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A dependence of spectral properties of 2-phenylbenzopyrylium (PBP) salts in solutions

on the solvent nucleophilicity is presented. A simple solvate complex model for quantum

chemical estimation of the nucleophilic solvation influence on band positions in absorp-

tion and fluorescence PBP salt spectra is proposed. Quantum yield changes of the PBP

salts in solvents of different nucleophilicity are explained as due to the influence of

nucleophile solvation on the efficiency of the intersystem crossing in PBP cations. Two

ways of this influence are proposed: the direct one, due to energy changes in S1 and Ti lev-

els, and the indirect one, due to an increase or decrease of spin-orbital interaction effi-

ciency, caused by changes of the structural rigidity of solvated PBP cations.

Key words: 2-phenylbenzopyrylium salts, flavylium salts, nucleophilic solvation, ab-

sorption spectra, fluorescence spectra, intersystem crossing

2-Phenylbenzopyrylium salts (PBP) are widely used (e.g. as laser dyes [1] and in

food industry [2]). Various derivatives of PBP salts – anthocyanines and antho-

cyanidines are widespread in nature as plant dyes. Besides, positions of long-wave-

length absorption bands in the spectra of new synthesized phenylbenzopyrylium salts

are used for prognostic purposes – in prediction of chemical stability of the PBP cat-

ions [3,4,5]. Some PBP salts display photochromic properties [6].

The phenomenon of solvatochromism is typical of most PBP salts [7]. The same

behavior of their fluorescence spectra, the long-wave-length shift of emission max-

ima and the quantum yield decrease in transition from dichloromethane to aceto-

nitrile solutions [7] has also been found.

The noticeable quenching of fluorescence of some PBP salts, whose lateral

phenyl is capable to rotate freely around the ordinary bond with a benzopyrylium

moiety, and absence of similar effect of PBP with phenyl ring hindered, urged [7] to

conclude, that the cause of a decrease in the fluorescence quantum yield is the forma-
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tion of twisted intramolecular charge transfer (TICT) state. This phenomenon can

also be characterized in the disruption of the �-conjugation and planarity in PBP cat-

ions. According to [7], the TICT state results from electron density shift from the lat-

eral phenyl radical (especially when it contains electron-donor substituents) towards

the positively charged benzopyrylium moiety. Further TICT insights were developed

in [8,9] concerning dimethylamino substituted PBP salts, where the interplay of lat-

eral phenyl rotating state and “classical” TICT one, due to dimethylamino group

twisting, was considered. It is also worth noting that an explanation of luminescent

properties based on the TICT state model can be found in numerous papers, concern-

ing other classes of pyrylium compounds (e.g. triphenylpyrylium salts [10,11,12]).

Our earlier interpretation of the nature of electronic transitions in the absorption

spectra of benzopyrylium salts [13] and the quantitative estimation of the inter-

fragmental charge transfer [14,15] have shown that most PBP salts can be classified

into two main groups based on the different origin of long-wave-length absorption

and emission bands.

The first group consists of compounds, which have electron-donating substitu-

ents only in the benzopyrylium moiety. The low-energy electronic transition of these

substances is located mainly in the benzopyrylium fragment; the interfragmental

charge transfer in such PBP cations is low. The fluorescent quantum yield of such

PBP salts depends slightly on the solvent polarity and can show not only a decrease

when going from dichloromethane to acetonitrile, but – on the contrary – it can even

increase.

I – R1 – H R2 – H

II – R2 – H R2 – OH

III – R1 – H R2 – OCH3

IV – R1 – H R2 – Cl

V – R1 – H R2 – NO2

VI – R1 – OH R2 – H

VII – R1 – OH R2 – OH

PBP salts of another group possess electron-donor substituents in the lateral

phenyl cycle (especially in its 2� and 4� positions) and, independently of the nature

and number of substituents in the benzopyrylium moiety, demonstrate the S0 � S1

transition with a significant interfragmental charge transfer. It is a group of com-

pounds that displays significant dependence of the fluorescent quantum yield on the

solvent polarity. This last group also includes unsubstituted 2-phenylbenzopyrylium

cation.

For “classical” TICT compounds [16], the increase of solvent polarity resulted in

a growing stabilization of the higher polar charge transfer state. Our investigation of

spectral properties of some of the above-mentioned PBP salts in 16 different solvents

[17] gave rise to doubts about the existence of any correlation between spectral prop-

erties of these compounds and the polarity of solvents used.

