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ACID/BASE PROPERTIES OF SOLVATOCHROMIC PYRIDINIUM-N-PHENOLATE
BETAINE DYES IN PURE AND MIXED SOLVENTS

The protonation constants of a set of solvatochromic pyridinium-N-phenolate betaine dyes [-X| (D*) were determi-
ned in methanol, water, and the ternary solvent mixture benzene — ethanol — water (with mass ratio 47:47:6)
using the vis spectroscopic method. Both, medium effects on transferring from water to organic solvents and salt
effects in aqueous media are in agreement with the zwitterionic nature of the betaines, which possess a high

dlpole moment in the electronic ground state. The character of solvation of dyes D*

in the ternary solvent mix-

ture is discussed basing on the position of the charge—transfer (CT) absorption band in the visible region. The

association of the betaine dyes with metal ions (Na*, Mg

, La’ ) in 1-butanol manifests itself in a disappearance

of the long-wavelength CT band as result of a complex formatlon with the cationic Lewis acids.

Pyridinium N-phenolate betaine dyes exhibit the
largest range of solvatochromism among up-to-now
known organic dyes. Therefore, they are often used
for creating polarity scales of solvents [1] as well as
for the polarity estimation of interfaces in various
micro- and ultramicroheterogeneous systems, such
as micdlar solutions of colloidal surfactants, microe-
mulsions, suspensions of liposomes, etc. [1—5]. Fur-
thermore, they can be used as pH-indicators for s-
multaneous checking of the interfacial acidity in the
aforesaid colloidal sysems [3—5]. The sructura for-
mulas of some typical solvatochromic betaine dyes
D* are presented below:
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I: R%=R3=H, R%=C¢Hs; II: R'=H, R=R%= CeHs; 111
Rl= C(CH3 3, R=R%= 4-C(CH33-CeHa; IV: R =H, R%=
—C6H5, C(CH3 3 V: R=coyNa', R =R3 C6H5,
VI: R’=CF3, R? =R*=4-CF3-CHz VII: R C6F13,R—
=CeF13-CeHa, R®=CeHs; VIII: R'=H, R?=CeHs, R3=
=Cl; IX: R'=H, R=R%3pyridyl. (In the case of dye

V, the colored spedes exigs in solutions as an anion D*").

Whereas the vis absorption spectra of these
dyes in their highly dipolar zwitterionic form, D,
especially their polarity-sensitive charge-transfer
(CT) band, are wel documented, the information

concerning their acid/base properties is rdatively spar-
se. Protonation of the phenolate oxygen leads to
decolorization of the dye solutions. The protonation
congants in lyophilic colloidal syssems are traditio-
nally compared with those in non-aqueous solvents,
including water-organic mixtures. At present, solva-
tochromic betaine dyes serve as useful tools for the
versatile examination of the properties of surfactant
micelles, vesicles, droplets of microemulsions, etc.
Using a set of dyes ingead of the single sandard
betaine dye Il allows to obtain manifold informa-
tions. Therefore, it seemed to be pertinent to deter-
mine the protonation constants Ky:

D* + H+.—_>HD+,. Ky= ala-a . (1)
(a—activities)

of a whole s& of the betaine dyes [—XI in two kinds
of solvents in pure methyl alcohol as a ¢andard or-
ganic solvent (e=32.7), where preferential solvation
is impossible, and in a ternary benzene—ethanol—
water mixture, with mass ratio 47:47:6 (e=12.8), de-
signated as BEW. In the latter solvent mixture, mar-
ked differences in the solvation character of hyd-
rophobic and relatively hydrophilic (at least, water-
soluble) betaine dyes can be expected. Besides, disso-
ciation congtants of some organic adds, eg., of sali-
cylic and benzoic acids, measured in methanol, are
close to those obtained in the BEW solvent mixture,
which is convenient for a comparison of the values
of the betaine dyes. The betaine dyes X and XI
with a polymethylene chain surrounding the pheno-
late moiety were studied as well.
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X: n=9; XI: n=12.

Some of betaine dyes are only sparingly solub-
le in water. In methanol, ion association, homoco-
njugation, and some other effects hindering the exact
determination of K, values, are expected to be less
expressed as compared with other organic solvents.
On the other hand, the ternary solvent mixture can
be consdered as a modd of water/micelle or water/
microdroplet interfaces, owing to its complicated
character. The mole fractions of the components
in the BEW mixture are equal to 0.31, 0.52, and
0.17, respectively.

