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Heteroassociates of singly- and doubly-charged anions of alizarin red S
with the pinacyanol cation
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The formation of heteroassociates of singly- and doubly-charged anions of alizarin red S
with the cation of the cyanine dye pinacyanol in an aqueous solution was considered. The most
probable structure of the heteroassociates was proposed on the basis of the data of spectro-
photometry and theoretical calculations (quantum chemical methods of determination of the
geometry of the structures and the enthalpy of formation). The destructive effect of the ionic
surfactants on the heteroassociates was established, and the kinetics of their destruction was

studied.
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Association of dye ions of various classes (heteroasso-
ciation, or heterogeneous association!) in solutions causes
a substantial change in light absorption and is of both
theoretical and practical interest. Heteroassociation in
aqueous systems is especially important, because water
serves as a medium in which interacting protolytic and
aggregation forms of particles manifest unique spectral
luminescence properties.'2 Under certain conditions,
heteroassociates of dyes can act as analytical reagents,
color markers, and bioprobes. This finds use in the solu-
tion of many urgent problems of quantitative chemical
analysis, biochemistry, pharmacy, and biomedicine.1:3:4
The ability of alizarin and its derivatives, first of all, aliz-
arin red S (AR) (sodium salt of 9,10-dihydro-3,4-di-
hydroxy-9,10-dioxo-2-anthracenesulfonic acid) as the
most water-soluble reagent, to associate has recently been
established. Alizarin red is known as the acid-base metal-
lochromic indicator and a reagent for photometric and
extraction-photometric determinations of inorganic ions>;
AR was among the first dyes used as a highly sensitive
(submicromolar) fluorescent sensor for identification of
boron-containing acids.® The use of AR in the develop-
ment of optical chemical sensors’ and receptors® and in
the construction of biocomposite nanofibers (tissue engi-
neering)?10 was efficient. An analysis of the literature data
show that this dye is rather efficient and promising as
a reagent for quantitative determination of many drugs
as ionic heteroassociates (ion pairs), for example, anti-
biotics (determination of trimethoprim!l), vitamins
(ascorbic acid12), amino acids (cysteinel3), proteins,14:15
polyphosphates, !¢ hypolipidemic preparations (atorva-

statin!?), bactericidal drugs (norfloxacinl8), and anti-
depressants (clomipramine!?). However, for the rational
use of the properties of a dye for similar purposes, it
is necessary to know the spectral, equilibrium, and ther-
modynamic characteristics of processes of its association.

In the present work, the interaction of singly- and dou-
bly-charged AR anions with the singly-charged cation of
pinacyanol (PNC, 1-ethyl-2-[3-(1-ethyl-1H-quinolin-2-
ylidene)propenyl]quinolinium) was discussed in more de-
tail, and the properties and probable structure of the
heteroassociates were discussed. Due to its spectral, struc-
tural, and protolytic properties, this cyanine turned out to
be appropriate for studying the ability to dissociation of
dyes of various classes, e.g., sulfophthaleins, hydroxy-
xanthenes, azo dyes, etc.1:4$20—22 The interaction of AR
with cyanine cations was not studied earlier. In addition,
the influence of ionic surfactants on heteroassociates was
revealed, and the kinetics of their destruction was studied.

Experimental

The AR preparation (analytical purity grade) was recrystal-
lized from ethanol. Pinacyanol chloride (Sigma, the content of
the main substance at least 95%) was used. Surfactants, viz.,
cetylpyridinium bromide (CPB) [C;cH33NCsH;]Br and sodium
dodecyl sulfate (SDS) C;,H,50S03Na, contained at least 90%
of the main substance. The influence of surfactants on the asso-
ciates was studied in the ranges of CPB and SDS concentrations
1-107°—9-10~*and 1+ 10~°—9- 103 mol L!, respectively, tak-
ing into account their critical micelle concentrations (CMC)
equal to (6.6—9.0)-10~* and 8.1-10~3 mol L1, respectively.?3
Specific features of calculations have been described pre-
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viously.24-27 The acidity in the medium was created by buffer
solutions and the addition of HCI or NaOH. Additional experi-
ments showed that the components of the used buffer solutions
exert no noticeable effect on the studied processes of heteroasso-
ciation. Dilute solutions of the dyes, whose ionic strength (/) did
not exceed 0.001—0.008 mol L~!, were used in experiments.

