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For a large array of polymethine dyes (about 100 carbocyanines with end nuclei belonging
to 6 structural series), effective topological parameters of the long-chain approximation are
calculated (electron donor ability @, and effective length L) and correlated with experimental
chemical and spectral dye characteristics (basicity thermodynamically determined by the negative
logarithm of the conjugated acid dissociation constant pKa and first electronic transition wavelength
Aexp). A stable correlation is established between the series @, and pKa (R = 0.96). The @,-
dependence of pKa is found which has a general linear character on the whole basicity interval for
the selected cyanine array and enables the prediction of the pKa values for new dyes based on the
@, values of their end groups as well as the solution of the inverse problem. A moderate coefficient
of the correlation between Ay, calculated by L and A, (0.84) suggests that the effective length of
end nuclei is an appropriate quantity rather for finding trends in dye absorption maxima than for
quantitative prognostication. Two ways of approximating the experimental values of dye absorption
wavelengths are considered which involve homographic and linear functions of L. The
improvement of Ay, estimation using the corrected effective length values is discussed.

I. Introduction

To purposefully design polymethine dyes (PMDs), it is necessary to have an algorithm for
estimating the significant properties of new, sometimes hypothetical, heterocyclic nuclei involved
as PMD end groups. This task implies determination of some theoretical (quantum chemical or
empirical) parameters for a large number of both known and novel heterocyclic nuclei and
establishment of quantitative relationships between such parameters and experimental PMD
characteristics. A wealth of experience has been accumulated to date in the application of

correlation analysis to studies on structure-property relationships of chemical compounds and it is
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efficiently used in molecular design of materials with prescribed properties (see, e.g., Refs. 1, 2). In
a particular case of PMDs, correlation analysis tools were employed to establish structural
dependences of dye physicochemical and photographical behaviour [3]. Of most practical
importance is the prediction of the first electronic transition wavelength, 4, and the pKa value, since
these characteristics represent a pivot of spectral and chemical nature of PMDs and hence underlie
their technical uses.

Special interest is attached to the simplest prognosis methods which, unlike standard
quantum chemical techniques, reveal not only numerical but also analytical relationships between
integral molecular parameters and constitution of dyes. A method of this kind used here is an
analytical approximation of the Hueckel method referred to as the long-chain approximation (LCA);
its fundamentals were elaborated three decades ago, with the aim to describe quasi-one-dimensional
conjugated systems embracing a wide diversity of polymethine compounds including PMDs [4-6].
LCA was extensively employed and proved quite efficient in estimating m-electronic properties of
conjugated compounds, especially in large arrays of structures [7]. Of course, it is clear that the
prognosis accuracy provided by this approach is confined, on principle, by the generic features of
the Hueckel model, i.e. by the topological character of the treatment and the neglect of interelectron
interaction. However, it is just molecular topology that primarily contributes to the properties of a
conjugated compound, while the effects of interelectronic interaction can mostly be treated as more
or less considerable corrections. Such a principle justifies the prognosis of molecular behaviour
based on a rather simple method like LCA. It is also of significance if the estimates given by LCA
can be refined using empirical adjustment of the starting model parameters. The objective of the
present study is to ascertain the real potentialities of LCA in predicting basicity and light absorption
region of PMDs; we are also focused on finding the ways to improve the prognosis accuracy within
the framework of the method invoked.

Here we employ the simplest LCA version which operates only on two first effective
additive topological parameters accounting for the contribution of end groups to the properties of a
PMD molecule. These parameters called electron donor ability @, and effective length L are
determined only by the end group structure and unequivocally specify, provided the constant length
of the polymethine chain (PC), the positions of the PMD frontier levels and, therefore, the dye
reactivity (basicity and redox properties) as well as the position of its long-wavelength absorption
maximum [4-9]. In the course of the development of the approach, the definitions of the topological
parameters were changed for convenience of analytical treatment [8, 9] and the approximation itself
has recently been generalized so that it can now take into account not only the frontier but also any
levels of a PMD molecule [10]. In the present study, it was appropriate, however, to employ the

quantities @, and L defined as in early works on LCA [4-6].
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The task was to calculate the topological parameters @, and L for large arrays of PMDs with
experimentally measured basicity and absorption characteristics and to derive, on this basis, the
correlations between pKa and @,, and between A and L. To this end, we considered symmetric
PMDs I containing heterocyclic end nuclei Z of 6 structural series; the experimental PMD
characteristics were taken from the database created in FOMOS [11, 12] (see Appendix where the
array of heterocyclic nuclei under study is presented along with the relevant theoretical and
experimental data).