The Ky, values were determined vis-spectrosco-
pically, usng the pH scale of acidity in water. In
non-aqueous solvents, the pa -+ scales were used,
standardized to a hypothetical state with H™ activity
equal to unity and with some properties of an infi-
nitedy diluted solution in the given solvent.

The origin and main properties of betaine dyes
|—X| were decribed earlier [1—4, 6, 7]. All the sub-
stances used for preparation of buffer mixtures,
salts, and solvents were purified using conventional
procedures. The water content in methanol was 0.01
—0.02 % mas., as estimated by potentiometric titra-
tion according to Fischer’'s method. Initial solutions
of sodium methylate were prepared dissolving so-
dium in the proper amount of methanol; its concen-
tration was determined by titration after proper di-
lution with water. The vis spectra were run using
a SF-46 apparatus, at dye concentrations of about
c» 540° mol/L. All solutions were prepared and the
measurements were performed at 298 + 0.2 K.

The determination of Ky, in methanol was per-
formed using benzoate, diethylbarbiturate, and et-
hylphenylbarbiturate buffer mixtures, which were cre-
ated by varying the acid concentration. The ionic
srength was equated to the total concentration of
CHONa, which was maintained constant (c=0.01
moI/L) The pa,+ values were calculated using the
following logK,, (=pK,) values for buffer acids, HA,
in methanol: 7.90 (salicylic) [5], 9.40 (benzoic) [9],
12.70 (diethylbarbituric) [5], and 12.35 (ethylphenyl-
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barbituric). The last value (+ 0.11) was determined
by us using thymol blue as an indicator. During
the logk, determinations, approximately ten wor-
king solutlons with different pa -+ values were pre-
pared. Several wavelengths near the | ., value of the
CT band were used as analytical positions Some
vis spectra were regisered in methanol solutions,
in HA solutions, or in diluted solutions of HCI in
methanol. The activity coefficients f of all ionic
species were calculated using the Debye-Hucke
equation (second approach).

In the BEW solvent system, the procedure was
the same, with two exceptions: (i) the incomplete
dl&aouatlon of MA salts of the buffers (M = Na’,
Li*) was taken into account, logK (M +A‘)—
=3.46—3.48 [5], and (ii) the pa ,+ values were addi-
tionally checked using a glass dectrode in a cdl with

liquid junction:
Ag|AgCl|KCl, ag. || dye, HA, MA | (H*)-
selective glass electrode. (2

The buffer mixtures were prepared with a con-
stant initial concentration of NaOH (0.01 moI/L) and
concentrations of HA varying from 1.5403to 7.540°
mol/L. The cel (2) was standardlzed usng buffer
solutions W|th pa - =6.83 (84&0‘ mol/L sallcyllc
acid + 8.4407° moI L lithium salicylate) and ;P
=8.48 (8. 44073 mol/L benzoic acid +8440" moI/L
lithium benzoate). For paralld paH+ calculations,
the iterative procedure was used. The degree of MA
dissociation appeared to be 34 to 39 %. The logK
(=pK,) values for buffer acids, HA, are as follows:
7.60 (salicylic acid), 9.26 (benzoic acid), and 11.97
(5,5-diethylbarbituric acid).

For the determination of the K, values of betai-
ne dyes D* in water, K", a common vis-spectros-
copic procedure was used, accompanied by pH checking
with a glass dectrode.

Thermodynamic values of logK,, are compiled
in tablel. All the constants are expressed in the
mol/L scale. At this stage, the possibility of HD™
association with anions X~ of the buffer acids (see
below) was not taken into account.

