlier'*" that
the colored cation HR™ (8) is present in unbuffered
solutions in DMAC. Also, the A\y.x values of the dye in
DMAC and DMF without addition of any base, 559 nm?’
and 560 nm,*’ respectively, also correspond to cation 8,
and not to zwitterion 9 (Table 2).

Copyright © 2003 John Wiley & Sons, Ltd.

come important in mixtures of water with aprotic
solvents.

Visible absorption spectra of structures 8 and 9 differ
markedly in DMF compared with water and alcohols
(Fig. 3). The data from the NMR spectra and electronic
absorption and emission spectra''®!'?® confirm that the
interaction between the xanthene chromophore of the
zwitterion and the carboxylate group takes place both
through the inductive mechanism and through the sol-
vent. In media with high fractions of aprotic solvents
(DMSO, acetone, 1,4-dioxane), under conditions of spar-
ing solvation of COO™ by H-bond formation, the spec-
trum of the zwitterion, registered on the background of
the colorless lactone, differs dramatically from the ca-
tionic spectrum.1 1d.12b.¢ Gradual, regular variations of the
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Figure 3. Normalized visible absorption spectra of the
cationic species HR™ (1, 1) and of the netural form (2, 2/)
of rhodamine B in methanol (1, 2) (from Ref. 1) and in DMF
(1, 2)

neutral form spectra with increase in (CH3)2CO12b and
DMSO!"%12¢ content in water—organic mixtures permit
us to consider unlikely the appearance of any other
particles besides 9 and 10. However, such strong altera-
tions of the zwitterion 9 spectrum suggest that the
assumption that Epax(8) = Enax(9), used for estimation
of tautomerization constants, is less exact than in the case
of alcoholic media. If we regard tautomer 9 as an
‘intramolecular ion pair’, then in aprotic DMF, poorly
solvating the COO™ group, this structure is rather a
contact (intimate) or tight associate than a solvent-sepa-
rated or loose one. This difference manifests itself in the
visible spectra (Fig. 3).

Having the estimate of K¥, it is easy to calculate the
pk+ coon value, which corresponds to equilibrium 8§ = 9

+H":
pKao = pkicoon — log(1 + K7) (16)

The increase in the pk+ coon value by 5.3 units on going
from water to DMF (Table 3) confirms zwitterionic
structure 9 of the colored tautomer of the neutral form
R, because the charge type +/+ allows us to expect a
much greater decrease in acid strength with such a
variation of the solvent than in the case of traditional
cationic dyes with charge type +/0. In fact, the pkoon
value of fluorescein changes from 3.1 in water to 3.3 in
DMF (Table 3).

The adequacy of the detailed scheme (Scheme 1) can
be indirectly proved by utilizing the dissociation con-
stants of model compounds and microconstants of fluor-

(CaHs),N

11
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escein itself. Using the above pkoon value and putting
pk+.coon and pkicoon values of fluorescein equal to
pk+.coon of rhodamine B and to pK, of benzoic acid,
respectively, it is possible to estimate the K; value
through Eqn (17), following from Scheme 1:

logK? = pko.on — pk+.coon = pkiz — pkicoon (17)

These assumptions, especially the second one, can cause
essential errors when estimating K’. Nevertheless, they
clearly demonstrate that the K7y value is certainly very
low, namely ca 107>, The pkiz value is about 6.4. As
the constants K} and Kr are interrelated (logK’
logKt — pkoon + pki,COOH),] lalle e can estimate
K ~10° by using the values logKt = 3.0, pkoon = 3.3
and pk+ coon = 8.5. This K value confirms the conclusion
regarding the negligibility of the 2a fraction in the mixture
(2a = 3a = 4a) deduced from visible absorptions.

Scheme 1 allows us to explain the ApK, values. In
DMEF for fluorescein ApK;, o= —1.8, ApK,;=10.2 and
ApK,, =8.0. From Eqns (10)-(12), the following rela-
tion can be derived:

ApK, o = Apkoon — Alog(1 + Kt + K7) (18)
ApKaJ = Apkl’COOH + Alog(l + Kt + K’/I‘) (19)
ApK,» = Apks on (20)

The Apkoon and Apk;coon values are 0.2 and 8.1,
respectively. Hence it is evident that the dramatic de-
crease in pK; o in DMF compared with the value in water,
and also ‘leveling’ of the acidic strength of the first and
second steps (pK,,1 =~ pKa ., Table 3), are strongly caused
by the sharp Kt increase, as can be predicted by the
equations

A(pKa1 — pKao) = Apki coon — Apkoon

+2Alog(1 +Kr +K,)  (21)
A(pKa» — pKa1) = Apkyon — Apkicoon
— Alog(1+ Kt +Kp) (22)

The coefficient 2 in Eqn (21) explains the strong increase
in the (pK,1 — pKa) difference for fluorescein on trans-
ferring from water to organic media.

Being a ‘hybrid’ of fluorescein and rhodamine B,
the dye N,N-diethylrhodol exists in DMF in the form of
H,R™, HR and R™, and the molecules HR may exist as
three tautomers, ' ' among which the colorless lactone 13
predominates.

0 0 (CoHs),N (0] OH

COOH

O=O\o

13
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Table 3. Values of pK, and tautomeric equilibria constants and pk values of xanthenes in different solvents
Substance Constant Water® Methanol® Ethanol® 91% DMSO* 90% acetone® DMF
Fluorescein PK.o 2.14 3.1 33 —0.51 0.92 0.3
PKa1 4.45 10.6 11.7 10.33 12.5 14.6
pKa2=pka.on 6.80 11.5 12.6 8.98 11.2 14.8
Kt 6.0 54 59 587 1900 1033
pko.on 3.10 4.8 5.1 2.2 42 3.3
k1 coon 3.49 3.8 9.9 7.6 9.2 11.6
Apkoon' 0 1.7 2.0 —0.9 1.1 0.2
Apkl,COOH 0 5.3 6.4 4.1 5.7 8.1
Apks on 0 4.7 5.8 2.2 4.4 8.0
Benzoic acid pkcoon 4.20 9.4 10.25 8.05 9.75 12.3
Rhodamine B PK.o 3.22 7.4 8.7 5.60 6.47 6.5
K7 0.008 0.1 0.28 59 16.6 100
pk + .coon 3.22 7.5 8.8 7.4 7.7 8.5
Apk % ,coon 0 4.3 5.5 42 4.5 5.3
Eosin pKa1 2.81 6.9 7.7 3.9 6.4 7.1
pKa,Z = pkz, COOH 3.75 9.2 9.8 7.81 10.0 124
Kt 1.8 6.4 10 9.0 16.5 15
pk1.om 24 6.0 6.7 2.9 5.2 5.9
Apki,on 0 3.6 43 0.5 2.8 35
Aka’COOH 0 54 6.2 4.1 6.25 8.6
€ 78 32 25 56 24 37
E¥ 1.000 0.762 0.654 0.50 0.57 0.404

a

From Refs 11a,e-g, 12a,b.
® From Ref. 11a.