Absorption spectra were measured at ~20 °C on Hitachi-
U3210 and SF-46 spectrophotometers immediately after the
solutions were prepared.*

Results and Discussion

State of the dyes in an aqueous solution. The equilibri-
um of AR in solution as a tribasic acid can be presented as
follows:

HsAn = = HAn2~ === An%-.

= H,An" =

Since an AR molecule contains the sulfo group, the
electroneutral species exists in noticeable amounts only in
a strongly acidic medium (pH <1). At a lower acidity of
an aqueous solution, AR dissociates stepwise to form sin-
gly- (yellow color), doubly- (pink), and triply-charged
(violet) anions. Their absorption bands are rather well dis-
cernible (Tables 1 and 2; pK&12 = 5.53 (see Ref. 31) and
pK&13 = 11.20 (see Ref. 31), 10.71 (see Ref. 33) refer to
solutions containing no additives of background salts).
Solutions containing the singly-charged cation (Ct*) of
cyanine are appreciably decolorized in strongly acidic and
strongly alkaline media due to the formation of species
HCt?" and CtOH, respectively.

When studying the interaction of HyAn— and HAn*~
with Ct™, one should maintain such an acidity of the me-
dium that provides the coexistence of only reacting ionic
forms (in the opposite case, it is difficult to interpret spec-
tral changes, because other species participate in associa-
tion). To reveal the optimal conditions of association, we
calculated the fraction (x) of the considered ions in the
system (Fig. 1) taking into account the above listed pro-
tolytic process that occur in aqueous solutions. Based on
this, we established the appropriate values of pH. It seems
reasonable to study the interaction of HyAn™ with Ct" at
pH 4.1, and that of HAn?~ with Ct™ should be studied at
pH 7.6—9.3. We failed to create conditions of the simulta-
neous presence of An3~ and Ct™ in solution, since the
cyanine cation is almost completely hydrolyzed at the acid-
ity providing the predomination of the triply-charged AR
cations.

The interpretation of the spectral changes in the frame-
work of the equilibrium approach, which considers cat-
ion-anionic interactions in terms of the law of acting mass-
es, implies the fulfillment of the main law of light absorp-
tion by the protolytic forms of the dyes. It was found that
the linear dependence of the absorbance (4) on the molar

* Ya. Svishcheva took part in measurements of light absorption.

concentration of the dye in solution (C) obeys satisfactori-
ly in rather wide concentration ranges for each anionic
form of AR (Table 3) and takes the form A, = kC (the free
term of the regressions is statistical zero).

Coincidence of the correlation coefficient with unity
indicates that the dimerization processes of the singly-
and doubly-charged anions in water are not characteristic
at the studied AR concentrations. Note that in other me-
dia (for instance, the media containing from 5 to 70% of
the organic component in mixtures of water with metha-
nol, DMF, acetonitrile, and DMSO) no formation of AR
dimers was observed.32

Unlike AR, for pinacyanol the main law of light ab-
sorption is fulfilled only at low concentrations, since the
Ct" cation is prone to self-association (the logarithm of
the equilibrium dimerization constant is 4.79+0.06; the
properties of PNC in an aqueous solutions have earli-
er?2:29 been considered in more detail). The increase in the
cyanine concentration in solution is manifested in the elec-
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Fig. 1. Fraction (x) of the anionic protolytic forms of AR: H,An™ (/),
H,An~ (2), An®~ (3), and cation PNC™ (4) vs pH of an aqueous
solution. Curves /—4 were obtained with allowance for pK, =
=5.53 and pKa3 =10.71 (see Ref. 33), and curves 2" and 3" were
obtained with allowance for pK, = 5.53 and pK, = 11.20 (see
Ref. 31).

