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Abstract�A mathematical model describing series of experimental absorption and fluorescence spectra of
multicomponent systems via equilibrium and photostationary concentrations of components of the systems
was constructed. With photostationary concentrations, it is possible to take into account changes in the
fluorescence spectra resulting from photochemical reactions. Ther unknown equilibrium and kinetic param-
eters of the model and also the spectra of pure components are found from experimental data by the nonlinear
least-squares method. A software for the model was developed, and its applicability to the determination of
the composition of multicomponent systems, resolution of the spectra of pure components, and determination
of equilibrium and kinetic constants was demonstrated.

The development of new methods and software for
analytical treatment of multicomponent systems using
spectral data attracts growing researchers’ attention
[1�6]. A major advantage of such methods, allowing
calculation of the composition of multicomponent
systems and spectral characteristics of their com-
ponents, is that they do not require separation and
isolation of individual components, which may be
very difficult or even impossible for intermediate or
unstable compounds.

However, it should be noted that the available
programs have certain limitations determined by the
levels of both mathematical models and specific
implementations. In particular, the majority of com-
puter methods for resolving the spectra do not dis-
tinguish qualitatively the electronic absorption and
fluorescence spectra. The intensities of both spectra
are considered to be proportional to the concentrations
of dissolved substances in the ground electronic states.
Such a limited approach results in the inability of
these, sometimes rather useful, methods to resolve the
fluorescence spectra in the case of adiabatic photo-
chemical reactions. This can be seen from the con-
sideration of even the simplest classic systems such
as, e.g., �-naphthol��-naphtholate anion. In this
system, in photodissociation of �-naphthol, the anion
in the ground electronic state is virtually fully absent
[4]. Moreover, modern programs should involve
developed means of the data imaging and the
possibility of integration with other popular prog-
rams of treating numerical and graphic information [1].

The aim of this work was to construct a mathe-
matical model that would allow determination of the
compositions of complex equilibrium and photo-
stationary systems using spectrophotometric and
spectrofruorometric data, evaluation of the equilib-
rium and kinetic constants, assessment of their
reliability, and also resolution of the spectra to obtain
the spectral characteristics of separate components of
the systems. Along with the theoretical construction
of the mathematical model, we developed the cor-
responding software and showed its applicability to
examining real systems.

Every physicochemical model should relate prop-
erties of separate chemical components, their amount,
and also certain physicochemical parameters to a
directly observed response function [7]. In particular,
for an equilibrium system of absorbing components,
we should relate the molar extinction coefficients of
separate components, their concentrations, and thermo-
dynamic equilibrium constants to the optical density,
which will be the response function. The problem of
determining the parameters of the model by the
response function is the inverse problem of mathe-
matical physics. The methods of solving inverse
problems can be subdivided into three classes: graph-
ical and approximate analytical methods; exact
analytical methods; statistical methods (likelihood
maximum, entropy maximum, least-squares, regular-
ization, etc.).

Numerous methods from the first two classes, as
applied to the treatment of spectrophotometric data,
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have been described in [8]. At the same time, the
methods of the last class are the most universal among
the methods of solving the inverse problems. Given a
computer, the labor expenses of a researcher for
solving an inverse problem are equal to the expenses
for a simple reformulation of this problem.

When searching for parameters of a mathematical
model describing a series of absorption spectra, we
will start from the quest for approaching in some
sense a calculated matrix of optical densities D
depending on the model parameters to an experi-
mental matrix D e of dimensionality l�n. This matrix
is obtained by quantization of a series of n continuous
spectra by l wavelengths. According to the least-
squares method, the parameters that minimize func-
tional (1) will be the most probable.

l n
� �wij(Dij � D e

ij)
2 �� min. (1)

i=1 j=1

Here wij is the statistical weight of the experimental
D e

ij point, and Dij is the calculated optical density of
the jth spectrum at the ith wavelength. The simplest
function that qualitatively reflects the dependence of
the relative error of a spectrophotometric analysis is
the dependence of the type 10D/D [8]. On this basis,
we can take weights (25)wij) equal to the square of trans-
mission [relationship (2)].

wij = 10�2Dij. (2)

Similar weights taking into account also the instru-
mental function of the spectrophotometer were suc-
cessfully used in [3]. Nevertheless, in the calculation
practice the measurements are most often believed to
be of equal accuracy [9]; hence, we will assume wij =
1. In particular, unit weights are commonly used when
simulating an experimental three-dimensional matrix
of fluorescence excitation and emission by a trilinear
form [4].

