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Abstract

Absorption and fluorescence specira of Indazole (In) in five solvznts and those of 5-amino, 6-amino, and 7-aminoindazoles (5-AI 6-Af,
7-Al) in thirteen solvents have been studied. Using the multiparametric approach of Taft et al., spectral characteristics of these molecules
have been analysed on the basis of electrostatic effects, hydrogen bond donor ability and hydrogen bond accepting ability of the solvents. In
the excited singlet state, all three effects are nearly equally prominent, whereas in the ground state 5-Al acts as a better hydrogen bond accepior
than the other amines. Stokes shifts and the difference between the radiative decay constants determined experimentally and using Strickler
and Berg's cquation indicate different geometries of the amines in the 8, and §, states. A decrease in the non-radiative decay constants of 3-
Al and 6-Al with an increase in the polarity of the solvents predict better planar geametry in the S, state in comparison to that in the 5, state.
Semi-empirical quantum mechanical calculations have been used to find the nature of transitions, total atomic charges at the basic centres and

dipole moments of all the aromatic amines in the S, and S, states. Resulis so obtained are compared 22d discussed.

Science S.A,

© 1997 Elsevier

Keywarrds: Absorpticn spectra of indazole: Fluorescence spectr. Ground and excited state

1. Introduction

Three characteristics of fluorescence spectroscopy have
been widely used to explore the fundamental phenomena of
photophysics [1,2], properties of macro and biologically
active molecules [3-5], and the utility of the fluorophore as
a photosensitizer [6]. These are solvatochromism [1,7-9],
FAuorescence quenching { 1,10], and the energy transfer proc-
ess [6]. The solvatochromic effect has been widely used to
find the nature and the polarity at the various sites of biolog-
ically active molecules besides determining the change in
dipele moment on excitation and the nature of interactions
between the fluorophore and environments.

In the last few years, our main emphasis has been to study
the effect of solvents of different polarity [ 11-13] and acid/
base concentrations on the spectral characteristics of different
fluorophores so that they can be used as probe molecules.
The present study describes the effect of different kinds of
solvents on the spectral properties of In, 5-Al, 6-Al, and 7-
Al Various polarity scales have been used to calculate the
cxcited state dipole moments. Semi-empirical quantum
mechanical calculations were carried out on these malecules
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1o find cut the dipole moments, nature of transitions, and the
total atomic charges at the basic canires in the S, and S,
states. Change in dipole moments upon excitation, calculated
theoretically and ecxperimentally, are compared and
discussed.

2. Mzterials and methods

In, 5-Al, and 6-Al were procured from Aldrich Chemical
company UK, whereas 7-Al was obtained from K&K Labo-
ratories. Each compound was further purified as desciibed
earlier [ 14-17]. Cyclohexane (SD Fine), dioxane, acetoni-
trile, and methanol {E. Merck) and eiher (Allembic) were
further purified as described in the fiterature [18]. All other
solvents were either of AnalR grade or spectroscopic grade
and thus were used as received. Triply distilled water was
used for aqueous solutions.

The absorption spectra were recorded on a Shimadzu spec-
trophotometer model UV 199, equipped with chart recorder
mode! U135. Fluorescence spectra were recorded on a scan--
ning spectrofiuorometer fabricated in our laboratory, details
of which are available elsewhere [19]. The concentrations
of the test solutions were 2 X 10~ M. Spectral measurcments.
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Fig. |. Charge densities in the ground and excited singlet state ( parenthesis) at each atom.

were made immediately after the preparation of the solutions.
Fluorescence spectra were corrected according to the method
of Parker {20]. Fluorescence quantum yields were deter-
mined with solutions having absorbance less than 0.1 and
using quinine sulphate in 0.1 N H,S0, as a reference 121}
(¢, =055). Excited state lifetimes were measured on a
time-correlated single photon counting nancsecond spectro-
fluorometer, supplicd by Applied Photophysics Limited.
Details are available in our recent paper {22].