The vis spectra of some typical dyes measured
in methanol are shown in fig. 1, the I, values
are given in table2. Generally, the results obtained
are in agreement with literature data [1, 5, €]. In the
caxe of dye IV, the deviation is 5nm (the most
sgnificant difference). It must be taken into account
that the | ., values of a given dye measured in pure
methanol and in corresponding buffer systems dif-
fer sometimes from each other. The largest diffe-
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Table 1

L ogarithms of the thermodynamic protonation constants, logK,,, of betaine
dyes |—XI, determined in water, methanol, and the ternary solvent mixture
BEW (CgHg—C,H;OH—H,0 with mass ratio 47:47:6) at 298 K

tion energies (E;) and those of the
standard betaine Il in a st of individual
solvents [1, 2, 6, 7]. Hence, the expected
| max vValues in the ternary solvent mixtu-

re can be eadly calculated. Ingpection of
logKy DiogK table 2 reveals that the "predicted’ | .,
Dye HO® | BEW® values are generally higher than those
in H,0 in CH,OH in BEW | 03 0H |cp.ony  Obtained experimentally in the BEW sol-
° 3 vent mixture. The difference DI ., is
|  855+002 11724015 1027+005 317 145 mha_l{_ke(zljly expr&s%d for tne most hydro-
Il 864[25 1159+006 9524003 295 207  Philic dyes | and IX. However, even
. for the betaine dyes having large hyd-
I — 11.80+0.03  9.90+0.05 1.90 hobic § av. dves Il 1V, VI
Y — 1330£006 11.20+001  — 201  fophobic sites namely, dyeslll, IV, VI,
v and V11, the experimental values do not
877+0.02 12.06+0.10 — 3.29 — exceed the calculated ones Hence, neg-
Vi — — — — ; ,
VI . 13;: j‘: 8‘82 . . . lecting the high content of benzene (mo-
VIl 476+003 [5] 844+001 699+001 368 145 ItieOLr%?'t%ré )ﬁ%?o%lgog Cc?aﬂglgtsn?;\':
IX . — 2. — :
X ° 66_ 13 12'421341: 8‘13 . _59 . soluble!) dyeswith benzene solvent mo-
e lecules does not occur. Probably, not
Xl — 13.69 + 0.07 — — —

only ethanol, but also water molecules

Fig. 1. Vis absorption spectra of betaine dyes I, 11, 111,
and VII, dissolved in methanol. Dye concentration c=
=840 mol/L, optical path length 3 cm.

rences were observed for dye IX (I ,,=492nm in
pure methanol, 490—491 nm in benzoate, and 487
nm in 55-diethylbarbiturate buffer solutions) and
for dye VI (I ,5=522nm in pure methanol and
513 nm in 5,5-diethylbarbiturate buffers). This can
be regarded as indication of some weak interactions
of secondary character (see below).

The |, Values of the betaine dyes D* measu-
red in the BEW solvent mixture are essentially hig-
her than those in methanol. The difference Dl .,
variesfrom 42 to 84 nm (table 2). For all these solva-
tochromic betaine dyes, except X and XI, linear
correlations are known between their molar trans-
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(mole fractions x,=0.52 and x5=0.17,
respectively) take part in solvation of
the negative part of the D* dipoles. For example,
the expressed negativity of the difference [l ., (€x-
perimental) — | ., (calculated)] probably indicatesthe
srong preferable hydration of the phenolate group.
Besides, for such large molecules dissolved in mixed
wlvents, a sdective solvation of different sites by
different solvent molecules seemsto be very probable.

The logK " values presented in table 1 are ther-
modynamic ones. We also determined the ‘mixed’
logky"" values at ionic strengths of | = 0.025, 0.03,
0.0375, 0.05, 0.1, 0.15, 0.2, 0.25, 0.3, and 0.5 mol/L.
The required | values were maintained with additi-
ons of NaCl to acetate, phosphate, and borate buf-
fer mixtures. These data are depicted in fig. 2, in
form of traditional dependences on 1¥2

The character of the curves in fig. 2 indicates
that the colored betaine species behave themsdves
not as usual neutral molecules. For charge types of
acid/base couples such as A*B® and A%B™, in terms
of Kolthoff and Bates [5, 8], the logk " values must
correspondingly increase and decrease along with
an increase in 1Y2 at least up to medium ionic
dsrengths. However, the protonation constants of
dyes | and VIII stay practically unchanged (fig. 2).
Hence, the dtuation is typical for such indicators
as methyl orange and thymol blue (acid region),
acids of charge type A*B~[8]. Zwitterions are known
to behave themsaves as two separate charges only
in dilute solutions, maybe, this is the case with betai-
nedyeVIII at low | (fig. 2). Betaine dye V possesses
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Table 2