Table 1. Spectral characteristics of the studied anions and cations

Characte- H,An~ HAnZ  An3- ctt

ristic*

Amax/NM 421 518—519 560 600 (c-band);
550 (B-band);
510 (y-band)

Emax 49-10% 7.7-10% 14.4-10° 1.3-10° (a-band)

/L mol~! cm™!

* The spectral characteristics of Ct™ were taken from
Refs 28—30. The inaccuracy of A, is +1 nm, and that of e, is
+500 L mol~! ecm~1.
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Table 2. Protolytic characteristics of the studied dyes

Characteristic* Alizarin red S Pinacyanol chloride
Formula X =
O‘O P
SOzH | | Cl-
Et Et
p](al — 3.5%%*
p](az 5.53 (1 —0);
4.7240.03 (/— 0.1 mol L~! KNO;)
pl(a3 10.0840.03 (/ — 0.1 mol L~! KNO3);
10.71, —
11.20 (/ —0)

* The values of pKaz and ng13 are taken from Refs 31—33; and [/ is the ionic strength of

the solution.

*# The value of pK, refers to the dissociation of the cation HCt?* (see Ref. 30).

tronic absorption spectrum as a weakening of the intensity
ofthe a-band and an increase in the intensity of the B-band
(see Table 1) due to cation dimerization, and the further
increase in the PNC concentration results in the appear-
ance of aggregated particles (the increase in the intensity
of the y-band). In the present work, the concentration of
the cyanine dye was not higher than 4 - 10~¢ mol L1,
Association of Ct* with H,An~ and HAn?~ and the struc-
tures and energies of the associates. An analysis of changes
in the electronic spectra reveals that the spectral bands are
not additive. Non-additivity is observed in the fact that
the absorption intensity of a mixture of counterions is
systematically lower than that total light absorption of
individual ions of the dyes. As AR was added to PNC,
whose amount remained unchanged, we distinctly observed

Table 3. Equations of linear regressions for the fulfillment of the
main law of light absorption

Ion Equation* Correlation
coefficient
HyAn™ Ay = —0.022( g9y +4.85- 103 5.5°Cs 0.99950.0001)

C= 5010615104n—9
Aul—-7003looﬂ)+»496 10345, C,
C=13-107=2.5-10"3,n=38
HAnz_ A518 *0 014(0 016) + 7 74 10 (1. 5) C
C=75-10°0—-18:10%n=9
Aﬂg—-—oo28w0n)+-769 10335, C,
C=12-1074=25-10"3,n=38

0.9996(0_0001)
0.9999(0_0001)

0.9998(0‘0001)

* The subscripts at the values of absorbance (A4) correspond to
the wavelengths (A/nm) at which the dependence was estab-
lished; the subscripts in parentheses are the standard deviations of
the corresponding values; C/mol L~! is the initial concentration
of the dye ion; and » is the sampling volume of the values of C.

a decrease in the absorption intensity of Ct* (Fig. 2), main-
ly, in the long-wavelength a-band (spectra 2—6), reach-
ing more than 40% of the initial spectrum (spectrum /).
This pattern is characteristic of various initial concentra-
tions of pinacyanol. In similar cases, the decrease in the
long-wavelength band intensity (Fig. 3, curve 1) due to
heteroassociate formation is accompanied by an increase
in the absorbance in the shorter-wavelength of the spec-
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Fig. 2. Absorbance (4) of a solution of PNC (Cpnc =
= 1.7-107% mol L) vs concentration of AR (Cag): Cag =0 (1),
2.0-1070(2),4.0- 107 (3), 6.0- 1070 (4), 8.0- 10~ (5), 1.2- 1070 (6),
1.4-1076(7), 2.0-1075 (&), 5.0-10~3 (9), and 1.0+ 104 mol L~!
(10). Here and in Fig. 3, the absorbing layer thickness is 1.00 cm,
pH 3.6, and water as a reference solution.
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Fig. 3. Absorbance (A4) of a solution of PNC (Cpnc =
= 1.7-107% mol L) ws concentration of AR (Cxg) at A = 600
(16 670 cm™1) (1) and 421 nm (23 750 cm™) (2). The conditions
are indicated in the caption to Fig. 2.