Following the Bouguer�Lambert�Beer law of light
absorption and also the additivity principle, we can
write [8] expression (3).

D = �� c�d. (3)

In this expression, � is the matrix of the molar
extinction coefficients of the absorbing components
of the dimensionality l � m (m is the number of ab-
sorbing components); c, matrix of concentrations of
absorbing components of a series of solutions differ-
ing in the extent of chemical transformations (of di-
mensionality m � n); and d, optical path length (a

scalar quantity, if this length does not change from
one experiment to another).

For the convenience of practical use and also for
scaling of the extinction coefficients, which can differ
by several orders of magnitude, we can rewrite ex-
pression (3) as (4).

D = f�a� c. (4)

Here f is the matrix of the shapes of the spectra of
pure components of dimensionality l � m (in arbitrary
units linearly related to the molar extinction coef-
ficient, e.g., in the optical density units), and a, the
diagonal matrix of the spectrum amplitudes (i.e., of
normalizing factors to the molar extinction coef-
ficients if d is 1 cm) of dimensionality m � m.

The number of light-absorbing components can be
predetermined by finding the rank of De. Under the
conditions of a real experiment, when calculating the
rank of matrix, it is also necessary to take into account
the errors in measuring spectra (for example, by the
Wallace�Katz method [10]). This information can be
useful when subsequently constructing a scheme of
the occurring processes.

To find the matrix c of concentrations, we must
prearrange the scheme of the occurring processes as
the equations of chemical reactions and also the c0
matrix of the starting concentrations of substances to
be added to the system. For the simplicity sake,
depending on the context, the same symbol c must be
understood both as the matrix of concentrations of
optically active components and as the matrix of
simply all the components. Then (in the approxima-
tion of ideal solutions) the c matrix can be obtained
by numerically solving nonlinear system of equations
(5), for example, by Newton’s method [11] [from here
on f(x) means ��f(xij)��].

S � ln c = ln K � (1, 1, ..., 1).

M � c = M � c0.
�
�

�
(5)

Here S is the matrix of stoichiometric coefficients;
K, the vector-column of the equilibrium constants;
(1,1, ..., 1), the vector-raw of length n; and M, matrix
of material balance found from orthogonality relation-
ship (6).

S�M T = 0. (6)

Here MT is the transposed matrix M.

According to the Gibbs rule, the number of basis
components involved in the balance, summed up with
the number of linearly independent stoichiometric
equations, must be equal to the total number of sub-
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stances in the system [12]. This fact should be taken
into consideration when constructing system of equa-
tions (5).

Therefore, functional (1) will depend on the opti-
mized f, a, and K parameters [expression (7)].

l n
� �[Dij(f, a, K) � D e

ij]
2 �� min. (7)

i=1 j=1

If it is necessary to take into account the effect of
temperature on the chemical equilibrium, we can use
Eq. (8), which is valid in the approximation that the
functions of state are constant within a narrow
temperature range.

ln K = ��H/RT + �S/R. (8)

Here K is the equilibrium constant of a chemical reac=
tion, and �H and �S are the enthalpy and entropy of
the reaction. With regard to relationship (8), func-
tional (7) will be written as (9).

l n
� �[Dij(f, a, �H, �S) � D e

ij]
2 �� min. (9)

i=1 j=1

In principle, functional (7) as well as (9) can be
minimized by any method of optimizing functions of
many variables, from zero to the second order in-
clusive [9, 13]. However, owing to nonlinearity of
these functionals with respect to aij and fij and es-
pecially owing to a great number of these elements
(from several hundreds to several tens of thousands),
there is good reason to single out their determination
as a separate auxiliary problem. This problem must be
solved at every step of iterative search for the ele-
ments of K, �H, and �S vectors. This problem can
be solved in a finite number of steps either by the
linear least-squares method [11], or, in the case of
nonnegativeness condition being imposed on the
solution, by one of the methods of quadratic pro-
gramming [14].