The pemodel 2 program [23] was used to find the starting
geometry of each molecule. This program enables us to draw
the structuse, optimize roughly the geometry usir:g the MM2
force field and generate the corresponding coordinates. The
ground state geometries of all the molecules were then opti-
mized using the AM1 method [24] { mopac , QCPE program
No. 455, version 4.0) on a HP 9000/750, Super mini com-
puter using the above-mentioned coordinates. The ground
state dipole moment (u.,), total energy and charge densities
ai cach basic atom have been calculated. The transitionenergy
AE,.. ;, corresponding to the excitation of an electron from
the orbital ¢, (occupied in the ground state) to ¢; (unoceu-
pied in the ground state) have been calculated using CNDO/
S-CI calculations [25]. The excited state geometries of all
the amines were also optimized using AM 1 method by taking
into account the coafiguration interaction calculations on 100,
400 and 1225 configurations (Cl=5, 6 and 7 in MOPAC).
The geometries of all the amines were fully optimized for
C1=5 and 6, whereas, for CI=7, only 5-Al was satisfying
all the tests. As there is not much difference between the
results obtained using CI=6and C1=7 for 5-Al, we assumed
that the results obtained for 6-Al and 7-Al will not be far
from the true values, even though these molecules are not
fully optimized for C1=7. The total atomic charges at each
basic centres and the dipole moments in S, and S, states are
compiled in Fig. 1 and the data show that there are not many
differences between theresulis obtained forCI=6and Cl1=7.

3. Results and discassion
3.1. Absorption spectrum

The experimental (recorded in cyclohexane) and calcu-
lated transition wavelengths of different molecules along with
oscillator strengths are compiled in Table 1. Agreeing with
earlier results [ 14], the first two absorption bands of In are
nicely structured in all solvents, with the vibrational frequen-
cies of 770420 cm ™ ! for the first band and 1100+ 50em ™'
for the second band respectively. On the other hand, the
absorption spectra of 5-Al and 7-Al are structureless and
broad, whereas that of 6-Al is broad in comparison to In but
possesses some structure in comparison to 5-Al and 7-Al

All the transitions predicted by theory are a7 — 7" in nature.
This is supported by the large values of the extinction coef-
ficients (> 10° mol ™' 1 cm ") and fluorescence quantum
yield, The results agree with the values reported on indazole
moiety {26]. The agreement between the experimental and
theoretical values are quite good (maximum discrepancy is
of ~ 1000 ¢cm " ', except in the third band of 6-Al where it is

Table I

Absorption band maxima (A,,) in cyclohexane and calculated by CNDO/
$-Cl method and the oscillator strengths of In, 5-Al, 6-Al, and 7-Al

Molecule As (MM) Oscillator Strength
Exml Theor

Indazote 204 296 0.011
256 254 0091

5-Aminoindazole 326 313 0.031
254 257 0.013

6-Aminoindazole 296 s 0012
274 275 0.026
35 266 0.162

7-Amincindazole 29 306 0.018
256 257 0.093




S.K.Saha, $.K Dogra/ Journal of Photochemistry and Phoiobiology A: Chemistry 110 (1997} 257-266 B9

Table 2

Contribution of various molecular orbitals in the longest wavclength singlet transition and their localization

Compound Transition Configuration Composition MO Localization
(nm) (%)
Indazole 296 2123 49 21w 12458
22204 36 e 4 356789
237" 15648
" 1345
5-Al 313 2526 64 24w 2356789
2427 25 25w 1346710
26w 235689
2 1346
6-Al 06 24—+26 40 247 134679
2o 3 5% 2,5,6,8.10
2527 45 265 135689
277 1346
7-Al 307 2426 27 p2t ] 12438
2427 10 2B 35.6.7.3.10
252 kil 267" 235689
2527 28 217 1,346