The energy decrease of the long-wave-length electronic transition and increase of

the fluorescence quantum yield (�fl) of PBP salts was observed not only in non-polar
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dichloromethane, 3-chloropropene and dibromobenzene, but in polar benzoic acid

esters, as well as in benzonitrile. On the contrary, the maximum hypsochromic shift

of the long-wave-length absorption band and considerable lowering of �fl were ob-

served not only in polar acetone and acetonitrile, but also in low-polar dioxane and

tetrahydrofurane. No correlation of the absorption maximum and fluorescence posi-

tions (�abs, �fl), Stokes shifts (��St) and �fl with the dielectric constant, polarity or

Lippert function [18] were detected. However, we found quite satisfactory correla-

tion between �abs and �fl and the solvent nucleophilicity (B) characterizing the elec-

tron-donor ability of the solvent molecules [19].

The observations mentioned led to the assumption that both the solvatochromic

effects and fluorescent properties of the PBP salts are determined by the same factor –

the nucleophilic solvation, i.e. the interaction of electron-donor solvent molecules

and the positively charged benzopyrylium cation. In this connection we propose an

alternative model of photophysical processes to describe spectral behavior of PBP

salts. However, our model does not exclude the TICT state being formed in several

PBP salts. In our opinion, both an increase and decrease of the fluorescence intensity

of the PBP salts is due to the nucleophilic solvation effect on the efficiency of

intersystem crossing stipulated by the spin-orbital interaction, and on the related mo-

bility of the benzopyrylium and phenyl moieties in the cations studied.

The present paper is devoted to theoretical and experimental backgrounds of the

nucleophilic solvation effect on the spectral properties of PBP salts.

EXPERIMENTAL

The benzopyrylium perchlorates were synthesized according to the methods described in [20]. The

absorption and emission spectra of those salts were measured at 20�C using spectrophotometer “Hitachi

U3210” and spectrofluorimeter “Hitachi F4010”. Spectroscopy grade solvents were additionally purified

and dried by means of the methods described elsewhere [21,22]. The fluorescent quantum yield was de-

termined using fluoresceine in carbonate buffer at pH = 9.93 (� = 0.90) as a standard [23]. PBP perchlor-

ate concentration did not exceed 5�10–6 mol/l to avoid self-association of the cations.

The molecular geometry optimization of PBP cations and their complexes with solvent molecules

was carried out by semi-empirical PM3 method (MOPAC 6.0 program package). The calculation of sin-

glet and triplet energy levels, the matrix elements of spin-orbital coupling operator and also energy and in-

tensity of electronic transitions in their absorption spectra was performed according to the CNDO/S CI

scheme (15 singly excited configurations were taken for construction of 15	15 CI matrix) [24]. In our

calculations traditional single-center contributions were included in the evaluation of spin-orbital interaction.

The calculations of double- and triple-centered integrals, taking into account single- and double-electron in-

teractions were also carried out. The intersystem crossing rate constants kST (s–1) were evaluated by using:

kST = 3.95�1011
| | � | .< S |T e F1

i

i

E E

5000
li li

S1 Ti


 
� � � �






H
2 11 2

3 95 10 � (1)

where |<S1|H|Ti>| and �1i are matrix elements of spin-orbital coupling operator, ES1 – the energy of singlet

S1-state (cm–1), ETi – energies of all the underlying triplet levels, Fli – the Franc-Condon factor including

the overlap between S1 and Ti states, where intersystem transition occurs. (1) was deduced from the em-

pirical dependence of F on �E [25].

Radiative rate constants kr were calculated using (2) [26,27]:

kr = 1.5 � f � ES
2

1
(2)
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The parameters necessary for calculation of kr, the S1-state energy (cm–1) and oscillator strength of S0�S1

electronic transitions were estimated by means of the CNDO/S CI method.

Theoretical fluorescence quantum yields were calculated using the traditional equation

� �
�

k

k k

f

f ST

(3)

considering the intersystem crossing to be the main radiationless process, taking place in PBP cations.

RESULTS AND DISCUSSION

Nucleophilic solvates computer simulation. The spatial structure calculation of

solvate complexes of I–VIII PBP have been performed using the “supermolecule”

method, which requires computer geometry optimization of the complex containing

the molecule under study and several solvent molecules [28,29]. An example of the

starting geometry is presented in Fig. 1a. Eight solvent molecules were arranged

around a PBP cation equally spaced (6 Å) from the C2 atom of benzopyrylium moiety

(taking into account the fact that up to 33 percent of the total positive charge of cations

investigated was located in it). Solvent molecules were placed below and above the

plane of benzopyrylium moiety and were oriented by their nucleophilic centers to-

wards the center of positive charge localization of the PBP cation.

