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ABSTRACT

This paper is the first of a series in which we propose to develop the electron
structure and colour theory of polyfluoromethine systems. Introduction or a
single fluorine atom into the polymethine chain is considered with respect to
its influence on the asymmetry of dyes, the basicity of the end-groups, and the
relationships between spectral shifts and differences in the basicities of the
end-groups. A number of rules have been established for the molecular design
of polymethine systems, substituent effects and also for conditions resulting in
exceptions to the Forster—Dewar—Knott rule.

1 INTRODUCTION

Polymethine dyes (PMD) containing fluorine atoms in the polymethine
chain are of interest for both theoretical and practical studies, since the
fluorine atom which is introduced into the conjugated system has minimal
steric hindrance effects but has significant conjugative and inductive effects.
It is the predominance of the conjugative effect over the inductive effect that
results in the saturation where the fluorine atom, contrary to its effect in
saturated systems, behaves as an electron donor in cyanine dyes.’

The synthesis of the first member of the polyfluoromethine dye series
(PFMD), viz. thiacarbocyanine with a completely fluorinated chain,! has
made it possible to investigate new effects. However, to study the electronic
effects arising in the PFMD using the classical methods of MO LCAOQ, even
in the n-electron approximation, is too difficult, since a very large volume of
calculations are necessary in order to determine the relations between the
structure and properties of these compounds.
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After the introduction of one fluorine atom, as well as of other
substituents, into the dye chromophore, simple perturbation theory may be
used to discuss colour and electronic properties.2 However, in dyes in which
all the hydrogen atoms in the polymethine chain are replaced by fluorine, the
application of this theory becomes invalid. In this case the Green function
method?® is usually employed but this also becomes rather labour-
consuming when studying systems having end-groups of a complex
structure.

The possibility of a more effective theoretical study of these problems has
arisen following the development of the method of additive generating
functions for analysing conjugated systems with periodic chains of an
arbitrary structure,* ¢ which is genetically related to the Green function
method. An increase in the fluorovinylene shift with chain elongation in
PFMD, as compared with the classical polymethine chain, was predicted by
this method.* However, this problem has been discussed® only at a
qualitative level.

We have therefore investigated initially the properties of simpler dyes, in
which only one fluorine atom is introduced into the even or odd positions of
the polymethine chain (PC) and, following the results of these studies, only
then to consider dyes with a completely fluorinated chain.

Since a fluorine atom possesses minimal steric effects and the inductive
and conjugated effects partially compensate each other, this atom may be
used as a ‘probe’ for the investigation of electron density distribution in a
conjugated chain, in much the same way as a small charge is used as a ‘probe’
to study an electric field without changing it.

The subsequent development of the electronic PFMD structure theory,
and the comparison of theoretical data with experimental data, permit the
prediction of the properties of new polymethine systems and the
development of a general theory for the electronic structure of organic
compounds.

2 RESULTS AND DISCUSSION

2.1 Electronic characteristics of a fluorine atom as a substituent in the
conjugated system

The introduction of a fluorine atom into the m-conjugated system is
accompanied by inductive and resonance effects. The former is described by
an increase (Aay) of the Coulomb integral (ay) of the atom Y, to which the
fluorine atom is attached. The latter is expressed by the participation in the
conjugation of the unshared electron pair of the fluorine atom and is
characterised by the Coulomb () and the bond resonance (fyg) integrals.
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TABLE 1
S
Croncnrorg) o
| |
Me X~ Me
Rl RZ A’max (nm) A)" (nm)
in EtOH!
H H 558 —
H F 522 —36
F H 567 +9

Studies on the PMD colour theory have shown that the fluorine atom
behaves as an electron donor, giving, in accord with the Forster—-Dewar—
Knott (FDK) rule,”’® a hypsochromic shift (A2 < 0) when substituted in the
B-position of thiocarbocyanine and a bathochromic shift (A4 > 0) when in
the a-position (Table 1).!

Based on these experimental results, that the donor resonance effect
predominates over the acceptor inductive effect, a conclusion may then be
drawn on the relative value of the quantum chemical parameters describing
the fluorine atom in the conjugated system.

