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Abstract 

Absorption and fluorescence speelra of [ndazole (In) in five solvents and those of 5-amino, 6-amino, and 7-amirmindazo[es (5-AI 6-Al, 
7-AI) 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 soivems. In 
the excited singlet state, all three e fleets are nearly equally prominent, whereas in the ground slate 5-A! acts as a better hydrogen bond accepter 
than the other amines. Stokes shifts and the difference between the radiative decay constants determined experimenlally and using Strickler 
and 8erg's equation indicate different geometries of the amines in the S, and g~ states. A decrease in the non-radiative decay eonslan~ of S- 
AI and 6-A[ with an increase in the polarity of the solvents predict beaer planar geometry in the St state in comparison to that in the So sr.a~. 
Semi-empirical quantum mechanical calculations have been used to find the nature of transitions, to~3.1 atomic charges at the basic eenff~s and 
dipole mmnents of all the aromatic amines in the So and S~ states. Results so obtained are compared z.~d discussed. © 1997 Elsevier 
Science S.A. 

/L'©,wordw Absorption spectra of indazole: ~uorescence spectra; Ground and excited slate 

1. Introduct ion  

Three characteristics of  fluorescence spectroscopy ha,,e 
been ~videly used to explore the fundamental phenomena of 
photophysics [ 1,21, 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], 
fluorescence quenching [ 1,10], and the energy, transfer proc- 
ess [61. The solvatoehromic 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 
dipole moment on excitation and the nature of  interactions 
between the fluornphore and environments. 

In the last few years, our main emphasis has been to study 
the effect of  solvents of  different polarity [ 1 !-13]  and acid/ 
base coneenlrations 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-AI, 6-AI, and 7- 
A!. Various polarity scales have been used to calculate the 
excited state dipole moments. Semi-empirical quantum 
mechanical ealeulation.~ were carried oat on these molecules 
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to fin,:l out the dipole moments, nature of  transitions, and the 
total atomic charges at the basic c~ntres in the So ned S~ 
states. Change in dipole moments upon excitation, calculaled 
theoretically and experimentally, are compared and 
discussed. 

2. M~terlals and  methods  

In, 5-AI. and 6-At were procured from Aldrich Chemical 
company UK, whereas 7-AI was obtained from K&K Labo- 
ratories. Each compound was further purified as desclibed 
earlier [ 14-17]. Cyclohexane (SD Fine), dioxane, aeetoni- 
trile, and methanol (E. Merck) and ether (Allembic) were 
further purified as described in the literature [ 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 speclra were recorded on a Shimadzuspec- 
trophotorneter model UV 190, equipped with chart recorder 
model U135. Fluorescence spec~'a were recorded on a s c a n -  
ning spectroflttorometer fabricated in our laboratory, details ! 
of  which are available elsewhere [ 19]. The c o ~  
of  the test solutions were 2 × 10- s M. Spect ra lmeasurcm¢~ 
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were made immediately after the preparation of the solutions. 
Fluorescence spectra were corrected according to the method 
of Parker [20j.  Fluorescence quantum yields were deter- 
mined with solutions having absorbance less than 0.1 and 
using quinine sulphate in 0.1 N H:SO4 as a reference 121 i 
(~b,=0.55).  E~cited state lifetimes were measured on a 
time-correlated single photon counting nanosecond spectro- 
tluorometer, supplied by Applied Photophysics Limited. 
Details are available in our recent paper [ 22]. 

The pcmodel 2 program [ 231 was used to find the starting 
geometry of  each molecule. This program enables as to draw 
the structure, optimize roughly the geometry usil'g the MM2 
force field and generate the corresponding coordinates. The 
ground state geometries of  all the molecules were then opti- 
mized using the AM ! method [ 241 ( mopac, QCPE program 
No. 455, version 4.0) on a HP 90001750. Super mini com- 
puter using the above-mentioned coordinates. The ground 
state dipole moment (/zg), total energy and charge densities 
at each basic atom have bee n calculated. The transition energy 
AE~_j, corresponding to the excitation of an electron from 
the orbital ~, (occupied in the ground state) to ~bj (unoccu- 
pied in the ground state) have been calculated using CNDO/ 
S-CI calculations 125]. The excited state geometries of all 
the amines were also optimized using AM I method by taking 
into account the configuration interacttoncalculations on 100, 
400 and 1225 configurations (CI= 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-AI was satisfying 
all the tests. As there is not much difference between the 
results obtained using CI - 6 and CI = 7 for 5-AI, we assumed 
that the results obtained for 6-A1 and 7-AI will not be far 
from the true values, even though these molecules are not 
fully optimized for CI = 7. The total atomic charges at each 
basic centres and the dipole moments in So and St states are 
compiled in Fig. I and the data show that there are not many 
differences between theresulls obtained forCI = 6 antiC! = 7. 