1620 cm ™'}, considering the approximations used in these
calculations. The major contributions of various molecular
orbitals involved in the longest wavelength singlet transition
and their localization at various centres are listed in Table 2.
Iican be seen from the data of Table 2 thatin all the molecules,
configuration interactions involved in the long wavelength
transition are from the transitions involving two HOMOs and
two LUMOs. In all the molecules, the first LUMO is quite a
bit delocalized over the pyrazole ring as well, whereas the
second LUMCQ is lncalized only on the benzene ring. On the
other hand, the first HOMO in In and 7-Al, and the second
HOMO of 5-Al involve atomic centres present in the pyrazole
ring, whereas the other HOMO is mostly localized over the
benzenc ring. The participation of the configuration intcrac-
tion involving the HOMO (localized either on hetero ring or
delocalized over the complete molecule} and LUMO (local-
ized over the benzene ring) is minimum in the longest wave-
length transition of 5-Al. In other words, charge migration
from the amino group to the aromatic moiety is a maximum
in 5-Al. This is supported by the fact that the decrease in the
total atomic charge on the amino nitrogen and the increasein
the total atomic charge on the =N is a maximum in the case
of 5-Al in comparison to other molecules (Fig. 1}. This may
be one of the causes of the maximum red shift observed in
the absorption spectrum of In in 5-Al, in comparison to other
amines.

The other point to be considered is the presence of vibra-
tional structure in the absorption specirum of 6-Al in com-
parison to either 5-Al or 7-AlL This could be due to either
less participation of lone pair (1) with the 7-cloud of In or
1o the presence of some rigidity in the amino nitrogzn—carbon
bond. The latter seems to be more feasible because the bond
order calculated between the amino nitrogen and the carbon
atom connecting the amino group is larger for 6-AT (1.098)
in comparison to those in 5-A1 (1.075) and 7-Al {1.069).

3.2. Fluorescence spectrum

The fluorescence spectrum of In [ 14] is nicely strectured
in all the solvents and, as expected, a mirror image symmetry
is observed with the absorption spectrum, indicating that the
geomelry of In in the emitting and absorbing states is the
same. On the other hand, fluorescence spectra of all the
amines are broad and structureless. Contrary to the absosption
specira, the Auorescence spectra are more sensitive to the
nature of the solvents. This is consistent with the fact that
greater charge transfer takes place from amino group to the
aromatic ring in the §, state in comparison to the ground state.
A continuous red shift observed in the fluorescence spectra
of all the amines with an increase in the polarity of the solvents
indicates the increase in the delocalization of the lone pair of
electrons of the amino group throughout the aromatic ring in
the §, state. The common features observed in the fluores-
cence specira of all the amines are as follows. (i) The fluo-
rescence excitation spectra recorded at the band maximum
and two other wavelengths (red shifted to the band maxi-
mum) are exactly similar to gach other and to the respective
absorption spectra indicating that there is only one confosmer
for cach molecule in 8, state. (1) There is a lack of mimror
image symmetry between the medified absorption and fluo-
rescence spectra, indicating achange in the geometry between
the electronic ground state of these molecules and their first
excited singlet states. Such a plot, as a representative one
{using the method suggested by Birk’s and Dysen {27]), is
shown in Fig. 2 for 7-Al in water. (iii) The Stokes shifts
observed for 5-Al, 6-Al, and 7-Al in cyclohexane are 3520,
3890, and 4570 cm™' respectively, which are quiie large.
Since the molccular volumes of these molecules are nearly
simnilar, the large Stokes shifts observed in the same selvent
are a good indication of the increase in the dipole moment of
these molecules on excitation. :
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*-X-X%] for 7-Alin water.

Fluorescence quantum yields and the lifetime data of the
three molecules are compiled in Table 3. The values of &, and
k., calculated using the following relations, are alsocompiled
in Table 3. The values of theeretical or natural radiative
fifetime

k. =tnhfy. ko =1k,

Trv' (characterising the ground state geomelry and the tean-
sition moment in the absorption process) in some solvents
was calculated using the Strickler and Berg equation [28]
and the radiative lifetimes 7gy® (indicative of the relaxed
excited singlet state geometry and the transition moment
involving the spontaneous fluorescence emission process}
are listed in Table 3. Behaviour of these parameters for each
amine is different in different solvents. The ¢, and 7 increase
with the increase in the polarity and hydrogen bonding capac-
ity of the solvents in the case of 5-Al, nearly remain constant