For these purposes the perturbation theory of molecular orbitals (MO) is
used.? In this case the change in the frequency of the electron transition
under the inductive effect (Av,) of the fluorine atom is described by eqn (1):

Avy= (Coz,k - Cez,k)- Aac (1

where C2, and C2, are the MO coefficients on the kth molecular atom to
which the substituent F is introduced, ‘0’ corresponds to the highest
occupied MO (HOMO), ‘¢’ to the lowest unoccupied MO (LUMO) and Aa
is the change of the carbon atom Coulomb integral caused by the inductive
effect of the fluorine atom.

According to MO perturbation theory,? the resonance effect of the
fluorine atom is described by eqn (2a):

2 2 2 2
Ce,k . BCF _ Co,k . ﬂCF
e+ ag e, + ag

(2a)

Avy =

where e, and e, are the HOMO and LUMO energies, respectively.*

*In this paper we assume the so-called physical signs of the energy values: the bonding MO
energies are negative and the Coulomb integrals o and o are positive, i.e. the electron non-
bonding energy level (e), which is usually the origin of the energy level scale, is equal to (—ac)
and the energy level er at which the unshared electron pair in the isolated fluorine atom is
located is equal to {—og).
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Taking into account that for PMD the values of CZ, and C?; have order
1/L,% where L is the effective dye length,'® eqn (2a) may be reduced to egn
(2b):

Avy = (Cez,k - Coz,k)ﬁ(z,‘F/(aF — o) (2b)

It should be noted that the assumption of an infinitesimal value for 1/L
means essentially that we can use the approximation

le. + ol and [e, + o « (g — a¢) 3)

since the effective length L, which was empirically introduced into the model
of a free electron’! and then strictly into the approximation of ‘long’ dyes,!°
is the effective number of vinylene groups which provide the same
absorption maximum that the corresponding PMD does. As is known, the
chain elongation causes a decrease in the values le, + | and |e, + «,%*° and
the inequality shown in eqn (3) is valid.

The total spectral shift caused by the introduction of the fluorine atom
into the conjugated system has the form

2
Av=Av, + Avy = (C2, — C;k)( & Afxc> (4)
F— %c
In the f-position of the symmetrical thiacarbocyanine 1 (R, =R, =H),
C2,=0, and a hypsochromic shift (Av > 0) is observed in this case if the
inequality

Béx
— Ao >0 (5a)
Ap — ¢
i.e. ﬂCF > A/ AOCC(OlF - (xc) (Sb)

1s obeyed.

Similar reasoning may be used for the a-position of thiacarbocyanine 1. In
this case (C2, — C2,) <0, then in eqn (4) Av <0, the bathochromic shift is
observed, and we again arrive at the inequality (5).

Thus only following the inequality (5) will there be a qualitative
correspondence between the theoretical results and experimental data.

If parameters Aac, oy, B are expressed according to Ref. 12 via the
standard values o and fc in terms of

ap = o¢ + Apfcc Ber = kcrPec Avc=Ahcfec
then the inequality (5) will take the form

2
Iy = (f‘hi*i - Ahc> >0 (6a)

F

or kep > /Ahc e (6b)
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The value of Ah- may be estimated!? by the auxiliary inductive parameter
o=01:

AhC = 5‘hF (7)

In the system of Streitweiser’s parameters'? the values A, and kcp are
recognised as

he=30  kep=07 8)

When eqn (7) is assumed, the set of parameters given in eqn (8) does not
satisfy the inequality given in eqn (6). This is presumably due to the fact that
these values are obtained from Pauling electronegativity data for aliphatic
organic compounds.!? It is much more logical to assume a set of parameters
obtained from studies of fluorobenzene:!?

he=1521  kep=05-07 9)

In these ranges most of the values satisfy the inequality of eqn (6). In order to
illustrate more clearly the influence of the fluorine atom when it is
introduced into PMD, we have chosen the maximum value 7z=018
[he=15; kcg =07 (Ref. 10)].

Thus we have defined more precisely the quantum chemical parameters of
the fluorine atom from the general conclusions about electronic nature of
the fluorine atom as a substituent in a conjugated PMD system.

