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The fluorescence and absorption bands ofcarbocyanines containing pyrylium or benzoxa- 
zolium groups, their nitrogen-, sulfur-, and selenium-containing analogs, their benzoho- 
mologs, or isomeric analogs of pyrylium as terminal groups were mathematically processed 
using the method of moments. The regularities in the displacement of the absorption and 
fluorescence bands following the replacement of the heteroatom and variations of the 
positions of substituents in the terminal groups were explained using perturbation theory. 
Based on quantum-chemical calculations, the changes in the bond orders in the ground and 
excited states of the dyes were studied. The correlations between the moments of the 
experimental absorption and fluorescence bands and the frequency and the form of the 
chromophore vibrations were analyzed. The transition from pyrylo-4-cyanines to isomeric 
pyrylo-2-cyanines leads to substantial broadening of the bands, an increase in the Stokes 
shifts, decreases in the coefficients of asymmetry, kurtosis, and fine structure of the bands, as 
well as a decrease in the quantum yield of fluorescence. 

Key words: polymethine dyes, heterocyclic groups; vibronic interactions; fluorescence- 
spectral properties. 

The relationship between the fluorescence-spectral 
properties of polymethine (cyanine) dyes (PD) and the 
structures of their terminal  heterocyclic groups (hetero- 
cyclic residues) is of  interest in the target-directed search 
for heteroeyelic compounds  that can be used for the 
synthesis of promising PD. ! Owing to the development 
of computer  chemistry, z it has become possible to carry 
out the computer  selection of the desired heterocyclic 
molecules. 

It is convenient  to use t r imethinecyanines (carbocya- 
nines) as examples to study the relationship between the 
fluorescence-spectral properties of PD and the structure 
of heterocyclic residues. The molecules of carbocyanines, 
unlike those of monomethinecyanines ,  experience no 
effects due to close arrangement  of the heterocyclic 
n u c l e i )  At the same time, carbocyanines are solvated 
much more weakly 4 than  dyes c o n t a i n i n g  longer 
polymethine chains. 

The purpose of the present study is to elucidate the 
relationship between the structure of heterocyclic resi- 
dues and the fluorescence-spectral properties of polyme- 
thine dyes in various tr imethinecyanines.  

Experimental 

Absorption and fluorescence spectra of the dyes were 
measured on SF-20 and SDL-I spectrophotometers. Argon, 

helium-neon, and krypton lasers were used as fluorescence 
excitation sources. To increase the sensitivity of the signal 
recording, an FEU-83 photoelectron multiplier cooled to 
-40 *C was used. 

To estimate quantitatively the variations in the electronic 
spectra of cyanines, their long-wavelength absorption and 
fluorescence bands were processed in terms of the method of 
momentsfl This allowed us to obtain additional data concern- 
ing the bands, namely, the mean positions (Ma -I ,  M('l), 
oscillator strength (]), band widths (or a, af), asymmetry coeffi- 
cients (yi a, "tlf), kurtoses ('/2 a, T2D, and the fine structures (F a, 
Ff), ~i in addition to the usual fluorescence-spectral characteris- 
tics, v/z., the maxima of the bands (kat,tax, kr,,ax) and their molar 
extinction coefficients (e), and the quantum yields of fluores- 
cence (to) (indices "a" and "f' refer to absorption and fluores- 
cence spectra, respectively). 

The moments in the absorption spectra were found in 
e/v--v coordinates, and those in the fluorescence spectra were 
determined in W/v4--v coordinates (v is the wave number, and 
W is the fluorescence intensity), which permitted the most 
legitimate comparison of the moments of the absorption and 
fluorescence bands. 5 The Stokes shifts were found from the 
maxima (SS~) and the mean (SS,,,) positions of the bands, 
respectively. The tO values were measured by a relative method. 7 

The quantum-chemical calculations of the squared vari- 
ations (5) of bond orders (P) upon excitation were carried out 
by the Hackel molecular orbital (MO) method using a set of 
parameters for atoms and bonds taken from the literature, a The 
5 value is normally used to describe vibronic interactions (VI) 
in the molecules of PD (see Ref. 5). 
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Table I. Characteristics of long-wavelength absorption bands of PD !--13 (in CH2CI 2) and ~5 values 

PD ~ka.tax c" 10 -4 Ma -I f o "a 71 a )'2 a F a 
/nm /L mol -I  cm -I /nm /cm -! 

! 800 8.51 739.6 0.78 1176 
4 686 25.1 665.1 1.21 801 
2 865 7.08 820.2 0.79 1058 
5 762 24.5 743.2 1.16 729 
3 630 9.33 604.6 0.88 1060 
6 644 18.6 627.9 1.20 870 
7 805 25.3 783.9 1.12 669 
8 740 9.77 697.2 0.97 1056 
9 820 9.12 779.9 0.91 917 
10 635 13.5 617.5 1.02 942 
!!  706 10.5 674.7 0.78 964 
12 713 10.7 670.0 0.86 1084 
13 715 20.4 695.9 0.83 772 

.17 

.57 

.07 

.53 

.00 

.80 

.47 

.03 
0.97 
1.31 
1.49 
1.25 
1.60 

2.2 0.064 0.1762 
3.3 0.105 0.1158 
1.8 0.046 0.1630 
3.2 0.100 0.1133 
2.0 0 . 0 4 1  0.1656 
5.4 0.096 0. I 196 
3.0 0.098 0.1110 
1.5 0.045 0.1543 
1.4 0.036 0.1460 
3.2 0.055 0.1562 
3.2 0.108 0.1426 
2.5 0.071 0.1884 
3.4 0.110 0.1131 

R e s u l t s  a n d  D i s c u s s i o n  

The molecular  design of  the terminal  heterocyclic  
groups in the dyes under  study was based on different 
variations o f  the structure of  heterocycl ic  residues. The 
effects o f  isomerism in the heterocycl ic  residues, of  the 
annelat ion o f  thei r  bonds, and of  the electronic and 
steric influences o f  substi tuents occupying various posi-  
t ions in the te rminal  groups on the posit ions,  intensities, 
and shapes of  the long-wavelength absorption and fluores- 
cence bands o f  carbocyanines  were studied. 