(Z5yHCH=CHj- CH=CZ ) n=1
I

The PMD array involved in the basicity approximation included 66 compounds whereas the
absorption maximum was approximated based on the data for 95 compounds. The quantities @, and
L were found in terms of Green’s functions of the end groups Z which were conveniently calculated
as the elements of the inverse topological matrices of the Z structures [13]; the correlation equation
were deduced by the least-squares method. In what follows, we discuss the nature and the features

of the correlations obtained as well as the possibility to improve the pKa and A estimates.

I1. Approximation of PMD basicity and absorption region using LCA parameters

1. Topological basis and corresponding correlation peculiarities

Within LCA, the contribution of PMD end groups to the positions of the molecular frontier
levels relative to the Fermi level is specified by the topological effective parameter @, called
electron donor ability of a heterocyclic residue (see Fig. 1). The parameter used here varies within
the range [0°% 90 °], i.e., it is defined as @, — (sign @,)-90° in reference to the initially calculated
alternating-sign electron donor ability [14]. The effect of heterocyclic end residues on the width of
the PMD energy gap is characterized by another topological parameter, L, effective length of a

heterocyclic residue (see Fig. 1).
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Fig. 1. The physical meaning of the parameters @, and L (« is the energy of the 2p,(m)
electron of a carbon atom, n is the number of vinylene groups in the PMD molecule).
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The physical meaning of the quantities @, and L is expressed by the following relationships:

D) = 90° 'l}if}o[(EHBMo - a)/(EHBMO — Egsmo )] (1)
L= ’}E[ﬁﬂ/(EBwo — Eygmo )_ n] > )

where Eyomo and Epymo denote the energies of the highest occupied and lowest unoccupied
molecular orbitals (MOs) of a PMD molecule which are reckoned from the level « (the energy of
the 2p,(m) electron of a carbon atom) in units of # (the C—C bond resonance integral in a conjugated
system); # is the number of vinylene groups in PC of a dye (LCA implies that n — o).

Electron donor ability and effective length are determined solely by the end group structure
in the topological approximation. They are expressible in terms of the elements of the inverse
topological matrices T™ (Green’s functions) of nuclei Z [13]. If the end group Z is bound to PC
through the t™ atom, the quantities @, and L appear as

@, =—arctg(T™),; 3)

L=[2T), +1/[(T7)); +1] @

As seen from Fig. 1 and definitions (3), (4) of the topological indices concerned, they are
remarkable for an absolutely evident physical meaning; actually, they themselves are certain
physicochemical characteristics expressed in terms of the simplified Hueckel model. Such an
advantageous feature distinguishes them among a variety of molecular graph invariants used in
establishment of structure-property relationships and enables some facilitation of the statistical
work normally needed for the model to be predictive (like, e.g., thorough analysis performed in
Refs. 1, 2). The values of @, and L used in further correlation procedures were found by formulae
(3) and (4). The atom and bond constants involved in the topological matrices of nuclei Z are
presented in Appendix.

In accordance with the known definition of effective length [4-6], the quantities Ay, for the

PMDs under study were calculated as follows:
Ah=L+n)-V, ®)

where n = 1 for all the dyes concerned, and ' = 100 nm is an empirically found constant, so-called

vinylene shift, which characterizes an increase in the first-transition wavelength resulting from
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lengthening of the PC by a vinylene group. The values of the topological parameters @, and L
obtained for the Z array as well as the values of Ay, calculated for the corresponding PMDs are
indicated in Appendix alongside the corresponding structures.

Since LCA does not include interelectronic interaction in PMD molecules, the model
employed suggests that the frontier MOs can become infinitely close to one another, whence it
follows that the first electronic transition wavelength has no upper limit as the dye colour is
deepened, e.g., due to lengthening of the polymethine chromophore or binding of end groups Z with
an extremely large effective length. A real bathochromic shift cannot however have an infinite
magnitude: as a molecular chromophore lengthens, the energy gap tends to a constant width [4] (see

Fig. 2), which becomes noticeable even within the PPP approximation [15].