¢ From Ref. 11i.

4 From Ref. 11d,f.

¢ From Ref. 11b,g,12a.

' Apk = pk — pk (in water).

The fraction of colored tautomers is about 3% of the
total of N,N-diethylrhodol molecules, the quinonoidal
structure 12 and not the zwitterionic structure 11 being
more probable in the given case. Then, a sufficiently
reliable estimate, pki coon = 11.1, can be obtained, while
the pkoon value (4.7) is higher than that for fluorescein
(3.3), owing to the strong electron-donor properties of the
N(C,Hs), group. The sharp increase in the K, o/K, 1 ratio
in DMF (2.5 x 10°) compared with that in water
(5.6 x 109" is caused mainly by the same reasons as
for fluorescein, namely, by the strong shift of the tauto-
meric equilibrium towards lactone 13 and greater weak-
ening of the neutral carboxylic acid than the cationic one:
Apki coon > Apkoon.

In the case of eosin (2,4,5,7-tetrabromofluorescein),
the monoanion HR™ is represented by the ‘phenolate’
tautomer 6b. Protonation of the ion R*™ (Apax = 529 nm)
leads first to a slight (10-15nm) bathochromic shift,
accompanied by insignificant intensity changes (7b —
6b); the spectrum becomes similar to that of the ethyleo-
sin monoanion 15 (Apax =545 nm). With further pag:
decrease, a sharp fall in intensity takes place; in HCI
solutions the spectrum of H,R is registered, being un-
affected within a wide paj; range. This spectrum is
substantially lower in intensity than the spectrum of the
neutral form 14 of ethyleosin, because the latter is unable
to form a lactonic (colorless) structure (Fig. 2).

Following the earlier described procedure,'*" we
obtained the estimate Kt = 15, which is close to the value

Copyright © 2003 John Wiley & Sons, Ltd.

of 14 reported by others.*® Thus, for eosin the dissocia-
tion by steps (2) and (3) can be reflected as (3b = 4b)
= 6b ="7b, and the pK, ; and pK,, values are equal to
pkion + log(1 + Kt) and pka coon, respectively.

Br Br Br Br
HO (o] (o] (0] o (0]
+
Br Br Br Br H
COOC,Hy COOCHy
14 15

As a result, owing to the greater weakening of the
acidic strength of the carboxylic group in comparison
with the hydroxylic group, and also to the comparatively
small rise in the Kt value (Table 3), the ratio K, ; /K, » of
eosin on transferring from water to DMF does not
decrease, in contrast to the fluorescein case, but increases
dramatically from 8.7 to 2 x 10°.

The dyes can be regarded as derivatives of benzoic
acid. Comparing the pkycoony of rhodamine B with
pkicoon of N,N-diethylrhodol and fluorescein and
pka.coon of eosin, which in DMF are equal to 8.5,
11.1-11.6 and 12.4, respectively, it is possible to demon-
strate how the charge of the xanthene moiety (41, O or
—1) influences the acidity of the carboxylic group. This
impact can be realized through both inductive and ‘field’
mechanisms. The above pkcoon values are ranged in
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accord with the aforementioned sequence of charges,
which agrees with the semi-quantitative estimates made
using the Bjerrum—Kirkwood—Westheimer approach. The
additional negative (positive) charge leads to a pk in-
crease (decrease), opk:

e*Na 1 24.7
opk = X =
2.30RT x 47 x 8.854 x 10~12 Eeff P Eeft P
(23)

where e.¢r is the ‘effective’ dielectric constant, e is the
elemental electrical charge, N is Avogadro’s number, R
is the gas constant, T is the absolute temperature (293 K)
and p is the distance between the charged and the
dissociating groups (in nm). More refined models are
discussed by Vereshchagin.33 The (pk1 coon — pk+.coon)
value exceeds the difference (pk2,coon — pkicoon). This
trend can be observed not only in DMF, but also in
mixtures of water with DMSO and acetone, in alcohols
(Table 3) and in 82 mass% n-butanol.!'® The probable
reason is the effective positive charge on the central
carbon atom not only in structures 8 and 9, but also in
structures 3 and 5-7.

The comparison of the protolytic parameters of the
dyes in DMF with the values obtained by us earlier in
other solvents (Table 3) reveals certain regularities. First,
practically always the following sequence of medium
effects for the given solvent is observed:

Apko on < Apki on < Apks.on < Apki coon < Apka.coon
(24)

This agrees well with classical conceptions:'**!'>* in
alcohols, DMF, DMSO and acetone, the ApK, values
for cationic acids are lower than those for neutral species.
The ApK, for the latter, are lower than for anionic species
(when the ionizing group is the same). On the other hand,
the ApK, values for carboxylic acids on the whole are
higher than those for phenols. Since the dissociation of
hydroxylic groups in hydroxyxanthenes (and also in
sulfonephthaleins) leads to the appearance of anions
with strongly delocalized charge, it results in a further
decrease in ApK,. Further, the Apkicoon value of
rhodamine B is as a rule lower than the Apk; coon values
(fluorescein, benzoic acid, etc.). A simplified approach,
treating the zwitterion as two separate charges,15a
suggests the similarity of Apky coon and Apk; coon.
However, in DMF, and also in other aprotic media, the
poorly solvated COO™ group can strongly influence the
charge distribution within structure 9 (see above).

Both the ApK, values and the K, /K, and K, 1/Ka»
ratios in various solvents are caused by the nature of
dissociating groups, as well as by the tautomerization
constants [Eqns (18)—(22)]. The medium effect for the
pK.o value of rhodamine B is expressed by

ApK,o = Apky coon — Alog(1 + K7) (25)

Copyright © 2003 John Wiley & Sons, Ltd.