Isomerism in the heterocyclic residues. The effect of  
the isomerism in the heterocyclic residues on the fluores- 
cence-spec t ra l  propert ies  o f  PD was considered for 
pyryioeyanines  and their  heteroanaings o f  the ca- (2-sub-  
sti tuted isomers 1 - -3)  and y-series (4-substi tuted iso- 
mers 4 - - 7 )  described previously. 9 

Table 2. Characteristics of the long-wavelength fluorescence 
bands of PD 1--13 (in CH2CI 2) 

PD x.fma x ~ Mf -t  , r  _..yi r ~,2 r F r SS~. SS m 

/nm (%) /nm /cm -t  cm -I 

1 840 1.0 869.0 1070 1.12 1.9 0.058 595 2013 
4 702 9.0 729.8 760 1.49 2.8 0.102 332 1332 
2 933 0.2 986.3 880 1.16 2.1 0.061 843 2053 
5 813 2.0 854 .1  634 1.58 3.3 0.113 822 1747 
3 660 1.5 676.2 910 1.15 2.0 0.060 722 1751 
6 673 7.0 697.0 805 1.44 2.5 0.087 669 1579 
7 866 0.05 913.0 551 1.42 2.3 0.096 875 1804 
8 760 4.0 789.2 865 1.19 2.2 0.070 356 1672 
9 875 0.8 918.5 770 1.23 2.6 0.075 777 1935 
10 663 3.0 686.0 850 1.29 2.3 0.064 665 1617 
11 724 4.5 754.3 910 1.46 3.0 0.105 352 1564 
12 738 2.0 772.4 1002 1.21 2.2 0.067 475 1979 
13 732 9.5 765.2 730 1.53 3.0 0.106 325 1301 

Ph Ph 

1 7 8 9 I' 
ClO 4 

1 - 3  

X = 0 (1), S (2), NMe (3) 

Ph Ph 

~X"  ~---~s s ' c~  " X  1' 

3 ~ . H - -  - -  3'  
7 8 9 

ClO~ 4 - - 7  

X = 0 (4), S (5), N M e ( 6 ) ,  Se (7) 

Tile character is t ics  of  the long-wavelength absorp- 
t ion and f luorescence bands of  these compounds  are 
listed in Tables I and 2, respectively. It can be seen that 

pyrylo-2-  and th iopyrylo-2-cyanines  (PD 1 and 2) ab- 
sorb and fluoresce at markedly longer wavelengths than 
the corresponding 4- isomers  (PD 4 and 5). For  ex- 
ample,  ~.ama x and ~-fmax of  the former are shifted by 
100--110 nm with respect to these values of  the latter, 
and Ma - I  and Mf -'t are displaced by 65--75 nm. How- 
ever, in the case of  isomeric pyr idocyanines  3 and 6, the 
opposi te  si tuation is observed (see Tables I and 2). This 
is due to the fact that the C - - C  bonds in the heterocyc-  
lic residues of  pyrylo-2-  and th iopyry lo-2-cyanines  par- 
t icipate in the common  system of  conjugat ion to a lesser 
degree than those in pyr ido-2-cyanines ,  because O and 
S a toms are less likely to be involved in conjugat ion than 
N atoms. 9 Therefore,  in the molecules  of  PD 1 and 2, 
the  X ( I ) C ( 6 ) C ( 5 ) C ( 4 ) C ( 3 ) C ( 2 ) C ( 7 ) C ( 8 ) C ( 9 ) C ( 2 ' ) - -  
C(3")C(4")C(5 ' )C(6")X(1  ')  chain of  a toms acts as the 
main chromophore ,  while in the case of  PD 3, the main 
chromophore  is X( I )C(2)C(7)C(8)C(9)C(2 ')X( I '). Since 
the former is longer, pyrylo-2-  and th iopyry lo -2 -cya-  
nines are more intensely colored and exhibit  lumines-  
cence at longer wavelengths than their  n i t rogen-con-  
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taining analogs or 4-isomers. On the other hand, the 
chromophore in the molecules of  pyrido-2-cyanines is 
shorter than in the case of  pyrido-4-cyanines (in the 
latter compounds, it includes the whole chain of conju- 
gation X(i)C(2)IC(6)IC(3)[C(5)IC(4)C(7)C(8)C(9)--  
C(4')C(5")IC(3')1C(6")1C(2")1X(1')) .  Therefore, the 
bands in the electronic spectra of  the former are shifted 
hypsochromicaily with respect to those of  the latter. 

The validity of the above explanation is supported by 
the fluorescence-spectral properties of cyanines 8--10 
(see Tables ! and 2). le The bands in the electronic 
spectra or compounds 8 and 9 are shifted batho- 
chromically with respect to the similar bands for PD 4 
and 5 and shifted hypsochromicaily compared to those 
for cyanines 1 and Z. Conversely, (pyrido-2)(pyri- 
do-4)carbocyanine 10 absorbs and emits at shorter wave- 
lengths than its 4-substituted isomer 6 but at longer 
wavelengths than its 2-isomer 3 (see Tables 1 and 2). 
Such an arrangement of the absorption and fluorescence 
bands of PD 8--10 with respect to those for their 
heteroanalogs of  the et- and V-series is possible only if 
the main ehromophore in compounds 8 and 9 includes 
the X(I )C(6)C(5)C(4)C(3)C(2)C(7)C(8)C(9)C(4 ' ) - -  
C(5")[C(3 ' )!C(6")[C(2 ' )1X(1 ')  chain of  atoms, while 
that in eyanine 10 includes the X(I)C(2)C(7)C(8)C(9)-- 
C(4")C(5")[C(3")iC(6")1C(2")1X(1 ") moiety. 

Ph Ph 

5 t ~ 3  5" t '~  X 1' 

Ph" 1 x C H - - - - C H - a C H  "4" ~-. "Ph 
CIO4 8--10 

X = O (8L S (gL NMe (10) 

At first glance, the shapes of the bands in the elec- 
tronic spectra of isomeric PD 1--3 and 4--6 should not 
differ substantially from one another, because their chro- 
mophore chains arc confined between two identical 
hcteroatoms. Unexpectedly we found that the numerical 
values for the squared variations of thc bond orders in 
pyrylo-2-cyanine and its heterocyclic analogs are mark- 
edly greater than the corresponding values for the 4-iso- 
mers (see Table I). In fact, on going from the 4-isomers 
to the 2-isomers, substantial broadening of the bands in 

the electronic spectra and a decrease in their asymme- 
try, kurtosis, and degree of structurization have been 
observed experimentally. The enhancement of V1 that 
occurs in this case is in good agreement with the in- 
crease in the Stokes shifts (see Tables I and 2). 

Analysis of the changes in the orders of individual 
bonds after excitation indicates that the enhancement of 
the electron vibrational interactions in the 2-isomers is 
caused by the dramatic decrease in the C(3)--C(4) bond 
order during excitation (Table 3). This decrease is much 
more pronounced than the changes in the orders of any 
other bond, and therefore it contributes substantially (by 
~1/3) to the value of S. 