2.2 Introduction of a fluorine atom into the polymethine chain with
symmetry breaking

If the spectral shift induced by the introduction of a fluorine atom into the
conjugated system according to the classification of Ref. 14 has a first-order
value, then its introduction into the PC of a symmetrical PMD, causing the
breaking of symmetry, leads to the appearance of second-order effects and,
initially, to the Kiprianov—Brooker deviation.!>'16

Based on Il'chenko’s empirical scale of electron-donating ability (D), it
has been shown that the introduction of a fluorine atom into the a-position
of the PC enhances the electron-donating ability of the end-group,'”'®i.e.an
increase in the Kiprianov—Brooker basicity of the hetero-residue:

@N(}:cx— @;PZCX—

M M
X=H, D =145, X=F, D=1.54 X=H, D =148; X=F, D =157

The values of D,!”'° and of the Platt basicity 4,%° are empirical values
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calculated from deviations of corresponding asymmetrical dyes. For a priori
estimation of the end-group basicity it is possible to use the quantum
chemical calculations of electron-donating ability (®,) determined using the
‘long PMD’ model,!*?! and also the method of effective additive
parameters* ¢ (or additive generator functions). In the latter, the following
equation was used:

tan @, = — 20 (10)

o
where ¢, is the value of the secular determinant of the isolated end-group (in
this case the Z—CH-~ group)* at the non-bonding level of carbon 2p,(n)-
electrons and r, is the value of a minor of ¢, obtained by the removal of the
atom, with the help of which the end-group was connected to the
polymethine chain; in our case it is the secular determinant of the Z-group.

We can additionally use an alternative definition of electron-donating
ability,® where ®, is the main value of arctan(—gq,/r,), which varies from
—90° to +90°. This definition is more precise than that given elsewhere,?! in
which @, is in the range from 0° to +90°.

It has been shown?? that the value of ®, is the quantum chemical
equivalent of the basicity of the hetero-residue Z in the polymethine systems
2, and determines the exchange of the charge between the end-group and the
chain in the ground state of the molecule

Z,+CH—CH—CH—..—CH>.Z, )

The end-groups are divided into two types, viz. those having a positive
value of @, (0° < ®, < +90°) and those having a negative value (—90° <
®, < 0°).

Table 2 shows the @, values for a series of hetero-residues which are most
widely utilised in polymethine dyes, 2.

Based on an analysis of the signs of the parameters, it is possible to derive
rules for the molecular design of polymethine dyes, and these have been
substantiated in other publications.?3-?* These rules (I-V) are now
described.

Rule I. The two-nuclear PMD (2) is a combination of odd external PC (n =
2k + 1) with end-groups Z; and Z, having electron-donating abilities ®,
and @,, of the same sign (symmetrical cyanines, oxynines, etc.) or a
combination of even external PC (n=2k) with the end-groups Z, and Z,
having electron-donating abilities ®,; and ®,, of different signs (mero-
cyanines, styryls, etc.).

* Similarly to Refs 4-6, the secular determinant has the form det (T + x* E) where T is the
topological matrix of the end-group, £ is the unit matrix and x = (e + o¢)/fcc.
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TABLE 2
End-Group Electron-Donating Ability, ®

End-group 0] End-group (0]

(Me)zNO— —76° (Me)ZNO—CHz +14°
C(CH,), C(CH,;),
C[NFCH— a5 C[NF 145

Alk Alk
S s,
AY
C=CH— —33° C[ — +57°
Oy Y
Me Me
—i—i —CH—C—S§
-0 III S —26° 0)\171)\ +64°
Me Me
ok -
ITI H— —24 IT +66
Alk Alk
(he L
N H— —14° ' N +76°
| I
Alk Alk
?lk Alk
|
N N,
C—=CH— —14° — +76°
C[rlq/ QT/
Alk Alk

An end-group having a positive value of @, creates a negative charge in
the a-position of the PC, and an end-group with a negative value of @,
creates a positive charge.??

Thus the ®,,-scale from 0° to +90° may be called the basicity scale of end-
groups, and the ®,-scale from —90° to 0° the acidity scale.?? The end-group
is more basic the closer @, is to +90° and it is more acid when ®, is closer to
—90°.

