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Abstract

The photophysical properties of a stilbazolium-like dyans-1-(N-methylpyrrol-2-yl)-2-N-methyl-4-pyridinium)-ethene iodide, in 20
solvents and its photochemistry were investigated. A division into two groups in the linear relation between the solvatochromic shifts
(absorption, fluorescence emission and corresponding Stokes shifts) and solvent polarity paitimeteobserved. The dipole moments
of fluorescence emission and twisted intramolecular charge-transfer state were estimated. The quantum yields of fluoresaesee and
cis photoisomerization change by almost two orders of magnitude. The rate constant of radiative decay is in the ofdd0bs 10
which is about one or two orders of magnitude less than that of the photochemistry decay, whereas the rate constant of the radiationless
decay is in the order of $810°s1. The nonlinear dependence and division into two groups which differs very much from that in the
above linear relation were also observed for the solvent polarity influences on the properties of the twisted intramolecular charge-transfer
state. The decay scheme from the excited singlet state was assigned as controlled by the equilibrium constant for interconversion between
the twisted and planar conformations, which differs from that of reported organic molecules, such as ordinary stilbazolium dyes, stilbene
derivatives, or rhodamine B, etc. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction (F-C) state, followed by relaxation tg*Etate, from which
they can decay to the ground state by fluorescence emis-
The very strong temperature, solvent polarity and sion ) or undergo a horizontal reaction to (i) thedtate
viscosity dependence on the photophysical properties ofwith rate constank; or (ii) the P* state with rate constant
stilbazolium dyes [1-5], which can be used as fluorescencekp. The molecules at the Istate can undergo either internal
indicators in neurons [6,7], have been usually discussed byconversion to the ground state (I) with rate constagtor
invoking single-bond twisting in the excited state towards a conversion back to Estate with rate constahp. The rate
“twisted intramolecular charge-transfer (TICT) state” [8,9] constant of the internal conversion dedqyfrom the E to
(called I state [3,5] hereafter) as the main decay process I* to | states, and then to ground staigcan be given by
of the excited state. As thé ktate, whose dipole moment the following:
is usually larger than that of the fluorescence emission state kicky
(called E state [3,5] hereafter), is lower in energy than the kI = ke + ko
E* state and the double-bond twisted excited state, e'g., P
state [3,5], S0, in general, it acts as the lowest excited stateBecause there is an interconversion process between the
[3,5]. twisted and planar conformations [9-12], so ki >
In general, a scheme for the decay kinetic model of stil- k2, the present decay rate constaqt which exhibits a
bazolium dyes can be given as Scheme 1 shows, whereely strong solvent viscosity dependence, is controlled
molecules are excited by a light to get the Franck—Condon by the rate constark, e.g., for stilbazolium dyes such
astrans-1-(4-di-n-butylaminobenzyl)-2-(4-butylsulfonate-
* Corresponding author. Tek:86-10-62639355: fax:86-10-62559373.  Pyridinium)-ethene [3]. While as a reverse case,df < k2,
E-mail addressdgzhang@infoc3.icas.ac.cn (C.-L. Zhan). the rate constarkj, which does exhibit the solvent viscosity
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F-C 2. Experimental section
AL E
i - D p* 2.1. Materials and solvents
1/’ :
r f'//’/k/ kP : Transisomer of compound was synthesized and puri-
| 2 k ! fied as follows. In a mixture of ethanol and water (with a
i ! - , volume ratio of 1:1), sodium hydroxide (Beijing Chemical
Lk +hy /! Factory of China) was used as a catalyst for the condensa-
‘ Ic E / tion of 4 N-dimethyl-pyridinium iodide [24] andN-methyl
I—\\ | /! pyrrole-2-carbonaldehyde (Fluka). The melting point of the
;—’ crystalline-product after recrystallizing from the mixture of

ethanol and water was 256.2-256C3 The product was

Scheme 1. A reaction scheme of singlet state for a typical stilbazolium identified by its'H-NMR spectrum and elemental analysis

dye. [25]. 9,10-Diphenylanthracence (EGA) and rhodamine B

(Beijing Chao-Yang Xi-Hui Hua-Gong Chang of China)

independence, is controlled by the equilibrium constant for \were used as received.

interconversion between the twisted and planar conforma- Al of the analytical grade solvents used in this work

tions, e.g., for rhodamine B [12]. were purchased from Beijing Chemical Factory of China,
The solvent polarity parametéh' [13] or E(30) [13,14]  and distilled before use on the pertinent inorganic salts

scales] which were derived from the spectral shift of pyri-  to collect the middle fractions [26]. Deionized water was
dinium N-phenolate betaine [14] (called standard dye here- sed.