AV

Fig. 2. The n-dependence of A/V derived from experimental data (1) and calculated within
LCA (2) for the PMD vinylogous series Me,N"=CH-(CH=CH),-NMe, (A is the first-transition
wavelength, V'~ 120 nm is the vinylene shift) [4].

An impossibility to account for the nonzero limiting width of the molecular gap, an essential
trend in the behaviour of molecular energy levels, leads LCA, like any other approach within the
Hueckel aproximation, to fail in quantitative estimation of PMD properties. At the same time, this
shortcoming of the method manifests itself to a different degree in the calculation of various PMD
n-characteristics. The most plausible are those dictated by electron donor ability, i.e., the position of
molecular frontier levels with respect to the Fermi level (see Fig, 1), such as the dye basicity which
is symbate to the value of pKa. Indeed, the relative disposition of the molecular energy gap and the
Fermi level is a so-called intensive property which appears practically constant within a given
vinylene series and is only slightly sensitive to interelectronic interaction effects. As a result, the

correlation between the parameter @, and the experimental values of pKa should be rather well
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pronounced and the corresponding @®,-dependence of pKa is expected to be described quite
accurately even in the linear approximation. Another situation is realized in the estimation of the
first-transition wavelength A, because it is given by the reciprocal width of the PMD energy gap and
strongly depends on interelectronic interaction effects. One can a priori assume that the correlation
between the parameter L inversely proportional to the energy gap width (see Fig. 1) and the
spectroscopic experimental data will be worse than in the case of basicity prediction. In addition, it
is expedient to approximate the dependence A of L by a homographic rather than a linear function,
so as to reproduce a tendency to saturation observed for the first-transition wavelength in the long-
wavelength absorption region. It is noteworthy that @, and L are the free term and the coefficient of
the linear term, respectively, in the expansion of the end-group generating function in terms of
energy, while the other effective additive parameters (not involved in this study) represent the
coefficients of the quadratic and higher terms [6]. The above-mentioned regularities of the
correlations based on @, and L are also valid for the correlations concerning “higher” parameters:
the coefficients of even powers of energy, like electron donor ability @,, describe the contributions
of the nucleus Z to intensive (independent of the PC length) molecular properties and provide
reasonably good accuracy of the relevant estimates; in contrast, the coefficients of odd powers of
energy, such as effective length L, characterize extensive (increasing with the PC length) molecular
constants which are much more difficult to approximate within LCA.

Our present attempt to approximate PMD basicity and absorption region by the topological
parameters @, and L corroborate, in full measure, the a priori assumptions on their applicability; at
the same time, it affords the potentialities for notable improvement of the estimation accuracy even

in the case of extensive molecular characteristics.

2. Estimation of dye basicity by the value of pKa using electron donor ability @, of nucleus Z

The relationship between PMD basicity and the value of @, for the nucleus Z (@, = -90+90°)
was found as early as in 1989 [16] for 16 nitrogen-containing heterocyclic residues widely used in
the synthesis of spectral sensitizers. Finding the linear dependence pKa of @,
pKa =024 &, —13.73, with the correlation coefficient R equal to 0.95, enabled calculation of pKa
values for a variety of PMDs and also stimulated research on the relationship between electron
donor ability and reactivity of heterocycles [17].

Though the present study involves an increased array of 66 nuclei Z, with the basicity range
extended from low-basicity (the pyrrole series) to high-basicity (the imidazole series) PMDs, the

corresponding correlation equation appears as pKa = 0.23 @, —13.37 (R = 0.96), i.e., it is much the

same as the previously found one. This is indicative of a rather stable dependence (see also Fig. 3a).
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A small mean-square deviation of the experimental data from the approximation straight line, 6 =
0.96, points to high reliability of the estimates based on the correlation found.