Figure 4. Dependence of the logarithm of the tautomer-
ization constants of fluorescein (1) and eosin (2) on
the normalized Reichardt parameter EN. ([7) The system
water—acetone; (&) water-DMSO; (o) water-1,4-dioxane;
(A) water—ethanol; (+) non-aqueous solvents

The fundamental difference between the ApK, ¢ values in
DMF of rhodamine B (3.3) and that of fluorescein (—1.8)
is thus caused by the above-mentioned much sharper rise
in the pk+ coon value compared with the pkoon value.
The inversion of the dissociation constants of fluorescein
(Ka1/Ky2 < 1) is strongly determined by the high Ky
values in aprotic solvents and in their mixtures with
water. The Kt value of fluorescein is always higher
than that of eosin.

It is now possible to draw some conclusions concern-
ing the solvent influence upon tautomerism of the neutral
form of oxyxanthenes. Such attempts usually lead to
dividing of solvents into aprotic types and the H-bond
donors.” Searching for a mostly universal correlation
with solvent properties, we observed that the logarithms
of the tautomerization constants or Gibbs energies
(AGuu = —2.303RTlogKr, kJ mol™") in solvents of
different nature correlate to a certain degree with the
EY parameter,'* which reflects both the polarity of the
solvent molecules and their ability to be H-bond donors
(Fig. 4). The following correlations are obtained:

Fluorescein:
AGuy = —(26.1 £0.2) + (21.59 £ 0.01)E}
n=39,r=090s=21 (26)
Eosin:
AGpy = —(12.3£0.1) + (11.74 £ 0.01)EY
n=43,r=0.89,s=0.92 (27)

Here, not only the data for water, methanol, ethanol, n-
butanol, and DMF were used, but also for mixtures of
water with DMSO, acetone, 1,4-dioxane, and etha-
nol.""'"** Within each water—organic mixture, the corre-
lation coefficient is much higher (on average r = 0.98). In
mixed solvents, the preferential solvation of dyes is
possible. Probably the ratio of organic molecules to water
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in the solvation shell of the betaine dye 2,6-diphenyl-4-
(2,4,6-triphenylpyridinium-1-yl) phenolate, used for de-
veloping the EY scale," is close to that in the oxy-
xanthene microenvironments. The gradual nature of Kt
changes near 100% acetone, DMSO and ethanol suggests
that uneven re-solvation does not take place here.

The correlations allow us to estimate approximately
the ‘limiting’ values of Kt at EY = 0 for fluorescein and
eosin as 4 x 10* and 1.4 x 10%, respectively. A zero value
of EY corresponds, in particular, to tetramethylsilane.'*
Direct experimental determination of Kt values in media
of such low polarity is hindered owing to the extremely
low solubility of the dyes under study. At the same time,
extrapolation to the gas phase (EN = —0.11)"* results in
values of 1 x 10° for fluorescein and 2.4 x 10> for eosin.

2,7-Dichlorofluorescein lies between unsubstituted
fluorescein and its 2,4,5,7-tetrahalo derivatives with re-
gard to both pK, values and H;R tautomerism (Fig. 2,
Table 2). In non-aqueous solutions, the fractions of the
carboxylate (5¢) and phenolate (6¢) tautomers of HR™
can be commensurable for this dye.''®%¢ On R>~ proto-
nation in DMF a slight (ca 5nm) red shift takes place.
Such a shift is never registered for fluorescein; it indicates
the appearance of the tautomer 6¢c. However, the pK,»
values of eosin and 2,7-dichlorofluorescein differ by 0.8
units (Table 1), which reflects the incompleteness of the
equilibrium shift (S¢ = 6c¢) to the right.

In the case of ethyleosin, the pK, value, obtained in
HCI solutions, corresponds to pkj on. In solvents studied
previously, this value is lower than the pk; on value of
eosin, but the difference is not so great as in DMF (2.3
units, see Tables 1 and 3). It can possibly be caused by
some specific interactions between HCI and dyes anions.
As a result, the difference between the pK;,, value of
bromophenol blue and the pK,; value of ethyleosin
increases from 2.3 in water to 4.0 in DMF. On the other
hand, in DMF the pK;,, value of fluorescein (14.6) is
higher than that phenol red (14.2), though in the majority
of solvents studied the situation is the reverse.

Taking into account the aprotic and dipolar nature of
DMEF, a strong differentiating action on the last step of
sulfonephthalein dissociation could be expected."*® In
fact, the ApK, values vary from 3.4 (bromophenol blue)
to 6.2 (phenol red). The slope of the dependence [Eqn (28)]
is 1.55 and is between those for 90 mass% aqueous
acetone (1.43) and pure acetonitrile ( 1.97):131”23 33

pK,» (in DMF) = 1.44 + 1.55pK:2
n=4r=099,5s=042 (28)

In another dipolar aprotic solvent, N-methylpyrrolidin-2-
one (¢ = 32),°° the pK.> values of three sulfonephtha-
leins and the pK,o value of rhodamine B are 1.0 £0.3
units lower than those in DMF. The pK, , values describe
the equilibria between the yellow monoanions HR™ and
deeply colored R?>~ dianions (see Scheme 2). In DMF,
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the values of Apa.x (nm) for the sulfonephthalein dia-
nions R?>7(21) are 578 (phenol red), 601 (bromo-
phenol purple), 602 (bromophenol blue) and 620
(thymol blue). Hence here the pK,, value corresponds
pk2.on (Scheme 2).

Tautomerism of sulfonephthaleins

The pK, | values of sulfonephthaleins (Table 1, Scheme 2)
appeared much more difficult to interpret than pK,,.
Tautomers 17g and 19e in the solid state and in solution
are identified by vibrational spectroscopy.'*® In aqueous
solutions, sulfonephthalein indicators are characterized
by two color transitions: from red (structures 16 or 17) to
yellow (structures 18 or 20), and then from yellow to blue
(red in the case of unsubstituted phenol red), 21.13%37 1p
acetonitrile®>*~7 and in water—acetone mixtures with
high acetone content,'** there are three color transitions:
from red 16 to colorless or to practically colorless
(sultone 19 with admixture of zwitterion 17 or/and
quinonoid 18), and further to yellow monoanion 20 and
to deeply colored dianion 21. In some publications,
another structure of the colorless species of phenol red
and thymol blue in water—acetone mixtures is sug-
gested.”® Basing on NMR spectroscopic data, the authors
presumed the existence of a C—H bond at the central
carbon atom.>® However, such a triarylmethane structure
can appear only as a result of reduction (with hydrogen,
or through electroreduction, see below) of the initial dye,
and not because of pH variation.

