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Abstract: The monomer—dimer equilibrium and thermodynamics of three new
cyanine dyes were investigated by spectrophotometric and chemometric me-
thods. The dimerization constants of these new cyanine dyes were determined
by studying the dependence of their absorption spectra on the temperature in
the range 25-80 °C at concentrations of 3.0x104, 1.9x10** and 1.1x10* M for
dye 1, 2 and 3, respectively. The processing of the data, performed for the
quantitative analysis of pure spectral profiles, was based on the simultaneous
resolution of the overlapping bands in the whole set of absorption spectra. From
the dimerization constant and its dependence on temperature, the values of the
standard enthalpy change and entropy change of dimerization were calculated.

Keywords: chemometrics; dimerization; cyanine dyes; absorption titration; en-
thalpy; entropy.

INTRODUCTION

Dimerization of dyes in aqueous solution has been studied extensively as the
most fundamental model of the self-aggregation of biological molecules and bio-
macromolecule—ligand interactions,!— and as the basis for their application as tu-
nable lasers and other practical uses.#~¢ Various factors have been found to affect
the dimerization behavior, i.e., dye structure, solvent, coexisting salt, temperature
and pressure. Thermodynamic parameters, such as standard enthalpy and entropy
change on dimerization, which are derived from the temperature dependence of
the dimerization constant, have given some insight into the forces that maintain
the dimer structure in solution.

In recent years, there has been increased interest in the field of synthesis and
application as nucleic acid labels of cyanine (polymethine) dyes absorbing in dif-
ferent visible spectral regions. The number of both patents and scientific publica-
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tions is evidence for the commercial, scientific and practical importance of these
probes in nucleic acid research, as well as clinical and environmental analysis.
Representatives of this class of nucleic acid stains have fluorescence excitations
and emissions covering the visible spectrum from blue to near infrared, with ad-
ditional absorption peaks in the UV region, which makes them applicable in
many different types of instrumentation with different light sources. Replacement
of even one substituent in the dye molecule can lead to novel and sometimes
better properties for nucleic acid detection.” We believe that such an important
research area requires more new representatives to be investigated in order to
establish their new properties on interaction with nucleic acids.

Spectroscopic methods are in general highly sensitive and as such suitable for
studying chemical equilibria in solution. When the components involved in the
chemical equilibrium have distinct spectral responses, their concentrations can be
measured directly, and the determination of the equilibrium constants is trivial.8

In this study, the dimerization equilibrium of newly synthesized cyanine dyes®
was characterized by absorption titration and chemometrics data analysis, carried
out by the DATAN package developed by Kubista et al.!9-15 The theory and
application of the physical constraints method was discussed by Kubista et al. and
is discussed here briefly.

Theory

Absorption spectra recorded at different temperatures are arranged as rows
in an nxm matrix A, where 7z is the number of temperature intervals and m is the
number of data points in each spectrum. A is decomposed into an orthogonal
basis set using, for example, NIPALS.16.17

.
A=TP' +E~TP = Yt;p; (1)
=1

where #; (nx1) are orthogonal target vectors and p; (1xm) are orthogonal pro-
jection vectors. These are mathematical constructs and do not correspond to any
physical property of the system. » is the number of spectroscopically distingui-
shable components, and E is the error matrix containing experimental noise, if
the right value of r is selected. For a well-designed experiment, E is small com-
pared to TP’ and can be neglected. Assuming linear response, the recorded spec-
tra are also linear combinations of the spectral responses, v; (1xm), of the com-
ponents:

.
A=CV+ExTP = Y ¢, 2)
=1

where ¢ (nx1) are vectors containing the component concentrations at the diffe-
rent temperatures. The two equations are related by a rotation:!8
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C=TR"! 3)
V =RP’ 4)

where R is an »xr rotation matrix. For a two-component system:

Rz[m nz}
mom

1 —
R - { ni nz} )
N2 N2 =1

Since a single sample is studied, the total concentration must be constant,
constraining the matrix R.19 For a monomer—dimer equilibrium, 2X«>X, the
total concentration of monomers is constant:

cx +2ex, = cot (6)

Combining Eq. (6) with Eq. (3), one obtains:

and

————(tina —tam1 =242 + 261 1) = Crot (7
n1n2 —N2rn2
which can be written as:
frit1 + 1128 = cyot (3)
where
fi1 = (2 = 2n2)(n1 —n2r1)” (8a)
and
fi2 =(2f11 —n1)(n1m2 —n2mi) )

These can be determined, for example, by fitting the target vectors to a vec-
tor with all elements equal to ctot. Egs. (8) and (9) provide two relations between
the elements of the matrix R, hence making two of them redundant.

