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Abstract. Using the experimental and quantum chemical methods, the ionic association of dyes
(cyanines, sulfonephthaleins) in aqueous solutions was systematically studied. The main regularities
of association processes are revealed. The attention is focused on properties of cation-anionic
associates of stoichiometric composition Ct"HAn and (Ct'),An”. The equilibrium association
constants are spectrophotometrically determined. The enthalpies of formation of ions and associates
were simulated by semiempirical AM1, PM3 methods. The most probable structures of associates are
discussed.
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1 Introduction

It is known that the processes of association of various protolytic forms of organic dyes can significantly
change the optical properties of the solution, primarily light absorption and (or) luminescence.

For dye molecules, F. Stenger observed more than a century ago changes of absorption and emission
properties of dye solutions upon temperature variation and attributed such changes correctly to
aggregation — disaggregation processes [1]. After the discovery of J-aggregation of dyes tremendous
efforts have been devoted to the understanding of the structural and spectral properties of dye
aggregates, and to explore the phenomenon for application in important technological areas such as
photographic science. S. Sheppard revealed systematic changes in the absorption curves of cyanine dyes
in various solvents and found substantial changes in UV /Vis spectra in solutions. Then G. Scheibe and
E. E. Jelley in the 1930s found that absorption maxima are either shifted to shorter wavelengths (H-
aggregation) or sharply shifted to longer wavelengths (J-aggregation) relative to the absorption
maximum of the molecular form with increasing concentration of dye solutions [2-6].

In the recent years, the application of dyes interaction is extended toward novel technological areas,
including optical recording media [7], organic photo and semiconductors [8], solar cells [9-11], and
chemical and biosensors [12-14]. In these fields, the term “functional dyes” has widely been used to
emphasize on the new functionality beyond color of m -conjugated chromophores. In all of the
abovementioned applications, functional dyes are assembled as one-dimensional stacks by aggregation of
their m -systems through m -n interactions [15, 16]. In spite of it, the general structural, spectral and
thermodynamic properties of associates should be discussed separately, and it will be done on. It should
be noted that the solvent has a significant effect on the stability of non-covalent compounds, such as
ionic associates. Therefore, a quantitative understanding of the features of associated systems remains to
be the challenging tasks in the field of supramolecular organic chemistry.

Now, let us consider interactions and stable heteroassociates (i.e. “dissimilar” associates, further in
the text associates) more in detail. Some facts of cation-anionic interactions with organic dyes were
considered earlier [17]. In this report, on the basis on the results of spectrophotometric measurements
and quantum chemical simulations, we have analysed the cation-anion interaction leading to the
formation of stoichiometric associates between single-charged cations (Ct*) of quinaldine blue (QB™) or
quinaldine red (QR") and single- (HAn) or two-charged (An®) sulfonephthalein anions. The energetics
(standard enthalpy of formation, AH%) and the most probable structures of the associates “Ct* + HAn
7 “Ct"™ 4+ An?” are discussed also. Note that the QB™ and QR™ cations have proven themselves as
«standard» organic dyes in studying of the association [18] due to its spectral and protolytic properties.
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2 Experimental

Dye preparations were used in the form of sodium or chloride salts (“Sigma”). The degree of purification
of the dyes was checked from the well-known values of the molar absorption coefficient (e,,., 1-mol
'-em™) for the most colored protolytic forms. Phosphate, borate, acetate buffer solutions were used as
additives to create the desired acidity. Additional experiments showed that these additives do not
interfere with the studied association processes. The ionic strength of the photometric solutions was not
more than 0.004 mol-1". The optical density (A) values were in agreement with the basic law of light
absorption when the equilibrium constants of association (K,,) were calculated. The light absorption of
the solutions was measured at room temperature in all cases.

We have previously described examples of the application of quantum chemical methods for
simulating the properties of individual ions of dyes and cation-anion associates [17-20]. A specific pH of
the solution should be created to ensure the interaction of the cation Ct* with the anion HAn (or An®)
of the corresponding dyes (the acidity of the solution should be such as to provide admixture of other
protolytic forms). These conditions were chosen on the basis of the values pK, for each of the dyes.