after) (see below), was usually used for describing the overall
solvent polarity influences on the photophysical properties 2.2. Apparatus and procedures
of organic molecules [10,15-19], although Fromherz et al.
use the concept of the Born free energy [20,21] to estimate The corrected emission spectra were recorded on a Hi-
the change of equilibrated solvation energy up to the tran- tachi 850 fluorescence spectrophotometer. Quantum yields
sition state, based on an assumption that the solvation shelbf fluorescencep; were determined on a Hitachi F-4500
follows the diffusion along the reaction coordinate [3,22].  fluorescence spectrophotometer with rhodaming®" =

0.5) [27] in high purified nitrogen-saturated ethanol af25

O as standard and the same absorbanckgeat = 450 nm,

typically 0.1-0.5. A correction aps for the refractive index
\~ P 7 __\*—Q—’o of the solvents did not seem necessary in view of the mag-
nitude of this effect relative to that of the change in solvent

O polarity. In nonpolar solvents wheiteans — cis photoi-

somerization could contribute, the samples were irradiated

In this paper, we will use theETN—scaIe to describe for the shortest periods possible (the conversion is less than

the photophysical properties of a stilbazolium-like dye: 10%). The quantum yields of fluorescence were determined
trans-1-(N-methylpyrrol-2-yl)-2-N-methyl-4-pyridinium)- as a function of temperature from 25 to QD if possible.

ethene iodide (called compouridhereafter) (see below), Corrections were made for the temperature dependence of
which was first reported for the application in the field of the extinction coefficient. The effect of oxygen ¢n (less

optoelectronics [23]. than 10%) was negligible, so the air-saturated solutions of
the sample were used. The estimated errors were all below
?H 3 10% for the quantum yields of fluorescence.
C]'—C -H The quenching of the quantum yield of fluorescence was
N¢ _@,\]vc Hy I performed as follows. To a 1§ M solution of compound
; . o .
H 1 in acetonitrile, small volumes of a I®M solution of

. _ ~_ 9,10-diphenylanthracence in acetonitrile were added.

The solvent influences on the photophysical properties, in  The lifetimes s were measured on a HORIBA
particular, on the properties of the state of compound NAES-1100 time-resolved fluorescence spectrophotometer
have been investigated in detail. with a response width of 200 ps. The excitation light with

a wavelength at. = 450 nm was obtained by a monochro-
1The values of EY are calculated fromEr(30) values which are matic slice from a high-pressure hydrogen lamp with emis-
the transition energies from the ground to F-C states of the stan- sion wavelengths in the UV-Vis region. The fluorescence
dard dye solutions in different solvents through the relatiBl = detected at about 520 hi d. 1so b h
[E+(305% — Er(30)MS]/(E7(30)" — Er(30™S) with Er(30) — was detected at abou nm achieved also by a monochro-
hcNava = 2.859x 10-3u5%(cm~1) = 28591/A%(nm), here TMS is tetram- matic slice. The measured decay curves can be reasonably
ethylsilane,N is Avogadro constant (e.g., see, [13]). well fitted by the iterative deconvolution method using a
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single-exponential model. The estimated errors were all
below 15% for the lifetime.

The absorption spectra of solutions of ttiansisomer
were measured similarly on a Hitachi 557 UV-Vis spec-
trophotometer. For measurements of quantum yields of
the trans — cis photoisomerization ¢tc), a 117W
iodine—tungsten lamp was used with a emission wavelength
ranging from 400 to 650 nm which almost coincides with
the absorption band of compouddThe quantum flux was
measured by using 4-nitrd~gN,N-dimethylamino)stilbene
in high purified nitrogen-saturated cyclohexangrd =
0.28, the position of the photostationary state is 70% for
cis-isomer) [18]. All of the solutions (typical concentration
10-°>M) were air-saturated, and the procedure for deter-
mination of the values optc was the same as described
elsewhere [3]. Because only thransisomer was used, the
extinction coefficients for theis-isomersc were measured
by using the Fischer method [28]. The errors¢at; were
estimated belowt20%.