In most cases, the spectra of some of the components can be determined in
separate measurements. For example, the monomer—dimer equilibrium system can,
in general, be diluted sufficiently to make the dimer concentration negligible. This
enables the monomer spectrum to be record, which, of course, should be used as
a constraint in the analysis. Normalizing the monomer spectrum to the same total
concentration as the analyzed sample, one obtains from Eq. (4):

Vinonomer = 11P1 —n2P =121P =1, P, (10)

where fy1 = 11 and f5y = rq; are determined by fitting the two projection vectors
to the monomer spectrum. Equation (9) also provides two relations between the
elements of matrix R. These are not independent of Eq. (7) and the two equations
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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 chosen to be 7. Defined
this way, matrix R produces C and V matrices that are consistent with the total
sample concentration and the spectral response of the monomer. The value of r;:

71 22

f 11
ny 2 + (2 —le)fl—l (1n
12

R =

determines the dimer spectrum and the monomer concentration profiles. Although
all values of 71 produce mathematically acceptable solutions, reasonable results,
in terms of spectral intensities and non-negative concentrations and spectral res-
ponses, are obtained over a relatively narrow range of 71 values. Still, the range
is, in general, too large for a quantitative analysis.

The final constraint, which produces a unique solution, is the thermodynamic
relation between temperature and the equilibrium constant. The concentrations of
the components are related by the law of mass action:20

ex, (T)(c?)?
O(ex, (1))?

where c0 = 1 mol dm—3. Assuming that the dimerization constant Kp(7T) depends
on the temperature according to the van’t Hoff equation:2!

dinKp(7)  AH
d(1/T) R

where AHY is the molar enthalpy change, R = 8.31 J mol~! K- is the gas constant
and T is the temperature. 7o can now be determined by requiring that matrix R
should rotate the target vectors to give concentration vectors (Eq. (3)) that produce
an equilibrium constant whose logarithm is a linear function of 1/7. In practice,
the solution is found by a simple search procedure. 7,1 is given an arbitrary value,
for which a trial rotation matrix is calculated (Eq. (11)). This is used to calculate
the trial concentration profiles (Eq. (3)), which are combined to the trial equili-
brium constant (Eq. (12)). A linear regression of the equilibrium constants with
respect to 1/T is then performed (Eq. (13)), which determines the trial enthalpy
change of the reaction. Each trial rotation matrix also determines the trial spectral
responses (Eq. (4)). The procedure is repeated for various values of 77 to find a
range that produces reasonable concentration profiles and spectral responses.
This is done rather arbitrarily since there is no simple way to estimate 1. Once a
range has been found, r;; is varied gradually in this range and a y? (regression
coefficient) is calculated for each regression of In Kp(7) with respect to 1/T. The
721 that produces the best fit determines the matrix R. The analysis is readily
performed with the Datan program.

Kp(T)= (12)

(13)
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EXPERIMENTAL

All the employed chemicals were of analytical reagent grade. The new cyanine dyes, were
synthesized by Deligeorgiev et al.® Stock solutions were prepared by dissolving a solid dye in
buffer solution containing 500 mM KCI, 15 mM MgCl, and 100 mM tris(hydroxymethyl)
amniomethane hydrochloride (Tris-HCI).The pH of all the solutions was kept constant at 7.50
using Tris buffer. The absorption spectra were recorded using an Agilent 8453 UV-Vis
Diode-Array spectrophotometer, employing Agilent UV—Visible ChemStation software for data
acquisition. A quartz cuvette of 1 mm optical path was used for all measurements. The pH
measurements were made using a 300 HANA model pH-meter equipped with a combined
glass electrode. Data preprocessing and data analysis were carried out in Matlab, version 7,
and Datan computer programs.

RESULTS AND DISCUSSION

The absorption spectra of dyes 1-3 were recorded between 400 and 600 nm,
in the temperature range 25-75 °C at 2.5 °C intervals and pH 7.50. As it was ex-
pected that the monomer form would be predominant over the dimer form with
increasing temperature, the spectrum of the dye at the highest temperature was
chosen as an initial estimate for the monomer in the subsequent calculations. Then
according to Egs. (1)—(13), the Datan program commenced with a trial value of
71, at predefined interval, and iterated all the calculation steps. The iteration ceas-
ed when all 7 values in the initial interval had been tested. The Kp, the dimer
spectrum and the AH corresponding to the minimum value of y2 were selected as
the best values. y2 is a goodness of fit criterion and its value indicates the predict-
tability of the model, i.e., how well the monomer spectrum and r,; were determined.

Two isosbestic points were found at 482 and 544 nm for dye 1 and at 498
and 550 nm for dyes 2 and 3. This suggests an equilibrium between two spectral
species, i.e., a monomer—dimer equilibrium. Accordingly, the total spectra were
analyzed assuming them to contain contributions of the monomer and of the dimer.
With increasing temperature the absorption peak for dyes 1-3 at around 520 nm
grows and the absorption peak around 460 nm for dye 1 and around 490 nm for
dye 2 and 3 diminished (Fig. 1). The dimerization constants, Kp, were calculated
at different temperatures.

