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The association of cationic dye (pinacyanol, PC) with anionic dyes (ethyleosin, EE, or rhodamine
200 C, R200C), and also the interaction “dye+surfactant” has been investigated in aqueous
solutions by visible spectroscopy and computer simulation. Cetylpyridinium bromide (CPB),
sodium dodecylsulfate (SDS) and triton X-100 (TX) were used as cationic, anionic and non-ionic
surfactants respectively. The formation of “dye+surfactant” associates takes place at low dye
concentrations (>10° M) and concentrations of surfactant, which are much smaller than the critical
micelle concentrations (CMC). In contrast, similar concentrations (10 — 10 M) of small cations of
tetramethylammonium or tetraethylammonium have no noticeable effect on the absorption spectra
of the dye in the “dye+tetraalkylammonium salt” systems; it indicates the absence of formation of
new compound between the dye and salt. The standard enthalpy of formation of “dye+dye” or
“dye+surfactant” associates has been determined by AM1 and PM3 semiempirical methods. The

computer simulation confirms that the formation of these associates is energetically beneficial.

Introduction spectroscopy is one of the most suitable

Recently, the development of spectral- methods for quantitative studying the

luminescent methods initiated the systematic association process of dyes in solution. Notice,

studies of the association phenomenon that "organic dye + surfactant" systems are

and
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low molar concentrations of particles (from of
107 to 10° M) [1, 3-5, 10, 13, 14].
Spectroscopic methods are in general highly
sensitive and reasonable for the studying under

small concentrations. The absorption UV/Vis

luminescence anaiysis; tey are being studied
for dyes with developed m-electronic fragments

such as phthaleines, cyanines, porphyrins,

oxazines, azo-dyes. Current research are related
to biomolecular systems (modification of DNA
and and

polypeptides,  polyintercalation
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aggregation of supramolecular structures),

quantitative determination of components of
pharmaceutical preparations, and chemical
analysis of surfactants also [1, 2, 5, 7, 10]. Some
publications [2, 5, 8, 12, 13] deal with
and the manifestation of

of

thermodynamics

various interactions in such

types
multiatomic systems.

This paper discusses the association of
cationic dye (pinacyanol, PC) with anionic dyes
(ethyleosin, EE, or rhodamine 200 C, R200C),
and also the interaction PC, EE, R200C with
surfactants. Cetylpyridinium bromide (CPB),
sodium dodecylsulfate (SDS) and triton X-100
(TX) were used as cationic, anionic and non-
ionic surfactants respectively. The purpose of
the investigation was spectrophotometric study
of interactions between polyatomic particles at
low (10° — 10* M) concentrations in aqueous
solutions and the estimation of energy (the
standard enthalpy of formation) of associative
particles. It should be noted, that the solution of
such problems is a physico-chemical basis for
the practical application of the properties of the
indicated systems in various fields, such as
analytical chemistry (quantitative determination
of metals or surfactants, aromatics and their
[15]),

of

derivatives physical chemistry

(determination the critical micelle
concentrations, CMC [16-18]), pharmaceutical
chemistry and biochemistry (DNA modification,
chemical analysis of drug components [19-23]).

Interactions between dye and surfactant or
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between an associate of two dyes and surfactant
have growing interest in terms of creating
methods for the determination of various
substances in solutions [1, 12].

Experimental part
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C,H, C,H,
of the main substance. The chemical purity of
the dyes was checked by spectrophotometrically
using known values of the molar extinction
coefficient [1]. Mass fraction of chlorides of
alkylammonium salts and preparations of CPB,
SDS, TX was not less than 90%. Absorption
spectra were measured on “Hitachi U-2000” and
on modernized spectrophotometer “SF-46” at
1 cm thickness of a light absorbing layer and a
temperature of 298 K.

Methods of molecular mechanics (MM,
AMBER) and semiempirical quantum chemical
methods (AM1, PM3) are used to estimate the

thermodynamic properties and to identify the
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most probable structure of associates. The
corresponding simulations were performed in
the HyperChem software package [24]. The
method of MM+ was used for “vacuum” case
and AMBER was used for “Periodic Box
function” in water). At first, the optimization of
the geometry of structures was carried out, and
then, the values of the standard enthalpy of the
associates were determined by semiempirical
methods.