Final geometry of the solvate complexes after the optimization procedure is pre-

sented in Fig. 1b. Two solvent molecules were arranged on the axis at a right angle to

the plane of the benzopyrylium cation at a distance of 3.0–3.5 Å from it. Positions of

other solvent molecules either remained unchanged, or were moved off at a distance

of 6–10 Å from the cation. The same results were obtained for all nucleophilic sol-

vents given below Fig. 4. In the case of a non-nucleophilic solvent (e.g. dichloro-

methane) no noticeable changes in distance between solvent molecules and the PBP

cation were observed. Thus, no solvate complex was formed, which was analogous to

that presented in Fig. 1b.

In further calculations we considered the solvate structure similar to that pre-

sented in Fig. 1b as the starting model for both ground and excited state calculations.

The model presented has several disadvantages: it does not take into account the in-

fluence of all other solvent molecules in the higher solvate layers, macroscopic polar

properties of the solvent, and effects of hydrogen bonding (in the case of hydroxy-

substituted PBP cations), etc. However, in the proposed model there are positive fea-

tures. It enables calculations of electronic spectra of solvated PBP cations, using a

reasonable quantity of singly excited configurations. It also makes possible to esti-

mate the spin-orbital coupling of the solvated cations. Moreover, such a simple model

enables us to evaluate the re-solvation of excited PBP cations and the influence of sol-

vent molecules on the charge transfer, while cations are being excited. The compari-

son of our theoretical results with the experimental solvatochromic effects presented
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in this paper shows a wide applicability of the proposed solvation model to the de-

scription of spectral properties of PBP salts investigated in solvents of various

nucleophilicity.

We have used the charge value of negatively charged nucleophilic atoms of sol-

vent molecules in solvate complexes (QN) as a theoretical measure of nucleophilicity.

It should be noted that QN values were well correlated with the empirical nucleo-

philicity parameter B (see Fig. 2a). Theoretical evaluation of the formation enthalpy

is as follows:

�HSolv = �H H HC PBP S
f f f
 �( )� �2 (4)

where �HC
f is calculated formation enthalpy of the solvate complex, �HPBP

f and �HS
f

are the same for a PBP cation and a free solvent molecule. Our calculations demon-

strate that formation of solvate complexes can be considered to be the energetically

favorable process: for all the compounds under study the –�HSolv value ranges from

11.8 to 14.5 kcal/mol.

We have found that formation of such solvate complexes results in increasing the

positive charge in the benzopyrylium moiety (QBP) and, particularly, – in its electro-

philic center – C2 atom (Table 2). The bond between the benzopyrylium moiety and

the lateral phenyl ring in solvated PBP cations is of a lower order compared with

non-solvated ones (Table 3). The increase of solvent nucleophilicity (Fig. 2b) results

in increasing QBP, however, the plot of QBP versus QN is not linear and a saturation of

high QN values is typical for it. In our opinion, this fact is an evidence of the limited

capability of the �-electron system of PBP cations to redistribute electron density due

to the influence of external nucleophilic agent.
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Figure 1. Geometry (before and after optimizing) of the PBP cation solvated by the acetonitrile mole-

cules. The center of the positive charge, C2 atom, is marked by a black solid circle.
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The electronic excitation of PBP salts leads to a significant charge transfer from

the lateral phenyl and/or from donor substituents in the C7 position towards the

benzopyrylium moiety. It results in the disappearance of the electrophilic center in

the C2 atom and in the increase of the positive charge on C7,C1
' atoms and on the hydro-

gen atoms of hydroxy groups (if present in the investigated molecule). The redistribu-

tion of electronic density in the excited state under nucleophilic solvation conditions

causes the migration of solvent molecules in the direction opposite to the electron

density shift in the cations, towards the regions of higher localization of the positive

charge (Fig. 3). The presence of nucleophilic solvent molecules in the vicinity of the

new center of the positive charge of the excited PBP cations results in its additional

stabilization. This statement is the consequence of the comparison of �Hf values be-

tween solvated and non-solvated PBP ions in Frank-Condon and relaxed S1-states

(Table 2). Thus, for non-solvated II and VI cations, the decrease of excited state en-

ergy, caused by the intramolecular structural relaxation is only 1.3–3.5 kcal/mol,

while the same values for the cations solvated by acetonitrile molecules are much

higher, i.e. 12.3–25.7 kcal/mol.

If the excited state charge transfer in PBP cations is mainly of a phenyl-

benzopyrylium interfragmental nature, the nucleophilic solvation results in more sig-

nificant decrease of the order of the interfragmental bond. As to the II and VII com-

pounds, we can conclude that �-conjugation between the phenyl and pyrylium

moieties decreases significantly, until its complete disappearance. In the case of

solvated VI cation (and its OCH3-derivative), the excited state charge transfer is pre-

dominantly of an intrafragmental nature. In this case, the order of the interfragmental

bond discussed even increases slightly.
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Table 3. Interfragmental excited state charge transfer and benzopyrylium–phenyl bond orders in the PBP
cations*.