3. Calculations

The standard AM1 method (Austin model 1, Hamilton of
the MOPACG6.0 program [29]) was used for the calculations
of the ground and excited state dipole moments, the bond

length, the angles, the twist angles between the planes of

the donor or acceptor rings and the ethenyl group, and the
charge distribution in the excited state. The keywords of
GEO-OK, CHARGE= 1, DIPOLE, PRECISE, C& (8, 6),
SINGLET, EXCITED were used. Note that the keyword
of ClI = (8, 6) was selected by considering six occupied
w-type molecular orbits (MOs) for 1Z-electrons and two
unoccupied MOs in a molecule of compouhdGEO-OK
was used to override interatomic distance check.

4. Results and discussion
4.1. Fluorescence and absorption spectra
The UV-Vis absorption, fluorescence excitation and

emission spectra for compourntl in dimethyl sulfoxide
(DMSO) at room temperature are shown in Fig. 1. We

can see that the fluorescence excitation and the absorption

spectra coincide nearly. Similar results are found in the
other solvents. Fig. 2 shows plots of the solvatochromic

shifts (absorption, fluorescence emission maxima and corre-

sponding Stokes shifts) versnEé\r‘ (Table 1) in 20 solvents,
from which we can see that all of the experimental points
are divided into two groups and may be fitted to form two
nearly parallel lines. Their linear regression data are listed
in Table 2. The solvents in groupl are of n- orw-types
solvents withi represents the absorption (1), fluorescence
emission (2) and corresponding Stokes shift (3). The rest
of solvents belonging to group2 are of alkane chlorides
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Fig. 1. Absorption (—), fluorescence excitation -j and corresponding
emission spectra () in DMSO.

and protic solvents. Obviously, the fluorescence emission
is lightly dependent of the solvent polarity while the ab-
sorption and Stokes shifts do largely. The bluest-shift in
chloroform atax = 518 nm (19305cm?), and the reddest
in DMSO and acetonitrile with. = 526 nm (19011 cm?)
are observed. In other words, the fluorescence emission is
slightly red-shifted with increasing solvent polarity, indi-
cating that the dipole moment of‘Etate is very small.

The above results suggest that a similar Jablonski diagram
depicted in Fig. 3 adequately describes the events which
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Fig. 2. Plots of linear relationships between the solvatochromic shifts and
the solvent polarity paramete]’TN. The signals 1-1 and 1-2 represent two
groups for absorption, 2-1 and 2-2 are two groups for fluorescence, 3-1
and 3-2 are two groups for the corresponding Stokes shifts, respectively.
The number codes of the solvents are given in Table 1.

Solvent Polarity

Fig. 3. Energy level diagram for intramolecular charge-transfer states of
compoundl.
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Table 1

Solvent polarity parameters, solvent viscosity fluorescence quantum vyields, the rate constant of radiationless deday, Arrhenius energiegy
(kJ/mol), Arrhenius intercepts, and free energy gap betweeard [ statesAG% (kJ/molyp

Number  Solvent EN BK Af n o ke (571 Ey (kI/mol)  InAy  AGY In Acorr
(kJ/mol)

1 Chloroform 0.259 0.378 0.565 0.542 0.00005 13.15 7.6 26.2 11.7 26.3
2 2-Butanone 0.309 0.624 0.73 0.378 0.0022 5.68 9.7 26.3 12.1 26.3
3 Acetone 0.355 0.796 0.868 0.303 0.0029 4.29 11.8 26.9 13.6 26.9
4 Butanenitrile 0.383 0.778 0.865 0.567 0.0035 3.55 12.0 25.8 13.3 25.8
5 DMF 0.404 0.836 0.922 0.802 0.0043 291 10.9 26.1 11.9 26.1
6 DMSO 0.444 0.844 0.941 1.991 0.0054 231 12.6 26.6 13.2 26.6
7 Acetonitrile 0.460 0.863 0.924 0.345 0.0046 2.71 11.6 26.4 11.9 26.4
8 1-Butanol 0.586 0.751 0.768 2.571 0.0043 291 12.5 26.7 12.5 26.6
9 Acetic acid 0.648 0.496 0.632 1.131 0.0046 2.71 13.1 26.9 13.5 26.9
10 Ethanol 0.654 0.819 0.892 1.678 0.004 3.12 12.1 26.7 12.7 26.7
11 Formic acid 0.728 0.886 0.950 1.966 0.003 4.17 - - - -