3. Results and discussion 

3. I. Absorption spectr, m 

The experimental (recorded in cyclohexane) and calcu- 
lated transition wavelengths ofdifferent molecules along with 
oscillator strengths are compiled in Table I+ Agreeing with 
earlier results [ 14], the first two absorption bands of in are 
nicely structured in all solvents, with the vibrational frequen- 
cies of  770 5:20 cm - t lbr the first band and i 100 ± 50 cm - i 
for the second band respectively. On the other hand, the 
absorption spectra of 5-AI and 7-A[ are structureless and 
broad, whereas that of 6-AI is broad in comparison to In but 
possesses some structure in comparison to 5-AI and 7-AI. 

All the transilions predicted by theory are ~r ~ ~r m nature. 
This is supported by the large values of  the extinction coef- 
ficients ( > l03 tool- i  I cm i) 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 ° i, except in the third band of 6-AI where it is 

Table I 
Absorption band maxima (k.h) in cyclohexane and calculaled by CNDO/ 
S-C1 melhed and the oscillator strengths of In. 5-A1, 6-AL and 7-At 

Molecule A,h (rim) Oscillator Strength 

Expzl Theor 

Indazole 294 296 0_01 l 
2~ 6 254 0.091 

5-Aminoindazole 326 313 0.03 I 
254 257 0.015 

6-Aminoindazole 296 305 0.012 
274 275 0.026 
23.5 266 0.162 

7-Aminoindazole 296 306 0.018 
256 257 0.093 
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Table 2 
Contribution of various molecular orbitals in the longest wavelength singtet transition and their loealir.ation 

Compound Transition Configuration Composition Me  Localiza~k~ 
(nm) (%) 

Indazole 296 21 --,23 49 21 ¢t i,2.4,5,8 
22 "~ 24 36 22,r 3,5.6.7.g.9 

~ 2,5.6,$.9 
24 .-r" ] 3.4.6 

5-AI 313 25--.. 26 64 24¢r 2.3.5.6.7.8.9 
24 - ,  27 25 25~ 1.3.4.6.7.10 

2 6 ~  2.3.5.6.8.~) 
27"rr" t,3,4,6 

6-A I 3fl6 24 ~ 26 40 24"rr 1,3.4.6.7.9 
9.5 - ,  26 8 25~ 2,5,6,gd0 
25 - '  27 45 26"rd 2'3.5.6.8.9 

2 7 ~  1.3.4.6 
7-AI _'I.07 24 ~ 26 27 24~" 1.2.4.5.8 

24---,2"1 l0 25~r 3.5.6.7.9.10 
25 --* 26 30 26¢" 2,3.5.6.8.9 
25 ~ 27 28 2 7 ~  1.3.4.6 

1620 cm-  ' ) ,  considering the approximations used in these 
calculations. The major contrihmions of various molecular 
orbitals involved in the longest wavelength singlet transition 
and their localization at various eentres are listed in Table 2, 
It can be seen from the data of Table 2 that in all the molecules, 
configuration interactions involved in the long wavelength 
transition are from the transitions involving two HOMes and 
two LUMOs. in all the molecules, the first LUMO is quite a 
bit delocalized over the pyrazole ring as well, whereas the 
second LUMO is localized only on the benzene ring. On the 
other hand, the first HOMO in In and 7-AI, and the second 
HOMO of 5-AI involve atomic eentres present in the pyrazole 
ring, whereas the other HOMO is mostly localized over the 
benzene ring. The participation of the configuration interac- 
tion involving the HOMO (localized either on hereto ring or 
delocalizcd over the complete molecule) and LUMO (local- 
ized over the benzene ring) is minimum in the [ongest wave- 
length transition of 5-AI. 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 increase in 
the total atomic charge on the > N is a maximum in the case 
of 5-AI in comparison to other molecules (Fig. l ). This may 
be one of the causes of the maximum red shift observed in 
the absorption spectrum of In in 5-AI, in comparison to other 
amines. 

The other poim to be considered is the presence of vibra- 
tional structure in the absorption spectrum of 6-AI in com- 
parison to either 5-A! or 7-AI. This could be due to either 
less participation of lone pair ( 1 ) with the 7r-cloud of In or 
to the presence of some rigidity in the amino nitrogen--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-AI (1.098) 
in comparison to those in 5-AI (1.075) and 7-At ( 1.069). 