Table 3

Fluorescence quantum yield (), singlel state lifetime (7. ns), radiative
(&% 1077571y and non-radiative decay constants (k. X 1077 57"), ke
and k' indifferent solvents

Solvent [ T & [ ket [
5-Al

Cyclohexans 0.i4 49 29 175 - -
Acetonitrile 0.18 47 38 166 - -
Methanol 0.37 64 58 9.8 58 35
Water 0.57 125 4.6 34 - -
6-Al

Cyclohexane 034 40 8.5 165 - -
Acetonitrile 013 54 6.0 124 - -
Methanol 0.31 3.1 100 225 .0 89
Water 0.39 44 89 139 - -
7-Al

Acetonitrile 0.30 463 648 15.4 6.5 8.0
Methanol 0.1 1.69 6.5 527 5.5 6.0
Water 0.07 174 385 536 385 49

for 6-Al and decrease under the similar environments for 7-
Al The values of T are less than 7' for 5-Al and 6-Al
in methanol, whereas they are greater in the case of 7-AL It
is known that the flexibie molecules in the excited states
increase the non-radiative decay rate constants of these states
[29]. Data of Table 4 and the discussion revealed in Section
3.3 clearly indicate that the hydrogen bonding (proton donor
capacity of amino group and proton accepting nature of the
=N atom) in the excited state is much stronger than that in
the ground state. This will contribute to the stabilization of a
much more planar geometry of these amines (cspecially for
5-Al and 6-AL, where the location of the proton donor amino
group and proton acceptor >N moiety is favourable) and
thus will decrease the non-radiative decay rate. The results
observed in the case of 5-Al are consistent with the above
explanation. A relatively small decrease in &, fo. 6-Al in
comparison to 5-Al could be due to the fact that in 6-Al, as
stated earlier (Section 3.1), the bond order between amino
nitrogen and carbon of the indazole is greater than that in 5-
AL So the contribution to the stabilization by the ehange in
the geometry of this amine on excitation may be small in the
S, state. The change in the geometry of these amines in the
S, state is further supplemented by the fact that kgy® exceeds
ke in both 5-Al and 6-Al A similar increase in kgy® com-
pared with kgy' has also been observed in 2-aminonaphthal-
ene {30] by El-Bayoumi et al. and in some antioxidants by
Sow and Durochier [31). Both the groups have explained
their results on the basis ihat geometry changes do occur in
these molecules upon excitaiion. For example, Mataga [32]
suggested a structural change of the amino group from the
essentially sp® configuration in the ground state to sp® config-
uration in the S; state, whereas in the case of antioxidanis a
more planar excited state has been propnsed and confirmed.
In agreement with Meach et al. [ 33] we also propose that the
intramolecular structural reorganisation and the solvent-sol-
ute, dipole—dipole reorientation of the polar and/or protic
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Tible 4

Coefficients of the relevant solvent parameters as defined by Eq. (1) and E° for different molecules

Molecules E (10°em™) c({10?em™") a(10?em™ ) b(iPcm™H)

Absorption Data

Indazole 34385 —-6.129 3225 -252 (0.3
5-Aminoindaznle 3.053 —-4215 ii.s7 -{.799 (0.58)
6-Amincindazole 3382 -5.058 6.014 -4.997 (0.85)
7-Aminoindazole 3379 -3.11 1.59 —4.767 8T
Fluorescence Data

Indazole 3.378 -0.684 -3.266 -57 (893)
S-Aminoindazole 2697 —7.854 =9.10% -8l (De8)
6-Aminoindazole 2978 -14.91 - 746 - 1055 (0.58)
7-Amingindazole 2917 -16.75 -21.10 -1122 {0.9%)

Values in parentheses give regression cozfficients.

sotvents play a major role on the photophysical parameters
of these molecules.