The conditional attribution of the neighbouring methine group (or a more
longitudinal odd site of PC) results in a change of the end-group type [eqn
(11)],° since the methine group directly attached to such an elongated end-
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group can now be considered as being in the a-position:
D ,(Z—CH) = ®(Z) — 90°(sign D (Z)) (11)

where sign @(Z) = +1, if ®y(Z) > 0°, and sign @y(Z) = — 1, if ®4(Z) < 0; ®(Z)
is electron-donating ability @, of the end-group Z.

On the other hand, one may consider eqn (11) as being a relationship
between the acidity and basicity scales for the end-groups. Thus, if it is
necessary to estimate the position of the rhodanine nucleus (®,= —26°,
Table 2) in the end-group basicity scale, the value of 90° should be added to
@, =—26° thus giving @, = +64°. By analogy, for the p-dimethylamino-
styryl nucleus, ®y = +14°, from ®,= —76°. In contrast, to determine the
benzimidazole position (®,=+76°) on the acidity scale, it is necessary to
subtract 90°, i.e. giving ®; = —14°. Such a position of the end-groups in the
acidity and basicity scales is quite logical and corresponds to a series of the
Kiprianov-Brooker basicities.!>1°

At present the calculation of @, is one way to estimate a priori the basicity
of the Z—CF~~ heterocycle compared with that of a Z=—CH-~ heterocycle.
We shall deduce the general formula and mark values for Z—CF-~~ with an
index (F) and values for Z=CH-~ with an index (H) in eqn (10).

From the Heilbronner formula?® it can be shown that the following
equations are observed:

Gor) = Jomyir — kéFrO(H) + Ahcrom, (12)
Foan = ToanlE (13)

From eqns (12) and (13), and relationship (10), we have
tan Qy(Z—CF~~) = tan ®(Z—CH~) + t¢ (14)

Since the second addendum in eqn (14) is positive [in accord with
inequality (6a)] we have the inequality (15):

O(Z=CF~) > ®(Z=CH~) (15)

Thus the introduction of a fluorine atom into the PC results in an increase
in the electron-donating ability (basicity) of the end-group at the expense of
the electron-donating effect of the fluorine atom. The increase in the value of
®, is defined by the parameter ¢ [eqn (5a)], which is the sum of the
mesomeric and inductive contributions. It should be noted that if
®o(Z=CH-~) is a small negative value with the module less than arctan (zg),
then the sign of ®y(Z—CF~) is positive. This means that the corresponding
symmetrical dye [Z=CF—CH—CF—Z] will be stable only in the charge
form + 3 (the charge form of compound [Z=CH—CH=—CH—Z] s +1), i.c.
this compound will be stable only when one electron is lost.

So, assuming #;=018 (arctantz=10°), then indolepyridine
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[®,(Z=—CH) = —9°] will be such a heterocycle which changes the sign of its
electron-donating ability @, on fluorination. In this case the a-fluoro-
methylene base is already unstable in the uncharged form and it will exist
only in the double-ionised form:

,"\lk 1|\lk
x—CH, §-—CH
/|\lk /l\lk
Dy = —9° @y = +1°

The a-position (®, = +1°) in such a compound will be not nucleophilic but
electrophilic.

Assuming the value of ¢ to be a small parameter, one may obtain a
relationship with respect to the value of ®y(Z—CF~~), viz.

®y(Z—=CF+~) = Oy(Z=CH~) + t. cos? Oo(Z=CH~) (16)
The rule of sensitivity follows from eqn (16).

Rule II. The greater basicity of the end-group Z having a positive sign ®(Z)
(i.e. the closer ®(Z) is to +90° and ®,(Z—CH-~) to 0°), the more it changes
with the introduction of a substituent into the a-position of the PC; if, for the
initial nucleus, ®,(Z) is negative, then the change in acidity (basicity) with
introduction of the substituent into the a-position of PC is greater, the more
acid is the substituent (i.e. less basic) and ®yZ) is closer to —90° and
®,(Z—CH~~) to 0°.

Thus, in the series of heterocycles having ®,>0° in Table 2,
benzimidazole [®4(Z)= +76°] is one of the more sensitive with respect to
the end-group basicity on introduction of the fluorine atom into the a-
position of the PC, but indolenine [®(Z) = +45°] is essentially less sensitive.
In contrast, in the heterocycles with ®; <0° in Table 2, the weakly basic p-
dimethylaminostyryl (®, = —76°) is the most sensitive, and rhodanine, with
D,(Z)y=—26°, is considerably less sensitive.