trum (see Fig. 3, curve 2; see also Fig. 1, spectra 9and 10)
due to an increase in the AR content in a mixture of the
dyes. It is noteworthy that the absorption of AR can be
almost imperceptible both visually and instrumentally (the
value of A does not exceed 0.02 arbitrary units at the AR
concentration lower than 5-10=¢ mol L-!; see Fig. 3,
curve 2), but hypochromism of the absorption bands of
PNC is appreciable (a sharp decrease in A4 is observed with
an increase in CyR; see Fig. 3, curve 7).

It was established by the methods of determination of
the composition that the AR anions can form with the
PNC cation Ct* compounds of the stoichiometric com-
positions Ct*+ H,An~ and (Ct"),+ HAn?~. The measure
of stability of these compounds is the equilibrium associa-
tion constant K, (in fact, the thermodynamic value be-
cause of the low ionic strength of the solutions) deter-
mined from the law of acting masses. For the equilibrium

Ct* + HoAn~™ === Ct*-H,An"
this constant can be expressed as follows:

Ky = [Ct"- HpAn "]+ (Chypn —

— [Ct"+HyAn"]) 7!+ (Cc — [CtT - HyAnT]) 7!,

while for the equilibrium

2 Ct* + HAn2~ =—= (Ct*),+HAn2~
can be expressed in the form

Ky = [(Ct"),» HAN> 7]+ (Cya, —

— [(Ct"),» HAn>"])~!- (Cc — 2[(Ct*),- HAn>"]) =2,

where the equilibrium concentrations of the associates
are [Ct™+HyAn"] = (ecCol — A)(ecy — €45) '+ 17!
and [(Ct"),» HAR?] = (eqCal — 4)* Qec, — g7+ 17

C/mol L~! are the initial concentrations of the cation or
anion; //cm is the absorbing layer thickness; 4 is the ab-
sorbance of the solution at the fixed wavelength; and e,
and e,/L mol~! cm~! are molar absorption coefficients of
Ct" and the associate, respectively. We determined that
for the associate of the singly-charged AR anion log K, =
= 6.12+0.10, while for the associate (Ct*),- HAn?-
log K,; = 10.92%0.10. It is noteworthy that the associate
H,An™ is somewhat more stable than the associate of anal-
ogous composition of unsubstituted sulfophthalein: phe-
nol red (PR) for which log K, = 5.83£0.10, whereas the
HAn?~ associates are close in stability to the correspond-
ing associate of PR (log K,, = 11.81£0.10).2% At the same
time, these AR associates are less stable than the pinacy-
anol associates of the series of the bromosubstituted de-
rivatives of phenol red3: bromocresol green (log K,
= 6.7420.04 and 12.0910.09, respectively) and bromo-
phenol blue (log K, =6.88+0.05 and 13.73+0.10, respec-
tively). This is related, most likely, to the planar chromo-
phoric system of the AR anions, unlike the propeller-like
structure of phenol red, and hence, they interact more
efficiently with the flattened structure of pinacyanol. At
the same time, unlike the listed phenolsulfophthalein de-
rivatives, AR contains no bromine atoms, which enhance
the hydrophobicity of the anion and thus favor the en-
hancement of the cation-anionic interactions. 1425