Charge values on the

phenyl cycle

Charge transfer upon

excitation

Benzopyrylium–phenyl

bond orders

Q S
Ph

0
Q S

Ph

1
ÄQ S S0 1� äQ S S0 1� PS

BP Ph

0

�
PS

BP Ph

1

�

I

without solvent 0.218 0.489 0.271 124 1.107 1.177

in acetonitrile 0.177 0.596 0.419 237 1.086 1.107

II

without solvent 0.261 0.626 0.365 140 1.159 1.084

in acetonitrile 0.208 0.966 0.758 364 1.119 0.983

III

without solvent 0.267 0.652 0.385 144 1.165 1.070

in acetonitrile 0.213 0.963 0.750 352 1.123 0.995

IV

without solvent 0.221 0.644 0.423 191 1.122 1.084

in acetonitrile 0.183 0.713 0.530 290 1.088 1.046

V

without solvent 0.165 0.347 0.182 110 1.062 1.234

in acetonitrile 0.132 0.138 0.006 5 1.045 1.180

VI

without solvent 0.201 0.349 0.148 74 1.094 1.272

in acetonitrile 0.166 0.203 0.037 22 1.072 1.279

VII

without solvent 0.240 0.532 0.292 122 1.141 1.137

in acetonitrile 0.196 0.785 0.589 301 1.107 0.988

*ÄQ S S0 1� is a value of charge transferred between the lateral phenyl cycle and benzopyrylium moiety upon
electronic excitation; äQ S S0 1� is fraction of charge transferred between the fragments upon excitation,
determined as ratio ÄQ S S0 1� in the lateral phenyl cycle to its total charge in the ground state (Q S

Ph

0
): äQ S S0 1�

= ÄQ S S0 1� /Q S
Ph

0
�100(%). (%).

The analysis of the bond order changes upon the electronic excitation of PBP cat-

ions enables us to conclude that for PBP ions with interfragmental charge transfer the

relative mobility of its fragments grows in the S1 state. Other molecules, character-

ized by the intrafragmental charge transfer, have to become more planar and more

rigid in their excited state.

Nucleophilic solvation and solvatochromic features of PBP salts. Our theoreti-

cal data presented in Table 3 enable us to estimate the energy difference between the

non-relaxed S0 state and that of S1 of both solvated and non-solvated PBP cations. We

assumed that the energy difference of non-solvated cations should be

E H HS S f

PBP,S non-relax)

f

PBP,S

0 1

1 0

� � 
� �(
and that of solvated ones
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Figure 3. Shift of the acetonitrile molecules in the solvate PBP complexes upon excitation.
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E H H
S0 S1

1 0Solv

f

C,S non-relax)

f

C,S

�
� 
� �(

. In addition, assuming that the enthalpy of aceto-

nitrile molecule formation in solvates both in their ground and excited states is the

same (� �H H
f

S,S

f

S,S0 1� ), we determine that the energy difference between the solvated

cations in their S0 and S1-states is higher by � �H HSolv
S ,non-relax

Solv
S1 0� , as compared with

that of the non-solvated cations. In real solvates the solvent molecules are polarized.

Since in the ground state the positive charge in PBP cations is more localized, than in

the excited state, the polarity and consequently the enthalpy of solvate acetonitrile

molecules formation in the S0-state (�H
f

S,S0 ) should be higher. This assumption is sup-

ported by our calculations: QN values for solvent molecules in solvates are higher

when the PBP cation is in the S0-state and lower when being excited. Thus, in the real

solvate, where � �H H
f

S,S

f

S,S0 1� , the difference � �H HSolv
S ,non-relax

Solv
S1 0
 and, consequently,

the energy difference of solvated and non-solvated PBP cations in their S0 and S1

states is higher, taking into account the polarization effects of the solvent molecules.

The energy difference obtained in the S0 and S1 states of PBP cations non-solvated

and solvated by nucleophilic solvents (Table 2, Fig. 4) clearly shows that in exchang-

ing low nucleophilic solvents for highly nucleophilic ones the energy of S0�S1 tran-

sition should increase. This is expected to manifest itself as the nucleophilicity

stipulated hypsochromic shift of the long-wave-length absorption band in the PBP

salts spectra. The increase of the solvent nucleophilicity (QN, B) results in growing

� �H HSolv
S non-relax

Solv
S1 0, 
 difference and, consequently, the hypsochromic shifting in the

absorption spectra.