The behaviour of 7-Al is very different from the other two
amines. In this case, the fiuorescence quantum yield and the
lifetime decrease with the increase in the polarity and hydro-
gen bonding solvents. There could be some uncertainty in the
lifetimes in methanol and water because of the lower limits
of the instrument. Data of Table 3 indicate that the value of
k,. increases with an increase of solvent polarity and the
values of kpy" are less than those of k' in all the solvents.
This could be, as said earlier, due to the larger change in the
intramolecular structural reorganisation of the substituent on
excitation, which leads to larger Stokes shifts in comparison
to other amines. This may also explain the quenchingof the
fluorescence in solvents of higher polarity and hydrogen
bonding due to greater interaction. Similar results have been
observed in the case of 6-hydroxy-1-ethyl-5.7.8-trimethyl-
1,2,3,4-tetrahydroquinoline [31] and by Mataga and Kuboto
[32].

Table 5
Spectroscopic parameters of in, 5-Al 6-AL ar.i 7-Al in different solvents

3.3. Solvatochromism

The absorption band maxima ( #,,) and fluorescence band
maxima ( #;) of In, 5-Al, 6-Al, and 7- Al in different solvents,
along with their refractive indices and diclectric constants are
compiled in Table 5. The solvents have been arranged as
polar/aprotic, polar/protic and chlorinated methanes, Fluo-
rescence intensity is quite small in chiorinated solvents and
the intensily decreases with an incresse in the number of
chlorine atoms, non-fluorescent in carbon tetrachloride, in
agreement with the fact that chlorinated solvents are good
fluorescence quenchers {35,36]. BK and BK' parameters
for different solvents have been calculated using Egs. (6)
and (7), taking a =0 (when the molecule is not polarized)
and 2a/dme, =1 when the molecule hes isotropic
polarizability.

Few empirical and theoretical solvent polarity scales are
in use to explore the solvatochromic effects [37-41]. How-
ever, the disadvantages of such scales, e.g. the Z parameters

5-Al 6-Al 7-Al

Solvent Indazole
n € [ ¥

Cyclohexane 1424 202 34080 33780
r-Hexane 1372 1.58

n-Heptane 1.387 192

Dioxane 1479 221

Ether 1.352 4.34

Ethylacctate 1.370 6.02

Acetonitrile 1344 375 34 020 33560
Methanol 1331 326 33 960 33450
Ethanol 1.359 24.55

i-Propanol 1384 2033

Water 1.333 80.2 33960 33330
CHLL, 133

Chloroferm 1.444 4.73

30620 27100 33830 29940 33307 29240
30560 26 950 34060 30120 33830 940
30 560 S1mn RSN 70 500 33670

30150 26 (40 33000 28900 33470 27850
30300 25970 33310 28570 33560 28010
30 360 6110 33330 28650 33470 21780
30380 25710 33 580 28170 33540 211N
31250 25 000 33670 27550 33560 5710
3210 25 050 33630 27620 33270 26040
3t 24 880 33690 27620 33250 25320
31430 24 630 34040 26 950 33780 24 45¢
30 640 26 3%0 33530 28450 33420 27320
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of Kesower [42) and the Reichardt-Dimroth | 34] parameter
E1(30), are that information is lost about the individual con-
tribution of different solvent effects. To over come this, Taft
etal. [43,44], have proposed the solvatochromic effect com-
parisor method (SCM); this is a multiparameier approach
which separates the effects of general solvent polarity (),
hydrogen bond donor ability (a) and hydrogen bond accep-
tor ability (B) of the solvents on the spectral properties. The
equation describing these effects is:

E=E"+cmtaatbp )

where 4. b, and ¢ are the coefficients and E" is the spectral
maxima independent of solvent effects. The values of these
cocfficients and E° of all the molecules are compiled in Table
4. The regression coefficients obtained for the fluorescence
data are very good ( ~0.98), but the values of regression
coefficients obtained for the absorption data of 6-Al (0.59)

and 7-Al (0.77) are not good. This value for 6-Al improved
when we neglected the data recorded in dioxane as solvent
(0.85). This deviation in dioxane is consistent with the fact
that dioxane behaves as a pseudopolar solvent of variable
polarity function, which depends upon the solute’s electric
field, as a result of conformation polarizability [45]. In our
case, u, is maximum for 6-Al creating a larger electrical
ficld around dioxane solvent molecules. On the other hand,
the value of the regression coefficient for 7-Al improved
(0.97) when the data recorded in chloroform and methylene
chloride were neglected. This could be due to some other
kind of interaction, also present in other amines [11].