The dominant role of the C(3)--C(4) bond in the 
variation of the shapes of the bands in the case of the 
2-isomers is confirmed by comparing the absorption and 
fluorescence spectra of  symmetrical PD 1--6 with the 
corresponding spectra of  asymmetrical cyanines 8--10, 
which are based on the same heterocyclic systems as the 
symmetrical dyes of the ct- and -f-series isomeric to 
them. The bands in the electronic spectra of cyanincs 
8--10 are broader than those for the related PD 4--6,  
but are narrower than the bands exhibited by PD 1--3 
(see Tables l and 2). This difference in the o a and a f 
values is in good agreement with the calculations of  6; 
for the asymmetrical cyanines 8--10, the values of  ~ arc 
greater than those for the 2-isomers but smaller than 
those for the 4-isomers. 

The symmetrical pyrylo-2-cyanines and their hctero- 
analogs incorporate two bonds (one in cach nucleus), 
whose vibrations cause substantial broadening of the 
bands. The replacement of  one of the nuclei by an 
isomeric nucleus, i.e., by the C(4) atom attached to the 
chromophore, leads to the disappearance of one of  these 
bonds; consequently, the fluorescence and absorption 
bands of the asymmetrical PD 8--10 are narrower than 
the bands corresponding to the symmetrical cyanincs 
1--3. However, if compounds 8--10 possessed substan- 
tial electron asymmetry, this could compete with the 
effect of  the C(3)--C(4) bond, and in this case, their 
bands would be broader than those of both related dyes. 
Apparently, the presence of electron asymmetry in com- 
pounds 8--10 exerts a greater effect on the higher 
moments of  the bands, because the "yi a, )t2a , F a and 71 f, 
y2 f, F f values for PD 8 and 9 are lower than those found 
for the related PD I, 2 and 4, 5 (see Tables l and 2). 
The presence of even one C(3)--C(4) bond, whose order 

Table 3. Orders of the n-bonds in PD 1 and 4 in the ground (p0) and excited (P*) states 

PD p0 (p.) 

O--C(2) C(2)--C(3) C(3)--C(4) C(4)--C(5) C(5)--C(6) O--C(6) C(2)--C(7), C(7)--C(8) 
C(4)--C(7) 

l 0.3799 0.5774 0.6698 0.5629 0.7138 0.4062 0.5820 0.6516 
(0.3318) 0 . 6 3 0 3  (0.5968) (0 .5750)  (0.6878) (0 .3753)  (0.5491) (0.6358) 

4 0.4026 0.7303 0.5285 0.5285 0.7303 0.4026 0.5581 0.6560 
(0.3677) (0.7129) (0.5304) (0 .5304)  (0.7129) (0.3677) (0.5171) (0.6369) 
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substantially decreases after excitation, in the cations 
derived from the asymmetrical cyanines 8--10 leads to 
broadening of their bands in the electronic spectra with 
respect to those of  the symmetrical pyrylo-4-cyanines 
and their heteoanaiogs. 

In the ground and excited states of  the heterocyclic 
residues of  the 2-isomers, strong alternation of bond 
orders occurs. This is somewhat less pronounced in the 
S M state (see Table 3); therefore, the numerical values of 
cr r, yi r, y2 r, and F r for the 2-isomers are smaller than the 
values o f o  -a, yi a, y2 a, and F ° (see Tables 1 and 2). In the 
ground state, the C(3)--C(4) and C(5)--C(6) bonds are 
close to double bonds, while the rest of the bonds in the 
heterocyclic residues are close to single bonds (see 
Table 3). This conclusion, which follows from quan- 
tum-chemical calculations, is confirmed by the data I! of  
an X-ray structural study of PD 2. Of the bonds in the 
molecules of  the 2-isomers, the C(3)--C(4) bond is the 
shortest; therefore, its order can decrease (or its length 
can increase) the most upon excitation. 

The isomerism in the heteroeyclic residues also has a 
substantial effect on the intensities of  the bands in the 
electronic spectra of PD. Pyrylo-2-cyanines and their 
heteroanaiogs have considerably smaller e, f, and 
values than the corresponding PD of the y-series (see 
Tables 1 and 2). The decrease in the extinction coeffi- 
cients and in the oscillator strengths on going from the 
4-isomers to the 2-isomers results from the broadening 
of the absorption bands. Since, as noted above, this 
broadening is due to the enhancement of  the V1, the 
decrease in the e and f parameters on going from the 
2-isomers to the 4-isomers is due to the increase in 
these interactions. The enhancement of  the VI should 
also decrease the quantum yield of  fluorescence of PD 
1--3 with respect to that for PD 4--6; however, the 
decrease in ¢ can be also due to enhancement of the 
internal conversion. This suggestion is based on the fact 
that pyrylo-2- and thiopyrylo-2-cyanines are substan- 
tially more intensely colored than their 4-isomers 
(A% ~ 100--110 nm). Therefore, according to the pub- 
lished data, lz one may expect that the internal conver- 
sion would be enhanced and, hence, the ¢ value would 
decrease upon passing from PD 1 and 2 to their isomers 
4 and 5, due to the decrease in the energy gap between 
the S O and S I states over this series of dyes. However, 
the variation of the quantum yield of fluorescence of the 
isomeric pyridocyanines 3 and 6 follows the same trend, 
despite the fact that PD 3 absorbs at shorter wavelengths 
than PD 6 (see Tables I and 2). Thus, the decrease in 
on going from the 4-isomer to the 2-isomers is mostly 
due to the enhancement of the Vl. 

Annelation of  the heterocyclie residues. Any variation 
in the structures of the heterocyclic nuclei of the 2-iso- 
mers that hampers elongation of the C(3)--C(4) bond, 
should lead to narrowing of the fluorescence and ab- 
sorption bands and to an increase in their asymmetry, 
kurtosis, and degree of structurization. Therefore, one 
may expect that the annelation of pyrylo-2-carbocyanine 

I at this bond would lead to the above-mentioned 
changes in the shape of the bands. The fact is that the 
C(3)--C(4) bond in the ground state of  PD I is closer to 
a double bond (p0 = 0.6698), whereas in the excited 
state, it is closer to a single bond ( P  = 0.5968), i.e., its 
order varies. Annelation at this bond should make it a 
one-and-one-half  bond, and, hence, should decrease 
substantially the range of elongation of the C(3)--C(4) 
bond after excitation, in fact, this bond in isobenzo- 
carbocyanine 11 makes a contribution of only 4% to the 
overall 5 value, whereas in the case of  the non-annelated 
PD 1, it accounts for 34% of all the Vi in the molecule. 
Consequently, as was suggested, the bands in the elec- 
tronic spectra of isobenzocarbocyanine ! I become sub- 
stantially narrower, and their asymmetry coefficients, 
kurtoses, and fine structures become greater than those 
in the spectra of  pyrylo-2-carboeyanine 1 (see Tables I 
and 2). 

