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Abstract

The detailed studies of the 2,4,6-(N-alkyl)triarylsubstituted pyridinium cations I as well as the large series of the model structures have

been carried out by absorption, ¯uorescent and polarization methods in the solvents of various polarity and viscosity at different

temperatures. The localizations of the lowest electron transitions are determined. It is shown that the ¯uorescence with anomalous Stokes

shift (ASS-¯uorescence) arises owing to the adiabatic structural relaxation (ASR) with the formation of the ¯attened (but not twisted)

structure. The advantages of I as the objects for ASR study are discussed. The crude determination of the ASR kinetic parameters has been

conducted. A data assume that the ASS ¯uorescence quantum yields of the cations I are conditioned mainly by deactivation processes in the

®nal ¯attened structure. # 1998 Elsevier Science S.A. All rights reserved.
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1. Introduction

The ®rst cycle of investigation of the light-induced

processes in the arylsubstituted pyridinium cations was

connected with the elucidation of the basic structural

mechanism of the spectral-luminescent and photochemi-

cal properties in N-alkyl and N-aryl derivatives of 2,4,6-

arylsubstituted cations [1]. The following series of works

were devoted to the studies of the mechanisms of photo-

cyclization in various N±R derivatives of 2,4,6-aryl

substituted cations (R: aryl, amine and azomethine) [2,3].

Due to the important role of the N-aryl fragment in the

formation of luminescent properties, systematic studies of

the photophysical and structural relaxation processes in

the various simplest N-aryl substituted cations (without

2,4,6-aryl substitutes) have been carried out by us recently

[4±7].

At the same time series of crucial problems connected

with the Anomalous Stokes Shift ¯uorescence (ASS-¯uor-

escence) as result of adiabatic structural relaxation (ASR) in

2,4,6-triarylsubstituted pyridinium cations is studied quiet

insuf®ciently or is not solved at all.

Especially it concerns the nature of electronic transitions

responsible for cation excitation and also the in¯uence of the

molecular structure and environment on the kinetic para-

meters characterizing ASS ¯uorescence and ASR.

Thus the main objectives of this and following papers

are detailed description and discussion of the experi-

mental ®ndings connected with the molecular structure,

environment's polarity, viscosity and temperature in¯uence

on the formation of the spectro-¯uorescent properties

and kinetic characteristics of the ASR processes in

2,4,6-triarylsubstituted pyridine cations without N±Ar

fragment.
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2. Experimental

2.1. Materials

The objects of the investigations are the pyridinium

cations I and also the main model compounds in which

the in¯uence of the different aryl rings is excluded (II±IV)

or their various acoplanarity degrees (the angles �, �) are

provided (V, VI). All pyridinium salts are used in the form of

perchlorates (anion ClOÿ4 ). The catalytic amounts of the

chlorine acid (HClO4) are added in the solvents for stabi-

lization of the cations Ib, Id, If, Ih and Vb, Vb.

Commercially available organic solvents employed in

experiments were found to give no detectable ¯uorescence

under experimental conditions.

2.2. Spectral investigations

The absorption and ¯uorescence steady-state spectro-

scopy have been used for comparative investigations of

cations I and model compounds II±VI. Absorption spectra

were recorded with Specord M40 and a Specord UV±VIS

spectrophotometers (Germany) in the quartz cells with

variable thickness.

The emission and excitation ¯uorescence spectra were

measured with an Elumin 2 M spectro¯uorometer (Russia)

and corrected for instrument response.

The device with the optical cryostats for absorption and

¯uorescence spectra measurements at various temperatures

in the region of ÿ200 to �308C (to a precision of 1%) was

utilized.

The ¯uorescence quantum yields (�f) were obtained by

the relative Parker±Rees method (to precision of 10%) with

phenanthrene in ethanol (�f � 0.13 at 290 K) and 9,10-

diphenylanthracene in benzene (�f � 0.84 at 290 K) as

references [8]. The excitation ¯uorescence polarization

spectra were registered by a Hitachi 650±60 spectro-

¯uorometer (Japan) with ®lm polarizers.

The measurements of ¯uorescence lifetime were per-

formed with nanosecond spectrometer SP-70 (England) in

Moscow State University.

3. Results and discussion

3.1. Absorption spectra and molecular structure

According to the ®ndings of the X-ray and NMR studies

obtained before [9,10] the structures I under study are

acoplanar signi®cantly (for Ia �, � � 50±608,  � 308,
for Ib �, �,  � 308).

