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The dimerization constants of acridine orange have been determined Dimerization;

by studying the dependence of their absorption spectra on the tem- Chemometrics;
perature in the range 20-80°C at different total concentrations of acti- Spectrophotometric;

dine orange (3.3%10°-9.9x10° M) and in different ionic strengths us- Acridine orange;

ing LiCl, NaCl and KCl inert salts. The monomer-dimer equilibrium of Tonic strength.

the acridine orange has been investigated by chemometrics refinement Vg

of the absorption spectra obtained from thermometric titrations which
performed at different ionic strengths. The data processing of the
undefined mixtures was performed by simultaneous resolution of the
ovetlapping bands in the whole set of absorption spectra. The dimer-
ization constants are varied by changing the ionic strength and the
degree of dimerization are decreased by increasing of the ionic strength
of the medium. Utilizing the Van’t Hoff relation, which describes the
dependence of the equilibrium constant on temperature, as constraint
we determine the spectral responses of the monomer and dimer spe-
cies as well as the enthalpy and entropy of the dimerization equilib-
tium. The TAS-AH® plot for all thermodynamic results is sketched
and shows a fairly good positive correlation. The observed linear de-
pendency indicates the enthalpy-entropy compensation in the dimer-
ization reactions. 0 2006 Trade Science Inc. - INDIA
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INTRODUCTION

Aggregation is one of the features of dyes in so-
lution™ affecting their coloutristic and photo-physi-
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 and structure, ionic strength,
temperature and presence of organic solvents!'l.
Although dyes are very individualistic as structure
and, of course behavior, certain broad rules are well
established regarding the aggregation in general. It
may increase with an increase of dye concentration
or ionic strength; it will decrease with temperature
rising or organic solvents adding; addition to the dye
structure of ionic solulilizing groups will decrease
aggregation, whereas the inclusion of long alkyl
chains increase aggregation because of higher hy-
drophobic interaction in solution.

The absorption UV-Visible spectroscopy is one
of the most suitable methods for quantitative study-
ing the aggregation properties of dyes as function of
concentration, since in the concentration range used
(10°-10° M) mainly monomer-dimer equilibrium ex-
1sts.

The dimerization of acridine orange (SCHEME
I) dye is a very common phenomenon and has pro-

N(CH,) NP Nehy),

2 HCI
SCHEME I

vided important applications in a wide range of bio-
technological areas!™ 1. Researchers have proven that
acridine orange and some other fluorescent dyes form
dimmers not only in aqueous solution but also in
ionic surfactant solution. L.Yujing and S.Hanxi™!
reported the formation of a virtually non-fluores-
cent dimer of acridine orange in anionic surfactant
sodium dodecyl sulfate solution. Also, the dimeriza-
tion constant and absorption spectra of acridine or-

ange dye in monomeric and dimeric form is impot-
tant from the aspect of interaction by nucleic acids
and used it as probe for measuring pH gradient!™!*.
In this work, we applied the physical constraints ap-
proach to determine the dimeric constants and ther-
modynamic parameters values of acridine orange dye
in pure water and in different ionic strengthes by
spectrophotometric.

Theory

Data analysis was carried out by DATAN pack-
age that developed by Kubista group. The theory and
application of physical constraints method was dis-
cussed by Kubista et al. in several papers™*?1. How-
ever, the general principal will be outlined briefly.
Spectra of acridine orange at different temperature
in range 20-80°C are digitized and arranged as rows
in an nXm matrix A, where n is the number of spec-
tra and m the number of data points in each spectra.
A is decomposed into an orthogonal basis set using,
for example, NIPALS!'

A =TP'+E = TP'= i;tipi'

M

where t(nX1) are orthogonal target vectors and
p,'(1Xm) are orthogonal projection vectors. There are
mathematical constructs and do not correspond to
any physical property of the system. r is the number
of spectroscopically distinguishable components, and
E is the error matrix containing experimental noise.
For a well-designed experiment, E is small compared
to TP' and can be discarded.