12 Methanol 0.752 0.850 0.910 0.547 0.0027 4.60 12.0 26.6 14.5 26.7
13 Cyclohexanone 0.281 0.738 0.852 2.109 0.0056 2.22 12.6 26.5 14.6 26.4
14 Dichloromethane 0.327 0.596 0.759 0.422 0.007 1.78 10.7 25.5 12.7 255
15 1,2-Dichloroethane 0.327 0.767 0.854 0.805 0.0074 1.68 12.4 26.2 13.7 26.1
16 T-Butylalcohol 0.389 0.689 0.793 4.438 0.011 1.12 14.0 26.2 14.9 26.2
17 I-Amylalcohol 0.565 0.739 0.739 3.738 0.017 0.72 14.7 26.3 14.6 26.3
18 Ethyleneglycol 0.790 0.838 0.880 16.79 0.0087 1.43 14.2 26.7 15.4 26.7
19 Formamide 0.799 0.893 0.973 3.302 0.007 1.78 14.7 27.3 16.1 27.8
20 Water 1.000 0.917 0.963 0.89 0.0026 4.84 11.7 26.9 16.7 26.9

2The relative error of the quantum vyield is about 10%. The kqteof radiationless decay are obtained iag = k| + kp = kaV (¢>{1 — 1) with
kﬁv = 0.0125ns1. Apparent Arrhenius energy and preexponential factoky describe the temperature-dependent quantum yield of fluorescence as
kY (¢t — 1) = Aoexp(—Ev/RT). The values of the viscosity are from [3,13].

Table 2

Solvatochromic interceptsy-; (in the unit of crrrllE’T\‘), slopesn,-; (in the unit of crrfllE’T\‘), the relative linear coefficientg?, and the dipole moments
w (D) for compoundl (the Onsager parametay, is taken as 6.4 &)

Va Vf Va — Vf

mi-ja ni-ja R mi- jf ni- j R mi-js Ni-js R
E-’F‘ (i-1) 22076+ 162 1973+ 422 0.902 1924%F 63 —507+ 170 —0.748 2915+ 495 2292+ 495 0.900
E-’F‘ (i-2) 211064+ 168 2224+ 263 0.931 19394 55 —319+ 81 —0.794 1828+ 162 2384+ 254 0.943
(D) - 9.2 . - 15 . . 7.8 -

aj represents absorption (1), fluorescence emission (2) and corresponding Stokes shiftg (@peaesknts groups 1 and 2 for each of solvatochromic
shifts.

occur upon photoexcitation of compoumdin which the § In order to take into account the polarization effects on
state represents the E and | states shown in Scheme 1. Théhe E* state, a plot of the Stokes shiftsa(— vi) versus
lines labeled by § E*, and I represent the & E* and F another solvent polarity parameter BK (Table 1) according
states both in group-1 (upper line) and in group-2 sol- to Eq. (3) yields an intercepts = 1330 cnt?, and a slope

vents (lower line), respectively. The transition energy from ns = 2799 cnt1/BK with a linear correlation coefficient of

the S to F—C states linearly increase, while the emission en- R? = 0.740.

ergy linearly decreases with increasifg'. Based on such | 2

analysis, we can rationally assume that the energy difference sol _  sol _  gas_ ga He — Ug

AEqg of the I and | states shown in Scheme 1 linearly de- v = 02— hcad, BK 3)

creases with increasing, and can be also fitted to form

two nearly parallel lines described by Eq. (2) with a positive Here, BK is defined by BK= [L(s;) — L(n?]/[(1 —

k-value (Fig. 3). L(e)(1 — L(n®?)], whereL(e;) andL(n?) are defined by

AE1o= AE — kEN 2) L(x) = 2(x — 1)/(2x + 1) with x = er, n?, whereer andn
are the bulk static relative permittivity and refractive index

Here,AEg’0 is an intercept, representing the energy gap be- of the solvent, respectively [30], andis the wavenumber

tween I and | states in a certain solvent witt! = 0.« is of absorption maximum of the electronic transition of the

a slope. solute in solution (sol), in gas phase (gas), in absorption (a)
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and in fluorescence (f), respectivelyy andue are the dipole
moments of the ground and excited states, respectitely,
the Planck constant, arwthe speed of light in vacuum.
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Table 4
The quantum vyield of fluorescenes, the lifetime z; and the rate of

radiationk; in 12 solventd

As Rettig and co-workers [19] suggested, it is obtained Solvent ¢t 7t (n9 ke (x107s71)
that there are similar values of slopes for the correlation of cyciohexanone 0.0056 0.353 159
Stokes shifts againsEl and BK values. This means that  Dichloromethane 0.0070 0.438 1.60
we could calculate the difference of the ground and ex- 1.2-Dichloroethane 0.0074 0.427 1.73
cited states dipole moments, Agteq = 7.8 D by using the =~ 2-Butanone 0.0022 0.341 0.65
average ofns-1s and nz-2s with the Onsager radiusy, = Acetone 0.0029 0.299 0.97