The typical absorption bands (Fig. 1, Table 1) are

observed with an insigni®cant spectral shift in the solutions

of different polarity ± A (�max � 310 nm) and B (�max �
250±260 nm).

The compounds I are the derivatives of heteroaromatic

analogs of the metapolyphenyl molecular system. Therefore

to ascertain the nature of the electronic transitions in I, it is

worthwhile to consider the absorption spectra of more

simple model structures ± polyphenyl derivatives of ben-

zene, pyridine and pyridinium (Table 1).

Fig. 1. The absorption 1 (ethanol, 296 K), fluorescence 2 (ethanol, 77 K)

and (ethanol, 295 K), excitation polarization 4 (glycerine, 295 K) and

circular dichroism 5 (ethanol, 294 K) spectra of (a) Ia, (b) Ib, (c) VIa.
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It is known [11] that the meta-substituted polyphenyl

compounds can be presented as the superposition of the

weakly interacting biphenyl fragments. The biphenyl

absorption band with �max � 40 000 cmÿ1 (max � 250 nm)

has been interpreted as 1La ÿ1 A1 electronic transition [11].

Hence, the B-absorption band of the Ia, b compounds can be

viewed as the superposition 1La ÿ1 A1 transitions in each of

three modi®ed biphenyl fragments.

That each of the analogous series: benzene, pyridine and

pyridinium derivatives of B-band intensity increases without

considerable spectral shift is observed with the successive

growth of the metaphenyl substituents' number.

Meanwhile, another clear regularity is also displayed and

connected with considerable B-band intensity fall by the

increase of electron acceptor ability of a ring in the biphenyl-

similar fragments with a transition from benzene to pyridine

and pyridinium derivatives (Table 1).

Analogous regularity is observed with the pyrilium

cations [1] (i.e. with the heteroring acceptor ability increase)

and also by the introduction of the electron donor substi-

tuents to the different aryl rings of the arylsubstituted

pyridines and pyridiniums.

The band A playing a key role under consideration of the

luminescent properties of the compounds I appears only in

the heteroatomic analogs of the biphenyl systems. Its inten-

sity and red shift increase as a rule with the growth of the

donor and acceptor abilities of the aryl and heterorings,

respectively (Table 1).

Therefore, it is natural to assume that this broad band (the

half-width ��1/2 � 5200 cmÿ1) is connected with intra-

molecular charge transfer (ICT) from both the different

types of structurally unequivalent phenyl substituents (2,6

or 4) on the heteroring. With the use of the circular dichro-

ism method it has been shown by us earlier that the A-band is

the superposition of two transitions shifted relatively

towards each other [1] (Fig. 1(a)).

For a detailed study of this problem the ¯uorescence

excitation polarization spectra in A-band together with

the structure modelling method are used. One can see

(Fig. 1(b)) that the A-band in the compound Ia as above,

is the superposition of two spectrally shifted transitions

which are polarized differently and the polarizations of

the longwave absorption and emission transitions coincide.

At same time in the model compound without 4-phenyl

ring III the polarization degree is positive throughout the

A-band width (Fig. 2(a)). Thus, it is possible to infer that the

longwave transition (�max � 32 000 cmÿ1) in the com-

pounds Ia, b is connected with ICT from 2,6-phenyl rings

and more shortwave transitions (�max � 34 000 cmÿ1) is the

ICT from 4-phenylsubstituent.

With the inclusion of donor substituents ( p-OCH3) in the

2,6-phenyl rings (the compounds Ie, f) the drastic red shift of

the longwave ICT-transition and clear separation of the

differently polarized bands are observed (Fig. 2(b)). On

the other hand, the inclusion of only the p-OCH3 group

in the 4-arylsubstituted leads to the inversion of differently

localized longwave transitions. Therefore, the transition

localized on the 4-aryl fragment becomes the largest long-

wave transition. By it the A-band is again the superposition

of differently polarized transitions but its shape basically

changes (Fig. 2(c)). It follows, however, that the large

A-band width in both studied (Ia, b) and model (III, IV)

compounds (��1/2�4600±5500 cmÿ1) is indicative of the

possibility of its unhomogeneous widening at the expense of

rotamers' distribution at �, �,  angles.

Actually, the drastic displacement of the rotamers' dis-

tribution to the aryl ring acoplanarity (the compound V)

leads to a typical ICT-transition shortwave shift of the

A-band (�� � 1500 cmÿ1) with its intensity decreasing.