Vis absorption maxima, | ,,,/nm, of the betaine dyes |—XI,
measured in methanol and in the ternary solvent mixture
BEW (CgHg—C,H;OH—H,0 with massratio 47:47.6) and
related wavelength differences, DI ., /nm

! max Dl_ max = | max |DI max (BEW)=
Dye in in (in BEW) - | max (€Xp.) =
CH,oH| BEW |!max (N CHOM)| 1 o, (cale)
| 440 484 44 ~(30—20)
1 514 575 61 0
111 520 586 66 0
v 558 642 84 -11
\% 521 570 49 —6
VI 522 565 43 =17
VI 560* 625 65 -9
VIl 441 486 45 —4
1X 492 529 37 —23
X 533 603 70 —
Xl 530 596 66 —

* | max = 600 nm in the binary solvent mixture methanol—
benzene (1:1 v/v).

an additional CO, group; the charge type can be
represented as A*B*", and the (logk,"" vs. 173 de-
pendence is more close to that for acids of A%~
type [5, 8]. Therefore, the thermodynamic KHW value
for betaine dye | was equated to K", and for an
esimate of the logK," values of betaine dyes V and
VIII, a quantity of 0.06 (calculated by the Debye-
Huckd equation, second approach) was added to ther
logk " values at 1=0.025 mollL.

Simultaneously, the influence of salt additives on
the spectra of D~ in water was checked. Even at

Fig. 2. The dependence of IogKH""k on 112
(NaCl + buffer) for the betaine dyes I, V, and VIII.
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¢(NaCl)=0.5 mol/L, the alterations of CT bandswere
very modest.

The logK, values in methanol (table 1) were de-
termined following the sandard procedure. As the
length of the pa - scale in methanol is 16.7—17.2,
the solution of CH3;ONa with ¢=0.01 mol/L corres-
pondsto pa,, - » 15 and henceis suitable for measure-
ments of D* spectra. The slopes of the graphs
log{[HD*]/[D*]} vs pa,,- are dose to unity. For in-
stance, for dye VIII in benzoate buffer solutions,
the following dependence is valid:

log{[HD*)/[D*]} =
= (9.03+0.02) - (1.036 + 0.002)pa,+. (3)
(r = 0.996, n= 11)

In the case of dye V, the carboxylic group is io-
nized in the solutions used for the logKy determi-
nation, hence the protonated species is a zwitterion
with a CO, group. For dye IX, the second equi-
librium (protonation of N-atom) is also to be taken
into account.

Let us consder the logK,, values determined
in methanol. The logK, value of dye | is with 11.72
markedly lower than that of the phenolate ion in
methanol (14.46) [9], thus reflecting the electron-ac-
ceptor properties of the 4-phenyl-pyridinium moie-
ty. The protonation constants for dyes I, Il, and
[l differ but only dightly. Such finding agrees with
the fact that for the groups C¢gHg and 4-C(CHy)-
CgH, the Hammett s congtants are close to zero [10].
Replacement of the phenyl groups by electron-with-
drawing 3-pyridyl rings (Hammett’'s s, = +0.72 for
3-pyridyl [10]) reduces the basicity of the phenola-
te moiety of IX and increases the acidity of the
corresponding N-(4-hydroxyphenyl)pyridinium ion
[3]. This explains the difference between logKy, va-
lues of betaine dyes Il (11.59) and IX (9.25). The
logK,, value of dye V is by 0.47 units higher than
that of dye Il. The effective postive charge at the
carbon atom can cause electron-acceptor properties
of the CO,™ group. However, the inductive and me-
someric effects are probably low in the given case,
and the CO, group favors protonation of the phe-
nolate oxygen owing to the additional negative
charge in V as compared with that of Il. In water,
the effect is less expressed (tablel), but a decrease
in the g, value of the solvent is known to strengthen
such effects [5].