Ph ' ~  ; "~CH=CH--OH/I/'" O'~ph 
1 

ClO 4 11 

Ph Ph 

~ 3 C H - . C H _ C H ~  
1 

ClO; 12 

cfo; 13 

The annelation of other bonds may cause opposite 
effects. For example, the introduction of a benzene ring 
at the C(5)--C(6) bond of the molecule of  PD 1 (com- 
pound 12) 13 brings the C(4)--C(5) bond even closer to a 
single bond. This fact should be favorable for an increase 
in the order of the C(3)--C(4) bond in the ground state, 
and, hence, should increase the range in which it varies 
upon excitation, in fact, in the case of benzocarbocyanine 
12, this bond is responsible for 40% of the V! in the 
whole molecule; therefore the fluorescence and absorp- 
tion bands exhibited by PD 12 are substantially broader, 
more symmetrical, and more diffuse than the corre- 
sponding bands in the spectra of isomers ! 1 and 13 (see 
Tables 1 and 2). 

Nature of  the heteroatom. Pyrylocyanines and their 
analogs are fairly convenient and simple objects for 
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which to investigate the effect of the nature of the 
heteroatom on the fluorescence-spectral properties of 
PD. These molecules contain only one heteroatom in a 
key position of the chromophore, and this atom strongly 
affects the main electron transition. 

According to MO perturbation theory, 14 the change 
in the transition energy (SAE) following substitution of 
the heterocyelic residues is described by the equation 

8AE = Aqx&:t x + 2 EAPcxSI3CX , (1) 

where Aqx and aPcx  are the changes in the electron 
density on the atoms and in the orders of  the C--X 
bonds upon excitation, respectively; and 5a x and 813cx 
are the changes in the Coulomb and resonance integrals 
after the replacement of the X atom. it should be borne 
in mind that the AE, aq, and AP values in Eq. (1) are 
the differences between the corresponding values for the 
excited and ground states, and ct x and 13cx are smaller 
than 0. 

The electron density on the O atoms of pyrylo- 
eyanines increases during excitation (aq > 0), while the 
C- -O bond orders decrease (AP < 0). For example, 
for PD 1, Aqo = 0.0256, APc(2) o = - 0 . 0 4 8 1 ,  and 
APc(6) o = -0.0310. When the O atoms are replaced by S 
or Se atoms, the &z x and ~i13cx are greater than 0. Thus, 
the first term of F.xl. ( l)  becomes positive, while the 
second term is negative. Since the changes in the 
C(2)--O and C(6)--O bond orders are more significant 
than the change in the electron density on the O atom 
after excitation, the second term in Eq. (1) should be 
greater in magnitude than the first term, especially as it is 
doubled; consequently, 8AE becomes less than zero. This 
means that the replacement of  heteroatoms considered 
above should result in a decrease in the energy of the 
transition, and, hence, in a bathochromic shift of the 
bands. For example, according to Eq. (1), on passing 
from PD 1 to 2, it amounts to 66 nm (954 em - l )  at 
13 = -31200 cm - l ,  which is in agreement with experi- 
mental results (see Tables 1 and 2). However, it is note- 
worthy that the bathochromic shifts of  bands in the 
fluorescence spectra are greater than those in the absorp- 
tion spectra. For example, upon transition from PD 1 to 
PD 2, the bathochromic shift of  Z.fmax is 93 nm 
(1487 cm - t )  and that of ~.arnax is only 65 nm (939 cm-I) .  
A similar substitution in the 4-isomers leads to more 
substantial changes, and the bathochromic shifts o f  Lfmax 
and ;~am, x are equal to 111 and 76 nm (1945 and 
1454 cm-I) ,  respectively. The transition from thiopyrylo- 
4-cyanine 5 to selenopyrylo-4-cyanine 7 is also accompa- 
nied by bathochromic shifts of the fluorescence and 
absorption bands. However, the difference between the 
~-fmax and ~.ama x values is much smaller; they are equal to 
53 and 43 nm (753 and 701 cm-I) ,  respectively. The fact 
that the bathochromic shifts of the fluorescence bands 
following the replacement of the O atoms in pyrylo- 
cyanines by S and Se atoms are greater than the shifts of 
the absorption bands accounts for the increase in the 
Stokes shifts in the series O, S, Se (see Table 2). 

The foregoing regularities are followed not only by 
the maxima but also by the mean positions of  the bands 
in the fluorescence and absorption spectra (see Tables l 
and 2). 

in conformity with Eq. (l) ,  it should be expected 
that the transition from pyrylocyanines 1 and 4 to the 
corresponding pyridocyanines 3 and 6 (similarly to the 
transition to thiopyrylocyanines 2 and 5) would be 
accompanied by a bathochromic shift of  bands, since 
a N < a o and 113CN[ < [ 13c0[. s However, the opposite 
effect was observed experimentally. When the 0 atoms 
in pyrylocyanines are replaced by NMe groups, a hypso- 
chromic shift of  krmax, Lamax, Mf - I  , a n d  Ma -I  occurs 
(see Tables 1 and 2). in the fluorescence spectra, these 
shifts are smaller than in the absorption spectra. For 
example, when the O atoms in pyrylo-2- and pyrylo- 
4-cyanines are replaced by NMe groups, AZ.rmax = 180 
and 29 nm (3247 and 614 em-I ) ,  while ~.amx = 170 
and 42 nm (3373 and 951 em-I ) ,  respectively. How- 
ever, as in the case of  thiopyrylocyanines, the Stokes 
shifts for pyridoeyanines are greater than those for 
pyryloeyanines. This increase in SS x is due to the fact 
that the hypsoehromie shitks of  the fluorescence bands 
following the replacement of  the O atoms in pyrylo- 
eyanines by NMe groups are smaller than the shifts of 
the absorption bands. 

Due to aerie effects of  the heteroatom, the phenyl 
groups in the ground states of molecules 1--7 deviate 
from the plane of the ehromophore through different 
angles. These angles amount to 0--10. in the molecules of 
pyryloeyanines, --40* in the molecules of  thio- and 
selenopyryloeyanines, and 60* in the ease of  pyrido- 
eyanines (see Ref. 15). It follows from the results of 
quantum-chemical  calculations 16 that the earbon--  
heteroatom bonds are substantially elongated in the ex- 
cited state. This diminishes the steric restrictions to the 
rotation of the phenyl groups; therefore, after excitation, 
the Ph groups are able to enter the plane of the ehromo- 
phore to a substantial extent. This arrangement of the Ph 
groups is also facilitated by the fact that in the S I state, 
the orders of the C--Ph bonds increase. 16 The fact that 
the torsion angles between the planes of the Ph groups 
and the chromophore plane in the excited state of PD are 
smaller than in the ground state results in larger 
bathochromic shifts in the fluorescence spectra than in 
the absorption spectra. These effects are more pronounced 
in the case of thiopyrylo-, selenopyrylo-, and pyrido- 
cyanines than for pyrylocyanines, since the angles of 
rotation of the Ph groups in the former compounds are 
greater than those in the latter compounds. Is The groups 
mentioned above have a greater effect on the positions of 
bands in the spectra of 4-isomers than on those of 2-iso- 
mers, since in the former case, all the Ph groups emerge 
from the chromophore plane in the ground state, while in 
the latter case, only the two groups that are located close 
to the heteroatom deviate from the plane. 