The probable structure of the associate (Ct*),+ HAn>~
calculated by the AM 1 semiempirical method35-36 (calcu-
lation conditions: the Polak-Ribiere convergence algo-
rithm; the convergence gradient of two successive itera-
tions not higher than 2 kJ mol~!) is presented in Fig. 4. To
obtain the optimized structure of the heteroassociate, it is
important to find the global energy minimum (this proce-
dure has earlier been described in more detail34). We tested
6-7 different starting mutual positions of counterions in
the heteroassociate (one of the variants of the initial ar-
rangement of the ions is shown in Fig. 4, a; each counteri-
on was also preliminarily geometrically optimized). The
lowest minimum was chosen from the calculated set of
energy (so-called local) minima; and the energy of this
structure was accepted as corresponding to the global en-
ergy minimum. Then the additional geometric optimiza-
tion of the heteroassociate structure was performed, dur-
ing which a series of decreasing values of the convergence
gradient of successive iterations was specified (as a rule,
from 0.1 to 5-10=3—1-10~*kJ mol~!). The process of
searching for the optimized arrangement of the counter-
ions in the heteroassociate was completed in the absence
of geometric parameters from the specified values of the
convergence gradient (so-called the RMS gradient (root-
mean-square value): the rate of changing the energy (the
first derivative) with the change in the arrangement of
each atom in three mutually perpendicular directions). As
shown by the calculations, the optimization of geometry
of the structure depends substantially on the values of the
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Fig. 4. The starting (a) and optimized (b) arrangements of the cations PNC and AR in the heteroassociate (Ct*),+ HAn?~ (stereo
images). The distance between the marked atom of AR (black circle) and atoms of PNC (light circles) is 8.5 A (a, upper or bottom
atoms of PNC); 4.5 A (b, upper atom) and 4.9 A (b, bottom atom). The central angle at the vertex at the marked atom of AR is 161° (a)
and 91° (b). The length of PNC in the direction of the polymethine chain is 18.8 A, and the length of HAn2~ along the chromophore

plane is 7.5 A.

RMS gradient but is almost completed already at
0.01 kJ mol~! A-! and is accompanied by the shortening
of the distance between the counterions. The heteroasso-
ciate (Ct"), - HAn?~ has a sandwich structure. This mutu-
al arrangement of ions results in the enhancement of dis-
persion and n-electronic interactions as driving forces of
heterogeneous association of dyes.122:25 Their manifesta-
tion is indicated by a noticeable deformation of the initial-
ly planar n-electronic system of the cation (see Fig. 4, b).
The appreciable cation-anionic interaction is indicated
by the results of calculations of the enthalpies of formation
(AH°;, standard conditions) of the associates. To estimate
the values of AH®;, we used the AM 1 semiempirical method

as one of the extended variants of the MNDO method and
the PM3 method.35:36 These methods were parametrized
in such a way that the experimental values of AH°; of
organic compounds would be reproduced most adequately
(for instance, the average inaccuracy of the AM1 method
in the calculation of AH® is 25 kJ mol~').35 Note that
similar nonempirical calculations give inaccuracies of the
values of AHexceeding 100 kJ mol~! even for small mol-
ecules.37-38 With an increase in the number of atoms in the
molecule, the inaccuracies in the calculated values of AH®;
increase more and gain a systematic character.38

The characteristics of ions of the dyes and heteroasso-
ciates of AR are shown as examples in Figs 5 and 6 (figures
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Fig. 5. Enthalpies of formation (AH%) of the ions Ct* and H,An™;
the algebraic sum of AH°;of the ions composing the associate (7);
and AH® of the associate Ct*+H,An~ (2). Calculation by the
PM3 method.

at arrows designate the range of variation of AH°;/kJ mol~!
for the corresponding species). In Fig. 5 (PM3 method)
the ions Ct* and H,An™ are characterized by the values
of AH®% ranging from 980 to 968 and from —1085 to
—1094 kJ mol~!, respectively. The algebraic sum of the
values of AH®; for the cation and anion ranges from —126
to —105 kJ mol~! (energy level 1) and exceeds AH® of
the associate Ct*+H,An~, which ranges from —356 to
—398 kJ mol~! (energy level 2), by 293—230 kJ mol~!.
Similarly, in Fig. 6 (AM1 calculation) the ions Ct* and
HAn?- are characterized by the values of AH°; ranging
from 1076 to 1073 and from —976 to —985 kJ mol~!, re-
spectively. The algebraic sum of AH®; of two cations and
the anion is 1161—1176 kJ mol~! (energy level I). Since
the value of AH? of the associate Ct*« H,An~ was found
to be 448—432 kJ mol~! (level 2), the excess of the alge-
braic sum of the values of AH®; of the counterions over
AH®; of the heteroassociate is 744—713 kJ mol~!.