On dividing the Z array into the groups of structurally related nuclei, the parameters of the
correlation dependence within separate groups remain practically unchanged, though the correlation
coefficient somewhat diminishes as a result of the decreased PMD sample and hence restricted @,
and pKa intervals (as an example, cf. the results for the total sample in Fig. 3a and for the array

concerning the thiazole series in Fig 3b).
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Fig. 3. Linear approximation of measured pKa values using electron donor ability @, for (a) 66
PMDs of the full (structurally miscellaneous) array and (b) 35 PMDs of the thiazole subarray (tilded
characters denote the approximated quantities, as distinct from experimental data).
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With the linear relationship between @, and pKa, one can calculate, starting from the values
of @,, the values of pKa for new or even hypothetic (hitherto unsynthesized) PMDs as well as for
the systems which do not allow direct pKa measurements. The reasonably good correlation between
@, and pKa suggests that the PMD basicity estimates made in the framework of LCA are practically
promising, e.g., applicable in the development of PMD databases [11, 12].

The correlation found is also helpful in solution of the inverse problem: it may well be
necessary to estimate the contributions of various substituents to the values of @, for heterocyclic
residues, given experimentally measured values of pKa for the corresponding substituted PMDs. (It
is known that the parametrization of heteroatoms within Hueckel method and hence LCA is
underelaborated and in many cases indeterminate, which makes difficulties for the calculation of
topological parameters for substituted nuclei. On the other hand, substituent effects are sometimes
drastic and cannot therefore be neglected. To exemplify, the groups -SO,CF; introduced into 2-
benzothiazolyl and 2-benzimidazolyl residues decrease their @, values by 8 and 10°, respectively

[11, 16]).

3. Estimation of the wavelength of dye first electronic transition using effective length L of

nucleus Z

The Ag-dependence of A, shows the behaviour (see Fig. 4) which confirms the expected
overestimation of the calculated effective length in the long-wavelength spectral region (see also
Fig. 2). Indeed, this dependence noticeably deviates from linearity at wavelengths beyond 600 nm
and has a tendency to form a “plateau” at the wavelength A, which corresponds to a nonzero,
though very narrow, gap characteristic of sufficiently long-wavelength PMDs [4,14]. To
phenomenologically describe this feature of the plot, we approximate the dependence Aey, of A by

a homographic function Zexp = alh /(1+ b4y, ), where the limiting wavelength is specified by the

relation a/b = A, and the vinylene shift is appropriately renormalized by the factor a. For an array of
95 PMDs having various structures, we find (by the least-squares method) the approximation curve
(the dotted line 1 in Fig. 4) with @ = 2.407, b = 0.0019, the correlation coefficient R = 0.84, and the
mean-square deviation from the approximation ¢ = 45.20 nm. As easily found from this formula,

the first-transition wavelength will not exceed ~1270 nm at an arbitrarily long PC of a PMD.
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Fig. 4. a: Homographic (dotted line 1) and linear approximations of the measured first-transition
wavelength using effective length L (solid line 2, #) and corrected effective length Lo (dashed line 3, [1)
for 95 PMDs of the full (structurally miscellaneous) array; b: Linear approximation of the measured first-
transition wavelength using effective length L (solid line 1, #) and corrected effective length Lo (dashed
line 2, [) for 51 PMDs of the thiazole subarray (tilded characters have the same meaning as in Fig. 3).
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It is informative to compare the efficiency of the homographic and the linear

approximations, the latter having the form
Zexp =aklh +b. 6)

The linear correlation equation (6) with @ = 0.5905 and b = 321.54 (R = 0.84, 6 = 43.70 nm) is
represented by a dashed line in Fig. 4a. As seen, the mean-square deviation & of experimental points
from the linear approximation (6) is even less than the corresponding value in the case of the
homographic approximation, which adds to the attractiveness of the simple linear approach.
Moreover, the parameters of the linear correlation equation can be used to correct the values of L so
that the corresponding estimates of absorption wavelengths (calculated by Eq. (5)) more accurately
reproduce experimental data. Let us consider the formula relating the mean-square variance &
between experimental and calculated data to the mean-square deviation o of approximated from

experimental values:

5% = ! M( )2 2 2 o2 2
=3 2l ~auF = 0%+ (a-1P 0 a1 o]
%)