Butanenitrile 0.0035 0.348 1.01

(118 x 6.7 x 3.4)1/3 = 6.4 angstrom, where 11.8 angstrom pue 0.0043 0.355 1.21
is the molecular length, 6.7 angstrom the width (from the pmso 0.0054 0.330 1.64
two opposite hydrogen of the pyridinio groups), and 3.4 Acetonitrile 0.0046 0.281 1.64
angstrom the thickness (the van der Waaisloud of the ~ Ethanol 0.0040 0.323 1.24
. : . Methanol 0.0027 0.282 0.96
pyridinio group) [19], because a much higher linear corre- Water 0.0026 0.286 0.91

lation coefficient between Stokes shifts aBill is found.

150 = constant- <ﬁ>
| |
(4)

Based on Eq. (4) [31] which is usually used to correlate
the relation between the fluorescence wavenumbeof
the stilbene derivatives [32,33] and solvent polarity, a lin-
ear plot (not shown) of; versus another solvent polarity
parameter\f = (¢r — 1)/(er + 2) (Table 1) also yields two
lines with interceptsn; = 19447 andn; = 19591 cnr?,
slopesn; = 449 and; = 483 cnTY/Af, and linear correla-
tion coefficientsk? = 0.880 andR? = 0.914, respectively.

(e — g)te(er—1) 1 (ne— ug)*(n®—1)
e+ 2 2 n2 42

aThe relative errors of the quantum yields are all below 10%. The
relative errors of the lifetimes are below 15%.

yields a ground-state dipole momeng = 9.3 D which is
very close to a calculated valugd = 8.3 D). Another the
dipole moment of the excited state is obtained as 4.6 D from
the calculation using MOPAC program, which is assigned
as the dipole moments of twisted excited state, implied by
the twist angles 0#; = 17.1° (between the donor and the
ethenyl planes labeled by 5-6-7-8 shown in Table 3), and
6, = —12.3° (between the acceptor and the ethenyl planes
labeled by 7-8-9-10 shown in Table 3). Note that the negative
sign off, indicates that the direction 6% is opposite to that

of 61. Therefore, the value of 1.5D is assigned as the dipole
moment of the E state. The twist angles are calculated as
01 = —0.04° and6, = 1.34° for the molecules in ground

. : tate
We can also see that there are similar values of intercepts

and slopes for the correlations of against both£Y and
Af, meaning that the value gfe can be calculated using
the values ofnp-1f and ny-»¢, but because there is a better
linear relationship betweery and Af, so the value ofie is
estimated as 1.5D by using the averageodndn; . Note
that the term ®(n? — 1)/ (n? + 2) ~ 0.12 is approximately
constant for the solvents employed.

The summary of data calculated using MOPAC program is
shown in Table 3. The sum pfe = 1.5D andA jteg= 7.8 D

Table 3
Summary of data from calculations using MOPAC progtam

The ground state The' Istate
wu (D) 8.3 4.6
01 (%) —0.04 17.1
02 (°) 1.34 -12.3

a9, is the dihedral angle between the planes of pyrrole ring and
ethenyl presented by the twist angle of four atoms labeled by 5-6-7-8,
and#; is that between ethenyl and pyridinium ring also presented by four
atoms labeled by 7-8-9-10. The number codes of atoms are shown in
CHjy

N\ -
10

4.2. Quantum yield of fluorescence, lifetime
and radiative rate constant

We have measured the quantum yields of the fluorescence
¢t and the lifetimeg; (Table 4) in 12 solvents. We can see
that the values aps are in the order of 10°, and that ofry
are in the order of 19ps. The radiative rate constamgsare
calculated fromgs and ¢ according to Eq. (5) and listed
in Table 4, from which we can see that the valueoin
12 solvents range from 0.65 to7B x 10’ s~%, and change
by almost one order of magnitude. The averaﬁé of ks is
1.25x 10’st and

b

T

ks

(5)

4.3. Photochemistry

We have measured the ratio of the quantum vyields of the
trans — cis andcis — trans photoisomerizatio®tc/¢ct
and the quantum yields of theans — cis photoisomeriza-
tion ¢1c (Table 5) in seven solvents. Then, we calculpde
from ¢1c andgtc/ocT in seven solvents (Table 5). We can
see that the values @frc change by almost three orders
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Table 5