In the case of photostationary (in the absence of
oscillatory reactions), system of equations (5) is
supplemented with the steady-state conditions, and
with regard to them it will be written as expres-
sion (10).

ST � exp[ln k � (1, 1, ..., 1) � SR � ln c] = 0,�

M � c = M � c0.
S � ln c = ln K � (1, 1, ..., 1),

�
�
	

	 (10)

Here k is the vector-column of the reaction rate
constants, and SR, matrix of the subset of the reagents
of the S matrix.

When practically solving system (10), we must
divide substances into two groups on the basis of the
fact whether their concentrations are found in the
equilibrium or steady-state approximations. We must
also exclude the linearly dependent equations from
the subsystems of the law of mass action and the
conditions of steady state. The total number of equa-
tions must be equal to the number of unknowns, i.e.,
to the number of substances in the system whose
steady-state (and quasiequilibrium) concentrations
should be determined. System (10) is conveniently
solved with respect to the logarithms of constants and
concentrations rather than to these very values. In
such a way, some scaling of these values is achieved
and the condition of their nonnegativeness is met
automatically.

We also emphasize that the linear dependence of
the absorption intensity on the concentration of a
pigment is realized only for low optical densities. In
the general case, the intensity of the light absorption,
W, is proportional to the fraction of absorbed radiation
[relationship (11)].

W = W0(1 � 10��cl). (11)

Here W0 is the intensity of the incident radiation, and
�, molar extinction coefficient.

At low optical densities, Eq. (11) transforms into
Eq. (12), which is a first-order kinetic equation.

W = 2.303W0
cl. (12)

The temperature dependence of the reaction rate
constants is usually taken into account by Arrhenius
equation [9] [relationship (13)].

ln k = ln k0 � Ea/RT. (13)

Here Ea is the activation energy.

For the matrix of fluorescence intensities I, we can
write expressions (14) and (15) similar to relation-
ships (3) and (4).

I = A� c, (14)

I = f�a� c. (15)

Here A is the matrix of Einstein’s coefficients for
spontaneous radiative transitions corresponding to
various emission wavelengths. Then the problem of
searching for optimal parameters will be reduced to
the minimization of functional (16).

� �(Iij � I e
ij)

2 �� min. (16)
i j
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In the practically important specific representation,
expression (15) can be given as relationships (17)
and (18).

I = �� ��1� c = �� c�, (17)

I = f ��a �� c �. (18)

Here � is the matrix of differential quantum yields of
fluorescence of the emitting components depending
on the wavelength; �, diagonal matrix of lifetimes of
the emitting components; and f �, matrix of fluores-
cence spectra of pure components (in relative units, if
the diagonal elements of the a� matrix are equal to
each other). Let us denote elements of the c� matrix,
which, by their physical sense, are the intrinsic rates
of the decay of excited molecules in the absence of
other processes, as active photostationary concentra-
tions. The active photostationary concentrations
have such a remarkable property that, when the optical
density of a multicomponent system is invariable and
the photochemical reactions occurring in it do not
involve changes in the number of excited molecules,
their sum in a series of solutions will apparently
remain constant. Thus, the current photo- steady-state
concentrations can be considered as the numbers of
peculiar photostationary equivalents in a unit
volume.