Due to the different angles of rotation of the Ph 
groups in compounds 1--7, i.e., the different degrees of 
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their participation in conjugation, the position of the 
fluorescence and absorption bands after replacement of 
the heteroatoms is determined not only by their elec- 
tronic effects, which are described by Eq. (i) ,  but also 
by steric effects. Among the dyes studied, the latter are 
maximum in the case of pyridocyanines. Conversely, 
according to Eq. ( l ), when the O atoms in pyrylocyanines 
are replaced by N Me groups, the electronic effects 
become weaker than in the case of S and Se atoms, 
since ~t N > Cts(CtSe), and [13CNI > [13CS[ ([[3Cs el).  s 
Thus, the variation of the karnax, Lfmax, Ma -I ,  and Mf - !  
parameters on going from pyrylocyanines to pyrido- 
cyanines is largely governed by the steric effects of the 
heteroatoms rather than by their electronic effects, which 
are crucial in the case of  the transition to thio- 
pyryiocyanines and selenopyrylocyanines. Therefore, 
when the O atoms in pyrylocyanines are replaced by 
N M¢ groups, the fluorescence and absorption bands 
undergo a hypsochromic shift (see Tables 1 and 2) rather 
than a bathochromic shift, which should have been 
expected from perturbation theory (see Eq. (!)). The 
validity of  the foregoing is confirmed by the fact that a 
similar replacement in the molecules of  analogs of PD 
I,  3, and 6, which contain Me groups in place of the Ph 
groups, results in an enhancement of the color, in 
conformity with Eq. (1). 17 

A similar effect occurs on going from PD 14, which 
belongs to another structural type, to PD 15 (Table 4). 

x x 

N CH=CH--C, ,  
I I 
Et CIO,~ Et 

1 4 - - 1 7  

X = NEt (14), O (15), S (16), Se (17) 

The replacement of  the O atoms by S and Se atoms 
in the series of  PD 15--17, similarly to that in the series 
of  cyanines 4, 5, and 7, causes bathochromic shifts of 
;Lamax and Lfmax . However, the magnitudes of these 
effects are smaller (see Tables I, 2, and 4), since the 
heteroatoms that are replaced in PD 15--17, unlike 
those in compounds 4, 5, and 7, are located in non- 
terminal positions of the chromophore. 

Table 4. Characteristics of the long-wavelength fluorescence 
and absorption bands of PD 14--17 (in CH2CI2) 

PD ~.a,,ax ~a ~-fmax crf SS~. 5 
/nm /cm- I /nm /cm-I /cm-I 

14 494 985 512 979 712 0.1853 
15 490 967 507 963 684 0.1738 
16 560 892 580 887 616 0.1807 
17 576 876 597 870 611 0.1823 

Since the steric effect of  the N Me group on the 
phenyl groups is more pronounced than that of the S 
and Se atoms, these groups enter the plane of the 
chromophore ~n the excited states of  pyridocyanines to a 
lesser degree than in the thiopyrylocyanines or seleno- 
pyrylocyanines. Therefore, the Stokes shifts for the former 
are lower than those for the latter. It is significant that 
when a similar substitution of  the heteroatoms occurs in 
the series of PD 15, 16, and 17, which contain no 
groups capable of decreasing the torsion angle with the 
chromophore plane, the SSx values vary in the opposite 
order (see Tables 2 and 4). 

The changes in the widths of  the fluorescence and 
absorption bands on going from pyryiocyanines to 
thiopyryiocyanines and selenopyryiocyanines are in good 
agreement with the results of  the calculation of the 
values (see Tables l and 2). it should be noted that the 
variation of the bond orders in the Ph groups of dyes 
1--7 upon excitation is substantially smaller than that in 
the main chromophore, and, consequently, the VI in 
these compounds are relatively insensitive to the angles 
of rotation of the Ph groups and are mostly determined 
by the nature of the heteroatom. Therefore unlike the 
Stokes shifts, the variation of the widths of  the fluores- 
cence and absorption bands of  the dyes under considera- 
tion as a function of the nature of  atom X is in good 
agreement with the calculated 8 value (see Tables l 
and 2). However, the fact that the values of  a a, ~f, and 8 
vary in parallel on going from pyryiocyanines to 
thiopyrylocyanines and selenopyrylocyanines does not 
indicate by itself that the widths of  the bands are deter- 
mined by the VI. The fact is that the narrowing of bands 
in the electronic spectra in the above series of  PD may 
be caused not only by weakening of the VI but also by 
increases in the atomic weight of  the heteroatom, which 
should result in a decrease in the frequency of the fully 
symmetrical vibration v k of  the chromophore atoms: 16 

a = 8~ f~- -~  Kv k , (2) 

y, = v k / 5 ~ - - ~ -  K ,  (3) 

Y2 = v~/o2constK - 3. (4) 

Here, the characteristics of the shapes of  the bands in 
the experimentally obtained electronic spectra of cya- 
nines are related to the parameters of their molecules, 
viz., 8, v k, and K (the force constant). The increase in 
the atomic weight is matched by a decrease in the yt a, 
y2 a, and F a values (see Eqs. (2)--(4)) following the 
transition from pyrylocyanines to thiopyrylocyanines and 
selenopyrylocyanines (see Table l). However, these 
changes in the asymmetry coefficients, kurtoses, and 
title structures can also be due to the enhancement of 
the nucleophilic solvation that occurs when the pyrylium 
groups are replaced by the less electron-donating 
thiopyrylium and selenopyrylium residues. 4 Based only 
on analysis of the absorption spectra, one cannot unam- 
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biguously answer the question of whether the "heavy" 
atom effect or solvation is the crucial factor that deter- 
mines the changes of  the cr a, ~,1 a, y2 a, and F a values on 
going flora PD ! to 2 and from PD 4 to 5 and 7. To 
answer this question, it is necessary to consider also the 
fluorescence spectra, since the shapes of  fluorescence 
bands are relatively insensitive to changes in the nature 
of the solvent ts and are mostly determined by the VI. It 
can be seen from Table 2 that the increase in Grafter the 
replacement of  the O atoms in pyrylocyanines by S 
atoms is accompanied by an increase in yt f, y2 f, and F f, 
which differs from the behavior of the corresponding 
parameters in the absorption spectra. This unambigu- 
ously indicates that the narrowing of the fluorescence 
and absorption bands that accompanies the transitions 
from PD I to 2 and from PD 4 to 5 is mostly due to the 
weakening of the VI (see Eqs. (2)--(4)). The replace- 
ment of  the O or S atoms by Se atoms causes a decrease 
in yi r, y2 r, and F f (see Table 2). This indicates that the 
"heavy" atom has a crucial effect on the variation of the 
shapes of  the bands. 