Cations are protonated in acidic media, and form CtOH in alkaline media (see properties of cyanines
in Table 1; values of pK, for QR and QB refer to the dissociation of the HCt*™ cation; for
sulfonephthaleins the pK,, values and the properties of An®> are given). These processes cause partial
bleaching of aqueous solutions of QB and QR because of the breakage of conjugation in the polymethine
chain of the chromophore occurs.

Table 1. Characteristics of the dyes.

Parameter
Dye
p'K:l Al"l]él)(’ nm Emax? l ° m0171 ° Cm71
QB 3.50 600, a-band 1.2:10°
X = 550, B-band
NS \ﬁ ’ 510, y-band
| | Cl
CZHS C2H5
2.63 528 3.1-10*
Phenolsulfonephthalein (PS) 8.00 558 6.2-10"
3,3",5,5'-tetrabromophenolsulfonepthtalein (TBS) 4.20 591 8.0-10*
3,3",5,5'"-tetrabromophenol-m-cresolsulphophthaleine (TBC) 4.90 617 4.0-10*
5,5'-dibromophenol-o-cresolsulphophthaleine (DCS) 6.40 588 4.3-10*
3,3'-dibromothymolsulphophthaleine (DTS) 7.30 616 4.13-10*

Thus, from a Table 1 it follows that for TBS it is reasonable to study the interaction of Ct™ with An*
at pH=6.2.

For the correct calculation of the K, value according to the law of acting masses, it is necessary to
use such values of dye concentrations that obey the basic law of light absorption A, = f{C). We have
found that QR* and sulfonephthaleins obey this law over a broad range of concentrations (from 3-107
up to 5-10* M).

The values of free regression term are statistically zero, and we assumed A, = k-C. It is worth noting
the practical coincidence of correlation coefficient with the unity. This gives reason to suggest that
sulfonephthalein anions and QR* do not dimerize in the studied concentration intervals. For QB*, in
contrast, the main law of the light absorption operates only at low concentrations (3-10 7 to 1-10°% M),
since this organic dye is subjected to self-association. The dimerization of QB* appears spectrally in a
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sharp weakening of the absorption of the a-band and rise in the intensity of the B-band (see Table 1).
3 Results and Discussion

3.1 Association Constant Study

Cation-anionic associates are formed in an aqueous solution if certain amounts of cyanine and
sulfonephthalein are mixed. A characteristic sign of the appearance of the associate can be identified by
analyzing the spectral changes. The measured light absorption of mixtures (“Ct* + HAn 7, “Ct™ + An?
") is lower than the total absorption of the “isolated” cation (Ct*) and anion (HAn or An”). This
nonadditivity of light absorption is observed in all the cases under consideration. This takes place even
at different molar concentrations of counterions. For example, nonadditivity of light absorption is
detected for the system “QB + DCS” both at QB concentration 4.9 - 107 M (Figure 1, “Ct™ + HAn”
system) and at much higher concentration 4.9 -10° M (Figure 2, “Ct" + An*” system). We also note
that the proper light absorption of the dye QB (spectrum 1) in Figure 2 differs from that in Figure 1
(spectrum 1). This is due to a noticeable manifestation of the process of dimerization of the cyanine dye
with increasing molar concentration. The intensity of the a-band is higher in Figure 1, and the intensity
of the B-band is higher in Figure 2 (also see properties for QB in Table 1).

A
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Figure 1. Absorbtion spectra of QB solution (4.9 107 M) wvs. the DCS concentration, M: 0 (1), 1.0-10° (2),
3.5-10° (3), 5.0-10° (4), 9.9-10° (5), 1.5-10° (6). The optical path length is 5.0 cm. pH 4.3. Here and in
Figure 2 water (1) and a DCS solution in the corresponding concentration (2 - 6) were as blank solutions. The
arrows indicate the spectral shifts here and in Figure 2 also.
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Figure 2. Absorbtion spectra of QB solution (4.9 -10° M) wvs. the DCS concentration, M: 0 (1), 5.1-10° (2),
1.5-107° (9),2.0-107° (4),3.0-10° (5), 5.0 10" (6). Optical path length is 0.20 cm. pH 9.2.