The signs of coefficients & and ¢ are negative for both

absorption and fluorescence spectra, indicating the stabili-
zation of the ground and excited states. The sign of g is
positive and negative for the absorption and fluorescence data
respectively. This is consistent with the fact that the amino
group acts as a praton acceptor in the ground state, hinders

the participation of a lone pair of ¢lectrons with the -cloud
of the ring and thus causes a blue shift in the absorption

spectrum, whereas in the S, state the amino group acts as a
proton desor because of the participation of a lone pair with
the w-cloud of the ring and thus stabilizes the excited state.
This is consistent with the decrease in atomic charge at the
amino nitrogen on ¢xcitation (Fig. 1). In the ground state,
the dipole—dipole contribution is consistent with the trend
observed in the u,, i.e. pu(7-Al) <pe (5-Al) <p(6-Al),
whereas in the §, state the trend observed in the dipole—dipole
interactions is also consistent with the Stokes shifts observed
inn flicse amines in any given solvent. 5-Al acts as a poor
hydrogen bond donor in the S, state in comparison to other
molecules, but as a better hydrogen hond acceptor, consistent
with the atomic charges at the amino nitrogen atom and =N
moiety (Fig. 1). On the other hand, 6-Al and 7-Al actas a
better proton donor in the Sy state and agrees with the presence
of a resonance structure (Scheme 1) in 6-Al and steric hin-
drance from the >NH proton in the pyrazole ring. Data of
Table 4 further show that in the 8, state all the molecules act
as proton donor aad prown acceptor moieties. This is consis-

= A\
® /N@ et ,N
HN N HyN T

I I
H H
Scheme 1.

tent with the earlier results [15-17] that all these amines
show biprotonic phototautomerism. In the S, state, the -NH,
group becomes a strong acid and acls as a proton donor,
whereas > N atom becomes a strong base and acts as a proton
acceplor.

3.4. Dipole moments in the ground state

The vatues of p, calculated for all the molecules using the
mopac program are compiled in Table 6. In our earlier study
[461 it is found that the agreement between theoretical (0.45
D) and the experimental [47] (0.5 D in benzene) value of
i, for quinoxaline is not bad. Similarly we hope that the
calcutated value of g, for these molecules will not be far off
the actual values.

Data of Table 6 indicate that y, increases with the addition
of an amino group to the indazole molecule. The increase in
Mg is in the order of 7-Al, 5-Al and 6-AL Itis well established
that the bond moments of the individual group contributes
maximum to the total dipole moment of the molecule. The
small differences in the u, of the aminoindazoles are due to
the different directions of the bond moment of the amino
group substituted at different positions of the indazole moiety
with respect to that of indazole. Although the contributions
to the total dipole moment from the mesomeric structures is
very small, its effect seems to be greater in 6-Al as compared
to that in 5-Al and 7-Al. This is because of the resonance
structures present in 6-Al, but absent in 5-Al and 7-AlL This
is supported by: (i) the ground state total atomic charges at
the amino nitrogen atom and = N atom of the three amines,
{ii) the first oxidation potential [48] (which is due to the
cjection of electron from the amino group) of 6-Al (0.87 V),
7-Al (0.734 V) and 5-Al (0.71 V), and (iii) the pK, value

Table 6
Dipole moments in the So, S and S, states and Onsager cavity radius for In,
5-Al. 6-Al and T-Al

Molecule  ax10  p B (D)
{m} i)

BK BK'

a=0 a=] a=0 a=1
In 109 162 296 244 - -
5-Al 342 23t 592 4.50 5.10 349
6-Al 351 27 7.05 334 6.74 449
7-Al 332 221 6.87 5.01 6.18 4.05

BK and BK’ represents the values of . in the S, state determined from
Figs. 4-7.