Fig. 6. Enthalpies of formation (AH®) of the ions Ct* and HAn?~;
the algebraic sum of AH°; of the ions composing the associate (7);
and AH®; of the associate (Ct™),-HAn?~ (2). Calculation by the
AM1 method.

The energy characteristics of the ions and heteroasso-
ciates of AR are given in Table 4. This table also contains
the values of X (algebraic sum of the values of AH®; of
the corresponding ions in the associate Ct*+H,An~ or
(Ct"),+HAn?~ determined as T = iAH°; (cation) + AH®;
(anion), where i is the number of cations in the composi-
tion of the associate) and the difference ~ — AH°; the rang-
es of changing (variation range) are indicated for each
characteristic. The values of AH®;of the pinacyanol cation
almost coincide with those obtained previously3* when
the cation-anionic association involving the sulfophtha-
lein anions was studied. It is noteworthy that the enthal-
pies of formation of the anions and especially the values of
the difference £ — AH®; determined by different method
coincide.

An analysis of the data in Table 4 suggests that the
formation of heteroassociates of anions of alizarin red S is
energetically favorable. This agrees with rather high values
of the association constants determined experimentally.

Table 4. Energy characteristics (AH°;/kJ mol~! and £/kJ mol~") of the ions and heteroassociates

Method  Characteristic Ctt H,An~ HAn~2- Ct*-H,An~ (Ct),+HAn2-
AM1 AH®; 1076—1073 —1052+—1060 —976+—985 —193+-235 448—432

z 13—24 1161—1176

> —AH®% 259—206 744—713
PM3 AH®; 980—968 —1085+—1094 —1006+—1014 —356+—398 180—151

2 —126+—105 922—-954

= — AH% 293—-230 803—742
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The energy gain characterized by the value of £ — AH%
substantially exceeds the average inaccuracy of calcula-
tion methods for the calculation of AH°;and the variation
range of the obtained values of AH®. The listed facts indi-
cate that the formation of associates in solutions is char-
acteristic of dyes with the flattened shape of the mole-
cule:29:39 and the presence of n-conjugated electronic sys-
tems enhancing the contribution of dispersion interac-
tions similarly to squaranines,4®41 spiropyrans,4? pyr-
azines,* porphyrins,* and others.

Interaction of the heteroassociates with the surfactants.
Additives of sodium dodecyl sulfate (SDS) or cetylpyri-
dinium bromide (CPB) to the associates Ct* - H,An~ and
(Ct*),- HAn?~ induce spectral changes, indicating the de-
struction of the associates. Similar effects have earlier been
observed for heteroassociates of sulfophthaleins, hydr-
oxyxanthenes, rhodamines, and other dyes.1:22:45—49 The
recovery of the band contours of each dye and an increase
in the light absorption intensity with an increase in the
content of the ionic surfactant in the solution are observed
in the absorption spectra of mixtures of the dyes in the
presence of surfactants. The most complete destruction of
the associate occurs in surfactant micelles. Figure 7 pre-
sents the absorption spectra of a solution containing pina-
cyanol and AR (associate (Ct*),- HAn?-, curve I). The
contour of the absorption spectra of a mixture of the
dyes upon the addition of SDS changes substantially
(curves 2—4) and consists in fact of the light absorption of
PNC (resembles the long-wavelength part of spectrum 7/
in Fig. 2 with the pronounced a.- and 3-bands; see Table 1)
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Fig. 7. Absorbance (A4) of a solution containing PNC (Cpync =
=1.2-10"%mol L) and AR (Cyg = 1.5+ 10> mol L~!) vs con-
centration of SDS: Cgppg = 0 (1), 1.8-1073(2), 3.6+ 1073 (3), and
9.0-103 mol L~! (4). Here and in Fig. 9 the absorbing layer
thickness is 1.00 cm, pH 6.8, and water as a reference solution.