At specific initial concentrations of counterions and their molar ratio, sulfonephthalein anions form

stoichiometric Ct" - HAn and (Ct"),- An” associates. The association of such ions is an equilibrium
process [18]. Therefore, the stability of an associate is characterized by the value of the equilibrium
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constant K. It can be determined using the law of mass action for such equilibria:

Ct" + HAn = Ct" - HAn, (1)

2CtT + An*> = (Ct"),- An”. (2)
The values of K, are:

K, = [Ct"-HAn]-[Ct']"-[HAn " (3)
and:

K, = [(Ct"), An]-[Ct"] *-[An* ]! (4)

(there are the spectrophotometrically determined equilibrium molar concentrations of the
corresponding particles in brackets). The values of lg K, are listed in Table 2.

The Kas values practically do not differ from thermodynamic ones, since the dye concentrations are
very low and the ionic strength of the solutions is <0.004 mol - 1.

Table 2. The values of g K, of associates.

lg K, (QB" associate / QR associate)

Anion
Ct* - HAn™ ‘ (Ct*), - An*

PS 5.83 &+ 0.10 / 5.13 £ 0.09 11.81 + 0.10 / 8.64 + 0.09
DTS 5.95 + 0.11 / 4.45 £+ 0.08 10.89 £ 0.09 / 7.85 £ 0.09
DCS 6.67 &+ 0.05 / 4.78 £ 0.06 11.07 + 0.10 / 8.23 + 0.04
TBC 6.74 &+ 0.04 / 5.04 £+ 0.07 12.09 + 0.09 / 8.64 + 0.07
TBS 6.88 + 0.05 / 5.27 £+ 0.05 13.73 £ 0.10 / 8.86 £ 0.08

As follows from the data in the Table 2, the Kas values are statistically different. First of all, QB
associates are systematically more stable than QR associates. Secondly, the alkyl substituents in the
structure of sulfonephthalein may hinder the convergence of the planar @ -electron systems and thereby
weaken the interaction of the counterions. In contrast, the halogen atoms do not distort planarity. In
addition, they enhance the hydrophobic component of intermolecular interactions, which facilitates the
interaction of cations with single or double-charged anions.

The value of K, increases for quinaldine blue associates in the series:

DTS < DCS ~ TBC < TBS, (5)

DTS* ~ DCS* < TBC* < TBS*, (6)
and for quinaldine red associates in the series:

DTS < DCS < TBC < TBS, (7)

DTS* < DCS* < TBC* < TBS?. (8)

As follows from Table 2, TBS anions form the most stable associates, since, on the one hand, they do
not have alkyl substituents, and on the other they have four bromine atoms. The presence of alkyl
substituents reduces stability (associates of TBC). Associates of DCS or DTS, containing two bromine
atoms and alkyl substituents, are even less stable. Stability of PS2- associates is greater than DTS
associates and less than TBS associates for these reasons.

The presence of a developed m-electron system is an important factor in the association of organic
molecules, along with Coulomb forces. It enhances dispersion interactions between chromophores,
especially for flattened structures like cyanines, squaraines, porphyrins, xanthenes, spiropyrans [6, 18,
21-23]. Tt is known that such molecules easily form H- or J-aggregates and even multilayer thin films.
However, the sulfonephthalein anions are not flat. They are like a propeller and are not inclined to
aggregate at low concentrations. Nevertheless, these anions form stoichiometric associates when
interacting with cyanines. Therefore, it is reasonable to define energetics and the most probable
structure of stoichiometric associates by quantum chemical simulations and then compare their energetic
parameters (first of all, the standard enthalpies of formation, AHY).
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3.2 The Structure and Energy of Associates

In some cases, nonempirical methods have been successfully used to evaluate energy (AHS) of small
organic molecules. The calculation error does not exceed 100 kJ-mol™* when ab initio method is used
[24]. However, the error increases dramatically with increasing number of atoms. It can be much greater
for supramolecular systems such as cation-anionic associates, as a result of ignoring the correlation
energy of electrons. We used semi-empirical AM1 and PM3 methods in order to reduce the error of
calculation of AH¢ value to about 25 kJ-mol ™ [24, 25]. These methods are applied to organic molecules
and parameterized in such a way to best reproduce the experimental values of enthalpy.

The use of two methods of calculation is related not only to the tendency to assess the higher
reliability in absolute values of AH¢, but also to minimize the systematic error in the discovery of the
change in for associates of similar composition. The AH¢ values for ions of the dyes are given in Table 3
(“MOPAC-2009” program [26]).