When determining the kinetic and equilibrium
constants from the spectrofluorimetric data, a number
of additional circumstances should be taken into
account. The concentration of excited molecules is
usually very low (several orders of magnitude lower
than the fluorophore concentration). In such a case,
the precise intensity of the incident light, W0, is un-
known as a rule. If we exclude the concentrations of
excited molecules from the subsystem of the material
balance of system (10), then, for the most typical case
of first-order reactions with respect to excited mole-
cules, the arbitrary choice of W0 is equivalent to
simple scaling of the concentrations of excited par-
ticles or to multiplication of the steady-state condi-
tions by a constant coefficient. Such a scaling cor-
rected by the matrix of the spectral amplitudes will
have no effect on the optimized constants. The know-
ledge of individual lifetimes of the emitting com-
ponents is not necessary for the successful resolution
of the fluorescence spectra, since system (10) (on con-
dition that excited molecules are excluded from the
equation of material balance) can be solved relative
to active photostationary concentrations. However,
in this case the dimensionalities and/or the optimized
constants will be, generally speaking, different.

In practice, the range of applicability of linear law

(12) can be broader than the range inferred from
expression (11). This follows from the fact that ex-
pression (12) is idealized and does not take into
account effects of the inner filter of the first and
second kinds depending on the geometric parameters
of the cell and on the overlap of the absorption and
fluorescence spectra [15]. The presence of distinct
isoemission points in the fluorescence spectra can
strongly support linear law (12).

As expressions (4) and (15) formally coincide,
when searching for the constants we can combine the
absorption and fluorescence spectra into a common
(usually two-dimensional) matrix of experimental
spectra and treat them simultaneously.

To check the applicability of our approach to the
determination of the composition of multicomponent
systems, to the resolution of the spectra of pure
components, and to the determination of equilibrium
and kinetic constants, we solved a model problem of
resolving the fluorescence spectra of a multicom-
ponent system and also a number of problems of
analyzing binary systems on the basis of experimental
absorption and fluorescence spectra. We carried out
the calculations with a Pentium II computer
(300 MHz) using MatLab 6.0 program package.

The processes in a model multicomponent system
are shown in Scheme 1.

Scheme 1.

B* + H ����
k3

k3/K3

BH* + H ��
k4 BH*

2 + Q ��
k5

B + H ����
K1

BH + H ��
K2 BH2 + Q ����

BH2Q*
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W2 1/�2
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W3 1/�3

Here W1, W2, and W3 are intensities of light absorp-
tion by the species B, BH, and BH2, respectively; �1,
�2, �3, and �4, intrinsic lifetimes of B*, BH*, BH*2,
and BH2Q*, respectively; K1, K2, and K3, equilibrium
constants; and k3, k4, and k5, rate constants of forward
adiabatic photoreactions. The system contains nine
species; four of them, which are in excited states, are
capable of emitting light. The fluorescence spectra
shown in Fig. 1 were assigned to these species. The
stoichiometric matrix of the system contains 13 rows
corresponding to 13 chemical processes. Only six of
them are linearly independent. Therefore, generalized
system (10) will contain six plus three, i.e., nine
equations: four conditions of the steady state for the
rates of consumption of B*, BH*, BH*2, and BH2Q*;
two equations relating quasiequilibrium concentra-
tions of H, B, BH, and BH2; and three equations of
material balance of the basis components (for ex-
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Fig. 1. Fluorescence spectra of pure components of the
model system (Scheme 1). (1) B*, (2) BH*, (3) BH*

2,
and (4) BH2Q*.

ample, B, H, and Q). To solve system (10) and to find
steady-state (and quasiequilibrium) concentrations of
all the nine substances, we specified certain values of
constants and the matrix of initial concentrations of
the dimensionality 9 � 10. After numerical solution of
system (10), the fluorescence spectra of a series of ten
solutions were calculated at 201 wavelengths by ex-
pression (15) (Fig. 2). The elements of the matrix of
amplitudes were taken proportional to 1/�i. In such a
manner, the direct model problem was solved.