On other hand, the `narrowing' of the rotamers' distribution

in the `fastened' and `¯attened' model structure VI assesses

marked A-band width drop (��1/2 � 2600 cmÿ1)

Table 1

The absorption spectrum bands of the compounds I±III and the model polyphenyl derivatives of the benzene, pyridine and pyridinium (ethanol, 295 K)

Compound A-band B-band

�max (nm) "max (l Mÿ1 cmÿ1) �max (nm) "max (l Mÿ1 cmÿ1)

Ia 32 600 40 000 40 000 16 500

Ib 32 560 22 100 39 980 22 200

Ic 28 400 35 000 41 650 20 000

Id 29 600 36 000 40 000 24 000

Ie 28 000; 29 000 17 500; 24 000 43 480 17 000

If 28 680 35 000 40 000 22 000

Ig 28 640 54 000 37 040 15 000

Ih 28 320 32 100 37 040 16 000

II 35 300 9600 40 000 2800

III 32 800 13 000 40 000 5500

Biphenyl [11] ± ± 40 000 14 000

1,3-Diphenyl benzene [11] ± ± 40 500 39 000

1,3,5-Triphenyl benzene [11] ± ± 39 700 70 000

2-Phenyl pyridine [19] 36 200 10 400 40 500 13 400

2,6-Diphenyl pyridine [19] 33 100 11 800 40 800 34 400

2,4,6-Triphenyl pyridine [19] 31 900 9000 38 900 53 500
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(Fig. 1(c)). Thus, the above described experimental results

may be summarized as follows:

1. The B-band in the cations Ia, b are the superposition of

the three weakly interacting meta-biphenyl fragments.

2. The A-band is the superposition of two differently loca-

lized electronic transitions connected with ICT onto the

positive-charged heteroring from 4-aryl (the shortwave

transition) and 2,6-aryls (the longwave transition). The

significant A-band unhomogeneous widening is

explained by rotamers' distribution by �, �,  angles

in the ground state.

3. The interaction is realized between differently localized

biphenyl (the band B) and ICT (the band A) transitions

leading to antibate changes of their intensities.

3.2. Fluorescence with anomalous Stokes shift and

structural relaxation in the liquid solvents

On excitation into the longwave absorption band A the

longwave intensive ASS-¯uorescence of Ia±Ic arises in the

various solvents at the room temperature (Table 2,

Fig. 1(a)±(c)). The ¯uorescence quantum yield dependence

on concentration (10ÿ6±10ÿ3 M) is absent and therefore the

eximers cannot be responsible for ASS-¯uorescence.

On other hand, the in¯uence of solvent polarity (from

chloroform with " � 4.8 till DMSO with " � 48.9) on the

¯uorescence band position is insigni®cant and this is the

consequence of the lack of dipole±dipole interaction of

the solute±solvent system owing to the ionic structure

of the studied compounds [12].

The advantage of such ionic structures is one of the

important causes for the choice of the compound I as the

object for investigations.

Thus, the above-mentioned ®ndings are indicative of the

intramolecular nature of ASS-¯uorescence, which is con-

nected with the adiabatic molecular structure changes in S1-

state due to the excitation of the initial structure I (ASR).

Such structural transformation in the compounds I may be

connected with a rotation of the 2,4,6-aryl rings about C±C

bonds (angles �, �, ). At same time the basic role in

compounds Ia, Ib is played by rotation of the 2,6-rings

(angles �, �). This can be seen from the comparison of the

Stokes shift of Ia, Ib and model compounds II, III (Table 2).

In this case the hindrances in the 2,6-rings' rotation in the

viscous (or rigid) environment lead to a drastic decrease of

Fig. 2. The absorption 1 (ethanol, 296 K), fluorescence 2 (ethanol, 77 K)

and 3 (ethanol, 295 K) and excitation polarization 4 (glycerine K) spectra

of (a) III, (b) Ie, (c) Ic.