From Scheme 2, the following relationships can be
written for pK;, o and pKj ;:

pKa1 = pkiso,u + log(l + Kr + K})
=pkiz + log[l + K + (K)7']  (29)

pKao = pkoon — log(l + Kt + Kp)
= pkesomn — log[l + Ki + (K7)~'] (30)

Within the paj;. range where sulfonephthalein equilibria
are described with the constants K, o and K, 1, a decrease
in the absorption intensity by 1-1.5 orders of magnitude
compared with the bands of HR™ and R?" is observed
(Fig. 5).

In acidic solutions in another aprotic solvent, DMSO,
we could not detect the formation of colorless sultones.
This result agrees with the opinion of Kolthoff e al.*” IR
spectra in DMSO, obtained by us, confirm such a con-
clusion. For example, in concentrated phenol red solu-
tions (Fig. 6) the IR spectrum remains practically
unaffected by addition of an equivalent amount of tri-
fluoroacetic acid, which makes the possibility of the
existence of marked amounts of HR™ ions under these
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Scheme 2. Protolytic conversions of sulfonephthaleins. Phenol red (phenolsulfonephthalein), 16d-21d; bromophenol blue
(3,3',5,5'-tetrabromophenolsulfonephthalein), 16e-21e, bromocresol purple (3,3’-dibromo-5,5’-dimethylphenolsulfonephtha-
lein), 16f-21f; and thymol blue (3,3’-diisopropyl-6,6’-dimethylphenolsulfonephthalein), 16g-21g. Ky =[19]/[18]; K{ =[17)/
(18], K{ = K1/Ky=[19V[17]; kiso,n = a}-@17/a16; Koow = @ a1s/a1e; K1z = aj;1a@20/a17, Kiso;n = aj+@20/a1s; Kaon =

aj,-ax /azo.
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Figure 5. Visible absorption spectra of ionic and molecular
forms of bromophenol blue (1-3) and phenol red (4-6) in
DMF: the species H,R (1, 5), HR™ (2), R*~ (3, 6) and H3R™ (4).
Spectra (1) and (5) remain unchanged within the cyc| ranges
0.68-1.18 and 0.01-0.2 moldm™=, respectively

conditions unlikely. Hence curves 1 and 2 in Fig. 6
represent the spectrum of the neutral form H,R. The
bands at v=1612-1605, 1590-1583, 1512-1505 and
1435cm ™" must be attributed to vibrations of the aro-
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matic rings, 1336-1328 cm ™" to vibrations of the C—
aryl bond,"?****° the band at 1194-1185cm™" to anti-
symmetric vibrations of the SO; group and 1277-
1272cm™" to valence vibrations of the ordinary C—O
bond. Deformational vibrations C—-OH also cause absorp-
tion in the region 1430cm ™. Such an attribution of the
bands proves, that the form H;R of phenol red in DMSO
possesses zwitterionic structure 17d, as in the solid
state.'>* KOH addition leads to a successive conversion,
17d — 20d — 21d. On addition of 1 equiv. of alkali
(curve 3), an intense band at v=1624 cm! appears,
which can be attributed to valence vibrations of C—=0 of
structure 20d. On addition of a second equivalent of KOH
(curve 4), its intensity markedly decreases, and the band
at 1277-1272 cm™ ' disappears. The conjugated moiety of
the dianion 21d is symmetrical and does not include C—=
O and C—O" as such. The bands at v=1617, 1574,
1459, 1387 and 1374cm™' reflect the vibrations of
aromatics and of the C—aryl bond. The band at
1155 cm_l, caused by antisymmetric SO; vibrations,
naturally remains unchanged.

In the solid state, the H,R molecules of bromophenol
blue exist in the form of a sultone 19e:'*¢ absorption of
uncharged aromatics is less intense, while the bands at
v=1350 and 1194cm ' correspond to valence vibra-
tions of S—O. However, we are unable to draw conclu-
sions regarding the structure of the form H;R of
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Figure 6. IR spectra of phenol red (0.03moldm™3) in
DMSO: 0.03moldm~3 CF3COOH (1), in pure solvent (2),
0.03 moldm ™3 KOH (3), 0.06 moldm~3 KOH (4)

bromophenol blue and of other bromo derivatives in
solution because of their practically complete dissocia-
tion in DMSO even with substantial CF;COOH additi-
tion. On the other hand, although in DMF the electronic
spectra indicate transformation of the dyes into colorless
species, the strong absorption of the solvent in the region
1400-1700 cm ™" hinders the application of IR spectro-
scopy. Even in alcohols, where the color transitions are in
general like those in water, some of the dyes, and
especially bromophenol blue, at certain paj. values
undergo reversible decoloration in methanol and in n-
butanol. This testifies to the formation of sultone 19 also
in these media.""*® In methanol and ethanol, the tauto-
mers 19d and g of phenol red and thymol blue are
practically absent from solutions, and the pK,; value
probably coincides with pk; 7 (Scheme 2). In this context,
the behavior of sulfonephthaleins within the acidic region
in DMF is unusual, namely phenol red and thymol blue
demonstrate an even greater tendency to form colorless
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sultones than bromophenol blue. The intensity of their
visible absorption is extremely low: Ep.(HR) =
0.5 x 10° (phenol red) and 5.0 x 10° (thymol blue). In
the case of phenol red, the spectrum changes only slightly
within the HCI concentration range 0.01-0.2mol dm >
(Fig. 5). Expecting, as a first approximation, the spectra
of tautomers 17 and 18 to coincide with those of cation 16
and of monoanion 20, respectively, we found, that the
fractions of the tautomers 17d and 18d are small and
commensurable, whereas the colorless tautomer 19d with
the fraction 98-99% predominates. Hence the tendency
for ring closure in DMF is a general feature of the
molecules HyR of xanthenes and sulfonephthaleins.

The pK,, value of bromophenol blue in DMF was
determined in HCl solutions within the pay;. range 0.94—
3.40. Within the range of HCl concentrations 0.7—
1.2moldm > the spectrum remains unchanged, which
allows it to be attributed to the H,R form. This spectrum
is similar to that of monoanion HR™ (structure 20e; Apyax
415nm, Epy =25 x 10%), except for the much lower
intensity in the case of HyR (Ep,x =4.0 X 10%). This
allows the form H,R to be regarded as an equilibrium
mixture of two tautomers (18e = 19e). Equating the E,x
of structure 18e with that of 20e, one can obtain Kt = 5.
In 2.4-4.7moldm > H,SO, solutions in DMF, slight
absorption at 520 nm appears. This is apparently caused
by traces of the cation H3R™ of bromophenol blue (16e).
In the case of bromocresol purple, the tendency for
conversion of the neutral form into the colorless tautomer
19f is less evident.