Since the solvent molecules are kept close to the PBP cations, owing to the posi-

tive charge in their benzopyrylium moiety, it is evident that the stability of the solvate
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complex and the observed hypsochromic shift of the long-wave-length absorption

band could be determined by QBP values. Our calculations have shown a linear corre-

lation between the energy of S0�S1 electronic transition and the QBP value. This fact

clarifies the similarity of the E S S0 1� plot versus QN (Fig. 5a,d) and the plot of QBP

against QN (Fig. 2b).

The experimental plots of E S S0 1� versus solvent nucleophilicity B are similar to

the theoretical (Fig. 5a,d). This proves our assumption that spectral properties of PBP

salts in solutions are determined mainly by their nucleophilic solvation. Besides, it

confirms the possibility of application of the above-discussed simplified solvate

model to describe the optical properties of PBP salts in nucleophilic solvents.

The effect of nucleophilic solvation on the fluorescence spectra of PBP salts can

be numerically expressed as energy difference of solvated and non-solvated PBP cat-

ions, formed in the relaxed excited state and non-relaxed ground one. As pointed out

above, the motion of the solvent molecules towards the new nucleophilic centres of

the excited PBP cation stabilizes the excited solvate. In this case, �HSolv
S1 values are

high enough and vary from 11.0 to 31.1 kcal/mol. Corresponding �HSolv
S non-relax0 , values
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for the non-relaxed S0 state are lower, ranging from –3.8 to 9.9 kcal/mol. The data for

compound VII, whose �HSolv
S non-relax0 , is higher than 0, have appeared to be very interest-

ing, as the non-solvated cation is more energetically favorable, than the solvated one.

The resulting difference is negative; hence the S1�S0 transition energy of solvated

PBP cation is lower than that of the non-solvated one. This corresponds to the

bathochromic shift of the emission band, when solvent nucleophilicity increases. As

the polarity of solvent molecules near the excited PBP cation is lower than that of the

cation in the non-relaxed S0 state, the bathochromic shift obtained in the experiment

should be lower than that presented in Table 2.

The experimental data on PBP salts solvatochromism (Fig. 6) confirm our theo-

retical conclusions that the solvent nucleophilicity causes red shifts in emission spec-

tra. Besides, no correlation between E S S1 0� and other solvent parameters (dielectric

constant, polarity, and polarizability) have been found, with the exception of chlorine

substituted compound IV, for which the solvent nucleophilicity growth results in a

hypsochromic shift of the emission band.

Since the nucleophilic solvation leads to the absorption and emission bands shift

in opposite directions to each other, the described solvent effects can also be seen in

increasing Stokes shifts (��St) of PBP salts. In non-nucleophilic solvents (dichloro-

methane, chloroform, 3-chloropropene) the ��St values for all the salts under study do
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not exceed 2300–2500 cm–1. In the nucleophilic non-aromatic solvents, where B is

higher than 150 cm–1, the Stokes shift values increase up to 3300–4000 cm–1.

Summing up both theoretical and experimental results presented above, we can

conclude that spectral properties of PBP salts are mainly determined by the interac-

tion between the solvent molecules and electrophilic centers of the dyes studied and

by stabilization of electron density localization, which is typical of PBP salts in their

S0 and S1 states, owing to the influence of solvent molecules. As a result, the

nucleophilic solvation leads to more significant lowering of energy of the S0 state in

comparison with the non-relaxed excited S1
non-relax state and the relaxed one in respect

of the non-relaxed ground S0
non-relax relax state. It causes the hypsochromic shifts ob-

served in absorption and, consequently, the bathochromic shifts in the PBP salts fluo-

rescence spectra.

In addition to the correspondence of the theoretical and experimental data, used

as arguments in support of our solvation model, there are some other facts confirming

our description of the spectral behavior of PBP salts. Neither solvatochromism nor

solvatofluorochromism for PBP salts were observed in the aromatic solvents, even in

those exhibiting high nucleophilicity: benzonitrile, ethylbenzoate, dibenzyl ether

and pyridine. The same behavior was found elsewhere for several cationic cyanine

dyes, whose interaction with solvent molecules was studied by means of the NMR

method [30,31]. The solvation of organic cations in the aromatic solvents appeared to

be mainly of the dispersion rather than the nucleophilic type.

The influence of nucleophilic solvation upon fluorescence quantum yields of PBP salts.

1. Spin-orbital interaction effect. Our calculations carried out for isolated PBP

cations have shown the ��* origin of their lowest singlet and triplet excited states.

This fact allows us to relate the compounds investigated to the V spectral-lumi-

nescent group according to the classification of Nurmukhametov-Plotnikov-Shigorin

[26,32,33].