Assuming linear response the recorded spectra
are also linear combinations of the spectra responses,
v(1Xm), of the components:

r
i=

(2

where ¢ (nX1) are vectors containing the com-
ponent concentrations at the different temperatures.
The two equations are related by a rotation:

X=1P" C))

V =RP' “4)

where R is an rXr rotation matrix. For a two-
component system:
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h, 5,0 - 1 h, —n,0
R=[] and B = 0(5)
Hu n[d Lyl “ Ity [T fn[d

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

2X B X, (6)
Cx(T) +2€xZ(T) = Cror or ¢, +2€x2 = Cror (7)
Combining equation (7) with equation (3), we

obtain:

1
(it — 5, —245, +28,5,) = c,, (8)

Iy Iy LIy
this can be written:

4yt 6,6=c,, (9)
where

_ =l

£y = (1 —21,) (51 ~ Gipty) (10)
and

f1'2 =(2n; — 1y ) (51 ~ L1y )_1 (11)

These can be determined, for example, by fitting
the target vectors to a vector with all elements equal
to c_. Equation (10) and (11) provide two relations
between the elements of matrix R, hence making
two of them redundant.

In most cases, the spectra of some of the com-
ponents can be determined in separate measure-
ments. For example, monomer-dimer equilibrium can,
in general, be diluted sufficiently to make the dimer
concentration negligible. This makes it possible to
record the monomer spectrum, which, of course,
should be used as a constraint in the analysis. Nor-
malizing the monomer spectrum to the same total
concentration as the analyzed sample. We obtain
from equation (4):

Vmonomer = T PL Yo Py = By p 't £y py' 12)

where f, =r and f =r  are determined by fitting
the two projection vectors to the monomer spectrum.
Equation (12) also provides two relations between
the elements of matrix R. These are not indepen-
dent of equation (9), and 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 ele-
ment, below arbitrarily chosen to be r:
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R= 1

%‘21 26, +(21f - 21)%% (13)
12

Defined this way, matrix R produces C and V
matrices that are consistent with the total sample
concentration and the spectral response of the mono-
met. The value of r, determines the dimer spectrum
and the monomer concentration profiles.

Although value of r, produces a mathematically
acceptable solution, reasonable results, in terms of
spectral intensities and nonnegative concentrations
and spectral responses, are obtained in a relatively
narrow range of r values. Still, the range is, in gen-
eral, too large for a quantitative 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
action®:

co(T)/c
(e(T)/ <Y
where ¢°= 1mol/dm’. Assuming that the dimer-
ization constant K (T) depends on temperature ac-
cording to the Van’t Hoff equation®,

din K,(T) _ _,
aa/Ty

Ky (T)= (14)

H' /R (15)

where AH® is the molar enthalpy change, R=8.31
Jmol'K" is the universal gas constant, and T is the
Kelvin temperature. r, can now be determined by
requiring that matrix R should rotate the target vec-
tors to give concentration vectors (equation 3) that
produce an equilibrium constant whose logarithm is
a linear function of 1/T. In practice, the solution is
found by a simple search procedure. r,, is given an
arbitrary value, for which a trial rotation matrix is
calculated (equation 13). This is used to calculate
trial concentration profiles (equation 3), which are
combined to a trial equilibrium constant (equation
14). A linear regression of equilibrium constants with
respect to 1/T is then performed (equation 15),
which determines a trial enthalpy change of the re-
action. Each trial rotation matrix also determines trial
spectral responses (equation 4). The procedure re-
peated for various values of r,, to find a range that
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produces reasonable concentration profiles and spec-
tral responses. This is done rather arbitrarily since
there is no simple way to estimate r, . Once a range
has been found, r,, is varied gradually in this range,
and a X* (a regression coefficient) is calculated for
each regression of InK (T) with respect to 1/T. The
t,, that produces the best fit determines matrix R.
Several studies based on the application of this
method to spectrophotometric data have been re-
ported™6#261 The analysis is readily performed with
the DATAN program vetsion 3.1

EXPERIMENTAL

Material

All the chemicals used were of analytical reagent
grade. Subboiling, distilled water was used through-
out. Acridine orange (for microscopy grade) was pur-
chased from Fluka and was used without additional
purification. A stock solution (1%10* M) was pre-
pared by dissolving solid acridine orange in water. In
all experiments the ionic strength was adjusted us-
ing LiCl, NaCl and KCI (Fluka) at 1.0, 2.0 and 3.0
mol I M solutions of these salts.