Note, that the use of nonempirical
methods, for example, Hartree—Fock, implies
the necessity to specify nuclear coordinates of
the molecule and the number of electrons and to
choose the basis set of the calculation. The AM1
and PM3 methods work much more rapidly than
the nonempirical methods and they give more
reliable results as to values of standard enthalpy
of formation. Their principal distinction from
the nonempirical methods is the complete or
partial rejection of calculations of one- and
two-electron integrals appearing in the Hartree—
Fock method. The approximate operator, whose
elements are obtained from empirical data, is
used instead of the precise operator. The
differences in methods of choosing parameters,
which are selected for both particular atoms and
their pairs, and the introduction of various
approximations  (the  approximation  of
zero-point differential overlapping is introduced
for two-electron Coulomb and exchange

integrals; only valent electrons are considered: it

is believed that electrons of atomic cages only
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screen nuclei; only atomic orbitals with the
principal quantum number corresponding to the
highest electron-occupied orbitals of isolated
atoms (minimal basis set) are taken into account
in molecular orbitals, and several others)
resulted of

modifications [24, 25]. The AMI1 and PM3

in the creation calculated
methods take into account a considerably

greater number of parameters than other
methods consider (for AM1 the parameters were
optimized over 100 molecules, from 7 to 21
parameter per element; for PM3, over 657
molecules, 18 parameters per element) [24]. So,
the parameters of the AM1 and PM3 methods
reproduce to values of the standard enthalpy of
formation in the best way. The use of
semiempirical methods is due to the fact that
even for small molecules nonempirical
calculations lead to errors in the values of the
standard enthalpy of formation exceeding
25 kcal/mol. This is due to the incompleteness
of the used basis and the neglect of the energy
of the electronic correlation. The errors
inevitably increase in nonempirical calculated
values and it acquire a systematic disposition
with the increase of the size of a molecule [25].
Note, that the use of two methods is related not
only to the tendency to assess the higher
reliability in absolute values of standard
enthalpy of formation, but also to minimize the
systematic error in the discovery of the change

in for associates of similar composition.
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The standard enthalpy of formation of
associate (dHcac), each of molecule (dHwmol,
dHwmoi2) and the difference between the total
enthalpy of the formation of molecules and the
enthalpy of the formation of associate have been
determined; this difference can be represented
as AdH = dHwmol1 + dHwmol2 — dHcacl. The optimal
values of the RMS (root mean square) gradient
were determined by additional measurements
(RMS gradient is convergence gradient,
kkal/mol; it is the rate of energy change (first
derivative) with the change of the location of
each atom of the structure in three mutually
perpendicular directions is determined by
separate experiments; the local minimum of the
energy of the structure is considered to be
achieved if its value becomes zero). RMS
gradient was set to 0.005 under determining the
optimal geometry of structures for systems in a
vacuum and it equals to 0.1 in cases of water
box. However, the RMS gradient was 0,1 for a
vacuum and 1.0 for solvent systems in
semiempirical methods. Such values are due to
the fact that changes in the total energy of the
system (E) or dHcaa become negligible with
further reduction of the RMS gradient (the

examples are given in Tables 1 and Tables 2).

Table 1. Dependence of the total energy E (kcal/mol) on
the value of the RMS gradient

1 42.5 -126.1 -755.5
0.5 42.2 -158.2 -762.1
0.1 41.6 -160.3 -831.7
0.05 41.5 -160.3 -831.7
0.01 41.5 -160.3 -831.7
0.005 | 415 -160.3 -831.7

Table 2. Dependence of the total energy E (kcal/mol) on
the value of the RMS gradient

System (method)

RMS | Rr200C R200C+H20 TX
(PM3) (PM3) (PM3)
2 246.1 -204.8 -408.1
1 232.5 -205.7 -410.4
0.5 232.6 -210.3 -414.2
0.1 231.3 -216.5 -414.6
0.05 | 2315 -224.0 -415.3
0.01 | 2313 * -415.5
0.005| 231.3 * -415.6

0.001 | 231.3 * *

System (method)
RMS | R200C | R200C+H:0 515223130
(MM#) | (AMBER) | vnrips
2 43 .8 -119.9 -692.2

12

(* It is inadequate calculation time under this value of
RMS gradient, i.e., the “reasonable” number of cycles of

successive calculated iterations is exceeded).