v/em™!

and AR in surfactant micelles. Note that in SDS or CPB
micelles the dyes are colored more intensely and their
absorption bands undergo shifts. This is characteristic, to
a greater extent, of the cyanine cation (for example, the
bathochromic shift of the o- and B-bands for SDS mi-
celles is approximately 7 nm).

Upon the introduction of CPB additives, the spectral
shifts begin to appear (under other equivalent condi-
tions) at lower surfactant concentrations compared to the
PNC—AR system containing SDS. In Fig. 8 this is illus-
trated by smoother plots (curves 2 and 4) of the absorb-
ance vs SDS concentration (¢f. curves / and 3). Non-
equivalence of this effect of the surfactant on the het-
eroassociates is related, evidently, to the fact that the above
presented value of CMC of the cationic surfactant is con-
siderably lower than that of SDS. At micellar concentra-
tions of the ionic surfactants, the destruction of the asso-
ciates can be presented as follows:

Ct"+HoAn™ + (x + y) Surf —

— (Ct')ysurt * (HoAN )y surt5
(Ct*),*HANZ~ + (x + y) Surf —»
— 2(Ct")gurs + (HAN®) g,

where ions of the dyes form no heterogeneous associates
but are solubilized by micelles of the ionic surfactant and
are almost isolated from each other.

However, a non-evident specific feature is observed in
the interaction of the heteroassociates with the ionic sur-

A (arb. units)
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Fig. 8. Absorbance (4) of a solution containing AR (Cpg =
= 1.5-10>mol L~!) and PNC (Cpnc = 1.2-10~® mol L1y vs
concentration of ionic surfactant (Cg,): / and 3, CPB; 2and 4,
SDS; A = 607 (I, 2) and 553 nm (3, 4). The absorbing layer
thickness is 1.00 cm, pH 9.1.
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Fig. 9. Absorbance (A) of a solution containing PNC (Cpnc =
=1.2-10"%mol L~!, 7—4), AR (Cpg = 1.5- 10> mol L™, —4),
and CPB (Ccpg =2.2-10~*mol L1, 2—4) vstime (1): 1= 0 (1, 2),
600 (3), and 1560 s (4). The conditions are indicated in the cap-
tion to Fig. 7.

factants. At the surfactant concentrations close to the val-
ues of CMC, the associates decompose not immediately,
but this process lasts for a certain time (Fig. 9). We studied
this phenomenon in more detail.

The destruction of the associate can be considered as
an almost irreversible reaction. The determination of the
reaction order is related to the search for kinetic depen-
dences of the linear character in the corresponding coor-
dinates of variables.>%5! The equation exp(—k#) = C,C,~!
obeys for similar reactions of the first order, i.e., the de-
pendence of the property of the system (in this case, the
absorbance (A4) at a chosen wavelength (A)) vs time can be
presented as follows:

exp(—kt) = (A, — A.) - (Ay — A..)~!
or in the form

In(A, — A) = —ki + In(A.. — Ay).
In the general case,

Y=B+kt,

where k is the reaction rate constant; C; and C; are the
molar concentration of the substance at the moment ¢ and
the initial (+ = 0) concentration, respectively; A4, 4,, and
A, are the absorbances of the solution at a certain wave-
length at the initial moment ¢ = 0 (the associate itself has
this value), at the given moment ¢, and at ¢ = -, respec-
tively. As can be seen from Fig. 10, the interaction of the
surfactant with the associate Ct*+H,An™ induces an al-

—In(4.. — A,

t-107%/s

Fig. 10. Dependence of In(4,, — A4,) on time (#) for the system
Ct" - HyAn~ —CPB at various concentrations of the components:
CPNC =1.4-. 10_6 (1*4), CAR =2.7- 10_5 (1*4), and CCPB =
=4.4-107%(1, 2) and 8.8-10~*mol L~! (3, 4); A = 551 (1, 3)
and 602 nm (2, 4).

most linear change in Y with time at both different surfac-
tant concentrations and different absorption wavelengths
(Table 5).