Then we set an inverse problem of searching for
spectra of pure components BH*, BH*2, and BH2Q*,
and also for constants K1, K2, k3, k4, and k5. The spec-
trum of B* and also eight other parameters were
considered as known and were not subjected to opti-
mization. We minimized functional (16) by Newton’s
method with approximation of inverse Hessian after
Gill and Murray [13] with singling out the linear
problem of searching for the spectra.

We estimated the rms deviation of the nonlinear
(linear) parameters by the Gauss�Markov formula [4]
[relationship (19)].

�i
2 = F �Hii

�1/r. (19)

Here �i is the standard deviation of the ith parameter;
F, sum of the deviations squared; Hij

�1, diagonal
element of the inverse Hessian of the nonlinear (lin-
ear) problem; and r, number of the degrees of
freedom.

The relative rms deviations of the resulting con-
stants and of the intensities of the spectra of pure
components depending on the degree of perturbation,
	, of the starting Ie matrix are given in Table 1. The
perturbation was carried out by multiplying the
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Fig. 2. Fluorescence spectra of a multicomponent model
system at various concentrations of H and Q.

elements of the Ie matrix by (1 + 	x) (x is a random
variable evenly distributed over the [�1, 1] interval).
As seen from Table 1, small variations in the solution
correspond to small variations in the input data of the
problem. This circumstance is one of the necessary
criteria of a correctly formulated problem [9]. A com-
paratively low accuracy of determining k3 and k4
results from a substantial linear correlation between
them, which follows from considering the variance
matrix (see below). By and large, the solution of the
inverse model problem can be considered successful
and stable to perturbations.

1.000
0.506 1.000
0.027 0.661 1.000
�0.028 �0.671 �0.987 1.000
0.640 0.433 �0.045 0.043 1.000

Aside from considering the model system, we
compared the equilibrium and kinetic constants ob-
tained by treating the data of the absorption and
fluorescence spectra at a single wavelength with
constants determined by a global numerical analysis
of the absorption and fluorescence spectra [i.e., by
minimizing functionals (1) and (16)].

The protonation of 2-(3-quinolyl)-1,3-benzothia-
zole (I) with trichloroacetic, trifluoroacetic, and sul-
furic acids in ethanol in the ground and excited states
was studied previously [16]. Typical dependences of
the absorption and fluorescence spectra of I on the
acid concentration are shown in Fig. 3. It was found
that the dynamic luminescence quenching of I with
acids, resulting from adiabatic transfer of a proton,
occurs irreversibly, below the diffusion limit, and is
not accompanied by a noticeable induced nonradiative
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Table 1. Relative standard deviations of intensities of the
obtained spectra of pure components and of the constants
of the model problem as functions of the degree of per-
turbation �a

�����������������������������������������
� �I(BH*)�I(BH*2) �I(BH2Q*)� K1 � K2 � k3 � k4 � k5

�����������������������������������������
� � 7.0 � 6.1 � 5.9 � 5.4 � 5.4 � 2.7 � 3.6 �4.7
5 � 5.7 � 4.9 � 4.6 � 5.3 � 5.2 � 2.6 � 3.5 �4.5
4 � 4.7 � 3.9 � 3.6 � 4.4 � 4.4 � 1.7 � 2.6 �3.7
3 � 3.7 � 2.9 � 2.6 � 3.4 � 3.4 � 0.7 � 1.6 �2.7

�����������������������������������������
a Decimal logarithms of reciprocal values are given.

deactivation. With regard to this fact, the reactions of
benzothiazole (I) with acids can be described by the
following simplest scheme.

Scheme 2.