Table 3 The values of AH¢ of organic ions.

AH®, kJ-mol™?

Ion
AM1 PM3
QB* 1076.8..1073.5 980.8..968.7
QR* 989.3..984.2 918.8..912.6
PS / PS? -556.0..-576.5 / -479.3..-492.7 -575.7..-586.2 / -534.2...-536.7

TBS / TBS® -465.8..-479.6 / -473.1..-474.3 -435.8..-460.9 / -450.0..-451.7
TBC / TBC? -471.8..-4814 / -476.8..-478.5 -469.3..-478.1 / -469.3..-472.6
DCS / DCS?  -583.7..-602.1 / -554.8..-556.9 -584.5..-609.6 / -566.5..-570.3
DTS / DTS* -662.4..-681.7 / -634.8..-639.8 -685.5..-691.4 / -658.3..-666.6

The process of geometric optimization of the structure is characterized by a gradual decrease in the
RMS value during the simulation. Note, that RMS gradient is the rate of the energy change (first
derivative) upon changes in the position of every atom in three mutually perpendicular directions (the
local energy minimum is achieved when it becomes equal to zero) [24]. The RMS value was decreased
from 4.2 to 0.04 kJ-mol A" for two consecutive iterations in our cases. This allowed us to determine
the AH% value with a range of variation of not more than 25.1 kJ-mol*! (TBS- or DCS—, for PM3
method), and 13.4 kJ-mol' (PS*, for AM1 method). As we see, both semiempirical methods have a
rather small error in calculating the AH¢ value of ions (the maximum error is 5.4 % (TBS-) for AM1
method and 2.7 % (PS*) for PM3 method). Despite some numerical differences, the results of AM1 and
PM3 calculations do not contradict each other. The maximum difference (44 kJ-mol') is obtained for
the PS* anion. It indicates a completely satisfactory agreement of the results. The most negative AH%
data were chosen as final values.

From the set of obtained simulated values of AH¢ you should choose one that corresponds to the
lowest value of energy. This is so-called “global minimum energy” of an associate. We determined it
based on various (usually 6-7) of the starting positions of the counterions in the associate (the geometry
of each ion was preliminarily optimized in the same way). At the same time, the optimization progress
was monitored by the values of the RMS gradient from 0.1 to 5-10°-1- 10" kJ-mol '"A ™. Termination
of the optimization was determined by the absence of change in from the RMS values. This often
occurred at from 5102 to 5-10° kJ - mol A for cations and at slightly lower values for
sulfonephthaleins. As an example, the dependences of the value AHS on the RMS gradient for DTS
associates are shown in Figure 3.
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Figure 3. Change in AH’ depending on the given values of the RMS gradient: 1 — is the associate of QB* with
DTS? anion; 2 - is the associate of QB* with the DTS anion.

The mutual arrangement of dyes varies and the distance between them are gradually decreased at
RMS values from 1 to 0.1 kJ-mol ""A ™. The further decrease of RMS does not change both the mutual
disposition of the counterions, and the AH< values (see Figure 3).

The optimized geometric structure of the associate QB* - DTS is shown in Figure 4 (the stereo views
are given for clarity; the hydrogen atoms in dye ions are not shown; the distance between the selected
atoms is 5,5 A).

\1/

Figure 4. Geometric structure of the associate QB -DTS  (stereo imagine).

The characteristics of dye ions and DTS associates are shown in Figures 5 and 6 as examples.
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Figure 5. The values of AH% of QB" and DTS ions, and the algebraic sum of AHS of ions composing the
associate (1) and AH of the associate QB*-DTS  (2), AM1 method. Digits nearby the arrows specify the scope of
variations in AH¢ values of the species here and Figure 6.
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Figure 6. The values of AH% of QR' and DTS? ions, and the algebraic sum of AH% of ions composing the

associate (1) and AH¢ of the associate (QR"),-DTS* (2), AM1 method.