Table 3 presents the calculated values of @, both on the basicity scale and
the acidity scale, for nuclei Z—CHw~ and Z=—CF~~. Unfortunately, at
present, the experimental data which would confirm the above ‘sensitivity
rule’ are not available. The difference in the basicity of benzoxazole (9, =
+61°) and benzothiazole (®,=+57°) is too small for these rules to be
confirmed. However, the sensitivity of cyanine hetero-residues to the
introduction of substituents into the position para to the nitrogen atom, and
the influence of carbocyanines on pK,, may be considered as indirect
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TABLE 3
Electron-Donating Ability of the End-Groups with CH and CF Groups in the «-Position of
the Polymethine Chain

z ®,(Z) OYZ=CH~) ®Z=CF~) [®Z=CF-)
— @ Z=CH~)]
(Me)zN—Q —76° +14° +23° 9°
:Ct_s 26 64 66 2
—_ o + fo) + o o]
P
Me
C(CH,), )
>= +45° —45° —39° 6°
iy
Alk
E:Eé: +61° —29° —21° 8°
|
Me
70 — Q — o (o]
©:{;F +5 33 25 8
Me
N
m +66° Y ~15° 9°
Y
Alk
L
IT +76° 14 —4° 10°
Alk

N): 76° 140 e :
QN + 1 4 10
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confirmation of the rules.?® In these series the heterocycle is more sensitive to
substitution the higher its initial basicity.?®

2.3 Introduction of a fluorine atom in the meso-position of the
polymethine chain

Let us consider the possibility of using a fluorine atom as a ‘probe’ on its
introduction into the meso-position of both symmetric and asymmetric
PMD, i.e. the spectral shifts Av, ; in triads:

Z,—~CH—Z, 2y 7, =X—Z,
Z,—CH—2Z,22% 7,=X—7, 3)
Z,—=CH—2Z,%5 7, =X—7Z,

where the index of Av; ; indicates the end-groups Z; included in the PMD. In
the general case, the end-group Z; may contain the part of PC and if the
fluorine atom is used as a ‘probe’, then X = CF.

In the equally bound PC model, relationships have been obtained?®
between the spectral shifts in symmetrical and asymmetrical molecules (3)
which show the influence of differences in the electron-donating ability of the
end-groups:

2c08(@p, —Pgy) (=1 " (—1)22
Avy , - Av, Av, ,

where ), =[1+sign(®y, + Dy,)1/2, [, =[1+sign(Py,)]/2 and
I, 2 =1[1+sign(®y,)1/2.

Since, according to the design rule I of classical PMD (3), the signs of the
electron-donating abilities ®,, and ®,, are the same [that is the integer
numbers / have equal evenness and these factors in eqn (17) may be not taken
into account], then it follows directly from eqn (17) that the spectral shift in
the asymmetrical system due to the difference in basicities (A®y = gy, — Dy,)
will decrease compared with the calculated value, i.e. the mean harmonic (18)
of the spectral shifts in the ‘parent’ dyes:

Aveye=2.Av, 1. Av;y 5 /(Avyy + Ay, ) (18)

Thus in the ‘long PMD approximation’ there are a number of qualitative
relationships III between spectral shifts in asymmetrical and ‘parent’ dyes.

Rule IIL. (i) Avy, <Ay (19)

(ii) The FDK rule should be observed both for asymmetrical dyes and for
symmetrical ‘parent’ molecules, i.e. the spectral shift in the asymmetrical dye

(__1)11.2

(17)

calc
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TABLE 4
Spectral Shifts in the Triad of Dyes (3} and Relationships for Introduction of the Nitrogen
Atom in the meso-Position of the Chain®

No. Z\Z 1 2 3 4
AN
I (j: 6o
Ilq CH
Me
AN ¢
N 650
|
Me
S 830 790
— ZV_10402  2—09402 1140
3 ©N>=CH g3~ % 850+
|
Me
1515 960
<< >‘ O 144016 —=06+007 2630
4 (MepN 1081 * 1590 +

?Calculations were carried out using the experimental data in Ref. 30.