S.K Saha, 8§.K.Dogra/ Journal of Photock

istry and Ph

bivlogy A: Chemistry 110 (1997) 257266 63

of the protonation reaction of amino group 6-Al [ 161 (3.9),
7-A1 [17] (3.9) and 5-A1 {15] (5.27).

3.5. Dipole moments in the excited state

Oshika [49], Lippert [50,51] and Mataga et al. {52} were
the first to detive equations relating changes in the dipole
moments on excitation with spectral changes. These equa-
tions were madified by Liptay [ 53], Bilot and Kawaksi [54]
and Bhakhshiev [55] by including polarizability of the fluo-
rophores and dispersive interactions. We will be using BK
and BK' equations to calculate the excited state dipole
moments.

For a spherical molecule, and taking into account the polar-
izability {a) of the fluorophores, the general equations can
be written as [ 8]:

- I & n?-1
—_— E_. e — ettt
s 2n%+1 dmega® 2n +1
gln.ola”)y= "1 2anii} N
4meg a® 2nt 41
where B=2me ke =1.1051 1073 C2, In the case of isotso-
pic polarizability of molecules, the condition of 2a/
(a*4mey} = 1 is frequently satisfied and Eq. (2) willrepresent
the BK equation. If the polatizability of the molecule is
neglected, Eq. (2) reduces to Eq. (8), derived by Lippent
[51] and Mataga et al. [52],
D—-1 _ at-1
2D+1  2a%+]

Vi :7"=m,( )+const (8}
Fig. 3 shows the plot of Stokes shifts versus E;(30) para-
meters. As mentioned earlier, this scale accounts for both
general and hydrogen bonding interactions; a good correla-
tion is observed except for dioxane, which has been explained
eariier. Unlike other aromatic amines [11], the solvato-
chromic effect observed for these molecules, except for 7-
Al in chloromethanes (wherever the fluorophores are
fluorescent) fits nicely in this plot indicating that other kinds
of specific interaction between the fluorophore and chlosi-

Figs. 4 and 5 present the plois between Stokes shifts versus
BK parameters when a=0and o =1, whereas Figs. 6and 7
depict plots between ( b,,+ ¥;;) versus BK' parameters when
a=0and a=1 respectively. It is clear from Figs. 4 and 5
that Stokes shifts observed in polar/protic solvents are much
lasger than expected from the linear relations. The large devi-
ation from linearity shown by the protic soivents i due to the
fact that the hydrogen bond between the protic solvents and
the lone pair of the amino group in the S, state is broken on
excitation and the hydrogen bond is formed between the

P op=m, f(D.n)+const (2)
Uun+ Bn=—m,[ f(D,n}+2g(n)]+const (3)
where
(e~ )’
Yol ol 28
m= Ba® 4 nated solvents are nearly absent.
.u'l _”2
=L e 5
m
2 ﬁag ( )
f(Dinala®) (6)
p-1 n?—1i
_ 2D+1  2n7+1
1 2a D-1 1 2an®*-1Y
dmeg a’ 2D+1 dme, a’ 2n*+1
10.0
- 5-[NH;
9.0r - 6-[NH,
-o—=c 7-INH;
8.0F
'-'E 7.0_
=}
"En 6.0
=
5.0h
4.0
3.0 1 ] 1 1 Il 1 ] L L
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Ey (30) ——=
Fig. 3. Plot of Stokes shifts of 5-Al, 6-Al and 7-Al versus E7(30) parametess.
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e 5-[NH; "
B R @
-0—0- 7-INH,

Dgg % 1077 e ') —»

1
0t D2 01
t(D,n)—

Fig. 4. Plot of Stokes shifts of 5-Al, 6-Al and 7-Al in different solvents
versus BK parameters when a=0.