The constant values of k and the satisfactory correla-
tion coefficient of the dependences for the CPB concen-
trations close to the CMC indicate that the destruction of
the associate Ct* - H,An™ in micellar aqueous solutions of
CPB is described by the kinetic equation of the first order

V= k[Ct*-H,An],

where Vis the rate of the reaction of the associate with the
CPB micelles. Under the conditions of considerable ex-
cess of surfactant over the dyes and associates, the de-
struction scheme can be presented as follows:

PB(exc)

C
Ct*+HyAn~ (Ct")cpe + (H2AN")cp,

where (Ct*)cpg and (HyAn")cpp are the ions of the dyes
solubilized by CPB micelles.

This scheme and the first order of the reaction with
respect to the cation Ct' are confirmed not only by the
spectra (the appearance of solubilized forms of the dyes in
the solution). We checked the hypothesis of correspon-
dence of k to the second reaction order for which the
following equation is valid:

k= ([Ct"+HyAn"] — [Ct*]) - (ICt" - HAn™] - /[Ct"]) 7,

where the equilibrium concentrations of the associate and
cyanine cation determined from the spectrophotometry
data are given in brackets. It turned out that the values of
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Table 5. Parameters of the kinetic dependences of the type Y= —kt+ B at various CPB
concentrations and absorption wavelengths (L) for the system Ct* - H,An~—CPB

Parameter Value
CCPB =44. 1073 mol ]_,71 CCPB =8.8- 1073 mol L71
| 11 | 11
—-B 2.63) 06 1.64¢ o9 2.400 16 1.315 44
k-103/5! 1.58 06 1.479 10 1.53) 15 1719 7
—r 0.9980.09 0.9950_14 0.9880_20 0.9860_22
n 7 6 6 7

Note. Cpne = 1.4+10"0mol L~!; Cyg = 2.7+ 10> mol L~1; Y=In (4. — 4,)); B= In(A. — Ap);
k is the rate constant; r is the correlation coefficient; # is the sampling volume of the values of
In(A4.. — A,); the subscript designates the standard deviation of the corresponding parameter;

I: at A = 551 nm, and II: at A = 602 nm.

k calculated within one series (the contents of the dyes
and surfactant are unchanged) for the associate
Ct*« H,An™ differ by a factor of 8—12. Therefore, for this
assumption k # const, and the scheme of destruction of
the associates formally does not correspond to the second-
order reaction. Similar kinetic dependences are character-
istic of SDS as well.

The results obtained confirm the earlier establish-
ed1:20—22,46,47 facts of the destruction influence of the ion-
ic surfactants on the heterogeneous associates of dyes of
various compositions. Further they can find practical use
and form the basis for the development of the testing (semi-
quantitative) estimation of the content ionic surfactants
in an aqueous solution based on the visual perception of
a change in the color of the solution. A characteristic
feature of similar developments can be the high contrast of
determinations of surfactants, which is caused by the pres-
ence in the solution of two dyes (for example, the pinacy-
anol cation and the anion H,An™) having well resolved
intrinsic absorption bands with an appropriate intensity
and forming colored associates.

The systematic study of the heteroassociates of the
singly- and doubly-charged anions of AR with the pinacy-
anol cation shows that the n-electronic interactions play
a substantial role in the association of polyatomic parti-
cles in addition to the Coulomb interactions. The further
study of the association processes assumes to analyze
the electronic absorption spectra and computer simula-
tion data.
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