As can be seen from Eqns (29) and (30), the shift of the
tautomeric equilibrium towards the sultone 19 decreases
the pK, o value compared with pkoon and pk. so,n, and
increases the pK,; value as compared with pk;z and
pki.s0,H-

The pK,o values of sulfonephthaleins are estimated
only approximately (Table 1); judging from available
information,*' the H, scale in this region of HCI con-
centrations in DMF is close to —logcyc;. Let us consider
in detail the pK,; values. Both literature data*** and our
results (Table 1) demonstrate that the dependence of the
pKa,1 value of thymol blue on the composition of H,O—
DMF mixture passes through a minimum, and then rises
(in parentheses the mass% of DMF is given): 1.60 (0),
1.31 (20), 1.03 (40), 1.02 (60), 1.04 (70), 1.17 (80), 4.1
(100). Whereas in water—-DMF mixtures pKj ; is equal to
pki z, in pure DMF the term log[1 + Kf + (K’T)fl] plays
a significant role. At the same time, in the system water—
DMSO (up to 80 mass% of the organic co-solvent) the
pKa,1 value decreases monotonically down to 1.1;** in
91 mass% DMSO we obtained an even smaller value,
pKa1 = 0.86, by means of spectrophotometry. Evidently,
both the low stability of the sultone 19 and the strong
dissociation of the SO3H group of the quinonoid 18 in
DMSO are caused by low pk+ so,n and pkj so,u values.
The pK, values of sulfonic and sulfo acids (including the
ion HSO; ) are known to be low in this solvent.”’
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Because for bromophenol blue in DMF K} <Kr, and
Kt =5, the pky so,u value equals 2.1 [see Eqn (29)]. The
following equation, resulting from Scheme 2, explains
the differences in the behavior of bromophenol blue on the
one hand, and of phenol red and thymol blue on the other:

logK = pkoon — pk+so,n = pkiz — pkisosn  (31)

Evidently, the acidic properties of the SO;H group
depend only slightly on the substituents in the phenolic
rings, whereas the pko og and pk; z values drop sharply in
the case of derivatives with halogens in positions 3, 3, 5
and 5. Hence it becomes clear why the zwitterionic
structure 17, typical for the unsubstituted phenol red
and its alkyl derivatives, does not appear in the case of
bromophenol blue. For the latter the form H;R exists as
an equilibrium mixture (18d = 19d), with the predomi-
nance of the colorless sultone in many organic solvents.
This is also confirmed by polarographic data obtained in
DMF.

Peculiarities of electroreduction of xanthene and
sulfonephthalein dyes on a dropping mercury
electrode in DMF

The use of organic solvents, including DMF, allows the
eliminatation of adsorption effects.** Even in the case of
eosin we were unable to register adsorption waves. As a
criterion of medium acidity in DMF, the paj; scale was
used; some measurements were carried on in 91 mass%
aqueous ethanol as well. To interpret the results by means
of the above pK, values of depolarizers, their well-known
difference from the ‘polarographic’ dissociation con-
stants**” is taken into account; the influence of the double
electrical layer corresponds to the increase in proton
concentration in the space near the Hg droplets. The
number of electrons, n, participating in the reduction
process in buffered media was determined by using the
well-known equation***

2.3mRT =«
pay (32)

ankF

For reversible processes, the v = 1 and the coefficient
OE,/Opajj shows the number of protons, m [(if m=n,
then at 20°C JE, / Opaj; = —58 mV/(pay; units)]. In the
case of irreversible processes, the value of 8E1/ Opay;
does not exactly correspond to the number of reactlng
protons. In DMF, the polarograms were mainly run
within the region paj;=7.6-14.2, at ionic strength
0.0024moldm >, and also in 0.0024 moldm >

(C Hs),OH solution. In 91% ethanol, buffers with
paj; =4.3-9.5 and ionic strength 0.0075 mol dm ™~ were
used, in addition to 0.0075 mol dm > LiOH solutions. In
the both solvents, highly acidic media were created with
H,SO4 (up to 0.75mol dm*3). The colored structures
may be regarded as carbcation derivatives:

Copyright © 2003 John Wiley & Sons, Ltd.

x (o] x2 X X2

+ +

X3 X3

1-3,5-9,11, 12, 14, 15 16-18, 20, 21

Hence, for fluorescein 1a, X1:X2:OH, X3 =

COOH; 2a, X' =X*>=0H, X’=C00"; 3a, X' =OH,
X*=0", X>=COOH; 5a, X'=0H, X*°=0", X°=
COO™; 7a, X' =X*=0", X>=C0O0", and for phenol
red 16d, X' =X?*=0H, X’=SO0;H; 17d, X'=X*=
OH, X>*=S0;5; 18d, X' =0OH, X*=0", X>=S0;H;
20d, X'=OH, X*=0", X>=S05; 21d, X'=X*=
o, X3f803. Analogously, taking into account the

conventional character of graphical formulae, rhodamine
B, N,N-diethylrhodol, halogen derivatives of fluorescein
and of phenol red, in addition to sulfonefluorescein
(22-24) can be depicted.

Ho. oH HO 20
— H‘ —H*
SO S0s

Three types of xanthene reduction products, radicals,
carbanions and CH-acids, are illustrated by structures 25,
26 and 27, respectively.

X O. x2 X 0. X2
? ?

o) ;/Xz
H

e

24

27

It is easy to imagine analogous structures for sulfo-
nephthaleins. Hence the complete redox system is here
much more complicated than those for hydrocarbons
(Hoiytink), quinone/hydroquinone (Fetter) and chalcones
(Strading, Vanags).*** Up to 25 various structures, includ-
ing 18 reduction products, are to be taken into account in
the case of fluorescein, although the probabilities of their
existence differ greatly. Hence a carbanionic structure
is possible only in the case of fluorescein tetraanion
R*™ (26, with X' =X?*=0", X>=CO0OO0"), this product
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irreversibly transforming into RH>~ in the presence of
proton donors (by placing the symbol H not before, but
after the symbol R, we emphasize the distinguishing
feature of this CH-acid as compared with OH-acids
H,R and HR™). The literature on electroreduction of
fluoresceins***> and sulfonephthaleins*® is vast.