3.2. Fluorescence spectrum 

The fluorescence spectrum of In [ 14] is nicely structured 
in all the solvents and. as expected, a mirror image symmetry 
is observed with the absorption spectrum, indicating that tim 
geometry 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 d'¢ absocVion 
spectra, the fluorescence spectra me more sensitive to the 
nature of the solvems. This is consistent with the fact timt 
greater charge transfer takes place from amino group to the 
aromatic ring in the S 1 state in comparison to the ground sta~e. 
A continuous red shift obse~ed in the fluorescence spectra 
of all the amines with an increase in thelmtarity of the solvents 
indicates the increase in the delocalization of the lone pair of 
electrons of the amino group throughout the aromatic ring ia 
the S~ state. The common features observed in th¢ fltaxes- 
cence spectra of all the amines are as follows. (i) The fluo- 
rescence excitation spectra recorded at the bat,,d maximum 
and two other wavelengths (red shifted to the band maxi- 
mum) arc exactly similar to each other and to the respective 
absorption spccWd indicating that them is only one con fognmr 
for each molecule in So state. (it) There is a lack of mirror 
image symmetry between the modified absorption and thto- 
rescence spectra, indicating a change in the geometry between 
the electronic ground state of these molecules arm their first 
excited singlet states. Such a plot, as a representative one 
(using the method suggested by Birk's and Dyson [27] ), is 
shown in Fig. 2 for 7-AI in water. (iii) The Stokes sltif~s 
observed for 5-AI, 6-AI, and 7-AI in cyclohexan¢ arc 3520, 
3890, and 4570 cm- t respectively, which arc quite large. 
Since the molecular volumes of these molecules ace nearly : 
similar, the large Stokes shifts observed in the same solvent 
are a good indication of the increase in the dipole momcm 
these molecules on excitation. 
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Fluorescence quantum yields and the lifetime data of the for 6-At and decrease under the similar environments for 7- 
three molecules are compiled in Table 3.The valuesof/~-and AI. The values ofen~ ¢ ave less than %M ~ for 5-AI and 6-AI 
k~.,calculatedusing the fol.lowingrelations.arealsocompiled in methanol, whereas they are greater in the ease of  7-AI. It 
in Table 3. The values of theoretical or natural radiative is known that the flexible molecules in the excited states 
lifetime increase the non-radiative decay rate constants of these states 
k, =chJ'q. k.,= 1/':~-k, [29]. Data of Table 4 and the discussion revealed in Section 

3.3 clearly indicate that the hydrogen bonding (proton donor 
~-~' (characterising the ground state geometry and the tran- capacity of amino group and proton accepting nature of the 
sition moment in the absorption process) in some solvents >_N atom) in the excited state is much stronger than that in 
was calculated using the Strickler and Berg equation [28] the ground state. This will contribute to the stabilization of a 
and the radiative lifetimes e m  ~ (indicative of the relaxed much more planar geometry of  these amines (cspocially for 
excited singlet s~ate geometry and the transition moment 5-A! and 6-AI, where the location of the proton donor amino 
involving the spontaneous fluorescence emission process) group and proton acceptor > N  moiety is favourable) and 
ave listed in Table 3. Behaviour of  these parameters for each thus will decrease the non-radiative decay rate. The results 
amine is different in different solvents.The d,n and ~rfincrease observed in the case of 5-AI are consistent with the above 
with the increase in the polarity and hydrogen bonding eapac- explanation. A relatively small decrease in k,~ fo= 6-AI in 
iry of the solvents in the case of 5-Al, nearly remain constant comparison to 5-A! could be due to the fact that in 6-AI, as 

Table 3 stated earlier (Section 3. I ), the bond order between amino 
Fluorescence  q u a m u m  yie ld  ( ¢h~ ).  single1 s la te  l i fe t ime ( ¢~. ns  1, radia l i~e  nitrogen and carbon of the indazole is greater than that in 5- 
(g × 10 -7 s-) ) and non.r'~liative decay constants (/~,x 10- ) s -h .  k~'~ ~ At. So the contribution to the stabilization by the change in 

k~M' indifferent solvents the geometry of this amine on excitation may be small in the 
S~ state. The change in the geometry of these amines in the 

Solvent 4hi ~, g t,, kra" ~M' S t s ta te  is further supplemented by t h e  fact that kFM c exceeds 