It is significant that a similar substitution of the 
heteroatom in the series of carboeyanines 15--17 also 
results in narrowing of the fluorescence and absorption 
bands. However, in these compounds, unlike PD 1, 2 
and 4, 5, 7, the narrowing is accompanied by an in- 
crease in ~ (see Table 4). Thus,  in the case of  
carbocyanines 15--17, in which the heteroatoms do not 
occupy the terminal position in the ehromophore, the 
presence of a "heavy" atom exerts a crucial effect on the 
band widths in the electronic spectra (see Eq. (2)). 

The transition from pyryloeyanines to thiopyrylo- 
cyanines and selenopyryloeyanines is accompanied by 
quenching of  the fluorescence (see Table 2). Appar- 
ently, this is due to enhancement of  the internal conver- 
sion, since the above-mentioned transition leads to a 
substantial decrease in the energy gap between the S o 
and S t states. The intereombination conversion, whose 
probability should increase after the introduction of 
heavy atoms into the dye molecule, may make an addi- 
tional contribution to the decrease in the value of q~.S 

The changes in the parameters a a and ar after the 
replacement of the O atoms in pyrylocyanines 1 and 4 
and in oxacarbocyanine 15 by NMe (or NEt) groups is 
in good agreement with the calculated ~5 values (see 
Tables 1, 2, and 4). In this case, based only on the 
absorption spectra, one can state with confidence that 

the widths of  the  bands are de te rm ined  by  the  VI, since 
the frequencies of  the stretching vibrations of the C--O,  
C- -N,  and C- -C  bonds are quite close, and, therefore, 
the v k values for the PD incorporating oxygen- and 
nitrogen-containing heterocyclic residues should be vir- 
tually identical. 

For both types of isomers, the narrowing of the 
absorption bands after the replacement of  the O atoms 
by the NMe group does not lead to an increase in the 
),l a, y2 a, and F a parameters, but, conversely, results in 
their decrease. This is not inconsistent with the trend in 
the variation of the VI in the pyridocyanines and pyrylo- 
eyanines, since the former undergo more extensive nu- 
cleophilic solvation, 4 due to the more pronounced elec- 
tron-donating properties of their heteroeyclie residues, s 
It is this solvation that violates the trend in the variation 
of the asymmetry coefficients, kurtoses, and fine struc- 
tures typical of  uniformly broadened bands (see Eqs. 
(2)--(4)). In the fluorescence spectra, in which the 
effect of  the nueleophilicity of the solvent on the shapes 
of  bands is insignificant, the decrease in a f on going 
from PD 1 to 3 and from PD 6 to 4 is accompanied by 
an increase in the coefficients yt f, ~,:z r, and P', as should 
be expected for vibronic bands with the Poisson distribu- 
tion of  intensities (see Eqs. (2)--(4)). 

Natare of  the sabstitaent. Let us consider first the 
effect of  the substituent on the fluorescence-spectral 
properties of  PD as a function of its position in the 
heterocyclie residue. For this purpose, it is better to use 
PD with electron-donating substituents, since, accord- 
ing to the sensitivity rule, t9 heterocyclic residues with 
weak electron-donating properties in the cyanine mol- 
ecules should exert greater effects on the spectra than 
electron-withdrawing groups. 

Tables 5 and 6 present the characteristics of  long- 
wavelength fluorescence and absorption bands of  
methoxy-substituted flavylocarbocyanines 18--21. z° 

7 

Ph 3 C H = C H - C H  Ph 

CIO~ 18--21 

R = 5-OMe (18), 6-OMe ( lg) ,  7-OMe (20), 8-OMe (21) 

Table 5, Characteristics of the long-wavelength absorption bands of PD 18--21 (in 
CH2CI2) and the 5 values 

PD X~,.ax e" 10 -4 Ma - I  f o a yl a 72 a F a a 
/nm / L  mol - I  cm - I  /nm /cm - I  

18 706 20.4 685.9 1.02 867 1.57 3.2 0 .107 0.1143 
19 728 23.4 709.5 0.92 715 1.65 3.8 0 .117 0.1098 
20 702 25.1 686.9 1.30 776 1.59 3.3 0 .108 0.1135 
21 712 21.9 691.8 0.99 750 1.62 3.5 0 .113 0.1117 
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Table 6. Characteristics of the long-wavelength fluorescence 
bands of PD 18--21 (in CH2CI 2) 

PD Z.f,,ax q~ Mr -I o r --3,t f ":2 r F f SS x SS m 

/nm (%) /nm /cm -I cm -I 

18 724 8 758.9 832 1.52 2.9 0.104 352 1402 
19 744 11 774.1 678 1.59 3.4 0.113 295 1176 
20 718 9 753.8 737 1.55 3.0 0.106 317 1292 
21 728 10 757.2 708 1.59 3.1 0.109 309 1248 

According to the data of quantum-chemical calcula- 
tions, the n-electron density in the unsubstituted flavylo- 
carbocyanine 13 (R = H) increases (Aq > 0) after 
excitation in positions 5, 7, and 8 (Aq = 0.0332, 0.0207, 
and 0.0078, respectively), and decreases in position 6 
(Aq = -0.0063). In the theory of MO perturbations, the 
effects of simple substituents on the fiAE value is de- 
scribed quite satisfactorily t4 by the first term of Eq. (!): 

~AE = aqx~tx. (5) 

According to the changes in electron density men- 
tioned above and to expression (5), the presence of an 
electron-donating substituent (&z > 0) in positions 5, 6, 
and 8 should result in hypsoehromie shifts, while these 
substituents in positions 6 should lead to bathochromic 
shifts. The largest shift to the short-wavelength region 
(Aqx = max) may be expected when substituents are 
present in positions 5, while the smallest shift 
(Aq x = min) is observed after substitution in positions 8. 