(W=t S s 82215 ()
M P th,i » x M P th,i s

where M designates the number of sample points. For the selected array of 95 PMDs, the value
of & amounts to 131.56 nm and so a large error makes questionable the very possibility to apply the
LCA method in practically oriented estimations of absorption wavelengths. On the other hand, this
value of variance is hugely contributed by the so-called systematic error of the calculation which
arises from the neglect of interelectronic interaction within LCA. Graphically, the systematic error
manifests itself by the deviation of the approximation straight line calculated by Eq. (6) from the
bisector of the first quadrantal angle, i.e. a# 1 and b # 0 in Eq. (7); as a result, § can far exceed &.
Below we suggest a straightforward method to remove the systematic error from the calculated
values of effective length using the available experimental characteristics of the sample concerned.
The corrected values of effective length, Lo, are obtained by equating the correlation equation (6),
with regard to expression (5), and the relation analogous to (5) in which L is replaced with the
desired quantity Loy

A A }“corr = (Lcorr + I’l) v (8)

exp ~— “corr >
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The solution of the above equation appears as

Lo =al+(a-n+b/V. ©)]
The values of Lcor found by formula (9) (see Appendix) are determined not only by the starting
theoretical parameter L but also by the parameters of the correlation equation (6); the discussed
systematic error is thus avoided, as a result of the proper use of the relevant experimental data
within the sample.

Fig. 4a presents experimental absorption wavelengths versus corrected estimates Leorr
calculated by Eq. (8) — see the dashed line 3. Comparing lines 2 and 3 makes it evident that the
“correction” of the initial plot reduces to rotating it through a certain angle (elimination of a so-
called methodic error) and shifting along the ordinate axis (elimination of a constant error), so that
the resulting plot of the function Aexp(Acorr) practically coincides with the bisector of the first

quadrantal angle and the correlation equation becomes /Texp =1.0001 A, —0.0294 (a negligible

deviation of the line from the bisector is due to the accumulation of rounding errors in the
summation of numerical values within large arrays). A transformation of this kind exerts no effect
on the scatter of points, i.e., the coefficient of correlation between calculated and experimental
values as well as the mean-square deviation of experimental data from the approximation right line
remain unchanged. However, the corrected calculated values reproduce experimental data much
more accurately. Indeed, expression (7) now involves the parameters a = 1 and b = 0, and hence &
= 5=43.70 nm, a one-third of the initial & value, since the systematic error is eliminated from the
estimate of PMD absorption maximum positions (due to the implicitly included trend toward
saturation observed for sufficiently long absorption wavelengths). It is clear that the corrected
values of effective length are convenient to manipulate in the prediction of PMD first-transition
wavelengths. Importantly, other molecular properties which need knowledge of effective length to
be estimated within LCA (as, for instance, linear and nonlinear polarizabilities [18]), will also be
characterized more adequately using the quantity Loy

Due to the fact that the approximation suggested covers a great number of variously
structured heterocyclic nuclei, the effective length of any end residue (not necessarily included by
the sample under study) can be corrected based on the same numerical correlation parameters as
found above. On the other hand, a switch from a structurally miscellaneous array of nuclei to
separate series which include heterocyclic systems of related structure normally offers the
advantage of better correlations between calculated and experimental data and accordingly reduced

mean-square deviations of approximated from experimental absorption wavelengths. To exemplify,



we again turn to the PMD series derived from thiazole: as evidenced by Fig. 4b, this subsample is
characterized by a better correlation coefficient (R = 0.89) and a smaller mean-square deviation of
approximated from experimental values (6= 17.60 nm) than for the total sample Z (cf. Fig. 4a). The
correction of the calculated absorption wavelengths by the above-described technique results in a
more than 7-fold reduction of the mean-square variance & between experimental and calculated data
(from 126.01 to 17.60 nm). It should be noted that a heterocyclic nucleus Z has different values of
Leor (and Acorr) within a large miscellaneous array and a small structurally homogeneous subarray
(compare, e.g., the corresponding values for the nuclei of the thiazole series in Appendix), since the
parameter in question is not an invariant of a given structure and changes in going from one sample
to another. However, its values for the same structure included in different samples differ negligibly

as compared to the difference between the initial L value and any of the corrected Lo values.