From the dependence of In Kp on 1/T (Fig. 2), AH? and AS? values were de-
termined. The dimerization constants at 25 °C and the thermodynamic parame-
ters of the dimerization reactions of the dyes are given in Table I. As expected,
Kp decreased with increasing temperature. The values of AH? < 0 and ASO < 0 for
dimerization mean that the dimerization reaction is enthalpy-driven. It can be seen
that the dimerization reactions of these dyes are exothermic and are characterized
by relatively large negative AH values. The latter is consistent with dispersive
van der Waals interactions of aromatic chromophores being the main contributors
to complex formation.2!-22 Dispersive van der Waals interactions are characteri-
zed both by negative enthalpy and negative entropy,23 indicating an enthalpic ori-
gin for the dimerization processes of these dyes in aqueous solution. The relative
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dependence of the concentrations of the monomer and dimer of the dyes on tem-
perature are shown diagrammatically in Fig. 3. The calculated absorption spectra
of the monomer and dimer forms of the dyes are shown in Fig. 4.
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Fig. 1. Absorption spectra of dyes 1-3 at 2.5 °C
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TABLE L. Dimeric constant and values of thermodynamic parameters for dye 1 (3x104 M),
dye 2 (1.9x10* M) and dye 3 (1.1x10** M) in water

Dye log Kp (25 °C) AHO / kJ mol! ASY/ J mol'l K-
1 4.57 -91.8 -220
2 5.26 -70.1 -134
3 3.90 —54.4 -107
1
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0.0 2
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CONCLUSION

In this paper, for the first time, a thermodynamic study of the dimerization
equilibrium of three new cyanine dyes in aqueous solution using the Datan pack-
age is reported. Dimerization constants, concentration profiles for the monomer
and dimer, and spectral responses of monomer and dimer were obtained by com-
puter refinement of temperature photometric titrations. The values of Kp decreas-
ed with increasing temperature. The thermodynamic parameters, enthalpy and
entropy of dimerization reaction were calculated from the dependence of the di-
meric constant on temperature (van’t Hoff equation). The interaction between dye
molecules is attributed predominantly to enthalpic rather than entropic reasons.
The dimerization forces between the dye molecules are dispersive van der Waals
interactions and Kp depends on the size and rigidity of the dye molecules.

U3BOJ

TEPMOJUHAMUYKA KAPAKTEPU3ALIUJA PABHOTEXE ITPOLIECA TUMEPU3ALINIE
HOBOCHUHTETUCAHUX ITOJIMMETUH-UNMJAHUHCKHUX BOJA

JAHAN B. GHASEMI', FERESHTEH. SHIRI!, TODOR G. DELIGEORGIEV? and MIKAEL KUBISTA?

! Chemistry Department, Faculty of Sciences, Razi University, Kermanshah, Iran, *Faculty of Chemistry,
University of Sofia, 1164 Sofia, Bulgaria u TATAA Biocenter AB, Sahlgrenska Science Park,
Medicinaregatan 84, Géteborg, Sweden

PaBHOTE)Xa MOHOMEp—IMIMEp M TEPMOAMHAMMKA TPH HOBE LHUjaHUHCKE 00je MIIMTHBAHE CY
CIIeKTPO(OTOMETPUCKOM U XEMOMETpPHjcKOM MeTojoM. KoHcTaHTe paBHOTEXe Iporieca JuMepH3a-
IIMje OBMX HOBHUX IIMjaHHHCKUX 00ja oxpeleHe cy Ha OCHOBY 3aBUCHOCTH IbHXOBHX a0COPIIHOHNX
criekTapa oj] Temiepatype y omcery ox 25 no 80 °C npu komrenTpammjama ox 3,0x10%, 1,910
and 1,1x10* M 3a 6ojy 1, 2, u 3, pecriektieHo. O6pa/a MoaTaKa, y CMUCTY KBAHTHTATHBHE aHa-
JIM3€ CHEKTapa, 3aCHOBAHA je Ha CUMYJITAHO]j aHAJIN3H NPEKIOIUbEHNX a0COPILHOHUX TPaKa y KOM-
IUIETHOM OIICETyY TaJacHHX IyxuHa. Ha OCHOBY TemmepaTypHe 3aBUCHOCTH KOHCTaHTE PaBHOTEXE
3a rpolec JuMepusanyje oapeheHe cy npomMeHa eHTalluje U eHTPOIHje OBOTr IIpoLeca.

(ITlpumsbeno 14. cenrem6pa 2007, peuaupato 17. jyna 2008)
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