June 2006 Volume 2 Issue 5-6

Analytical CHEMISTRY

Trave Science Ine. w Tudian W
—==> Full Paper

ACAT]J, 2(5-6), 2006 [216-223]

Thermodynamics Study Of The Dimerization Equilibria
Of Methylene Green In Different Ionic Strengths By
Photometric Titration And Chemometric Method

= &

J.Ghasemi Sh.Lotfei', M.Mazloum Ardaki', M.Noroozi*
Department of Chemistry, 'Department of Chemistry, Payame Noor University,
Razi University, Ardakan IRAN)

Kermanshah (IRAN) Research Institute of Petroleum Industry,

E-mail: jahan.ghasemi@tataa.com Kermanshah Research Center of Oil and Engineering,

Received: 5 May, 2006 Kermanshah (IRAN)

Accepted: I June, 2006
Web Publication Date : 10" June, 2006

<
(nns'mnc'r )

The monomer—dimer equilibrium of an asymmetric cyanine dye has
been investigated by means of UV-Vis spectroscopy. The dimerization
constants of methylene green have been determined by studying the
dependence of their absorption spectra on the temperature in the range
20-90 °C at different total concentrations of methylene green (9.85X
107 to 2.98x10% and different concentrations of NaCl as suppotting
electrolyte. The equilibrium parameters of the dimerization of metylene

green have been determined by chemometrics refinement of the ab-
sorption spectra obtained from thermometric titrations performed at
different ionic strengths. The quantitative analysis of the data of unde-
fined mixtures, was carried out by simultaneous resolution of the over-
lapping spectral bands in the whole set of absorption spectra. The dimer-
ization constants are varied by changing the ionic strength and the de-
gree of dimerization are increased by increasing of the ionic strengths
of the medium. The enthalpy and entropy of the dimerization reactions
were determined from the dependence of the equilibrium constants on
the temperature (van’t Hoff equation). 0 2006 Trade Science
Inc. - INDIA
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INTRODUCTION

Dyes are a kind of organic compounds which
can bring bright and firm color to other substances.
Synthetic dyes usually have a complex aromatic mo-
lecular structure which possibly comes from coal tar
based hydrocarbons such as benzene, naphthalene,
anthracene, toluene, xylene, etc. The complex aro-
matic molecular structures of dyes make them more
stable and more difficult to biodegrade!™?. Today
there are more than 10,000 dyes available commer-
ciallyPl. Synthetic dyes have been increasingly used
in the textile, leather, paper, rubber, plastics, cos-
metics, pharmaceuticals and food industries.

The thiazine dyes are used for dyeing paper and
office supplies and also for the preparation of color
lakes. In addition, the thiazine dyes have important
photochemical applications. Thy can be used as sen-
sitizers in photopolymerization as a component of a
silver free direct-positive color bleaching-out system,
because they are reduced by the action of light and
thereby bleach-out indigoid dyes also present. If the
thiazine dyes is bonded to the polymer chain, phito-
or thermochromic polymers are obtained. Methyl-
ene green is obtained by the action of nitric acid on
methylene blue and derivative of the thiazine dyes
class, which are among the oldest and most com-
monly used of all synthetic dyes that, of their appli-
cation were using in cloth and food colouring. The
special photophysics properties of these types of
molecules cause the vast and increasing up applica-
tions in chemistry and physics. Methylene green and
other phenotiazine dyes are used as photo reducible
dyes in galvanic cells. They are also used in the leuco
form as oxygen detectors for the detection of the
undesired admission of air, for example in vacuum-
packed foodstuffs. The methylene green have long
been used for staining in medicine, bacteriology, and
microscopy!®l.

It is well known that solutions of dyes in polar
organic solvents at room temperature follow Beer’s
law over an extended concentration range, but that
in water large deviations from the law are observed.
For many classes of dye in aqueous solution, the band
of highest intensity in dilute solution becomes
weaker as the concentration is increased, and new
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bands appear at other wavelengths. These spectral
changes have long been attributed to aggregation of
the dye molecules in water to form dimers and higher
polymers under the influence of the strong disper-
sion forces associated with the high polarizability of
the chromophoric chain. The dominant role of wa-
ter as the solvent most favorable to aggregation at
room temperature is no doubt associated with the
effect of its high dielectric constant in reducing the
repulsive force between the similarly charged dye
cations or anions in the aggregate; the absence of
aggregation in organic solvents of high dielectric
constant at room temperature suggests that solva-
tion interferes with the aggregation, and in such sol-
vents aggregates are stable only at low temperatures
under conditions of high viscosity!l.