The logKy values of betaine dyes 1V, X, and XI
are by 1.6—2.0 units higher than that of the unsub-
gituted dye |. This agrees with the wel-known
effects [3, 4, 9, 10]: the influence of two strong dec-
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tron-withdrawing chlorine subgtituents in 2,6-posi-
tions results in a decrease in logKy value by 3.3
units on going from betaine | to betaine VIII. This
is in line with the data for unsubsgtituted phenol-
sulfonephthalein and its 3,3,5,5-tetrabromoderiva-
tive in methanol (logky=12.8 and 8.9, respectively)
[5, 8], as wdl as with the data for halogen-substitu-
ted phenols [3].
Hammett constants of s,=0.46 and s;=0.53
[9] reflect the influence of the CF5 group. The simi-
larity of s values for the groups CF; C.Fg, and
C4Fg [9] allows to expect that the electron influen-
ce of CF5 and CgFq53 groups is also similar. The
effect of one 2-C¢H ,-4-CF5 group, as obtained by
comparison of the logK, values for dyes VII and VI,
is 0.63. This approximately agrees with the dectron-
acceptor properties of the trifluoromethyl group.
The character of medium effects in the glven
solvent S (here S= CH,0H), i.e,, DiogKy, = IogKH
—logK,", gives some information about the struc-
ture of the acid/base couple [1, 8, 10]. The DiogK
value can be expressed through activity coefficients
of transfer, (i), of the reactants from water to S:

DiogK; = log"g’(H™) + log"g(D™) -
—log"gi(HD™) . @

Naturally, the “g(H™) value is the same for all
the acid/base couples for the given H,0—S pair.
If S is CHZOH, log"g{H™) =1.52 (molar scale of con-
centrations), as obtained by the tetraphenylborate
assumption [5]. For betaine dyes, DlogK,, values are
within the range of 2.6—3.7 units (table 1), whereas
for common neutral bases, such asortho-chloroaniling,
meta-nitroaniline, and methyl yelow, the DiogKy
values do not exced unlty [8] For such add/ base
couples the charge type is A" B® [5, 8]. At the same
time, for anionic bases (hydrosalicylate, benzoate,
etc.) the DiogKy, values are » 5 [5, 8]; for phenolate,
this value equals to 45 Here, the charge type of the
acid/base couple is A g~ [10]. Hence, the medium
effects for betaine dyes are markedly higher than
for acid/base sysems of the A g0 charge type and
somewhat lower than that for A%~ coupleﬁ This
is typical for acid/base couples of the A*B* charge
type [5, 8]; eg., for the rhodamine B zwitterion in
methanol, DiogK, =4.3 [5]. Hence, the DiogK, values
of the betaine dyes are in accord with the zwitterionic
character of the dye spedies D*.

In contragt to thel ., values, the K, constants
are much higher in methanol than in the BEW sol-
vent mixture, notwithsanding the much lower
value of the last solvent syssem. The difference is
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1.45 to 2.07 logarithmic units (table 1). Such a result
is obvioudy caused by the presence of a macroa-
mount of water, which inevitably leads to hydration
of the proton Hence the lyonium ion stays mainly
asH O (or H502 , &c.), while in methanol the pro-
ton is methanolated, and the log"g’(H™) quantity
(S= CHZOH) makes a much higher contribution to
the DlogK, value.

The protonation constants of the D* species
in the BEW solvent mixture presented in tablel1
are calculated without taking into account the (pro-
bable) association of HD™ cations with anions A~
of the buffer acids. If such association is expressed
wdl enough, the formulas used for the calculation
of the thermodynamic logKy values mug include
an additional logarithmic term containing K,

logKy, = pa,+ + log{[HD "]/[D*]} + logf,,+ —
— log{1 + [ATf, 5+ A -Kasd (5)

with [A”]=3.640° mol/L and log f = 0.374. 1f we
assume that the K, value for the HD™+ A~ mte
ractlon is analogous to that for a$oaat|on of Na*
(L") with A7, e, Kug 2.9540° L/mol (average

Fig. 3. Visabsorption spectra of betaine Il, dissolved in
1-butanol and measured at 298 K, with initial dye concen-
tration of c= 100>10 mol/L: a — without any addltlve£
(1); with 1.00407* moI/L NaClO, (2); 0.54.0~* mol/L
Mg(CIO,), (3) 0.333307* mol/L La(ClO,); added (4); b
— Wlthout any additives (1); with 0.01 mol/L NaClO, (2);
5.040° mol/L Mg(ClO,), added (3).
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value), see above, then the logKy values given in
tablel musgt be reduced by 0.4—0.5 logarithmic
units. On the other hand, the phenolate oxygen of
the D* species is known to asociate with metal ca-
tions in anhydrous, mainly aprotic solvents. This
phenomenon leads to rather distinct spectral changes.