The morphology of polarograms in DMF and in 91%
C,HsOH is similar. In the case of two separate stages of
electroreduction both waves are of diffuse nature, the first
being reversible, and the second irreversible. The third
wave, observable only in the case of bromo derivatives of
phenol red in unbuffered DMF in N(C,Hs),ClOy4 back-
ground (e.g. for bromocresol purple it is a wave with
Ei=—2.08V), is caused by the splitting of the C—Br
bond. In alkaline medium, this wave shifts anodically and
disappears. The reduction of the pyrone ring of xanthenes
is not reliably identified.

In the acidic pay; region, we registered two-electron,
irreversible and paj;-independent waves for xanthenes
and sulfonephthaleins. For instance, in the case of fluor-
escein:

H;R* + 2e + H — H;RH (33)

Here, H3;RH corresponds to structure 27, with
X!'=X?=0H, X?=COOH. Hence the regularity, re-
vealed for aqueous solutions,4446 is confirmed in non-
aqueous solutions. Such a nature of waves does not
contradict the possibility of reduction through the dis-
proportionation mechanism,*>**® while dimerization ac-
companied by C—C bond formation is less probable.

For the cations of fluorescein, 1a, diethylrhodol
and rhodamine B, 8, the half-wave potentials in DMF
(—0.64, —0.38 and —0.56 V) and in 91% ethanol (—0.64,
—0.45 and —0.52 V) are similar. In water, for fluorescein
and rhodamine B cations E% =—0.50 and —0.48YV, re-
spectively. For rhodamine B at pH 9.18, a two-electron
wave is registered as well (with E1 = —0.885V). The i}y
value does not change compared with that at pH 1.68; the
shift of E; value towards the cathodic region by 0.40V
reflects the influence of the carboxylate negative charge
in structure 9 as compared with cation 8.

Table 4. Half-wave potentials (—

For phenol red and thymol blue in 0.75moldm >

H,SO, the E: values in aqueous ethanol (—0.39 and
—0.41V) are lower than in DMF (—0.29 and —0.30V);
probably in alcoholic media the fractions of the dyes
converted into cations 16d and g, are small, and the
neutral (zwitterionic) structures 17d and g predominate.
In the case of bromophenol blue, the cation 16e does not
appear at such an acid concentration in DMF, and there-
fore the E values are —0.34 and —0.39V in aqueous
ethanol and in DMF, respectively. Under these condi-
tions, the i}, value in DMF decreases compared with data
obtained at higher paj;. This seems to be a consequence of
the formation of sultone, which is difficult to reduce,
because in DMF, judging from spectral data, in contrast
to 91% C,HsOH, the structure 19e appears. For sulfone-
ﬂuorescein in DMEF, the irreversible wave (n=2) with

= —0.44 V in acidic media probably corresponds to the
process H,R (structure 22)+2e+H"—H,RH (27,
X' =X?>=0H, X*=50;"), although the protonation of
the SO;™ group at paj; <3 cannot be excluded. Note that
for fluorescein and rhodamine B a decrease in the limiting
current is registered on going from H,SO, solutions to
media with higher pay;. For fluorescein, the i, value
decreases by 40%. These waves are apparently caused by
conversion of dyes into lactones 4a and 10, which are
difficult to reduce in DMF, similarly to the situation in
aqueous solutions.**

Then the waves became paj;-dependent and remained
as such up to relatively high paj; values. The n values are
not whole numbers (2 >n > 1), which gives evidence for
the probability of disproportionation, with both intra- and
inter-radical proton transfer. Fluorescein, eosin, sulfone-
fluorescein and sulfonephthaleins behave in a similar
manner. In 91% C,HsOH, for phenol red and thymol
blue a single wave remains up to paj; 9.5, whereas for
bromphenol purple and bromophenol blue, dyes with
lower pK, values, only up to paj; 6.3 and 4.3, respec-
tively. The situation in DMF is analogous.

At very high paj; values the dyes exist as completely
deprotonated species. In this region, dianions R?>~ give
two one-electron waves, as in aqueous solutions:*** the
first wave is reversible (Table 4). For rhodamine B in 91%

) +0.01V, in alkaline media®

~ED (V) ~EID) (V) E(D~EI) (V)
Depolarizer

(in form of R®~ species) 91% C,HsOH DMF 91% C,HsOH DMF H,0" 90%C,HsOH DMF
Phenol red 0.56 0.67 1.31 1.78 0.46 0.75 1.11
Bromocresol purple 0.74 0.78 1.48 1.63 0.56 0.74 0.85
Bromophenol blue 0.72 0.85 1.37 1.60 0. 64 0.65 0.75
Rhodamine B (as R) 0.76 0.65 1.34 1.43 0.58 0.78
Fluorescein 0.75 0.86 1.28 1.48 0.25 0.53 0.62
Eosin 0.71 0.78 1.29 1.43 0.5 0.58 0.65
Sulfone fluorescein 0.65 0.62 1.57 1.65 — 0.92 1.03

4 Against the saturated calomel electrode.
b Except rhodamine B, all the data from the literature.

¢ One wave at pH 9.2; in more alkaline solutions rhodamine B was not studied.

Copyright © 2003 John Wiley & Sons, Ltd.
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C,HsOH, two one-electron waves are observed at pay
>9.5. The —Ey values decrease from water to 91%
ethanol for all the substances studied, and from water
to DMF for all the substances except bromophenol blue.
Evidently, the main reason is stronger solvation of anions
in water due to H-bonds, except the most hydrophobic
ones. The E% differences, caused by variations of the
liquid junction, seem to be less significant. Interestingly,
although the visible absorption bands of ions 24 and 7a
practically coincide, and are shifted by ca 60 nm towards
the blue as compared with the band of the ion 21d, the E1 ()
values of the R>~ ion of sulfonefluorescein are much closer
to those of phenol red than to those of fluorescein (Table 4).

The reason for the paj; independence of the second
(irreversible) wave is that the protonation occurs after the
addition of the second electron to the anion-radical. In
DMEF, taking into account the initial concentrations of the
depolarizer (0.001 mol dm73), and also those of water,
methanol and N(C,Hs5);,OH (0.013, 0.04 and
0.0024 mol dm >, respectively), the state of the equili-
brium R*” 4+ H,O = RH*" + OH™ can be expected to
be strongly shifted towards the right. The corresponding
rough estimations can be made by using the constants
available in literature for equilibria (Ar;C™ +H,O—=
ArsH+HO™7) in another aprotic dipolar solvent,
DMSO, using the pK, values of uncharged CH-acids
triphenylmethane, methanol, xanthene and phenyl-
xanthene (30.6, 29.0, 30.0 and 27.9, respectively).47
Even more impossible is the existence of R*~ species
in aqueous ethanol.