Aggregation is one of the features of dyes in so-
lution™), affecting their colouristic and photophysi-
cal properties and therefore being of special inter-
est. It is well known that the ionic dyes tend to ag-
gregate in diluted solutions, leading to dimer forma-
tion, and sometimes even higher order aggregates.
In such a case the molecular nature of dye is strongly
affected by, and therefore related to such parameters
as dye concentration, structure, ionic strengths, tem-
perature and presence of organic solvents™. Al-
though dyes are very individualistic as structure and,
of course behavior, certain broad rules are well es-
tablished regarding the aggregation in general. It may
increase with an increase of dye concentration or
ionic strengths; it will decrease with temperature ris-
ing or organic solvents adding; addition to the dye
structure of ionic solubilizing groups will decrease
aggregation, whereas the inclusion of long alkyl
chains increase aggregation because of higher hy-
drophobic interaction in solution.

The UV—vis absorption spectroscopy is one of
the most suitable methods for quantitative studying
the aggregation properties of dyes as function of con-
centration. In the commonly used concentration
range (107 to 10° M) the main equilibtium is mono-
mer—dimer reaction.

M+M &———> D

In this work, we used some physical constraints
to determine the dimeric constants of methylene
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green dye (SCHEME 1) in pure water and at differ-
ent ionic strengths. Data analysis was carried out by
DATAN package that developed by Kubista group!®

25]

2. Theory

The theory and application of physical constraints
method was discussed by Kubista et al. in several
papers!®#1. However, the general principal will be
outlined briefly.

Spectra recorded at different temperature are ar-
ranged as rows in an nXm matrix A, where n is the
number of temperature intervals and m is the num-
ber of data points in each spectrum. A, is decom-
posed into an orthogonal basis set by NIPALS or

any equivalent method!**®l:

S TPT+E=TPT = S ¢ pT
A=TP +E=TP Ztlpl (1)

Where t, (nX1) are orthogonal target vectors and
p," (1Xm) are orthogonal projection vectors. These
are mathematical constructs and do not correspond
to any physical property of the system. 7 is the num-
ber of spectroscopically distinguishable components,
and E is the error matrix containing experimental
noise, if the right value of r is selected. For a well-
designed expetriment, E is small compared to TP"
and can be discarded.

Assuming linear response the recorded spectra
are also linear combinations of the spectral responses,
v, (IXm), of the components:

= + ~ = .V,
A=CV+E=CV ZCIV1 (2)

Where c(n X1) are vectors containing the com-
ponent concentrations at the different temperatures.
The two equations are related by a rotation:

C=TR™ 3)

vV =RpP” O]

Where R is an rXr rotation matrix. For a two-
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component system:

_0n O -1 _ 1 Ot  —rp0
R= H Oand R " = 0 (5)
21 T[] Ity —tpfy [T In [

Since a single sample is studied, the total con-
centration must be constant, constraining matrix R
For a monomer—dimer equilibrium, the total concen-
tration of monomers is constant:

Cx (T)+ 2CX (T) = CtOt ot CX +ZCX2 = CtOt (6)

2X B X,
Combining Eq. (6) with Eq. (3), we obtain:
1
—(t11'22 —tyry —2ty1, + 2"2‘12)= Cot  (7)
)11y 1T

which can be written as:

ity ity = Cip, ®
Where
_ —1
fn = (1'22 —21, )(rnfzz - 1'121'21) (8a)
And
— —1
f, = (21’11 Iy anfzz _1’121’21) &)