It should be noted that the OMe group is able not 
only to perturb the neighboring atoms due to its induc- 
tive effect but also to increase the length of the chromo- 
phore due to conjugation, t4 If the latter effect predomi- 
nates in the molecules of PD 18--21, the estimations 
made using Eq. (5), would deviate from experimental 
results. A comparison of the Lma x and M -I values listed 
in Tables 5 and 6 with the Aqx values for PD 13 (see 
above) indicates that the changes in the positions of the 
maxima and mean positions of the bands in both the 
fluorescence and absorption spectra that occur after the 
transition from unsaturated cyanine 13 to methoxy- 
substituted PD 18--21 are in good agreement with those 
found from Eq. (5). Thus, the direction in which the 

bands in the electronic spectra of PD shift after the 
introduction of a methoxy group into various positions 
of the heterocyclic residue is mostly determined by the 
change in the electron density on the neighboring atoms 
upon excitation. 

it may be expected that the value of 8 should indi- 
cate the trends in the variation of the shapes of the 
fluorescence and absorption bands for PD 13 and 
18--21, since these compounds incorporate the same 
atoms, and thus their v~ values should be close to one 
another. Thus, according to Eqs. (2)--(4), the shapes of 
their bands should depend only on & in fact, as could be 
expected judging by the results of quantum-chemical 
calculations of ~, the introduction of an OMe group in 
positions 5 and 7 of PD 13 causes broadening of the 
fluorescence and absorption bands and a decrease in 
their asymmetry, kurtosis, and degree of strueturization, 
whereas the introduction of this group in positions 6 or 8 
leads to the opposite changes (see Tables 5 and 6). 

The presence of OMe groups in positions 5 and 7 of 
a PD molecule also increases the Stokes shifts and 
decreases the quantum yield of fluorescence, while these 
groups occurring in positions 6 or 8 lead to the opposite 
changes. Thus, in the case of PD 13 and 18--21, not 
only the variations in the shapes of bands but also the 
SSx, S S  m, and q~ values are governed by the VI. 

We considered the dependence of fluorescence-spec- 
tral properties on the electronic nature of  substituents 
occurring in the same positions of the heteroeyelic 
residues using cyanines 22--28 as examples (Tables 7 
and 8). zl 

,0-.• 
CsH4R-P 

p'RH4C 6 C H = C H - C H ~ C s H I R -  p 

BF,~ 22- -28  

X = H (22), OMe (23), Me (24), F (25), 

C1 (26), Br (27), NO 2 (28) 

Analysis of the spectral parameters of these com- 
pounds (Table 7) shows an unusual redistribution of the 

Table 7. Characteristics of the long-wavelength absorption bands of PD 22--28 (in CH2CI2) 

PD ~.ama x t~" 10 -4 Ma -I f O a yi a y2 a F a 
/rim /L tool -I cm -I /nm /cm -I 

22 730,800 5.89,8.51 739.6 0.78 1176 1.17 2.2 0.064 
23 746,824 5.01,8.31 769.5 0.80 1079 1.20 2.0 0.079 
24 730,810 5.89,8.91 749.8 0.84 1126 1.18 2.3 0.079 
25 730,800 5.89,8.31 741£ 0.79 1150 1.18 2.3 0.070 
26 740,815 5.62,7.59 755.5 0.72 1270 I. 13 1.8 0.059 
27 745,820 5.62,7.59 757.9 0.71 1220 1.14 2.0 0.060 
28 7 6 0 , 8 3 0  4 . 1 7 , 3 . 8 9  759.7 0.60 1370 1.08 1.5 0.054 
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Table 8. Characteristics of the long-wavelength fluorescence 
bands of PD 22--28 (in CH2CI2) 

PD k~,,ax ~O M{" a f --3,1 f r2 f ~ SS x SS m 
/nm (%) /nm /cm -I cm -! 

22 840 1.0 869.0 1070 1.12 1.9 0.058 595 2013 
23 862 2.0 892.7 987 1.16 2.1 0.063 535 1793 
24 849 1.5 877.5 1026 1.14 2.0 0.061 567 1941 
25 839 1.5 871.3 1043 1.13 1.9 0.060 581 2007 
26 860 0.2 896.3 1135 l.lO i.8 0.056 642 2079 
27 865 <0.05 898.2 1096 I.II 1.8 0.057 634 2061 
28 880 0.05 905.8 1211 1.05 1.5 0.051 685 2123 

absorption intensities for PD 22--28, namely, the in- 
tensity of the vibrational maximum can be either larger 
or smaller than that of the main maximum, depending 
on the nature of the substituent. Therefore, while discuss- 
ing the regularities in the color of pyrylocyanines 22-- 
28, we shall mostly use the Ma -I  values rather than 

~.ama x- 
Attent ion is attracted by the fact that all substituents, 

irrespective of their electronic natures, cause batho- 
chromic shifts of the bands in the spectra of the PD 
under consideration with respect to the bands for un- 
substituted cyanine 22 (see Tables 7 and 8). 

in terms of their effects on the shapes of the fluores- 
cence and absorption bands of PD 22--28, substituents 
can be divided into two groups; the introduction of 
OMe, Me, or F narrows the bands and increases their 
intensities, asymmetries, kurtoses, and degrees of 
structurization, whereas the presence of Br, CI, or NO 2 
exerts the opposite effects. These variations of the o ~ (ctr), 
+l a (-tiP), ~,2 a (y2f), and F a (F r) parameters indicate that 
the shapes of the bands of PD 22--28 are largely deter- 
mined by the VI (see Eqs. (2)--(4)). Thus, the effect of a 
"heavy" atom (CI, Br, NO2) is not the crucial factor 
determining the variation of c~, Yt, "f2, and F in the 
spectra of the pyrylocyanines under consideration. This 
is probably due to the fact that in the molecules of these 
PD, the substituents do not occupy the key positions of 
the chromophore and thus they cannot substantially 
decrease the frequency of the fully symmetrical vibra- 
tions v k of its atoms. In fact, on going from the chloro- 
substituted cyanine to bromo-substituted cyanines, the 
v k value decreases by only 16 cm -I ,  whereas it de- 
creases by 116 cm -I when the S atom in the molecule 
of PD 4 is replaced by a Se atom. 

Apparently, the "heavy" atom effect is significant in 
the decrease in the tO values for PD 23--28 (compared to 
those for the unsubstituted cyanine 22). 

The Stokes shifts vary in parallel with the band 
widths (see Tables 7 and 8). Therefore, the SS  x and SS m 
values are also largely determined by the V! value. 