Hence, in strongly alkaline medium the EEC mechan-
ism [Eqn (6)] is proved, whereas at lower paj; values
other mechanisms take place, which was defined by
Compton et al.** as DISP1 and DISP2 (the latter is
probable in more acidic media). For instance, after the
electroreduction of fluorescein dianion R>~ to ion-radical
the  protonation of the latter can  occur
(R*~ + H" — HR?"). Further disproportionation [Eqn
(34)] actually became irreversible owing to negligible
dissociation of the very weak CH-acid:

2HR?™ = HR™ +RH’ (orR*” + HRH*")  (34)

Here HR?™ corresponds to structure 25 (X'=0",
X?=O0H, X>=C00") and HRH?" to structure 27 with
the same substituents.

Photoreduction of hydroxyxanthenes has been studied
by several workers in aqueous media.*® For ion-radical
R3~ of eosin, the visible absorption band with Ay =
430nm, Ep. =38 X 10°dm®* mol 'em ™!, was repor-
ted.**! The attribution of the band with Apyex =430nm
to the corresponding ion-radical of fluorescein**® was
criticized by other authors; Lindqvist*®* reported the
values Amax = 394 nm, Epax = 50 x 10° for the ion-radi-
cal HR?>~ of fluorescein. The ESR spectra of fluorescein
dyes in aqueous media can be found in the litera-
ture;44i’45’48° the ESR signal of fluorescein R3" ion-

Copyright © 2003 John Wiley & Sons, Ltd.

radical in 1 moldm ™ KOH-1moldm > KCI, obtained
by using a ‘bubble’ electrode,** is in agreement with
earlier data.*>*

In aqueous solutions, some authors reported the
‘polarographic’ pK, value, describing the process
(HR?~ — R3~ 4+ H"), being equal to 9.2-9.5, and com-
pared it with the value 9.5, obtained by Lindqvist*** from
photochemical data. However, in general case the true
K, values must differ from the ‘polarographic’ dissocia-
tion constants (see above). Besides, the value pK, =9.5
reported by Lindqvist corresponds to another dissociation
step (H; R~ — HR?~ + H™), while the dissociation of
the radical HR?>~ occurs at pH >13.%%2 The value pK.=
10.5, estimated spectroscopically for the dissociation of
the semireduced methyl ether of methylfluorescein
(HR™ — R? 4+ H") in 50 vol.% ethanol,**" seems to
agree better with Lindqvist’s data.

Our study of electroreduction in organic media re-
vealed an interesting regularity, namely, in highly alka-
line medium the first and second waves are drawn apart,
without exception for all the dyes studied, on transferring
from water to 91% C,HsOH and then to DMF [in Table 4
the values Ei 1M — Ei (II) are given], and the waves
become more distinct. Such an expressed differentiating
action of the solvent with regard to the stages of one-
electron reduction [Eqn (6)], regularly strengthening
from aqueous ethanol to aprotic DMF, may seem to be
strange, as we are dealing with an aprotic medium con-
taining 0.04 moldm > CH;OH. In water, the proton is
also added here only after the second electron. We sug-
gest the following explanation. The factors influencing
the E% values, such as solvation of substituents, character
of dye diffusion, steric effects and, in water, adsorption
on mercury droplets, are of approximately the same
character both for the depolarizers in their oxidized
form (i.e. for the initial anions) and for anion-radicals.
In contrast, the decisive factor is the increased stability
of anion-radicals with strongly delocalized charge, such
asR3~ (25, with X' =X*=0",X’=C00" orSO; ), in
organic media, and particularly, in DMF, due to disper-
sion interactions with solvent molecules. Furthermore,
even if the rise in local N(C,Hs), concentration near the
electrode causes ion association, it is reasonable to
assume that it occurs similarly for anions of different dyes.

Polarograms of sulfonephthaleins obtained in unbuf-
fered medium in DMF, in N(C,Hs)4ClO4 background,
are complicated through the simultaneous presence of
various dye species. In the case of phenol red and
thymol blue, together with two-electron waves with
Ei=—-(0.25-0.4) V, one-electron waves with E% =
—(1.6-1.7) V were also registered. These two-electron
waves apparently belong to zwitterions 17d and g, while
the one-electron waves are probably the second waves of
neutral (17d and g) or monoanionic species (20d and g).
In the case of bromo derivatives under the same condi-
tions E% = —(0.25-0.6) V: introduction of bromine atoms
makes the reduction of tautomers (18e and f) easier.

44b,d

J. Phys. Org. Chem. 2003; 16: 380-397



REACTIONS OF XANTHENE AND SULFONEPHTHALEIN DYES IN DMF 395

It must be noted that the reduction of sulfonephthaleins
at low pH in aqueous solutions, was explained based on
structures of type 17.4°® However, for bromo derivatives
the quinonoid structure 18 is more typical, as shown by
our spectral studies. Moreover, the neutral species seem
to be absent from the aqueous solutions at pH 2.5 at all,
and the monoanionic species HR™ (20) are more probable
here. For bromocresol purple in water, this was stressed
in a further study;44d however, the disproportionation
mechanism was not taken into account. On the other
hand, the presence of bromophenol blue in water in the
form of sultone 19e, even at pH 1.81, assumed by some
authors for explanation of reduction mechanism,**
seems to be less probable.

CONCLUSIONS

The detailed dissociation scheme proposed previously for
the explanation of protolytic equilibria of xanthenes in
water, alcohols and water—organic mixtures is valid for
DMF also. The ratios of the stepwise dissociation con-
stants of the dyes in DMF are controlled by the charge
type of acid-base pairs, by the nature of the dissociating
group, by the strong differentiating impact of the solvent
studied, and by the essential influence of the latter on the
state of tautomeric equilibria. The monoanion HR™ of
fluorescein exists in solutions as ‘carboxylate’ tautomer
5a, whereas in the case of eosin the ‘phenolate’ tautomer
66 predominates. If we regard the zwitterionic structure
of rhodamine B, 9, as an intramolecular ion pair, then in
aprotic DMF, where the carboxylate anion is poorly
solvated, this associate is rather a contact (intimate)
one, whereas in methanol it can be classified as solvent-
separated. The mentioned differences are reflected in the
electronic absorption. At the same time, the colorless
lactonic tautomer 10 predominates in the equilibrium
mixture 9 = 10.