These can be determined, for example, by fitting
the target vectors to a vector with all elements equal
to ¢_. Eqs. (8) and (9) provide two relations between
the elements of matrix R, hence making two of then
redundant. In most cases, the spectra of some of
the components can be determined in separate mea-
surements. For example, monomer—dimer equilibrium
can, in general, be diluted sufficiently to make the
dimer concentration negligible. This makes it pos-
sible to record the monomer spectrum, which, of
course, should be used as a constraint in the analy-
sis. Normalizing the monomer spectrum to the same
total concentration as the analyzed sample. We ob-
tain from Eq. (4):

_ T T_, T T
Vmonomer = T11P1 TtaP2 =fp1 5P, (10)

Where £, = r,, and f, = r,, are determined by
fitting the two projection vectors to the monomer
spectrum. Eq.(9) also provides two relations between
the elements of matrix R.

These are not independent of Eq. (7), and the
two equations cannot be combined to solve for all
the elements of matrix R, but they can be used to
express R in a single element, below arbitrarily cho-
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sen to be 7,,.

Defined this way, matrix R produces C and 1
matrices that are consistent with the total sample
concentration and the spectral response of the mono-
mer. The value of 7,

gm £ S
- Oxn 2f+ (2f21 —1y )fiEI an
ad fio O

determines the dimer spectrum and the monomer
concentration profiles. Although all values of 7, pro-
duce mathematically acceptable solutions, reason-
able results, in terms of spectral intensities and non-
negative concentrations and spectral responses, are
obtained in a relatively narrow range of 7, values.
Still, the range is, in general, too large for a quantita-
tive analysis.

The final constraint, which produces a unique
solution, is the thermodynamic relation between tem-
perature and the equilibrium constant. The compo-
nents’ concentrations are related by the law of mass
actionP:

Cx2 (T)/ co

e (T)/ e
Where ¢ =1 mol dm-3. Assuming that the dimer-
ization constant K (T) depends on temperature ac-

K, (T)= 12)

cording to the van’t Hoff equation?"),

dinKy(T) _ AH®
d(t/T) R a3
Where AH is the molar enthalpy change, R =
8.31 J mol! K" the universal gas constant, and T the

Kelvin temperature. 7, can now be determined by
requiring that matrix R should rotate the target vec-
tors to give concentration vectors (Eq. (3)) that pro-
duce an equilibrium constant whose logarithm is a
linear function of 1/T. In practice, the solution is
found by a simple search procedure. 7, is given an
arbitrary value, for which a trial rotation matrix is
calculated (Eq. (11)). This is used to calculate trial
concentration profiles (Eq. (3)), which are combined
to a trial equilibrium constant (Eq. (12)). A linear
regression of equilibrium constants with respect to
1/T is then performed (Eq. (13)), which determines
a trial enthalpy change of the reaction. Each trial
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rotation matrix also determines trial spectral re-
sponses (Eq. (4)). The procedure is repeated for vari-
ous values of 7, to find a range that produces rea-
sonable concentration profiles and spectral responses.
This is done rather arbitrarily since there is no simple
way to estimate 7,,. Once a range has been found, r,,
is varied gradually in this range, and a X (a regres-
sion coefficient) is calculated for each regression of
In K (T) with respect to 1/T. The 7,, that produces
the best fit determines matrix R. The analysis is
readily performed with the DATAN program®. Sev-
eral studies based on the application of this algo-
rithm and program using spectrophotometric data
have been reported!® 16271,

EXPERIMENTAL

Material

All the chemicals used were of analytical reagent
grade. Subboiling, distilled water was used through-
out. Methylene green (for microscopy grade) were
purchased from Fluka and were used without any
additional purification. A stock solution (5X10* M)
was prepared by dissolving solid methylene green in
water. In all experiments the ionic strengths were
maintained constant by NaCl (Fluka) at 0.3 to 4.5
mol I'".

Apparatus

Absorption spectra were measured on UV §-2100
(Scinco) Spectrophotometer using 0.1nm bandwidth
and along with a temperature controller and were
digitized with five data points per nanometer. Con-
ventional quartz cells (10 and 2 mm) were used
throughout. The cuvettes were treated with repel
saline prior to measurements to avoid dye adsorp-
tion.