B* + H

����
K

BH+�A�

�
	
	


	
	

W 1/�0

�
	
	


	
	

W � 1/��0

��
kq

B + HA

BH*+�A�

Here W and W� are the intensities of the light
absorption by the starting B form and by the proton-
ated BH+


A� form, respectively; �0 and ��0, intrinsic
lifetimes of the starting B* form and protonated
BH*+


A� forms, respectively, in the electronically
excited state; K, constant of the acid�base equilibrium;
and kq, rate constant of the luminescence quenching
of the starting form. In the case of sulfuric acid, the
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Fig. 3. Absorption spectra and uncorrected fluorescence
spectra of benzothiazole I in the presence of CCl3COOH
(cHA 0, 0.025, 0.05, 0.075, 0.1, 0.25, 0.375, 0.5, and
1 M). The arrows show how the spectra change as the
acid concentration increases. The calculated spectra of
pure protonated form are shown by the dashed lines.

protonating agent HA is actually a protonated solvent
molecule, i.e., EtOH+

2. The lifetimes of excited mole-
cules I and IH+, measured in the absence of sulfuric
acid and in the presence of its excess, are 0.3 and
1.4 ns. These values were taken as �0 and ��0, respec-
tively, for all the three systems (the knowledge of the
last value is not necessary). By treating the spectra at
a single wavelength, we found K and kq as parameters
of regressions (20) and (21).

(D � D0)�1 = (K�D[HA])�1 + �D�1, (20)

I0/I = (1 + K[HA])(1 + kq�0[HA]). (21)

In expressions (20) and (21), D and I are the op-
tical density and fluorescence intensity at specified
wavelengths; D0 and I0, optical density and fluores-
cence intensity of the starting form; and �D, dif-
ference between the optical densities of the protonated
and starting forms (for the same wavelength).

When determining K by Eq. (20), it is appropriate
to choose a wavelength at which the change in the
optical density is as maximal as possible, and when
determining kq by Eq. (21), the wavelength at which
it is still possible to neglect the contribution of the
protonated species to the fluorescence intensity. Such
optimal wavelengths are termed analytical. We used
optical densities at � 360 nm and fluorescence
intensities at � 380 nm.

When determining the K and kq by the method of
global numerical analysis, we used the De and Ie

matrices of dimensionality 201 � 9 and 431 � 9,
respectively. The analysis of these matrices by Wal-
lace�Katz method showed the presence of two absorb-
ing and two emitting components. Thus, the diagonal
elements of the De and Ie matrices for the system I +
CCl3COOH, after reducing them to a trapezoidal form
by Wallace�Katz method and referring to diagonal
elements of error matrices, are 0.1790, 0.0458, 0.0016,
0.0004, 0.0002, 0.0002, 0.0002, 0.0002, 0.0002 and
0.3333, 0.0581, 0.0099, 0.0057, 0.0040, 0.0037,
0.0015, 0.0012, 0.0003, respectively (the measure-
ment errors of the spectrophotometer and spectrofluo-
rimeter used in [16] are 0.002 and 0.03, respectively).
As seen from these data for the third and higher
diagonal elements, the accuracies of the experimental
absorption and fluorescence spectra are essentially
different; hence, their combined treatment using the
least-squares method of equal accuracy is not approp-
riate. Therefore, we determined K separately by the
global numerical analysis of the absorption spectra
and used the obtained value in the determination of
kq by the numerical analysis of the fluorescence
spectra. We determined these constants in the same
sequence by Eqs. (20) and (21). Simultaneous deter-
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mination of K and kq solely from the fluorescence
spectra by any of these methods is not appropriate
because of a very strong correlation between them.

Table 2 gives the K and kq constants determined
both by treating the data at a single wavelength (local
procedure) and by the method of global numerical
analysis (global procedure), and also the weighted
difference ts between the constants found by different
methods (Student’s test). For the system I+ CF3 

COOH, the plot of I0/I vs. [HA] shows no deviations
from a straight line. This suggests that the fluorescence
quenching in this system occurs by the static mech-
anism exclusively. For the other systems, the photo-
protonation is manifested quite distinctly. The de-
pendence of the degree of protonation of benzothia-
zole I in the ground and excited electronic states on
the concentration of trichloroacetic acid is shown in
Fig. 4. As a consequence of an increase in the basicity
of a molecule of I upon excitation, its protonation in
the excited state is much more efficient than in the
ground state.