The singlet and triplet states of the n�* and ��* type are of higher energy than low

��* type excited states. Therefore, very efficient intersystem crossing processes be-

tween the states of different orbital nature [25,33] (El-Sayed rule [34]) do not influ-

ence PBP salts emission properties. In some cases, the increase in the intersystem

crossing efficiency between high energy states of the n�*, ��* and ��* type in PBP

salts can be enhanced by excitation to higher singlet levels. In this case, the quantum

yields sometimes tend to decrease [33]. The only exception among the investigated

PBP salts is nitro substituted compound V. Its lowest unoccupied molecular orbital of

the n-type is located on the NO2 fragment. Because of the n�* origin of the S1 state of

cation V, the intersystem crossing is more efficient and, as a result, nitro-substituted

PBP salts do not fluoresce. Another channel of radiationless deactivation, owing to

the internal conversion S1�S0, is also unlikely, because of the S0�S1 transition en-

ergy in the PBP salts spectra exceeds by 1.5 eV “critical value”. Only in the case of

lower S0�S1 transition energy the internal conversion becomes the main source of

radiationless dissipation for most organic compounds [35,36]. The main reason of

relatively low quantum yields of the fluorescent compounds belonging to the V spec-
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tral group is the intersystem crossing process between their S1 (��*) state and the un-

der-lying triplet ones, which are also of ��* origin. Such intersystem crossing rate

constants are usually lower or equal to the radiation rate constants (kf) [37]. If we as-

sume the intersystem crossing to be the main radiationless deactivation channel of

the excited molecules of PBP salts (kd � kST), it is possible to evaluate the fluores-

cence quantum yields by using equation (3). Such an approach was successfully ap-

plied to the adequate theoretical description of the luminescent properties of several

oxazolic fluorophores [33,38]. In our case, the analysis of fluorescent PBP salts prop-

erties should include besides the structural and energy levels of PBP cation, its inter-

action with nucleophilic solvents discussed in the previous section of this paper. We

thus decided to analyse the spin-orbital interaction in the above-mentioned solvate

complexes using the same solvation models and its effect on the fluorescence of PBP

salts. Another important factor directly connected with the nucleophilic solvation of

the investigated compounds is the growing molecular lability owing to decreasing the

interfragmental bond order in the solvated S1 state. The influence of this effect on the

quantum efficiency of the PBP salt emission will be discussed below.

2. Substituents influence on spectral properties of PBP salts. Our calculations

carried out for non-solvated cations revealed that the quantity of triplet states, the en-

ergy of which is lower than that of fluorescent S1 level, varies from 3 to 5 depending

on the nature and positions of substituents in PBP cations. In all cases the triplet T1

and T2 levels lie far apart from S1, hence the intercrossing conversion is insignificant

and does not influence the fluorescent properties of PBP cations. The relative ar-

rangement of S1 and the nearest triplet levels of I, II, VI, VII are illustrated in Fig. 7.

In the remaining salts studied, except V, their excited energy levels are similarly lo-

cated. The calculated � li
2 and F1i parameters (Eq. 1) determining the rate of the

intersystem crossing are listed in Table 4. The analysis of Schemes given in Fig. 7 and

the numerical data in Table 4 show that intersystem crossing efficiency in II, III, VII

excited PBP cations substituted in the lateral phenyl ring is due to the interaction of S1

and T3 states. II and III are characterized by relatively low � li
2 values and by the high

energy gap between S1 and T3 levels. In the case of VII, S1 and T3 states are arranged

fairly close to each other, but their matrix element of the spin-orbital coupling opera-

tor is typically low. As a result, kISC values calculated for these cations are comparable

with kf, this fact being responsible for high emission efficiency, � � 0.3–0.7 , in di-

chloromethane. For PBP cations, which are substituted only in benzopyrylium moi-

ety (e.g. VI), the most effective intersystem crossing is expected to be between S1 and

two triplet levels, T3 and T4. The energy gap between S1 and T4 is low, however rather

high � li
2 values result in 108 s–1 kISC (intersystem crossing rate constants). Thus, fluo-

rescence efficiency of these compounds is comparable to that of II and III. The

unsubstituted I PBP cation, unlike the above compounds, is characterized by more ef-

fective spin-orbital interaction between its fluorescent state and underlying triplet

levels. The main contribution to the intersystem crossing rate is stipulated by three

triplet levels: T3–T5. The most important of them (up to 63 per cent of the total ISC ef-

ficiency) is the S1�T5 radiationless channel. Finally, the radiationless decay rate for I
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compound exceeds the emission rate by almost one order of magnitude, while the the-

oretical fluorescence quantum yield is not more than 0.1. The experimental I–IV, VI,

VII quantum yields in dichloromethane (Table 4), i.e. without nucleophilic solvation,
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correspond to our theoretically predicted estimation. Moreover, theoretical and ex-

perimental conformity of the � value for chlorine substituted IV allows us to propose

the analogous scheme of primary photophysical processes.