Molar fractionXt of the transisomer of compound in the photostation-
ary state at 25C, ratio ¢tc/¢ct of the quantum yields ofrans — cis

and cis — trans photoisomerization from measurements in the photosta-
tionary state, individual quantum yields,c and¢ct of trans— cis and
cis — trans photoisomerization from kinetic data akgl (see Scheme 1)

Solvents Xt ¢1clpct  d1C et ke (ns7Y)
Chloroform 0.52 0.18 0.12 0.67 4.8
Dichloromethane 0.56 0.16 0.10 0.63 0.48
1,2-Dichloroethane  0.76  0.063 0.040 0.63 0.18
Acetone 0.55 0.16 0.10 0.63 1.2
DMSO 0.94 0.012 0.0076 0.63 0.48
Ethyleneglycol 0.85 0.034 0.020 0.59 0.07
Water 0.98 0.0045 0.0027 061 0.33

2The relative errors are below 20%. The valuespef are calculated
from the ratiogtc/dct and fromerc. Their errors are around 50%.

of magnitude. The rate constar¥s of the horizontal tran-
sition to the P state are calculated froifirc, ¢cT, and¢s
according to Eqg. (6) [3] and are also listed in Table 5, from
which we can see that the valueskpfare in the range from
0.07 to 4.8nst, changing by almost three orders of mag-
nitude. Thekp in chloroform and acetone which possess a
relatively small viscosity is in the order of nsand that in
ethylene glycol which bears large viscosity is in the order
of 10~2ns™1, showing the viscosity dependence. It must be

and Photobiology A: Chemistry 147 (2002) 93-101

constantksy = 37 M1 (RZ = 0.990). The Stern—\Volmer
constants in the order of 3~ are usual for the quench-
ing of excited singlet states, indicating that the intersystem
crossing could be ruled out as an important process of decay
from the fluorescence state [3,34].

4.5. Internal conversion decay

We have measured the quantum yields of fluorescence in
20 solvents (Table 1). Each rate constant of radiationless
decaykyr includingke andk is calculated fronkf" andes
according to Eq. (7) and are listed in Table 1, from which we
can see that the values kf; change by almost two orders
of magnitude:
k= ki +kp = kY (¢ — 1) (7)
Because the values &b are almost one order of magnitude
less than that df,, indicating that the solvent dependence of
ke may be negligible compared to thatlef, so the solvent
dependence df,, can be rationally assumed as controlled
mainly by that ofk,. Therefore, we havé, = k.

A plot of ¢4 versusE#' (not shown) shows that; exhibits
a strong dependence on the solvent polarity and all solvents
are divided into two groups, in whic increases initially

noted that there could be other factors besides the solventwith increasingEY, then turns over at higie}.

viscosity influenced on th& by taking into account the
large difference of the values &f in dichloromethane and
chloroform whose viscosities are nearly the same:

ko = ke {¢Tc/(1 — écT) }

6
p” (6)
4.4. Intersystem crossing

We have measured the quenching of the relative quantum
yield of fluorescenceé¢f°/¢f) by 9,10-diphenylanthracene.
The data are shown in Fig. 4. They are described by a
Stern—Volmer relati0ﬂ>f0/¢f = 14 KsvyCq. The quenching

1.6

1.4

o0,

1.2

1.0

" 1 1 1 n 1 " 1 1 L
0.000 0.003 0.006 0.009 0.012 0.015 0.018
Co/M

Fig. 4. Plots of relative reciprocal quantum vyield of fluorescemﬁﬁpf
versus concentratio@q of 9,10-diphenylanthracene. The line is drawn
for a Stern—Volmer constark gy = 37 M1,

Fig. 5 shows a plot of the logarithm of the rate con-
stants of radiationless decay,Kp (Table 1) againstEY,
from which we can see that the values okjlp also ex-
hibit a strong dependence on the solvent polarity and all
solvents are also divided into two groups labeled by I and II
with the same divisions as that in the ploteaf versuseY.