In Figure 5 the QB+ and DTS- ions are characterized by AH% 1076.8..1073.5 and -662.4 to -681.7 kJ -
mol ', respectively. Their algebraic sum (414.4..391.8 kJ-mol ™, energy level 1) is larger than AH of the
associate (255.2..240.5 kJ-mol ™, level 2) by 173.9..136.6 kJ-mol'. Similarly, in Figure 6 the QR+ and
DTS2 ions are characterized by AHS 989.3..984.2 kJ-mol ' and -634.8..-639.8 kJ-mol !, whereas two
cations QR+ have the energy of 1978.6..1968.4 kJ-mol . The algebraic sum of AH% of counter ions is
1343.8..1328.6 kJ-mol " (level 1). SinceAH< of the associate was found to be equal to 740.0..703.5 kJ-
mol ™" (level 2), the surplus of the algebraic sum of AH% of counter ions over AH% of the associate is

640.3..588.6 kJ - mol .

Table 4. The energy properties of associates (AM1/PM3).

Dye X, kJ-mol? AR, kJ-mol! 35, %
QR -HAn

PS  407/326 258/122 16/8
TBS 504 /451 339/267 14/34
TBC  502/434 331/241 13/9
DCS  382/303 219/107 13/14
DTS  303/221 147/81 14/7

(QR"),* An*

PS  1475/1288 757/518 5/4
TBS  1494/1373 839/547 9/3
TBC  1489/1352 853/628 13/7
DCS  1411/1254 737/525 7/7
DTS  1328/1158 703,406 8/12

QB"-HAn

PS  497/382 344/134 19/9
TBS  593/507 423/347 19/21
TBC  592/490 432/328 19/14
DCS  471/359 312/202 29/28
DTS 391277 240/105 21/12

(QBY),- An*

PS  1654/1400 979,788 6/7
TBS  1672/1485 1011/824 3/8
TBC  1668,/1464 1060/817 3/6
DCS  1590/1367 928,703 4/6
DTS  1507/1270 858,527 6/8
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We calculated AH< values for all of the studied associates. The algebraic sum (X) of the AH¢ values
of corresponding ions in associates (the first column) determined as ¥ = i-AH%(Ct) + AH%(An),
where ¢ is the number of cations in the associate (the second column), and the relative errors (5, %) of
¥ —AH* calculation (the fourth column), are presented in Table 4 (rounded values).

A number of important conclusions can be drawn based on the analysis of the data in Table 4 and
the obtained results. Since the error in the calculated ¥ — AH¢ value is not higher than the above
mentioned average error of the method in the calculation of the values of AH* one can assert that the
formation of all associates is energetically favorable, especially in the case of association of
sulfonephthaleins with the structures containing developed m—electronic systems (QB™); the gain in the
energy is approximately 150 — 160 kJ-mol" (associates of HAn, see also Figure 5) and 605 —
700 kJ-mol ' (associates of An? | see also Figure 6).

The changes inAH% (vacuum) and Kas (aqueous solution) should not necessarily be in agreement.
Besides, the semiempirical calculations cannot take into account some specific interactions (e.i.,
hydrophobic interactions intrinsic to the bulky polyatomic ions of dyes). Nevertheless, the calculations
revealed almost the same sequence of changes inAH% values, as for the experimental values of Kas.
Thus, for HAn— the values of AH% increase in the series (values of AH%, kJ-mol, PM3 method):

QB*-DTS (105) < QB*-DCS™ (202) < QB*-TBC (328) < QB*-TBS (347), (9)
QR"-DTS (81) < QR"-DCS (107) < QR"-TBC (241) < QR"-TBS (267), (10)
and, analogically, for An2— in the series (and both methods):
DTS?* < DCS? < TBS* ~ TBC?. (11)
As in the case of Kas, the values of AH°f of PS associates have the intermediate values:
DTS < PS < TBS (12)

regardless of the composition. These unobvious facts support the assumption that the bromine atoms in
the structure of sulfonephthalein favor interactions with cationic dyes.
Hence, the values of Kas andAH¢ in the series of the structurally similar associates change in parallel.

4 Conclusion

The revealed differences in the values of K, , or AH° are of a regular nature even in a set of structurally
uniform associates. Systematic study of the cation-anionic interactions makes it clear that the
association processes of organic particles are accompanied by a rather complex combination of Coulomb
forces (hydrophobic; dispersion; and, in part, m-electron interactions) whose further study requires the
results from spectral measurements to be compared against the data of computer simulations.

The obtained data on association confirm the necessity of search of correlations between structural
features of organic molecules and properties of supramolecular associates.
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