Apparatus

Absorption spectra were measured on CARY 100
UV-Visible Spectrophotometer (Varian) equipment
by 6X6 multi-cell and temperature controller using 1
nm bandwidth, and were digitized with five data
point per nanometer. The cuvettes were treated with
repel-silane prior to measurements to avoid dye ad-
sorption.

Computer hardware and software

All absorption spectra where digitized at five data
points per nanometer in the wavelength 380-550 nm
and transferred (in ASCII format) to an Athlon 2000
XP computer for analysis by MATLAB (Mathworks,
Version 6.5) and then processed by using DATAN
package1.

RESULTS AND DISCUSSION

The absorption spectra of acridine orange at dif-
ferent total dye concentrations and at different ionic

strengths were recorded between 380 and 550 nm in
the temperature range 20-80°C at 5°C intervals.
Sample absorption spectra are shown in figure 1. As
it is expected, by increasing the temperature and de-
creasing the concentration, the monomer form would
be predominant over the dimer 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-
tion.

According to Egs. (1)-(15) the DATAN program
start with a trial value of r, , at predefined interval,
and iterate all the calculation steps. The iteration
stops when all r, values in the initial interval are
tested. The K, dimer spectrum and AH that corre-
sponds to minimum value of X* statistics, are se-
lected as the best values. The X*is a goodness of fit
criterion and its value indicate the predictability of
the model, i.e. how well the monomer spectrum and
r, are determined. The general formula of the X* is;

(16)

where A_ s the expected value and A is cal-

X2 = Z (Aexp _Aczlc)z /Aexp
=1

culated from experimental data over n data points.

With increasing temperature the absorption
peaks around 490 nm grows and at the around 470
nm decrease (Figure 1). We analyzed the tempera-
ture titrations by assuming the monomer-dimer,
monomer-dimer-trimer, and even models including
higher order aggregates, and it’s observed that just
the monomer-dimer model habitually describes the
data. The presence of exactly two species is also
evidenced by the isobestic point at 474 nm.

The dimerization constant (IK,) was calculated
at different temperatures at the four total dye con-
centrations (TABLE 1). From the dependence of

TABLE 1: Dimeric constant (logK ) and thermody-
namic parameters values of acridine orange dye at
different concentrations without adjusting ionic
strength in water.

CO'zfrf(r)’lti‘_f)non 3.3x106 6.6%106 9.9x10 1.32x10°5
logKp (25°C) 646 613 596 578
AH® (] mol) 966 958 947 926

AS° moll K1) 2019 2047 2046 200.6
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Figure 1: Absorption spectra and calculated absorption spectra of monomer (—) and dimer (O )
of acridine orange dye (9.9%10 M) in 5°C intetrvals between 20- 80°C (a: in watet, b: 3 M NaCl).

InK on 1/T (Figure 2) AH® and AS® values were
determined (TABLE 1). The AH® values ranges from
—92.6 to -96.6 kJmol" with mean -94.9, while AS°®
ranges from -200.6 to -204.7 Jmol 'K with mean -
203.0 Jmol'K™. This relationship between entropy
and enthalpy reflects the electrostatic nature of the
dimerization phenomenon. The variations of the
monomer and dimer form concentrations of acridine
orange with temperature is shown in figure 3. The
sample calculated absorption spectra of acridine or-
ange dye in monomer and dimer forms are shown in
tigure 1. The spectrum of the monomer has maxi-
mum intensity at 490 nm. It is very similar to the
spectrum measured in dilute solution at high tem-
perature that was used as initial estimate. The dimer
spectrum has maximum at 470 nm.

For studying the effect of ionic strength on dimer-
ization of acridine orange, the inert salts, lithium

chloride, sodium chloride and potassium chloride,
were selected and dimerization was investigated. The
sample absorption spectra of acridine orange
(9.9%10° M) at ionic strength in 3 mmol ml" of so-
dium chloride in the temperature range 20-80°C at
5°C intervals is shown in figure 1. The dimerization
constants (K) was calculated at different tempera-
tures and at three ionic strengths (TABLE 2). The
dimeric constant at 25°C and thermodynamic pa-
rameters values of acridine orange at different
ionic strengths, made by lithium chloride, sodium
chloride and potassium chloride, are listed in TABLE
2. 'The sample calculated absorption spectra of mono-
mer and dimer forms of acridine orange at ionic
strength in 3 mmol ml" of sodium chloride is also
shown in figure 1.