Indeed, while the | ,, value of dye IX in me-
thanol equals to 490—491 nm (in diluted benzoate
buffers), progressive addition of NaCl resultsin band
shiftsto | .= 486—488 nm (0.01 mol/L NaCl) and
470—474 nm (0.3 mol/L NaCl). For dye X in diluted
CH ONa solutions in methanol, addition of 0.3
mol/L NaClO, leads to a band shift from I . =
442 to 428—429 nm. However, the aforesaid effects
manifes themsdves more diginct in 1-butanol, a
solvent with much lower dielectric constant (g, =17.5;
compared with 32.7 for methanol).

In 1-butanol, the association of the betaine dyes
with metal ions (Na*, Mg?*, La>") manifests itsdlf
in a disappearance of the long-wavelength CT bands
as a result of complex formation with these cationic
Lewis acids. Typical vis spectra are shown in fig.
3. A detailed study of such interactions in different
organic solvents will be published elsewhere.

PE3IOME. KoncranTn mpoToHi3amii cepii cosbBaTo-
xpoMHUX nipuauHiii-N-penonaranx OerainoBux Oaps-
HUKIB (Di) BH3HAYCHO y METAHOJI, BOJI Ta Yy TEpHAPHOMY
PO3YMHHUKY OEH30JI—eTaHOI—BO/a (3 MacoBHM CIIBBiI-
HOWIEeHHsAM 47:47:6) 3a NOMOMOTOI0 CHEKTPO(HOTOMETPH-
YHOTO MeToxy. Sk edexTH cepeoBHINa, IO CHOCTEpiraro-
ThCA MPH TEepexoAi Big BOIM IO METAHOJNY, TaK 1 COJBOBI
epeKTH y BOJHUX PO3UYMHAX Y3TOKYIOTHCS 3 IBITTEPHOH-
HOIO OynoBOIO OeTaiHiB, MOJIEKYJIM SKHUX MAarOTh BEIHKHI
UTIOJIEHANA MOMEHT B OCHOBHOMY CTaHi. XapakTep CoJbBa-
Tamii 6apBHUKIB D* y TepHapHIi cyMilli po3riasHyTo 3 ypa-
XyBaHHAM TIONIOKCHHS CMYTH IIEpEHOCY 3apsy. Acoria-
uis Gerainis 3 fomamu Na', Mg " raLa’’ B 1-6yranouri
MIPUBOANTH N0 3HUKHEHHS Ii€] CMyTH BHACIiIOK CTBOpPEH-
HS KOMIUIEKCIB 3 IMMH KucioTaMu Jlpoica.

V.N. Karazin Kharkov National University
Philipps University, Marburg, Germany
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PE3IOME. KoHCTaHTHI TPOTOHU3AIHH CEPUU COJTHBA-
TOXPOMHBIX MHPUANHHUNA-N-QEHOIATHRIX OETaMHOBBIX Kpa-
cureneii (D*) onpe/ieneHs B METAHOIIE, BOJE H B TEPHAPHOM
pactBopuTene OEH30J1—A3TaHOI—BOa (C MacCOBBIM COOT-
HouieHueM 47:47:6) crneKTpo()OTOMETPUYECKUM METOJIOM.
Kak a¢dexTsr cpensl, KOTOpbIe HAOIIOAAIOTCS P MEPEXO-
Iie OT BOJBI K METaHOJy, TaK U COJieBbIe d(PEKTHI B BOJHBIX
pacTBOpax COTIACYIOTCS C I[BUTTEPHOHHBIM CTPOSHHEM Oe-
TauHOB, MOJIEKYIBl KOTOPEIX UMEIOT OOJBIION JTUIONBHBIH
MOMEHT B OCHOBHOM COCTOSIHHH. XapaKTep COJbBaTaIllu
kpacureneii D B TepHAPHON CMECH PAaCCMOTPEH C Y4eTOM
TIOJIOKEHHS TOIOCHI MTEPEHOCa 33PsIa. Acconunanus 6erau-
HoB ¢ monamu Na“, M g " uLa’ B 1-OyTaHoJie TPUBOANT
K WMCYE3HOBEHHUIO ITOW MOJOCHI BCIEACTBHE 00pa30BaHU
KOMILIEKCOB € 3THUMH Kuciotamu Jlpiouca.
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