Table 4. Calculated quantum yields of the PBP salts for the media of various nucleophilicity*.

Cation Solvent B Fli � li
2·103 kd·10–8

f Kr·10–8
� �exp

I Dichloromethane 23 0.61 (S1–T3)
0.71 (S1–T4)
0.85 (S1–T5)

2.23
1.94
5.40

28.94 0.698 3.08 0.10 0.14

Acetonitrile
160

0.63 (S1–T3)
0.73 (S1–T4)
0.88 (S1–T5)

4.02
0.27
5.41

29.59 0.676 3.14 0.09 0.10

Acetone 224 0.64 (S1–T3)
0.80 (S1–T4)
0.89 (S1–T5)

4.06
0.15
6.19

32.50 0.673 3.17 0.09 0.08

II Dichloromethane 23 0.79 (S1–T3) 1.94 6.05 0.897 3.05 0.33 0.17

Acetonitrile 160 0.70 (S1–T3)
0.98 (S1–T4)

1.93
5.67

27.29 0.873 3.17 0.10 0.003

Acetone 224 0.68 (S1–T3)
0.98 (S1–T4)

1.90
6.08

28.64 0.872 3.20 0.10 0.004

VI Dichloromethane 23 0.76 (S1–T3)
0.97 (S1–T4)

0.60
1.59

7.89 0.756 2.80 0.26 0.17

Acetonitrile 160 0.68 (S1–T3)
0.96 (S1–T4)

0.64
1.28

6.57 0.739 2.91 0.31 0.23

Acetone 224 0.66 (S1–T3)
0.95 (S1–T4)

0.70
1.17

6.22 0.731 2.90 0.32 0.22

VII Dichloromethane 23 0.96 (S1–T3) 0.42 1.59 0.915 3.39 0.68 0.85

Acetonitrile 160 0.89 (S1–T3) 0.58 2.04 0.910 3.58 0.64 0.04

Acetone 224 0.83 (S1–T3) 0.60 1.97 0.909 3.61 0.65 0.01

*Parameter names see in formulae 1–3.

3. The influence of nucleophilic solvation on intersystem crossing in PBP cations.

As the solvent relaxation rate exceeds the intersystem crossing rate by several orders

of magnitude [39], we have used optimized molecular geometries of structurally and

solvent relaxed solvates for evaluation of radiationless singlet-triplet transition effi-

ciency. On the analogy of our substituent effect investigation, only the nearest to fluo-

rescent state T3–T5 triplet levels have been taken into account. The energy changes of

the above triplet states for I, II, VI, VII influenced by nucleophilic solvation due to

acetonitrile and acetone molecules are shown in Fig. 7. According to our findings, the

solvation is not only responsible for energy changes in the interacting singlet and trip-

let levels; it possesses an individual sensitivity to solvent effects. It also results in
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changing spin-orbital coupling efficiency (� li
2 ) and intensity of the long-wavelength

absorption band determining changes in kf values. The calculated F1i, �li and f param-

eters for several PBP cations in acetone and acetonitrile are listed in Table 4. The

analysis of our theoretical data enables us to predict changes in fluorescence effi-

ciency of the investigated PBP salts caused by the solvent nucleophilicity. Therefore,

we expect compound I to further decrease in its low quantum yield in nucleophilic

solvents. The calculated VI and VII quantum yields do not depend on surrounding

nucleophilicity, because their intersystem rate constants do not change significantly

during nucleophilic solvation. The compound II of all discussed above is the most

representative. As clearly seen in Fig. 7b, the inversion of the excited S1 and T4 levels

is caused by a solvation. This results in a significant increasing of spin-orbital cou-

pling: in this case the predicted rise of kISC should be about 5 times of its magnitude. In

such a case the fluorescence quantum yield is expected to lose 30 per-cent of its initial

value in the non-nucleophilic solvents. The experimental data obtained for I and IV

compounds confirm our theoretical prediction. The low quantum yield of I in di-

chloromethane noticeably decreases in nucleophilic solvents, while IV compound

shows a tendency to increase � when the solvent nucleophilicity increases. As far as

II, III and VI are concerned, quantum yields decrease while changing solvents from

non-nucleophilic to nucleophilic ones. Moreover, for II and III cations the fluores-

cence efficiency value is lower than that predicted in our theoretical evaluations (in-

version of S1 and T4 excited levels). The analysis of the �-electron structure and

�-electron density redistribution in solvated II, III and VII PBP cations in the excited

state predicts noticeable lowering or disappearing of �-conjugation between their

benzopyrylium and lateral phenyl moieties. Hence, a significant decrease of quantum

yields of these compounds in solvents of high nucleophilicity is supposed to be

caused by a decrease in their molecule rigidity in the S1 state, as well.