According to extended Debye-Huckel equa-
tion®3% the change of the ionic strength and its ac-
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Figure 2: The Van’t Hoff equation plot at different concentrations of acridine orange dye
(a: 3.3%x10°%, b: 6.6x10°%, c: 9.9%10, d: 1.32x10° M).

TABLE 2: Dimeric constant (logK ) and thermody-
namic values of acridine orange dye at different salts.

c(Salt)

(mol 1) 1 2 3
logKp (25°C) 658 667 646
LCl AHO ( moll) 1064  -1081  -102.1
AS° (mollK1Y) 233 237 219
logKp (25°C) 640 644 637
NaCl  AH° ( mol) 1029 1033 9858
AS® (moll Ky 223 224 209
logKp (25°C) 647 679 690
KCl  AH® (] mol) 967 1065 1112
AS® (moll Ky 202 230 243

companying effect on the dimerization constants is
totally depend on the relative changing of the total
charge of the dimer species with respect to the two
monomer moieties. As it can be seen from the spec-
tral data obtained at different ionic strength, the in-
creasing of the ionic strength apparently produce

Hnalytical CHEMISTRY o

more dimer, as the absorption spectrum recorded at
high ionic strength is more similar to the dimer form
than the monomer form. But indeed, the addition of
all of these solutes and consequently the increasing
of ionic strength are reduced the dimer formation
and in turn the dimerization constants(TABLE 1 and
2). As it can be seen from the spectral data obtained
at different ionic strengths, the increasing of the ionic
strength affects the dimerization process and all the
solutes decrease the dimerization constants. The com-
parison of the spectral data shown in figure 1 and
data presented in TABLE 1 and TABLE 2 clearly
verify these findings.

Despite the above mentioned variations which
has deterministic effect on the thermodynamics pa-
rameters of dimerization of acridine orange, the TAS
versus AH® plot of the shows a fairly good linear
correlation (Figure 4) indicating the existence of
enthalpy-entropy compensation in the dimeric reac-
tions. The linear correlation observed between TAS

A ndian Journal
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Figure 3: Molar ratio of acridine orange dye monomer (A) and dimer (0), compared to molar ratios
predicted by the temperature dependence of the equilibrium constants (shown as line) at different
concentrations of acridine orange dye in water (a: 3.3%10, b: 6.6X10, c: 9.9%10, d: 1.32x10-° M).
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Figure 4: Plot of TAS versus AH® for dimetiza-
tion of acridine orange at different concentra-
tions in various ionic strengths.

and AH® values can be expressed as TAS=TAS® +
O0AH® with TAS°=12.4 k] mol', a=0.7653 (R*=

0.969) for thermodynamics data of dimerization pro-
cess of acridine orange dye. The same trends are re-
ported form the thermodynamics study of the reac-
tions with largely accompanying with changing in
electrostatic interactions during the association re-
actions ot host-guest phenomenal»*2.

The result suggests that the entropic effect con-
sists of two components. The first component TAS®
in independent of enthalpy change and the second
is proportional to it. The proportionality constant O
might be considered a quantitative measure of the
enthalpy-entropy compensation. For acridine orange,
00=0.7653, about 24% of the increase in AH con-
tributed to dimeric stability. The close to zero inter-
cept of TAS°=12.4 k] mol" reveals that the dimer-
ization process here, in nature are can be classified
as enthalpy driven. This results can be supported by
the fact that the dimerization constants is increased
by increasing of the ionic strengths of the medium
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which in turn show the increasing of the charge of
the dimer are more solvated by the solvents mol-
ecules and entropic change would have less positive
values.

CONCLUSION

In this study we report a method for character-
ization of monomer-dimer equilibrium of acridine
orange dye at different ionic strength. We determine
the dimeric constant, concentration profiles for the
monomer and dimer, and spectral responses of
monomer and dimer. The thermodynamic parameters
of dimerization reaction were calculated from the
dependence of dimeric constant on the temperature
(Van’t Hoff equation). The relationship between
entropy and enthalpy reflects the electrostatic na-
ture of the dimerization phenomenon, which can be
quantitatively expressed in the relation of TAS-AH?
and also show the dimerization reaction in this case
are classified in the enthalpy driven category of re-
actions.
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