I11. Conclusions

This paper presents the theoretical basis and possibilities of predicting PMD molecular
characteristics starting from the topological parameters of dye end nuclei in the framework of the
long-chain approximation. For a large sample of PMDs (about 100 dyes with the end nuclei Z
derived from 6 heterocyclic structural types, viz., pyrrole, thiazole, pyridine, imidazole, pyrylium
and its thia/selena analogues, and polyazaheterocycles), we have calculated the key effective
topological parameters of LCA (electron donor ability @, and effective length L) and correlated
them with experimental chemical and spectral characteristics (pKa value and the first electronic
transition wavelength Aeyp).

As inferred from the analysis of a sufficiently large array of experimental data, molecular
properties of intensive character, e.g., PMD basicity can be estimated much more accurately than
extensive characteristics exemplified by the first transition wavelength. Accordingly, the linear
approximation of basicity by the parameter @, affords a significantly larger @,-pKa correlation
coefficient and a smaller mean-square deviation of experimental data from the approximation
straight line than the corresponding values in the estimation of the absorption wavelength by the
parameter L.

A stable correlation between the @, and pKa series has been established (R = 0.96). The
linear dependence pKa(®,) has been found for the whole basicity interval specified by 6 structural
series of heterocyclic end nuclei. The mean-square deviation of the calculated from experimental
data amounts to 0.98 pKa units, i.e., about 6% of the basicity variation interval in the PMD sample
under study. The relationship established between the electron donor ability of nuclei Z and PMD

basicity enables one to predict, to a sufficiently high accuracy, the pKa values for new dyes starting
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from the @, values for their end groups as well as to solve the inverse problem (with the object of
development of substituent parametrization within the LCA model).
A moderate coefficient of the correlation between Ay, calculated by L and Ay, (0.84-0.89) suggests
that the effective length of end nuclei is an appropriate quantity rather for finding trends in dye
absorption maxima than for quantitative prognostication. The mean-square deviation of
experimental data from the approximation straight line, 0= 43.70 nm, amounts to about 10% of the
absorption wavelength variation interval for the PMDs concerned. To ascertain the possibility of
more efficient first-transition wavelength estimation by the values of L, we have considered two
ways of approximating the experimentally measured wavelengths, namely, with the homographic
and the linear function of L. Unexpectedly, the much more straightforward linear approximation has
also proved to be more accurate than that based on the homographic function; the former technique
is therefore regarded as the optimal one. Moreover, a procedure has been elaborated which involves
the coefficients of the linear correlation equation to correct the topological parameter L so that the
neglect of interelectronic interaction within LCA is partially compensated and hence the systematic
error in the prediction of PMD absorption maxima is eliminated. With the corrected values of
effective length, the variance between the calculated and experimental data is reduced by more than
half an order. This correction may also be helpful in the treatment of other molecular properties of
PMDs related to their absorption region (for instance, linear and nonlinear polarizabilities). Thus,
effective length can serve as a certain guiding line in the selection of the nucleus Z structure which
should provide PMD absorption in a desired spectral region.

To conclude, the topological parameters of the LCA approach appear to be an efficient tool
in primary estimation of molecular properties and selection of promising structures in large arrays
of PMD end nuclei, i.e., in the stage which precedes thorough investigation of them by more precise

methods.
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Appendix. Heterocyclic nuclei studied and their characteristics involved in correlation

analysis

PMD end nuclei Z of various structure including the series of pyrrole (I), thiazole (II),
pyridine (I1I), imidazole (IV), pyrylium and thia/selena pyrylium (V), and polyazaheterocycles (VI),
with their experimentally measured characteristics (the pKa value and the first-transition
wavelength Acyp) and calculated parameters (electron donor ability @, effective length L, corrected
effective length L.y, and the respective estimates of the first-transition wavelength Ay, and Acorr)
indicated in a column to the right of the corresponding structure as shown on the pattern below.
Unavailable values are designated by dashes. For L., and Ao in the thiazole series, the first
number characterizes the corresponding nuclei in the structurally miscellaneous array of 95 PMDs
and the second one (parenthesized) refers to the same parameter determined within the thiazole
subarray of 51 PMDs. The Coulomb, ax, and the resonance, fxx, integrals for atoms and bonds are
defined respectively as ac + hxfcc and 7xxfec with the commonly used /x and 7xx values: Ac= 0,
hN: 1, ho: 2, hg: 0.7, hge: 0.5; Ncc = Nen = 1, Nco = 08, Tcs = 0.4, Tcse = 0.2.
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