At the same time, in these systems the complete
conversion of the neutral form into the protonated
form is impossible at reasonable concentrations of not
very strong organic acids; hence, the problem of cal-
culating the absorption and fluorescence spectra of
the individual protonated species is urgent. A simple
further increase in the acid concentration is undesi-
rable, as it can result (and results) in a significant
distortion of the spectra owing to changes in the
solvent parameters.

As seen from Table 2, the constants determined by
two different methods are in good agreement and
almost everywhere differ by less than one standard
deviation. At the same time, the method of global
analysis has a number of significant advantages
(perceptible, of course, only with powerful calculating
tools at hand). Owing to a great number of degrees of
freedom, the unknown parameters are determined with
a higher accuracy. As expressions (4) and (15) are
very general, the method does not require any special
points in the spectra, the regions of nonoverlapping
spectra, smooth peaks, etc. There is no problem of
choosing analytical wavelengths. There is no need in
analytical computations, which can be very com-
plicated or even impossible for no less than three- and
four-component systems. Almost the only thing that
is required is to specify a scheme of occurring proc-
esses as a matrix of stoichiometric coefficients. The
method allows the spectra of individual components
to be determined along with the equilibrium and ki-
netic constants. In this case, in contrast to the spectra
determined by expressions of type (20), they are at

Table 2. Constants (K, l mol�1; kq, l mol�1 s�1) of reac-
tions between benzothiazole I and acids, as determined by
the treatment at analytical wavelengths (local procedure)
and by the method of global numerical analysis (global
procedure), and Student’s test (ts) for the constants
determined by different methods
�����������������������������������������

Acid
�

Constant
� Procedure �

ts� ��������������������
� � local � global �

�����������������������������������������
CCl3COOHa�K � 1.2�0.3 �1.148�0.009� 0.3
CCl3COOHb�kq�10�9 �2.98�0.09 � 2.91�0.02 � 0.8
CF3COOHa �K � 1.9�0.4 � 1.72�0.02 � 0.5
CF3COOHb �K �1.80�0.05 �1.768�0.004� 0.6
H2SO4

a �K�10�1 �2.07�0.11 �2.037�0.010� 0.3
H2SO4

b �kq�10�10 �1.18�0.13 �1.046�0.010� 1.1
�����������������������������������������
a Absorption spectra. b Fluorescence spectra.

once obtained compatible with the optimal values of
the constants.

Thus, we constructed a mathematical model cap-
able of describing the experimental series of absorp-
tion and fluorescence spectra of multicomponent
systems via steady-state and (quasi)equilibrium
concentrations of the system components, including
those in the electronically excited state. The latter fact
makes it possible to take into account changes in the
fluorescence spectra resulting from photochemical
reactions. The equilibrium and kinetic parameters of
the model and also the spectra of pure components
can be found by the nonlinear least-squares method.
The parameters of the model (except the amplitude
matrix having an auxiliary significance) are invariant
with respect to the intensity of the exciting light of

�
0.8

0.6

0.4

0.2

0

0 0.2 0.4 0.6 0.8 1.0
c, M

1

2

Fig. 4. Degree of protonation (�) of benzothiazole (I) in
the (1) ground and (2) excited electronic states vs.
concentration (c) of CCl3COOH.
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the spectrofluorimeter, which is unknown as a rule.
Moreover, the fluorescence spectra of the pure com-
ponents are invariant with respect to the lifetimes of
these components. Therefore, although kinetic equa-
tions do appear in the mathematical model of the
method, it is not required to know any kinetic param-
eters of the instrument or of the pure components for
solving the problem of resolving the photostationary
fluorescence spectra. The program implementation of
the method was carried out; it was shown that the
method is applicable to the determination of the
composition of multicomponent systems, resolution of
the spectra of pure components, and determination of
the equilibrium and kinetic constants.
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