Table 2

The fluorescence (the fluorescence quantum yield �0
rf and decay � f) of the compounds I±VI

Compound �f
max (cmÿ1) (�f

max, nm) ��aÿf (cmÿ1) �0
rf � f (ns)

Ethanol, 295 K Ethanol, 295 K (glycerin, 295 K) Ethanol, 295 K Ethanol, 295 K

Ia 22 800 (439) 9800 (8100) 0.32 1.85

Ib 24 700 (405) 7900 0.37 1.00

Ic 21 050 (475) 7350 (6500) 0.23 1.30

Id 21 730 (460) 7870 0.29 1.30

Ie 19 320 (518) 8680 (7800) 0.95 5.30

If 21 320 (469) 5710 0.86 4.20

Ig 19 510 (513) 9130 (8200) 0.56 4.35

Ih 22 400 (446) 6200 0.94 ±

II 26 880 (372) 8680 ± ±

III 21 730 (460) 11 150 (9320) 0.10 0.82

IV 27 780 (360) 6820 ± ±

Va 25 180 (397) 9220 ± ±

Vb 25 770 (388) 7930 ± ±

VIa 23 500 (426) 2800 0.85 ±

VIb 24 700 (405) 3500 0.85 ±
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the Stokes shift. It is observed in the glassy solvent (77 K)

(Fig. 1(a) and (b)) and testi®es to the offered ASR mechan-

ism. Such a simple ASR mechanism and its distinct man-

ifestation in ¯uorescence properties are the important

characteristics of the cations I which also favour their use

as objects for ASR studies.

In this situation the problem of the ASR direction acquires

principal importance. As is well known ICT transition may

be followed by the ASR process connected mainly with the

aryl ring orthogonalization leading to the TICT-like or local

¯uorescent state formation [13±16]. On the other hand, the

¯attened ¯uorescent structure formation may occur only

upon the S0±S1 excitation without ICT as for instance, in the

biphenyl systems [17]. However, in our case the second path

occurs in spite of the typical ICT nature of the S0±S1

excitation.

The following experimental ®ndings testify to the latter,

1. The Stokes shift ��f increases strongly in the series

of the 2,4,6 3-phenylsubstituted pyrilium (��f �
3630 cmÿ1, � � 108), pyridine (��f � 4200 cmÿ1, � �
308), NH-pyridinium Ib (��f � 7900 cmÿ1, � > 308),
NMe-pyridinium Ia (��f 9800 cmÿ1, � � 658) i.e. with a

growing difference between the initial (Frank±Condon,

angles �, �) and the ultimate (¯attened, ¯uorescent)

structures.

2. By the same reason the fluorescence band of the

strongly acoplanar (in both S0 and S1 states) model

structure Va is shifted to the short wavelength in com-

parison with Ia although it also has a large Stokes shift

(Table 2).

3. It is shown for the cations Ia (earlier) [1] and Ib (in the

present) work that the ASS fluorescence spectra of these

cations are modeled sufficiently well by the rigid flat-

tened (but not plane absolutely, ��10±158) structure VIa
and VIb, respectively (Table 2, Fig. 1(c)). The unusual

ASR behaviour connected with a flattening but not with

orthogonalization of the electron donor and acceptor

fragments arouses significant interest.

This is an additional reason for the choice of the com-

pounds I as the favourable objects for ASR studies.

Thus the ¯uorescence properties of the cations I are

conditioned directly by the ASR and may be used for the

study of the ASR mechanism and kinetic peculiarities and

also the structure and environment in¯uence on structural

transformations.

As has been shown by virtue of the ®ndings of the

¯uorescence dependence on the solvent viscosity the ASR

may be considered as a continuous process on the S1-state

surface without intrinsic barriers [18].

Such a process proceeds from the initial Frank±Condon

state promoted by S0!S1 excitation (EFC � Vi
a) till ¯uor-

escent state (EFl � �f). The latter for Ia, Ib in the low liquid

viscous solvents is connected with the ¯attened equilibrium

conformation (� � �0 � 0, �f � �eq) which corresponds to

the model structures VIa and VIb, respectively.

The quantum ef®ciencies of this structure formation (�0
r )

may be estimated from the values of experimentally

obtained ¯uorescence quantum yields of the structures Ia,

Ib (�0
rf) and VIa, VIb (�0

f ): �0
r � �0

rf=�0
f (Table 3). One can

assume that the electron transition energy �ES1ÿS0 �
EFCÿEF1��i

aÿ�f depends linearly on the torsional angle �:

�f � �i
f ÿ ��i

f ÿ �eq� � �ÿ �1

�i ÿ �o

(1)

where, �, �i, �o (�o < � < �i) and �f, �
i
f , �eq are the torsional

angles and ¯uorescence band maxima for arbitrary, initial and

¯attened structures, respectively and one may to put �i
f � �i

a

where, �i
a is the absorption band maximum of the initial

structure I.