4. Rigidity of solvated PBP cations and spin-orbital interaction. The

intersystem crossing rate constants have been calculated for the planar model struc-

tures of solvated PBP cations listed in Table 4. In the true cations the lateral phenyl

ring participates in rotational vibrations around the single bond connecting it with

benzopyrylium moiety. Thus, the total time of PBP cation existence in non-planar ge-

ometry exceeds that of the planar geometry. The above-mentioned non-planarity of

excited PBP cations causes a significant increase of the spin-orbit interaction be-

tween the S1 state and lower triplet one. In non-planar molecules the �� contribution

to the interacting levels grows, which results in the dramatic increasing of �1i values.

Finally, the more the amplitude of the rotational vibrations, the higher is the kISC rate

constants and the lower their quantum yields. Our model calculations for II (Fig. 8)

show that the increase of the angle between benzopyrylium and phenyl moieties

planes (�) from 0� to 20� affords a 4–5 times kISC increase and decrease in fluores-

cence quantum yield from 0.33 to 0.001. For � = 50� kISC is 90 times higher than that

corresponding to a planar molecule, while � is 66 times lower. The assumption that

intermolecular lability is an important factor determining quantum yield values is

confirmed by Hauke [7]. Even in non-nucleophilic and low polar dichlorometane
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quantum yields of rigid PBP cations, where rotational high amplitude motion is im-

possible or hindered, are usually higher in comparison with those of non-rigid com-

pounds exhibiting similarities to �-electron structures. Apparently, the main factor,

capable of decreasing the amplitude and frequency of the rotational vibrations dis-

cussed, is the �-conjugation between benzopyrylium and phenyl moieties which can

be quantitatively characterized by the order of interfragmental single bond. As shown

in Table 3, the nucleophilic solvation can result in noticeable changing of the bond or-

ders of the excited investigated cations.

Some increase of the interfragmental single-bond order in the excited state of VI

leads to an increase of molecular rigidity and lowering of rotational vibration ampli-

tude. Further increase in the order of the bond mentioned and, consequently, of VI

PBP cation rigidity takes place under the influence of nucleophilic solvation. As a re-

sult, the increase of the fluorescence quantum yield of VI is observed in moving to

more nucleophilic solvents.

The significant decrease of the �-order of the interfragmental bond in I and IV

PBP cations, and moreover, actual disappearance of the �-order of this bond for II, III

and VII cations emphasize the dramatic lowering of their ability to fluoresce in

nucleophilic solvents.

The probable lack of �-conjugation between benzopyrylium and phenyl moieties

in several PBP cations can cause the rotation of the lateral phenyl ring at the 90� angle

and the formation of TICT-like structures. It was not our purpose to investigate such a

possibility here, though, it should be noted that if such conformation could be formed,

it should be of a non-fluorescent nature owing to the extremely high probability of

spin-orbital interaction.
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CONCLUSIONS

Results of this paper show that the use of even simplest models for PBP cations

with solvent molecules enable to describe and predict sufficiently correctly changes

in the spectral parameters of the compounds investigated in media of various

nucleophilicity. The analysis of our theoretical and experimental data urged us to pro-

pose the following mechanism of solvent nucleophilicity influence on the spectral

properties of PBP salts:

• The formation of complexes with a nucleophilic solvent results in additional sta-

bilizing of the relaxed S0 and S1 states, and is responsible for the hypsochromic

shift observed in absorption spectra and for the bathochromic shift in the fluores-

cence spectra.

• The quantum yield changes in different nucleophilicity media are controlled by

the efficiency of the intersystem crossing in PBP cations under the influence of

nucleophilic solvation. There are two ways of such influence: the direct one stipu-

lated energy changes in S1 and Ti levels, and indirect one resulting from the in-

crease or decrease of spin-orbital interaction efficiency, caused by changes in the

structure rigidity of solvated PBP cations. In both cases the intersystem crossing

rate constant depends on the nature and position of substituents, that determine

the direction of PBP cations charge transfer in the excited state.

Finally, we would like to note that the described mechanisms can be widely used

and, hence be applied to describe the spectral properties of any other aromatic cat-

ions.
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