The Polak-Ribiere algorithm was used in
all calculations (this algorithm is conjugate
gradient method using one-dimensional
searches). The obtained values do not exceed
the errors of the calculation methods for
determining the enthalpy of formation which is
not better than 6 kcal/mol [24].

Results and discussion

Dye molecules exist as single-charge
anions (R200C~ and EE") or PC" cation in
aqueous solutions according to the values of the

decimal logarithms of equilibrium dissociation
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constant (pKa = 0.08, pKa = 1.80 for equilibrium
HAn = H°' and pK,= 3.5 for
equilibrium HCt**= H' + Ct" [1]). The

+ An,

cation-anionic interaction takes place at low dye
concentrations (>10°M) and leads to the
formation of associates Ct" + An" == Ct"An.
The degree of stability of these compounds is
the value of the equilibrium association constant
Kas; this value is determined from the law of
mass action as K= [Ct™-An][Ct']"-[An]",
where equilibrium molar concentrations are
indicated in square brackets. The numerical
value of K is actually thermodynamic at low
ionic force of solution.

Cation (PC") and anion (R200C", EE")
interact with each other even at low
concentrations (10 — 10 M). On the contrast,
cation-anionic interactions between R200C™ or
EE™ anions with alkylammonium cations are not
typical. Figure 1 shows the absorption spectra
of EE in the presence of tetramethylammonium
(TMA) or tetraecthylammonium (TEA) salts in

solution.

A
0.91
0.8
0.7
0.61
0.51
0.41

0.3
490

500 510 520 530 540 nm

Figure 1. Absorption spectra of EE (¢ = 8.57-10° M)
with the addition of TMA (spectrum 2, ¢ = 0.05 M, and
spectrum 3, ¢ = 0.1 M) and TEA (spectrum 4, ¢ = 0.05 M

and spectrum 5, ¢ = 0.1 M).

It can be seen from absorption spectra
that the addition of salts almost does not affect
on the absorption spectra of a dye (spectrum 1)
at 0.1 M concentrations. It should be noted that
a small bathochromic shift (3-4 nm) of the
maximum absorption when added to the TEA
indicates the presence of a dye association even
with such a small counterion (spherical radius is
3.5 A). But this interaction is instrumentally
fixed only at very high concentrations of TEA.
Anionic dye R200C behaves similarly to these
salts. Such spectral features indicate a weak
association of polyatomic anions of dyes with
small organic cations. Such weakly association
is confirmed by calculations of thermodynamic
data (see Table 3). These values correspond to
the most thermodynamically favourable
association structure (hereinafter the value of

the global energy minimum, kcal/mol).

Table 3. Energy of “EE+alkylammonium salt” interaction

AMI1 PM3
Salt
dHCacl AdH dHCacl AdH
TMA -22 69 -41 72
TEA -33 58 -54 60

13

The interactions of dyes with surfactants
were investigated for systems with differently
charged components (e.g., EE" with a CPB"),
and for a system with nonionic surfactants. The
absorption spectra of the “EE+CPB” system are

presented on the Figure 2.
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500 510 520 530 540 550 560 570 nm

Figure 2. Absorption spectra of EE (c = 5.06-107° M)
with the addition of CPB. ¢ (CPB), M-10* 1 - 0; 2 —
0.105;3-0.314; 4 - 0.523 - 5.23; 5-10.5; 6 — 12.0; 7 -
13.6.

Spectra 2 and 3 indicate the formation of
"EE-CPB™ associates in the before micellar
region of surfactant concentration. In the
micellar region (at the level of CMC =
4.5 -10™* M [26]) the solubilization of the dye by
micelles of surfactant is observed. It is reflected
in spectra 4-7. These relief spectral changes
indicate that such systems may have practical
interest from the point of view of developing
new spectral methods for determination of CMC
for ionic surfactants [17, 18].

The “cationic PC+nonionic TX” system
was also investigated to evaluate of the
electrostatic component. The absorption spectra
are shown on the Figure 3 for the “PC+TX”

mixtures.

A
1.0,

0.81
0.61

0.4

0.2

540 560 580 600 620 nm

Figure 3. Absorption spectra of PC (c = 7.06-10° M)
with the addition of TX. ¢ (TX), M-10*: 1 -0; 2 — 0.6; 3
—2.01;4-4.03;5-6.04; 6 —8.05; 7—10.1.