amino proten and the lone pair of the solvent molecules. As
aresult, a large anomalous bathochromic shift is observed in
the fluorescence spectsa of these amino compounds. This is
reflected by the positive values of the coefficients a in absorp-
tion spectra and the negative values in the fluorescence spec-
2. As explained earlier, besides this, the =N moiety also
acts as a proton accepting centre which causes a further red
shift and is substantiated by the atomic charges which
decrease and increase at the amino and >N nitrogen atom,
respectively, of each amine on excitation. If the hydroxylic
solvents are omitted, the regression coefficients observed for
BK (a=0) and {a=1) parameters are found to be
0.98 +0.01 and 0.96 + 0.01 respectively, whereas the values
of regression coefficients observed from the plots of Figs. 6
and 7 are 0.96+0.02 when a=0and 0.93 +0.02 whena=1.
Although correlation cocfficients increase to unity when «

100,

decreases from 1 to 0, no clear conclusion can be drawn from
our results whether or not polarizability plays any role in
finding the excited state dipole moments.

The p. for each molecule is determined from the stope of
the linear part of the plois of Figs. 4-7 and using u, and
Onsager's cavity radius obtained theoretically. The Onsager
cavity radius is taken as half the maximum distance between
any two atoms present in the molecule, after its geometry
being optimized and is listed in Table 6. The values of a have
also been calculated using the method of Prabhumirshi et al.
[56] and the values are found to be 3.39, 3.47 and 3.35 A for
5-Al, 6-Al and 7-Al respectively. As expected the agreement
between these values are quite good, thus we have used the
carlier data. This indicates that cavity radii of the three amines
are not very differeiit from each other, as expected from their
structures. The results indicate that g, is a functicn of polar-
izability of the fluorophore and in any method u, obtained
with a=0 is always greater than those obtained by taking
a=1. We have tried to solve this problem by doing semi-
empirical quantum mechanical calculations, by taking into
account configuration interactions. Similar to the experimen-
1al results, theory also predicts p. > ., and also indicates that
the result obtained by taking CI=6 and CI=7 are nearly
equal, The theoretical results show that for 6-Al and 7-Al
better agreement is achieved with the experiment if BK' par-
ameters are used and the polarizability is playing a majorrole
in the p, whereas in the case of 3-Al the BK parameters give
betier agreement in u,, This could be due to the fact that the
changes observed in the charge densities at the amino nitro-
gen and > N are a inaximum in SAL

4. Conclusions

The agreement between the absorption band maxima
abserved experimentally and theoretically is very good.

—~—a 5-iNH;
+ =—= B-INH;
OO~ 7-INH,

H
3
3.0 4. 1 1 []

[3] 0.4 0.2 0.3 0.4

1
0.5 0.6 0.7 0.8 0.9 1-0

BK ——»

Fig. 5. Plot of Stokes shifts of 5-Al, §-Al and 7-Al in diffencnt solvents versus BX parameters when o= |,
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Ground state dipole moments, calculated using the mopac
program, indicate that charge transfer from the amino group
to the heterocyclic ring is a maximum in 6-Al The absorption
and fluarescence spectra in different solvents have indicated
that these amines act as proton acceptor in the S, state and
proton doner in the 5, state. Fluorescence excitation spectra
recorded at the band maxima and at wavelengths towards the
red side of the band maxima indicate that only one conformer
is present in the S, state. Similarly, fluorescence spectra
obtained when excited at different wavelengths show that the
emission occurs from the most relaxed state. Comparison of
the modified absorption and the fluorescence spectra and the
radiative fluorescence decay rate, calculated using Strickler
and Berg equation and determined experimentally, show a
lack of mirror image symmetry, which reflects different
nuclear conftguratios in the S, and 8, states. A decrease in
the non-radiative decay constants of 5-Al and 6-Al with an
increase in the polarity of the solvents reflects the stabilization
of the planar geometry of these amines in the S, state. On the
other hand, the increase in the non-radiative decay constant
for 7-Al under the above environments could be due to the
solvent-induced fluorescence quenching. Semi-empirical
quantum mechanical calculations suggest that u, values for
6-Al and 7-Al are better represented by BK' parameters and
polarizability is taken into account, whereas for 5-Al BK
parameters explain the value of p, with a minor contribution
from polarizability.
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