5-A! kFM ~ in both 5-A! and 6-AI. A similar increase in kFM ~ com- 
Cyclohexaae 0. B4 4.9 2.9 17.S = - pared with kwa ~ has also been observed in 2-aminonaphthal- 
Acemaitrile 0,18 4.7 3.8 16.6 - - erie [30] by EI-Bayoumi et al. and in some antioxidants by 
Met~ol 0.37 6.4 5.8 9.8 5.8 3.5 Sow and Durocher [ 31 }. Both the groups have explained 
Wa~er 0.57 123 4.6 3.4 - their results on the basis ihat geometry changes do occur in 
6-A! these molecules upon excitt, iion. For example, Malaga [ 32] Cyclo~e~ane 0.34 4.0 8.5 16.5 - 
Ace~of, itrfle 0.33 5:; 6.l 12.4 - suggested a su'uctura! change of the amino group from the 
~,~hanot o.31 3.1 10.0 22.5 t0.0 8.9 essentially sp 3 configuration in the ground state to sp z config- 
W ~  0.39 4.4 8,9 13.9 uratiou in the St state, whereas in the case of antioxidants a 
7-A]  
Acetomtriie 0.30 4.63 6.4g 15.1 6.5 8.0 more p lane  excited state has been proposed and confirmed. 
Methgaol 0.11 1.69 6.5 523 s.s 6.0 In agreement with Munch et al. [33] we also propose that the 
Waler 0,07 ] :/4 3.8,5 53.6 3.85 4.0 intramol¢cular structural reorganisation and the solvent-sol- 

ute, dipole-dipole reoriemation of the polar and/or protio 
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T,,~*le 4 
Coefficients of the relevant solvent pm'am,=ters as defined by Eq. ( I ) and E ° for different molecules 

:: 
2~| : 

Molecules ~-~ (10"t em-' ) c( 10~ cm-' ) at 10z cm-~) b (I~3 cm-~) 

Al~erpt ion  Data  
lndazole 3.485 - 6.129 3 1 2 5  - 2 .52 (U,,%~) 

5 -Amittoindaznle 3.053 - 4 . 2 1 5  i i ,57 - 0 .799 (0 .9~)  

6-Aminoindazole 3,382 -5.058 6.014 - 4 . 9 9 7  (0.85) 
7-Aminoindazole 3.379 - 3.11 i.59 -4267 (0.77) 
Fluorescence Data 
Indazole 3.378 - 0,684 - 3.266 - 5.71 ( 0 . ~ )  

5-Aminoindezole 2.697 - 7.854 - 9.106 - l 1,81 (0.~) 
6-Aminoindazole 2.978 - 14.91 - 7.4t6 - 10.65 (0.9~) 
7-Aminoindazole 2.917 - 16.75 -21.10 - ! 1.22 (0.99) 

values in pa~enthe~s give ~gn:ssion coefficients_ 

solvents play a major role on the photophysical parameters 

of  these molecules. 
The behaviour of  7-AI is very different from the other two 

amines. In this case, the Iluoresceace quantum yield and the 
lifetime decrease with the iuereas-, in the polarity and hy~o-  
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 
/ ~  increases with an increase o f  solvent polarity and the 
vatues of  k ~ (  are less than those of k ~  t in all the solvents. 

This could be, as said earlier, due to the larger change in the 
intramolecular structural reor~anisation of the substituent on 
excitation, which leads to larger Stokes shifts in comparison 
to other amines. This may also explain the quenching'of 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-l-ethyl-5,7,8-trimethyl- 
1,2,3A-tetrahydroquinolino [ 31 ] and by Malaga and Kaboto 

[321. 

3.3. Solvatochromism 

The absorption band maxima (u=b) and fluc~esccnce bm~d 
maxima (~'f~) of  In, 5-At, 6-AI, and 7-AI indifferent solvems, 

along with their refractive indices and dielectric conseants 
compiled in Table 5. The solvents have been art'anged as 
polar/aprotic, polar/protic and chlorina~! methanes. ~ u o -  
resccnce intensity is quite small in chlorinated sdvelgs  end 
the intensity decreases with an incr - ~  in the n u n ~ r  o f  
chlorine atoms, non-fluorescent in carbon te~'achloride, in 
agreement with the fact that chlorinated solvents are good 
fluorescence quenchers [35,36]. BK and BK' parmr, e~rs  
for different solvents have been calculated using F_,qs. (6)  
and (7),  raking ~ = 0  (when t ~  molecule is nol pola~.~l)  
and 2al4~reo'a3=l when the molecule has i s~ ' op~  
polarizability. 