Spectra 1-3 indicate that there are no
interactions between the PC and TC at relatively
small surfactant content in solution. However,
spectral changes are detected at higher
concentrations (spectra 4-7). Similar changes
are characteristic in the micellar region of
(CMC= 2410*M [27)).

Restoring the contour of the absorption band of

concentrations

the dye and the bathochromic displacement
indicates the solubilization of the dye by
micelles [28]. It is noteworthy that spectral
changes still take place in the absence of an
explicit manifestation of non-specific (i.e.,
“cation + anion”) interactions. The energy
utility of the interactions between the cation of
the dye and the nonionic surfactant is confirmed
by the rather high values of AdH in the water
box (Table 4) for the four different initial
variants of the mutual arrangement of the
molecules. Note, that these values are
essentially exaggerating the statistical error of

the calculations.

Table 4. Energy of interactions “PC+TX” with H,O

AMI1 PM3
Variant
dHCacl AdH dHCaCl AdH
1 -7687 156 -6719 275
2 -8092 561 -7069 625
3 -7805 274 -6825 381
4 -8109 578 -7089 645

14
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Interaction between PC* and anionic
SDS (Figure 4) are similar to the system
“EE+CPB”.

A
0.354
0.301
0.251
0.20-
0.151
0.10

0.05
520

540 560 580 600 620 nm
Figure 4. Absorption spectra of PC (¢ = 5,52:10° M)
with the SDS additions. ¢ (SDS), M-1073: 1 — 0; 2 — 1.54;

3-231;4-3.07;5-6.15;6-7.69; 7-10.8.

Such spectral changes also indicate the
cation-anionic association (spectra 2-4). The
solubilization of the dye by micelles takes place
with subsequent increase of surfactant up to
micellar 8.5-10° M

[29)).

The results of computer simulation of

concentration (CMC =

this system show the thermodynamic utility
(high values of AdH) of the interaction in

vacuum (Table 5)

Table 5. Energy of “PC-SDS” interaction

Association  at  before = micellar
concentrations of surfactant and typical changes
with subsequent addition of surfactant) were
also observed for the system "R200C+CPB".

On the basis of the results of the
previous computer simulation for the study of
the system "Dyel-Dye2-surfactant" it has been
selected two such dyes and surfactants, so that
the interaction of "Dyel—surfactant” was more
thermodynamically than

"Dyel+Dye2"

profitable

and, accordingly, was

implemented in aqueous solutions. An analysis
of the energy of intermolecular interactions
(Table 4-6) leads to the conclusion that it is
the “PC+EE”,

expedient to

“PC+TX”, and “PC+SDS” systems.

investigate

Table 6. Energy of “PC-EE” interaction

AMI1 PM3
Variant
dHCacl AdH dHCacl AdH
1 306 207 257 161
2 463 50 378 40
3 439 74 374 44
4 453 60 384 34

AM1 PM3
Variant
dHCacl AdH dHCacl AdH
1 242 317 172 275
2 201 358 167 303
3 244 315 170 300
4 186 373 156 314

15

It should be noted that the theoretically
grounded interaction between PC* and EE is
observed actually due to the manifestation of
strongly expressed n-electronic interactions. The
absorption spectra of this system evidenced
about it. On Figure 5, spectrum 3 corresponds
to the algebraic sum of the individual spectra of
both dyes (additivity of light absorption is

observed).
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Figure 5. Absorption spectra of PC (¢ = 5.52:10° M)
with additions EE (¢ = 5.72-10% M). Spectrum: 1 — PC; 2
— EE; 3 — algebraic sum of 1 and 2 (“PC+EE” theor.); 4 —

experimental spectrum of the PC and EE mixture.

Spectrum 4 is experimentally obtained.
Its difference from the total spectrum shows the
existence of the formation of associates
according to the equilibrium: PC'+ EE <
PC*-EE" (the structure of PC™-EE is presented
on Figure 6; PM3 method; the interplanar

distance along the axis 1 is 3.9 — 4.2 angstrom).

Figure 6. Optimized arrangement of dye ions in associate

PC*-EE- (PC" is located at the bottom).