As it is easy to see that at � � �i (the structure is not

changed) �f � �i
f � �i

a and Stokes shift �� � 0; at � � �o

(after maximum ¯attening) the Stokes shift reaches a maxi-

mum value ��0
f . One can assume that the arbitrary change of

the angle (�i ÿ �) with the formation of the ®nal ¯uorescent

structure (with angle �) corresponding to the viscosity of the

given solvent is proportional to the ef®ciency of ASR

(�r � ��i ÿ ��=��i ÿ ��) and from (Eq. (1)):

�f � �i
f ÿ ��i

f ÿ �eq� � �r � �i
f ÿ ��i

f ÿ �eq� � kr

Kr � Kd � Kf

��f � ��0
f �

Kr

Kr � Kd � Kf

(2)

where ��f is the Stokes shift under experimental conditions

and kr, kd, kf are the rate constants of the ASR, radiationless

and emission deactivations, respectively, in the region of the

conformation corresponding to � angle.

It is obvious that if k0
r � 0 (the ASR does not proceed)

than �f � �i
f and if kf� kd � kf (the ASR proceeds till the

angle a � ao) then �f � �eq where �eq is the ¯uorescence

band maximum of the ¯attened structure which is formed

under excitation of Ia, Ib followed by ASR in the low

viscous solvent and therefore modeled well by the structure

VIa and VIb (Table 2).

It follows from the above and the experimental ®ndings

(Tables 2 and 3) that for both compounds the ASR rate

constants in ethanol at the ambient temperature k0
r �

1010 sÿ1 and both the ef®ciency and the rate of ASR are

somewhat larger for the more ¯attened structure Ib
(Table 3).

Table 3

The kinetic characteristics of ARS (the rough estimation)

Cation Ethanol, 295 K Glycerine, 295 K

k0
r � 10ÿ10cÿ1 �0

r k0
r � 10ÿ8cÿ1 �0

r

Ia >5 0.38 1.1 ±

Ib >10 0.44 ± ±

Ic ± ± 1.0 ±

Ie ± ± 0.2 ±

Ig ± ± 0.3 ±

III ± ± 2.5 ±
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The attempt of direct ASR rate constant determination by

the ASS-¯uorescence rise time measurement with the

impulse method did not allow the exact results to be obtained

because of insuf®ciently high time resolution of the measur-

ing device. But the ®ndings obtained conform with the above

estimation (k0
r > 6�1010 sÿ1).

The empirical Eq. (2) also allows estimation of roughly

the kr value molecular structure dependence by utilization of

the viscous solvent at room temperature (kr < kd � kf �
1010 sÿ1) even when the model ¯attened structure could

not synthesized. Such an estimation can be conducted by the

expression (Eq. (3)) derived from (Eq. (2)):

kr � ��0
f ÿ��f

�f ���f

(3)

where ��0
f is the maximum Stokes shift in the low viscous

media when the ultimate structure is modeled well by the

¯attened structure VI and ��f is the maximum Stokes shift

in the viscous solvent (e.g. glycerine), � f � 1/(kd � kf) is the

¯uorescence lifetime which is supposed to depend slightly

on temperature and viscosity (as compared with kr). The

®ndings are provided in Table 3 for some N±CH3 cations.

One can see that kr is lesser (on the two order of magnitude)

in glycerine than in ethanol. Therefore, using the formula

(Eq. (3)) we can observe a marked decrease, or on the

contrary, the increase of kr with the introduction of the

donor substituents in the 2,6-aryl (the compounds Ie and

Ig) or by exception of the 4-aryl ring (compound III),

respectively (Table 3).

On the other hand, the ASR ¯uorescence quantum yields

of the cation I (�0
rf � �0

r � �0
f ) are steeply enhanced by the

inclusion of (OCH3) substituents in the 2,6-aryl rings (the

compounds Ie, If, Ig, Ih) (Table 2). Hence, the inclusion of

the bulky electron donor substituents (OCH3) leads to the

decrease of ASR ef®ciency (�0
r ) but increases strongly the

¯uorescence ef®ciency of the ¯attened structure (�0
f ) at the

expense of the radiationless rate decrease. The marked rise

of the � f (at 2±3 times) can be indicative of the latter. On the

other hand, the drastic fall of the ¯uorescence quantum yield

of the cation III may be explained by increase of the

radiationless deactivation rate in the ultimate ¯attened

structure (� f (III) / � f (I) � 0.5).

Therefore the ASS ¯uorescence quantum yield of the

cation I is conditioned mainly by the deactivation processes

in the ®nal ¯attened structure but they are not caused by the

ASR rate.

The additional quantum ± chemical and direct kinetic

investigation are necessary for the explanation and coordi-

nated interpretation of these experimental data.
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