Few empirical and theoretical solvent polarity s c a ~  are 
in use to explore the solvatochtomie effects [37--41]. How- 
ever, the d~sadvanmges of such scales, e.g. the Z pa r an~ - t s  

Table 5 
Specuoscopie parameters of Int. 5-AI, 6-AI, at.,; 7-AI in diffe,ent solvents 

Solvent Indazol¢ 5-AI 6-AI 7-A1 

C~clohexane 1.424 2.02 34 080 33 780 30 620 27 1(30 33 830 29 940 33 ~07 29 240 
n-Hexane 1.372 1.88 30 560 26 950 34 060 30 120 33 830 29 240 
n.Hcptane 1.387 1.92 30 560 ~t~ oln ~'~ ~ '~o ~,u~ 33 999 
Dtoxan~ 1.4~9 2.21 30190 26040 33000 28900 ]3470 27 K.~) 
Ethel 1.352 4.34 30300 259"/0 33310 285"/0 33560 28010 
Ethylacelate !.370 6.02 30 360 26 110 33 330 28 650 33 470 27 780 
Acetoniuile 1.344 37.5 34 020 33 560 30 380 25 710 33 580 28 t70 33 540 27 170 
Methanol 1.331 32.6 33960 33450 31250 25000 33670 27550 33560 25770 
E~hanol 1.359 24.55 3 ! 210 25 060 33 630 27 620 33 270 26 840 
mPmpar~l 1384 20.33 3l 230 24 880 33 690 27 620 33 259 25 320 
Wmer i.333 80.2 33 960 33 330 31 430 24 630 34 040 26 950 33 780 24 450 
CH2CI 2 ].33 30 640 26 390 33 530 28 4.t0 33 420 27 320 
Chloroform 1.444 4.73 30 680 26 040 - 
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of Kosower [42] and the Reichardt-Dimroth [ 341 parameter 
E-r(30), ate that information is lost about the individual con- / -~  " " f " ~  
tributioo of different solvent effects. To over come this, Taft = ~ N ~ n ~ )  
et al. [43,44], have proposed the solvatochromic effect corn- n 

I " parison method (SCM); this is a multiparameter approach x 
which separates the effects of general solvent polarity (or), 
hydrogen bond donor ability (a )  and hydrogen bond accep- 
ter ability (8)  of the solvents on the spectral properties. The 
equation describing these effects is: 

E=Eq'+c~+aoz+b~ ( t ) 

where a, b, and c are the coefficients and Etl is the spectral 
maxima independent of solvent effects. The values of these 
coefficients and E ° of all the molecules are compiled in Table 
4. The regression coefficients obtained for the fluorescence 
data are very good ( - 0 . 9 8 ) ,  but the values of regression 
coefficients obtained for the absorption data of 6-A! (0.59) 
and 7-AI (0.77) are not good. This value for 6-AI 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, ~ is maximum for 6-AI, creating a larger electrical 
field around dioxane solvent molecules. On the other hand, 
the value of the regression coefficient for 7-AI 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 [ ! ! ]. 

The signs of coefficients b and c ate negative for both 
absorption and fluomscance spectra, indicating the stabili- 
zation of the ground and excited states. The sign of a is 
positive and negative for the absorptioa and fluorescence data 
respectively. This is consistent with the fact that the amino 
group acts as a proton accepter in the ground state, hinders 
the participation of a lone pair of electrons with the ~-cloud 
of the ring and thus causes a blue shift in the absorption 
spectrum, whereas in the St state the amino group acts as a 
proton donor because of the participation of a lone pair with 
the ~'-cioud of the ring and thus stabilizes the excited state. 
This is consistent with the decrease in atomic charge at the 
amino nitrogen on excitation (Fig. I ). In the ground state, 
the dipole-dipole contribution is consistent with the trend 
observed in the pg, i.e./zs(7-A|) </x~(5-AI) </z~(6-AI), 
whereas in the S= state the trend observed in the dipole--dipole 
interactions is also consistent with the Stokes shifts observed Molecule a x l0 t° 
in dics¢ an,Jars in auy given solvent. 5-At acts as a poe, (m) 
hydrogen bond donor in tim So state in comparison to other 
molecules, but as a better hydrogen bond accepter, consistent 
with the atomic charges at the amino nitrogen atom and > N 
moiety (Fig. ! ). On the other hand, 6-A1 and 7-AI act as a In 
better proton donor in the So state and agrees with the presence 5-AI 
of a resonance stntctur¢ (Scheme 1 ) in 6-AI and steric hin- 6-At 