These spectrophotometric measurements
indicate that the associates of PC" with EE™ or
R200C™ are quite stable (the value 1gKas=
5.45+0,09 is for PC*-EE" associate).

It is possible to assume such scheme of

interaction at the nonmicellar concentrations for

the “PC-EE-TX” system: PC"EE + TX —
PC"TX + EE. It corresponds to the release of
EE" from associate. The contours of EE
absorption spectra (5-7) are restored (Figure 7).

A
0.8

0.6
0.4

0.2

450 475 500 525 550 575 600 625 650 nm

Figure 7. Absorption spectra of “PC-EE-TX” system. (c
(PC) = 5.52:10° M, ¢ (EE) = 5.72:10°® M) with TX
additions: ¢ (TX), M-10*: 1 - 0; 2 - 1.01; 3 — 2.01; 4 —
4.03;5-6.04; 6 —8.05; 7 —10.1.

Spectrum 1 corresponds to a mixture of
dyes without surfactant; spectra 2, 3 show the
interaction between PC and TX and the release
of EE" (the maximum light absorption band of
EE1is 520 nm). In the micellar region of
concentrations (spectra 4-7) there is a
bathochromic shift of the maximum absorption
of EE* (from 520 nm to 535 nm) and the
increase in absorption

shift of the a-band of PC

intensity with a
bathochromic
absorption (from 600 nm to 610 nm) due to
solubilization of dyes by micelles of surfactant.
Analysis of the “PC—EE-SDS” system
makes it possible to assert that its spectral
changes are also clearly expressed (Figure 8).
The scheme of interaction can be represented as
substitution reaction in the before micellar

region: PC"-EE" + SDS"— PC"-SDS" + EE".
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450 475 500 525 550 575 600 625 650 nm

Figure 8. Absorption spectra of “PC-EE-SDS” system (c
(PC) = 5.52:10° M, ¢ (EE) = 5.72:10°% M), ¢ (SDS),
M-1031-0;2—-154;3—-6.15;4—7.69; 5 —8.45; 6 —
9.22;7-10.8

The comparison of 2 and 3 spectra with
the absorption spectrum of “PC-EE” without a
surfactant (spectrum 1) indicates the presence of
cation-anionic interactions in the before micellar
region of concentrations, while the character of
the spectra 4-7 indicates solubilization of dyes
in the micelles of surfactant.
Conclusions

The experimental and calculated data of
the interactions of cationic dye PC with anionic
dyes EE, R200C, and ionic (CPB, SDS) and
nonionic (TX) surfactant have been analyzed. It
was established that the additives of
alkylammonium salts to dyes do not influence
on the absorption spectra at concentrations
10— 10* M. In contrast, ionic surfactants are
Such

capable of association with dyes.

interactions are realized at nonmicellar

concentrations according to the schemes:
Ct"+SDS — Ct"-SDS’
CPB" + An"— CPB"-An".

17

Since the dye ion interacts with the
surfactant counterion the dye associate destroys
when the surfactant is added:

Ct"An + SDS — Ct"-SDS™ + An’.

Ct"An + CPB" — Ct" + CPB"-An".

The studied cation-anion interactions
involving micellar surfactants and dyes can be
represented regardless of the type of surfactant
by the scheme:

surfactant
(micelles)

Ct'+An — Ct'*An"—> (Ct)
(associate) surfactant

+
(An )surfactant

Thus, the solubilization of the each dye is

observed in micellar concentrations of
surfactant. Semiempirical methods AMI1 and
PM3 determined the energy of cation-anionic

”Nn

associates “dye+dye and  associates
“dyet+surfactant” (the value of standard enthalpy
of formation) for stoichiometry 1:1 which
follows from spectrophotometric studies. It is
noteworthy that in the absence of an explicit
manifestation of non-specific (cation-anionic)
interactions (for example, the “PC+TX”
system), spectral changes still take place. AM1
and PM3 methods give consistent values of the
determined values of the standard enthalpy of
formation of molecules or dye associates. The
energy utility of the interactions between the
cation of the dye and the nonionic surfactant is
confirmed by rather high (which essentially
exaggerate the error of calculations) values of
the standard enthalpies of formation. The
with

combination of spectroscopic results

semiempirical simulations made it possible to
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analyze the thermodynamics and structural
features of dyes and their associates with
surfactants.
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