For the tautomerization equilibria [3 (quinonoid) = 4
(lactone)] of fluorescein and eosin, a linear correlation
between the AGi,,: and E¥ values is revealed, although
with modest correlation coefficients, for ca 40 mixed and
anhydrous solvents of varied nature. This allows to
estimate the ‘limiting” AGy,, values by extrapolation to
E¥ — 0. The neutral forms H,R of sulfonephthaleins,
being unable to form internal esters (sultones) in DMSO,
easily convert into this colorless tautomer in DMF. In the
case of bromophenol blue and other bromo-substituted
sulfonephthaleins, the sultone is equilibrated with quino-
noid tautomer, whereas for neutral forms of the unsub-
stituted phenol red and the alkyl-substituted dye thymol
blue, the existence of the zwitterionic tautomer is also
possible. Hence the stepwise dissociation of phenol red in
DMF occurs in the sequence [17d = 18d — 19d (pre-
dominating)] = 20d = 21d whereas in the case of bro-
mophenol blue only the following equilibria are
described quantitatively: (18e = 19e) = 20e = 21e.

Copyright © 2003 John Wiley & Sons, Ltd.

In organic media (DMF, 91 mass% aqueous ethanol),
the existence of lactones and sultones manifests itself in
an essential fall in the limiting current during the electro-
reduction process. In acidic, neutral and slightly alkaline
paj; regions, two-electron irreversible waves are ob-
served, in accord with the up-to-date reduction scheme,
including the disproportionation processes. In highly
alkaline medium, two one-electron waves are registered
(EEC mechanism); the first wave is reversible. The
difference  between the  half-wave  potentials,
E%(I) — E%(H), in organic media, especially in DMEF,
increases in comparison with aqueous solutions, mainly
due to additional stabilization of the anion-radicals R~
in an aprotic solvent.

EXPERIMENTAL

The fluorescein and eosin samples used were purified by
column chromatography. The purity of these and other
xanthenes was checked by TLC and by means of excita-
tion spectra. The sample of N,N-diethylrhodol of high
purity kindly provided by Dr V. I. Alekseeva (NIOPiK,
Moscow). The purity of sulfonephthaleins (Minkhim-
prom, USSR) was examined using their absorption spec-
tra and pK, values in water. Bromphenol blue and thymol
blue were additionally recrystallized, and the content of
sulfur was checked by the Schoniger method. DMF was
purified with Al,O5; and distilled under vacuum with
benzene. The water content (average 0.025%) was
checked using Karl Fischer titration (potentiometric pro-
cedure). Acetonitrile, carefully purified and dried over
P,O,o directly before use, was a gift from Dr S. M.
Kiyko. Our experiments demonstrated that acidic admix-
tures which appear in CH;CN within a year after pur-
ification can be titrated with alkali, using fluorescein as
indicator. DMSO was purified by vacuum distillation
over NaOH, and then over zeolites of NaA type. Salicylic
and benzoic acids were purified by recrystallization.
Stock solutions of HCI were prepared by absorption of
gaseous hydrogen chloride by dried DMF, and then
standardized against CO,-free sodium hydroxide. Potas-
sium hydroxide, used to obtain alkaline media in DMF,
DMSO and acetonitrile, and H,SO, were of analytical
grade. Bis(2-aminoethyl)amine, NH(C,H4NH,),, and tri-
fluoroacetic acid were purified by distillation. The sam-
ples of 18-crown-6 and dicyclohexyl-18-crown-6 ether
(DCH-18-crown-6), cis-anti-cis (isomer B) (purity
>99%), were purchased from the Institute of Organic
Chemistry, Novosibirsk, and the Institute of General and
Inorganic Chemistry, Moscow, respectively. N(C,Hs),OH
solution was prepared according to the standard proce-
dure.?” The sample of N(C,H5),ClO, (analytical grade),
used as salt background in polarographic studies, was
purified by recrystallization from aqueous ethanol.
Electronic absorption spectra were measured with SP-
46 (of USSR origin) and Hitachi U 3210 instruments at
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20 °C, immediately after preparation of the solutions, at
working concentrations of the dyes near to
107> mol dm>; under conditions of lactone and sultone
formation the concentrations were higher. The IR spectra
were measured on a Specord IR-75 instrument (CaF,
cells, 0.005 cm) against solvent blanks; these experiments
were carried out in collaboration with Dr Yu. N. Surov
and Dr R. Salinas Mayorga.

For electrochemical studies, a PU-1 system (of USSR
origin) was used. The characteristics of the dropping
electrode were as follows: m=4.2mg s_l, 7=32s""
at h="70cm. A saturated calomel electrode was used as
a reference electrode; the liquid junction with saturated
KCl contained 3% of agar-agar. Oxygen was removed by
passing an argon stream through the solutions studied.
All the polarographic measurements were carried out at
20+ 2°C, except in the studies of temperature depen-
dences (in these experiments, the temperature was in-
creased up to 50°C). The i — E curves of dyes were
measured in 91 mass% aqueous ethanol and in DMF in
buffer solutions (salicylate, benzoate, diethylbarbiturate
buffers, and in aqueous ethanol in acetate buffers also).
LiOH in 91% C,HsOH and N(C,H;),OH in DMF were
used as strong bases, added to the corresponding weak
acid. In order to avoid essential changes in the structure
of the double electrical layer along with variations in
pa;fﬁ, the concentrations of the cations in the buffer
mixtures were kept constant. The concentrations of
depolarizers, i.e. dyes, (8 x 107"-3 x 103 mol dm73)
were two orders of magnitude lower than those of buffer
components. To create acidic media, HCI and H,SO,4
solutions were used. In the absence of buffer mixtures in
DMEF, tetraecthylammonium perchlorate served as the
background. Each polarographic curve was obtained 2—
3 times, with satisfactory reproducibility. Information
about the electrochemical behavior of the dyes was
obtained from the dependences i versus E, i}, versus c,
Ijim VErsus hH/g, log[l/( d — )] versus E, El VErsus pay;
and log iy, versus 1/ T.* The E1 values were determmed
with confidence interval +0.01V. For the analysis of
diffusion-limited waves, the Ilkovic equation was applied.
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