To analyse the electronic effects of substituents, we 
carried out quantum-chemical  calculations of the 
Mca,c -I and ~5 values for PD 22--28 (Table 9). The 

Table 9. Results of quantum-chemical calculations for PD 
22--28* 

P D  cqt 13c_R czc::(4.) 13c_ph Mca~cl/nrn 8 

22 -- -- -- 0.8 740 0.1723 

23 2.0 0.8 0.2 1.0 798 0. i 645 

24 2.0 0.7 0.2 0.8 744 0.1708 
(2.0) (0.7) (0) (0.8) (734)  (0.1649) 
(2.0) (0) (0.2) (0.8) (751)  (0.1779) 

25 2.5 0.85 0.25 0.8 743 0.1710 
(2.5) (0.85) (0) (0.8) (732)  (0.1637) 
(2.5) (0) (0.25) (0.8) (754)  (0.1793) 

26 2.0 0.4 0.2 0.8 748 0.1757 
(2.0) (0.4) (0) (0.8) (738)  (0.1669) 

27 1.5 0.3 0.15 0.8 746 0.1748 
(I.5) (0.3) (0) (0.8) (739)  (0.1705) 
(!.5) (0.)  (0.15) (0.8) (748)  (0.1766) 

28 1.5 1.0 0.15 0.8 765 0.1807 
(1.5) (i.0) (0) (0.8) (756)  (0.1766) 

* Data calculated for the cases in which the substituents 
exhibit only electron-donating (ac(4.) = 0) or only electron- 
withdrawing (13c_ R = 0) properties are given in parentheses. 

effects of substituents were described in terms of the 
model of the heteroatom, zz according to which the 
electron-donating properties of a substituent are deter- 
mined by the ability of its unshared electron pair to be 
involved in conjugation. This ability is specified by the [3 
and ec values for the C- -R  bond and for substituent R, 
respectively. The electron-withdrawing properties of  a 
substituent, which are determined by its inductive effect, 
were modeled by varying the c~-C atom in position 4 ' ,  
Le., by introducing a supplementary inductive param- 
eter. zz In all cases, it was taken to be 0. la  R. The cc R and 
13c_ R values were taken from the literature, zl 

It can be seen from the data of Table 9 that if a 
substituent R exhibiting only electron-donating proper- 
ties (0c¢(4.) = 0) is introduced into position 4 '  of  the 
unsubstituted pyrylocarbocyanine 22, hypsochromie shifts 
and a decrease in the squared variations of the bond 
orders (see the values in parentheses) should be 
expected. Substituents exhibiting only electron-with- 
drawing effects (13c_ R = 0) should cause the opposite 
changes in the spectra (see Table 9, the values in paren- 
theses). In reality, the predominance of one of these 
effects over another determines the regularities in the 
displacements of the fluorescence and absorption bands 
of substituted PD. 

From a comparison of the Mealc -l  values for methyl- 
and chloro-substituted compounds having identical ct R 
but different 13c_ R (see Table 9), one can conclude that 
the bathochromic shift of the absorption band following 
the transition from PD 24 to 26 is caused by the fact 
that the electron-donating properties of CI are weaker 
than those of Me, due to a decrease in the effect of 
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conjugation (13c_c) < [3C_Mc). However, the methoxy- 
substituted pyrylocyanine 23 is colored more intensely 
than the methyl-subst i tu ted PD 24, although 
13c_ o > I~C_Me (CtMe = CtOMe). This is explained by the 
fact that the introduction of OMe groups into the phenyl 
ring enhances not only their conjugation with the ring 
but also the conjugation of the Ph group with the main 
chromophore of the dye. 2° This fact was taken into 
account in the quantum-chemical calculations (for com- 
pound 23, 13c_ph = I, while for other compounds, 
l~C--Ph = 0.8). In fact, according to this assumption, 
PD 23 should have the most intense color and the 
longest-wavelength fluorescence of the dyes studied. 

Of  all the substituents considered, the nitro group 
possesses the strongest electron-withdrawing properties 
(see Table 9, ctc(4. ) = 0). Therefore, of the PD with 
identical 13C_Ph , pyryloeyanine 28 has fluorescence and 
absorption bands in the longest-wavelength region, as 
also should be expected from the calculation (see 
Tables 7--9). 

Substantial complications arise when substituents that 
differ not only in 13c_ R but also in err are compared. For 
example, the replacement of  Ci atoms by Br atoms on 
the one hand, decreases 13c_ R and thus weakens the 
electron-donating properties of the substituent, and on 
the other hand, enhances the electron-donating proper- 
ties by decreasing ct R. The calculation implies a hypso- 
chromic shift of  bands on going from PD 26 to 27, i.e., 
enhancement of  the electron-donating properties (weak- 
ening of the electron-withdrawing properties) of  the 
substituent. It can be seen from experimental data that 
the fluorescence and absorption bands of pyrylocyanine 
27 are, conversely, shifted bathoehromically with re- 
spect to those of  PD 26. This contradiction is due to the 
fact that the changes in the values of  Lamax, Ma - l ,  Lfmax, 
and Mf - t  for halo-substituted dyes are determined not 
only by the electronic effects of  a substituent, but also by 
its polarizability, z3 which was not taken into account in 
the quantum-chemical calculations. The electronic ef- 
fects of  Ci and Br atoms differ only slightly, as can be 
seen from a comparison of the Mealc -1 values for com- 
pounds 26 and 27, while the polarizability of the latter is 
markedly higher. This apparently accounts for the 
bathochromic shift of the band on going from the chloro- 
substituted PD to the bromine-containing derivative. 

it is even more difficult to draw an unambiguous 
conclusion about the electronic effects of  halogens (or 
other substituents with different 13c_ R and ctR) on the 
positions of bands in the spectra of the PD under 
consideration, because the variations of these positions 
can be associated with the extension of the chromophore 
toward R. This accounts for the fact that all the substitu- 
ents studied, irrespective of their electronic natures, 
cause bathochromic shifts of bands of symmetrical pyry- 
Iocyanines with respect to those of unsubstituted PD 22. 
The band width should be a stricter criterion in this 
case, since for the compounds under study, it is a 
function of the VI, the extent of which is determined by 

the changes in the orders of  all the conjugated bands 
after excitation, s irrespective of the direction of the 
chromophore. In addition, this value depends on the 
redistribution of the electron density on the atoms in the 
chromophore, which is caused most of  all by the change 
in the electronic effect of  a substituent rather than in its 
polarizability. The fact that the band of symmetrical dye 
22 narrows when OMe or Me groups or an F atom is 
introduced into its heterocyclic residue indicates that 
the conjugation effect predominates over the inductive 
effect. Therefore, these substituents behave as electron 
donors. Convers,'ly, the broadening of the bands that 
occurs when the H atoms in the same positions are 
replaced by CI or Br atoms or by an NO 2 group indicates 
that the electron-withdrawing properties of  these sub- 
stituents predominate (the inductive effect prevails over 
conjugation). 

Thus, the fluorescence-spectral properties of  PD can 
be controlled over a broad range by making diverse 
changes in the structures of  the heteroeyelic residues 
(isomerism, annelation, heteroatom replacement, intro- 
duction of  substituents of  various natures into different 
positions of  the nucleus). The regularities established in 
the present study allow one to make these changes in a 
target-directed way. 
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