®In diagonal cells of the table, the spectral shift (cm ™!} is shown for the introduction of the
nitrogen atom in the meso-position of the symmetrical dyes (3).

¢ In non-diagonal cells, the ratio (Av, ,/Av,) of the spectral shift (cm™!) in the asymmetrical
dye to the spectral shift calculated by eqn (18) from the shifts of the ‘parent’ dyes is shown. The
accuracy of these relationships is dependent on the accuracy of the absorption maximum
measurements (1 nm).

on the introduction of a substituent into the PC should have the same sign as
the spectral shifts in the ‘parent’ dyes.

Itis of interest to analyse the validity of the above relationships in a series
of PMD. The results for the calculations of the relationship (Av, ,/Av,,.)ina
series of aza-substituted PMD,!° where X = —N—, are presented in Table 4.

These results, and the accuracy of the relationships given in Table 4, show
that over a sufficiently wide range of differences in the electron-donating
ability (basicity) of the end-groups the relationship (19) is observed.
Therefore eqn (17) may be used to predict the spectral shifts in asymmetrical
molecules based on the experimental data available for the ‘parent
compounds. In all the examples shown in Table 4 the FDK rule was also
used.

However, in a number of cases, the relationship (19) was not followed and
it appears that, although the spectral shift in asymmetrical dyes follows the
FDK rule, the shift is larger than that calculated as the mean harmonic of the
spectral shifts of ‘parent” molecules. This may be because the nitrogen atom
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should not be considered as a ‘probe’, since it contributes greatly to changes
in the electron density distribution in dyes. In symmetrical molecules it leads
to strong alternation of bonds from the ends to the centre of the chain.?’
This lowers the spectral shifts in the ‘parent’ compounds.

On the other hand, from the values of Av;; (i,j=1,2) it is possible to
calculate the differences in the electron-donating abilities A®,, by using eqn
(20):

A®, = arccos (Av, ,/Av, (20)

This equation, with the introduction of the fluorine atom into the meso-
position of the chain in the dye triad 3, may be used to obtain data
irrespective of the deviation method or the difference of the end-group
basicities.

A second possibility for the non-applicability of eqn (17) is a difference in
the direction of the spectral shift in asymmetrical dyes compared with that in
the ‘parent’ symmetrical dyes, i.e. the FDK rule is not obeyed in the
asymmetrical dyes. This possibility has not been extensively discussed in the
previous literature, with the exception!®:28 of the observed non-applicability
of the FDK rule when F and CN groups are introduced into the a-position
of the PMD (4):

Y
S I
<j[+>/C—C:CH—(CH:CH},—©»N(Me)Z
N

I
Me X~

(4 Y=F,CN;n=0, 1

It follows from eqn (17) that, for the negative relationship (Av, ,/Av,,.),
the difference in the electron-donating ability of end-groups for asym-
metrical structures 3 should exceed 90°. Since each of the values @, is within
the limits —90° to +90°, then the difference A®,, is only greater than 90°,
when the values of ®@,, and ®,, have different signs, and this implies a
deviation from molecular design rule I for classical PMD, because for
asymmetrical dyes 3 having an odd chain the electron-donating abilities will
have different signs. Thus, if benzothiazole and rhodanine were bound in one
molecule by an odd external chain, then the result would not be an ordinary
merocyanine but a so-called Hunig??® or heterylpolyene?® system (5):

S\
C—CH=—CH—CH=C—-3 o
N4

| O lTI S
Alk X Alk

calc)
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It has been shown?? that the Hunig (heterylpolyene) systems can be
described by design rule IV, which is an alternative to design rule I for
classical PMD.

Rule 1V. The two-nuclear Hunig systems (heterylpolyenes) (2) are either
compounds in which the odd external PC (n =2k + 1) is connected with end-
groups having electron-donating abilities ®,, and @, of different signs, or
in which the even external PC (n = 2k) is connected with end-groups having
electron-donating abilities @, and ®@,, of the same sign.