Computer hardware and software

All absorbance spectra where digitized at ten data
points per nanometer in the wavelength range 500-
750 nm and transferred (in ASCII format) to an
Athlon 2000 computer for analysis by MATLAB
(Mathworks, Version 6.1) or for processing by using
DATAN packagelP!l.
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RESULTS AND DISCUSSION

The absorption spectra of methylene green, at
different total dye concentrations and ionic strengths,
were recorded in the wavelength 500-750 nm and
temperature 20-90 °C at 5 °C intervals. The sample
absorption spectra are shown in figure 1. As it is ex-
pected, by increasing the temperature and decreas-
ing the concentration, the monomer form would be
predominant over the dimmer form. So it is wise to
choose the spectrum of the dye at the highest tem-
perature and at lowest concentration as an initial es-
timate for the monomer in the subsequent calcula-
tions. Then according to Esq. (1) — (13), the DATAN
program starts with a trial value of 7, , at predefined
interval, and iterates all the calculation steps. The
iteration stops when all 7, values in the preset inter-
val are tested. The K, dimer spectrum, AS and AH,
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Figure 1: Absorption spectra and calculated ab-
sorption spectra of dimer (- - -) and monomer
(—) of methylene green (1.54x10* mol 1) in 5°C
intervals between 20 and 90°C: (a) in water; (b)
4.5 M NaCl.

cotrespond to minimum value of the X* statistics,
are selected as the final results. The X* is the sum of
squared residuals!"”! and generally used as a good-
ness of fit criterion and its value indicate the pre-
dictability of the model, i.e. how well the monomer
spectrum and 7, are determined.

With increasing temperature the absorption peak

11
10 (a)

In(Kd)

o

g OO N o ©
Q
(¢}

27 29 3.1 33 35
(1/T)11000

11

10 |

[e)

In(Kd)

Ul o N © ©

27 29 31 33 35
(1/T)/1000

1

In(Kd)

o1l oo N o w©

27 29 31 33 35
(1/T)/1000

—_

—_

In(Kd)

27 29 31 33 35
(1/T)/1000

Figure 2: The van’t Hoff equation plot at differ-
ent concentrations of methylene green dye:
(a) 9.85%10% mol 17; (b)1.86%X10* mol 1");
(c) 2.24x10* mol 17;(d) 2.98x10-* mol 1'.
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655 nm grows and the absorption shoulder around
600nm decreased (Figure 1). We analyzed the tem-
perature titrations assuming monomer—dimer, mono-
mer—dimer—trimer and even some models including
higher order aggregates, and it was found that a mono-
mer—dimer model most adequately describes the data
in these ranges of dyes concentrations. The presence
of exactly two species is also evidenced by appear-
ing of the isosbestic points at 615 nm.

The dimerization constants (K)) were calculated
at different temperatures and dye concentration in
pure water. As expected K| decreased with increas-
ing temperature, while it is virtually independent of
total dye concentration. From the dependence of log
K, on 1/T (Figure 2), AH” and AS’ values were de-
TABLE 1: Dimeric constant (K ) and thermodynamic
parameters values of methylene green dye at differ-
ent concentrations in water.

Metylene

Green Ave.LogKp  Ave.-AH°  Ave. -AS°
oty @O (gmol)  (Gmol'k)
9.85%10°5 4.35 53.72 98.13
1.54x10+ 4.39 74.89 140.99
1.86x10+ 4.46 60.21 126.10
2.24x10* 4.01 71.19 151.9
2.98x104 4.50 61.62 122.24

TABLE 2: Dimeric constant (K ) and thermodynamic
values of methylene green (1.54x10* mol I'') dye at
different concentrations of salt.