In each group, the values of ky, decrease initially with
increasingEY, after getting its minimum in whicleY is
about 0.56, it then increase. The best fitting these data using
Eq. (8) yields an intercep)rlﬁr = 2.17 (+£0.2) ns ' for group

I and 0.88 £-0.08) ns'* for group Il, with an amplitude3 =

20.0 (£1.9) for group | and 10.141.1) for group Il and a

Fig. 5. Plots of logarithm of the rate constdqt of radiationless decay at
25°C vs. the solvent polarity paramet&® for 20 solvents. The number
codes of the solvents are given in Table 1. The solid curves are the best
fits.
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Fig. 6. Plots of the logarithm of the rate consté&pt of radiationless decay vs. the reciprocal of temperatuRT 1or group | solvents (a) and for group
Il solvents (b). The number codes of the solvents are given in Table 1. The Arrehnius erfgrgiesl the preexponential factofg as obtained from
the straight lines are given in Table 1.

center €Y, = 0.54) (&0.006) for group | and 0.580.01) ter (EY,) = 0.57 (£0.02) for group | and 0.65%0.02) for
for group Il, respectively. group Il

IN(knr) = In(kS,) + BIEY — (EY )] (8) Ey = EQ + BIEY — (E¥ )12 (10)

We can also see from Fig. 5 that the division of the sol-  Note that two the values @#/RT (20.5 and 11.1 af’ =
vents differs very much from that in the plots of the solva- 298 K) are very close to the corresponding valueB &fom
tochromic shifts againsETN. This fact indicates that there Eq. (8) within the experimental errors, while that(<ETN0)’
is another important factor besides the solvent polarity to are relatively larger tha&},.
influence the process from theé b I* states.

4.7. The rate constant of internal conversion decay
4.6. Arrhenius energies
As discussed in Section 1, the decay reaction for stil-

We have measured the quantum yields of fluorescence inbazolium dyes fits the extreme cdse > k. But for com-
19 solvents except formic acid (because other reactions arepound1, we assume that the decay scheme coincides with
observed for compound in formic acid, so the solvent is  another extreme case, efg < k2, based on the following
omitted) as a function of temperature from 25 to°80if fact that a plot of the logarithms d&,, against the solvent
possible. The data are shown in Fig. 6. They are describedviscosity according té&n, = C(1/n)* gives outx = —0.28
by Eg. (9), the Arrhenius intercegto and the Arrhenius  (with C = 1.78 ns'!, R2 = 0.52, N = 19 except that in
energyEy are also listed in Table 1. Fig. 6a shows plots chloroform) (not shown). This value of is close to that
of the logarithm ofky, at different temperatures against the for rhodamine B(x = —0.38) [12], but very much smaller
reciprocal ofRTin group | solvents, and Fig. 6b shows that
in group Il solvents, her® is the gas constant.

18 — : : . :

In knr = IN[KEY (¢t — 1] = In Ag — Ev (9) 16} -

RT o

From Table 1, we can see that the Arrhenius enefgies -

exhibit a strong solvent dependence, while the Arrhenius © '2r ]
) . g | ]
interceptAq shows a very slight dependence on solvent po- = 10
larity. The average of IAg is 26.6. A plot of the values of < 5l ]
Ev versusETN shown in Fig. 7 shows a similar nonlinear w N 1
relation and division to those in Fig. 5. The difference to
the relation shown in Fig. 5 is that a maximum, not a mini- 42 o4 0.6 08 1o
mum, at a certain polarity is observed for each group. Best EN
fits the data in Fig. 7 using Eqg. (10) yield an intercE@t: T
131 (:|:0.3)_ kJ/mol for group | and 15.10.8) kJ/mol for Fig. 7. Plots of the Arrhenius energies in groups | and Il solvents in the
group II, with an amplituded = —50.9 (+10.9) kd/mol for region of 25-80C vs. EN. The number codes of the solvents are given

group | and—27.5 @&8.6) kd/mol for group Il and a cen- in Table 1. The solid curves are the best fits.
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than that for common TICT compounds shown in [9] with
0.5 < x < 1. Therefore, Eg. (1) can be converted to

kick
j = fcks
k2

Here, K12 is the equilibrium constant for interconversion
between the E and [ states. So the temperature depen-
dence ofk; is determined by the temperature dependence
of k¢ and Ki2. In general, the temperature dependence
of the internal conversion and intersystem crossing should
not follow a simple Arrhenius type law, and the internal
conversion probability mainly reveals an exponential de-
pendence on the energy gap between thend | states and

a weak dependence on temperature [12,35,36]kgocan

be expressed in terms of the energy gap law.

kic = Aic exp(—AE10)

= kicK12 (12)

(12)

Here, Ac is the preexponential factor. So the linear Ar-
rhenius behavior ok, is mainly due to the temperature
dependence df12:

Here, A;; is the preexponential factonGg) is Gibbs free
energy difference of the*Eand [ states. In this case, we
have Eyv = AGg andEJ = AGY,, hereAGY, represents
the Gibbs free energy difference of thé& Bnd [ states
in the solvents with a polarityE'T\‘o)’. The positive value
indicates that the*Istate is higher than the*Etate in free
energy [12]. The polarity dependencelgf is the product
of the polarity dependence &E;p and AGg,. Eq. (14) can
be deduced using Egs. (2) and (10)—(13) as follows. First,
the AEjpin Eq. (12) is replaced by the right side of Eq. (2),
and theAGg in Eqg. (13) is also replaced by the right side of

AGE
RT

K12 = A1 exp(— (13)

Eq. (10). Then, the resulted Egs. (12) and (13) are taken into

Eqg. (11) to yield Eq. (14) by combining the common terms.
ki = Aexp{— ( d ) [EY — @+ g)(ETNo)/]Z}

RT

Here, the preexponential factdr= AjcA12 exp{—AE?0 —
(AGR)/RT+Bg(g+2)(EY))?/RT), g = kRT/[2B(EYy)'].
Comparison of Egs. (14) and (8) gives that = &9,
—B/RT = B, and (1 + g)(EY,)’ = EY, under the con-
dition of knr = k. The value ofk; can be calculated as
k1 = 1.2kJ/molEY based on the known values@?,); =
0.57, (1 + g1)(EYy)}, = 054, andp1 = —50.9 for the
solvent in group |, and; = 1.6 kJ/moIETN according to
(EY)), = 0.65, (1 + g2)(EN,), = 0.58, andp, = —27.5

for the solvent in group Il. We can see that the twwalues
are very close within the experimental errors, supporting
that kic < k2. Additionally, the dipole moment of the |
state can be estimated /ag = 6.4 D by taking both values
of Kk = 0.5 (k1 + k2) = 1.4 (117cmY) andul = 46D
(Table 3) into the relatiom = 2(ug — g ue/hcay. Both
values ofu'g andpug are very close to each other. This also

(14)
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indicates the case dfic <« k2. The k,, corrected for the
solvent polarity,keorr, can be given from Eq. (14) by the
division of kn, by term of expB[EN — (EN )12}

} (15)

Here, Acorr is preexponential factor. Because the term
Bg(g + 2)(EN,)'? is very small, e.g., it is 1.75kJ/mol for
group | and 2.70 kJ/mol for group Il, so the slope of the lin-
ear Arrhenius relation between tkg,r and 1RTis mainly
determined b)AGgI according to Eqg. (15). The resulted in-
tercepts and slopes are listed in Table 1. We can also see from
Table 1 that: (a) both of the intercepts and slopes do exhibit a
very slight solvent polarity dependence and (b) the values of
Acorr are very close to that @, while the values of the slope
AGY, are nearly equal to that dfJ of Eq. (10) for groups
I and Il, respectively, within the experimental errors. Both
of these also coincide with the extreme caséef< k.
Otherwise, very difference is observed from comparisons
of either the correlation or divisions in the plots of the
solvatochromic shifts versug} with those in the plots of
either ¢¢ or Ink,, or Ev versusE'T\‘. This fact indicates
that there is another important factor besides solvent po-
larity, e.g., due to twist of molecule in excited state, to
influence the process from*Ho I* states. Note that the
division of solvents in the linear relationship afE;g with
EY is rationally assumed to be difference from that in the
linear relationship of the solvatochromic shifts witt}Y,
but be similar to that in the nonlinear relationship of other
photophysical properties such &g or Ink,,, or Ey with
EN because of the occurrence of molecular twisting before
molecules undergo the transition from tietd | states.

B

keorr = knr exp{ (ﬁ) [E'|'>l - (E’T\Io)]z}

AGY, — Bg(g +2(EN )
RT

= Acorr €Xp { -

5. Conclusions

The solvatochromic shifts of compourdshow a linear
relation with increasingE-'F', in which all solvents are di-
vided into two groups, one includes n- andype solvents,
the other involves alkane chloride and HBD solvents. The
dipole moment of the fluorescence emission and twisted in-
tramolecular charge transfer states were estimated.

The logarithm of the rate constants of radiationless decay
of compoundL exhibit a solvent polarity modulation, but are
independent on the solvent viscosity. The solvent polarity
influences exhibit a nonlinear relation in which all solvents
are also divided into two groups, but the division differs very
much from that in the linear relation between solvatochromic
shifts andEY.

The reaction scheme of decay from the excited singlet
state is controlled by the equilibrium constant for intercon-
version between the twisted and planar conformations.
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