Thus from eqn (17) it is heterylpolyenes that would have property of
inversion for the FDK rule as compared with the ‘parent’ dyes. But since
compounds 3 are not heterylpolyenes but asymmetrical classical PMD, then
the violation of the FDK rule in them is a non-classical effect that is not
taken into account in the linear theory.

The violation of the FDK rule in asymmetrical systems may also be
considered with respect to the phenomenological deviation theory.

The absorption wavelength of the asymmetrical dye (4,,) in the
substituted and unsubstituted triads may be expressed by eqns (21) and (22),
respectively:

21.2(CH) = (4, ;(CH) + 4, »,(CH))/2 — d(CH) (21)
A1,2(X) = (A1 (X)) + 4, 2(X))/2 — d(X) (22)

where symbols (CH) and (X) relate to the unsubstituted and substituted
triads (3) and d is the deviation of an asymmetrical dye. Subtracting eqn (21)
from eqn (22) we obtain the spectral shift [eqn (23)] which is induced by
substitution in the asymmetrical dye:

A/11.2 = )°1,2(X) - /11.2(CH) = (A/11,1 + A'12,2)/2 —Ad (23)

This is equal to a half of the sum of the spectral shifts for symmetrical
‘parent’ molecules, minus the deviation difference [Ad = d(X)— d(CH)] in
the substituted and unsubstituted dyes. Since in symmetrical ‘parent’ dyes
the FDK rule is observed, then A/, ; and A4, , have identical signs. The sign
of the value A4, , is the same as the sign of the value of (A4, | + A4, ,)/2if the
FDK rule is observed, and it has the opposite sign when the FDK rule is
violated in asymmetrical dyes.

Conditions (rule V) of the FDK rule violation in the asymmetrical PMD
are therefore apparent.

Rule V. (i) The FDK rule is violated for asymmetrical PMD in the case when
the absolute value of the deviation variation for substitution exceeds the
mean spectral shift in the ‘parent’ systems:

|Ad| > [(Ady 1 + A4, 5)/2] (24)
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(ii) The sign of the deviation variation resultant from the substitution should
be equal to the sign of the spectral shift in the ‘parent’ dyes:

Ad.(Ady s+ Ak, 5)2>0 (25)

It should be emphasised that the direction of the deviation variation, i.e.
its decrease (Ad<0) or increase (Ad>0), itself plays no role on the
introduction of a substituent into the asymmetrical dye. The only factor of
importance is the combination of these signs. Violation of the FDK rule will
be observed if, according to the FDK rule, the bathochromic shift due to the
substituent is also accompanied by an increase in asymmetry, i.e. by an
increase in the deviation. Conversely, a hypsochromic shift will, according to
the FDK rule, be accompanied by a considerable decrease in the asymmetry
of the system, i.e. by a deviation decrease.

The above factors have been qualitatively used!®-?® to explain the FDK
rule violation resulting from the introduction of a fluorine substituent into
the a-position of asymmetrical styryls (4). However, they were considered to
be unacceptable in the case of the electron-acceptor CN group. It was
concluded that only the deviation increase may lead to FDK rule violation,
and an assumption of additional conjugation between the CN group and the
styryl residue was used to explain this phenomenon. However, from the
above considerations, these effects may be accounted for by similar
reasoning. Moreover, the one-electron theory takes into account such a
conjugation and, as eqn (17) demonstrates, this does not cause violation of
the FDK rule.

A more complete theory for these dye systems is therefore required.

3 CONCLUSION

In this paper we have analysed the influence of a single fluorine atom on the
properties of polymethine dyes, defined more precisely the values of the
quantum chemical parameters for this atom within the framework of the
one-electron theory and compared a number of results of the theory with
experimental data. Naturally the mechanisms affecting the spectral
properties of dyes are not limited by electronic influences only. However, we
deliberately limited our investigation to this influence in order to study its
regularities and possible effects. With the development of a theoretical
model, we were able to predict a number of new effects during
monosubstitution of polymethine dyes, and to evaluate to what extent the
observable effects were accounted for by available theory. The sensitivity
rule makes it possible to demonstrate the degree of variation of the end-
group basicity with introduction of the fluorine atom into the a-position of
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the PC. The use of a fluorine atom as a ‘probe’ allows the study of the
electron structure of polymethine systems, irrespective of other methods of
investigating colour theory.
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