NaCl LogKp -AH° -AS°
mol I (25°C) (kjmol) (jmol- k1)
0.3 419 49.13 86.66
0.6 423 52.56 96.27
0.9 3.92 41.27 63.46
1.2 431 52.14 93.12
15 425 35.15 93.19
1.8 4.64 61.8 118.2
2.1 4.24 47.52 78.32
2.4 430 42.68 60.59
2.7 438 48.68 79.22
3 4.81 55.75 95.9
33 4.65 50.69 81.62
3.6 474 53.68 89.76
3.9 456 45.75 64.88
42 495 58.04 100.9
45 497 41.87 45.4
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termined. The dimerization constants at 25°C and
at different concentrations and thermodynamic pa-
rameters of the dimerization reactions of the meth-
ylene green dye are listed in TABLE 1. The AH®
values ranges from -53.72 to -74.89 k] mol' with
mean -64.33 kJ mol”, while AS® ranges from -98.13
to -151.9 J mol" K with mean -127.87 J mol" K
for methylene green. As described above dimeriza-
tion is presumed to be the dominant form of aggre-
gation in applied concentration ranges in aqueous
methylene green solutions. This is corroborated by
the constancy of the apparent enthalpy of associa-
tion. In general, the extent of aggregation depends
reciprocally on the temperature of the solution and
is fully reversible. The observed relationship between
entropy and enthalpy reflects an electrostatic nature
of the dimerization phenomenon of methylene green
dye. The relative dependence of the concentrations
of the monomer and dimer of methylene green on
the temperature in different concentrations are shown
diagrammatically in figure 3. The sample calculated
absorption spectra of methylene green in monomer
and dimer forms are shown in figure 1. For studying
the effect of ionic strengths on the dimerization of
methylene green, the different concentrations of so-
dium chloride was selected and dimerization was in-
vestigated. Also, according to findings of Mchedlov-
Petrosyan et al.P? the dominant species around this
pH (7.50) is zwitterion, which bears positive and
negative charge simultaneously and has a tautomeric
isomer with zero charge especially in some nonaque-
ous solutions. Hydrogen bonding, hydrophobic
forces, and electrostatic interactions are all may con-
sider important for the dimerization. What effect we
expected from the increasing of the ionic strength
on the dimerization constants according to extended
Debye—Huckel equation®*¥is totally depend on the
relative changing in the total charge of the dimmer
species with respect to the two monomer moieties.
As it can be seen from the data obtained at different
ionic strength(TABLE 2), the increasing of the ionic
strength results in increasing of the dimerization
constants. The dimeric constants at 25°C and thet-
modynamic parameters values of methylene green
dye at different ionic strengths of sodium chloride
medium are listed in TABLE 2.
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Figure 3: Molar ratio of methylene green dye
monomer (0) and dimer (A), compared to molar
ratios predicted by the temperature dependence
of the equilibrium constant (shown as line) at
different concentrations of methylene green dye:
(a) 9.85%10”° mol I''; (b)1.85%10* mol 17; (c)
2.24%10** mol I';(d) 2.98%10* mol I".

One of the most interesting points of the chang-
ing of the ionic strength on the dimerization reac-
tions of the metylene green dye is the spectral chang-
ing of the dimer form. The dimer spectra of the
metylene green show enhancement of the intensity
of the spectral band with A around 655 nm as com-
pared with those in water. Patil et al.?® reported a
similar spectral changing from the effect of the ad-
dition of some solutes to the aqueous solution of
methylene blue. They showed that these spectral
variations are depending on the angle between the
two dye molecules planes which in turn is depend
on the concentration of the inert solutes. The de-
crease in dimer formation constant values with in-
creasing in the concentration of sodium chloride also
indicates the increased tendency of the metylene
green molecules to undergo aggregation. The ran-
dom variations in the formation constants by chang-
ing ionic strengths (TABLE 2) may be return to the
presence of the some un-accounted interactions such
as anion—cation (metylene green — cl’) attractive type
interactions, etc. in addition to monomer—dimer equi-
librium.

CONCLUSIONS

In this paper we report, for the first time, to
our knowledge, a thermodynamics study of the
dimerization equilibrium of the methylene green dye
in different ionic strengths. Dimerization constants,
concentration and spectral responses profiles for the
monomer and dimmer forms obtained by computer
refinement of temperature photometric titrations data
matrix. The thermodynamic parameters, enthalpy
and entropy of dimerization reaction were calculated
from the dependence of dimeric constant on the tem-
perature (van’t Hoff equation). To obtain more reli-
able estimates of the thermodynamics parameters
we performed all experiments at four different total
concentrations and different ionic strengths of the
dye.
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