7-At 
dranc¢ from the > NH proton in the pyrazole ring. Data of 
Table 4 further show that in tim S= state all the molecules act 
as proton donor and protor, accepmr moieties. This is consis- 

H21~ 
I 
H 

Scheme I. 

tent with the earlier results [ 15-17] that all these amines 
show biprotonic phototautomerism. In the $1 state, the -NH2 
group becomes a strong acid and acts as a proton donor, 
whereas >_ N atom becomes a strong base and acts as a proton 
accepter. 

3.4. Dipole moments in the ground state 

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

Data of Table 6 indicate that P-z increases with the addition 
of an amino group to the indazole molecule. The increase in 
pg is in the order of 7-AI, 5-AI and 6-AI. it is well established 
that the bond moments of the individual group contributes 
maximum to the total dipole moment of the molecule. The 
smail differences in the p,~ 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-AI as compared 
to that in 5-AI and 7-AI. This is because of the resonance 
structures present in 6-AI, but absent in 5-AI and 7-AL 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 [481 (which is due to the 
ejection of electron from the amino group) of 6-Al (0.87 V), 
7-AI (0.734 V) and 5-AI (0.71 V), and (iii) the pK= value 

Table 6 
Dipole mornen,+s in the So, S: and $2 states and Onsager cavity taditts for In, 
5-A1. f -A|  and 7-A! 

(u) 
BK BK' 

3.09 L62 2.96 2.44 - - 
3.42 2.3t 5.92 4.50 5.19 3.49 
3.51 2.71 7.05 5.34 6.74 4.49 
3.32 2.21 6.87 5.01 6.18 4.05 

BK and BK' represents the values of p~ in the S, state determined from 
Figs. 4-7. 
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of the protonation reaction of amino group 6-A! [ t 6 [ (3.9), 
7-AI [17] (3.9) and 5-AI [ 15] (5.2"]). 

3.5. Dipole moments in the excited state 

Oshika [49], Lipl~rt [50,51 ] and Malaga et al. [52] were 
the first to deriee equations relating changes in the dipole 
moments on excitation with spectral changes. These equa- 
tions were modified by Liptay [ 53], Bilot and Kawaksi [54] 
and Bhakhshiev [55] by including polarizability of the ftuo- 
rophores and dispersive interactions. We will be using BK 
and BK' equatio~ls to calculate the exeitod state dipole 
moments• 

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

['ab'- ~ri=ml f (D,n)+const  (2) 

b~.+ P n = - m z [ f [ D , n ) +  2g(n)]+const (3) 

where 

(4) if/I = /jeZ3 

, n :  ~ (5) /3a 3 

f (D,n ,a /a  3) (6) 
D - I  n2-1 

2D+I 2n2+|  

1 2a n ' - i  ,~2 
4~reu a 3 2n-"~-l) 

1 i 2a D-I ~/ 

263 : 

n2--I [ i e n2--1 

g(n,~xla')= ( 1 2a n:z-I  ~2 (7) 

1 4~reoa 3 2n2+1] 

where/3-- 2¢reohc = 1.1051 × I0- 3s C z. In the ~ of 
pic polarizability of molecules, the condition of 2a/ 
(¢P4~r~) = I is frequently sntislied andEq+ (2) with'cgrescm 
the BK equation. If the po|ai'izabi]ity of ~ ~ is 
neglected, Eq. (2) reduces to F.,q. (8), derived lyy Lipp~ 
[51 ] and Malaga ctal. [52], 

v, h"- - D - I  n z - I  
- u f , ~ m l ( 2 - - ~ "  1 2 ~ )  +const (8) 

Fig. 3 shows the plot of Stokes shifts versus ET(30) para- 
meters. As mentioned earlier, this scale accolmts for b~h 
general and hydrogen bonding iuteraclions; a good ¢¢ffela- 
fion is observed except for dioxane, which has been exp1~m:d 
earlier. Unlike other aromatic amines I l l ] ,  the solvaio- 
chromic effect observed for these mol~u~s, exccI~ for 7- 
AI, in chloromcthancs (wherever the f l l t c ~  axe 
fluorescent) fits nicely in this plot indicating that oilier ifinds 
of specific interaction between the fluorophor¢ and chlori- 
nated solvents are nearly absent. 

Figs. 4 and 5 present the plots between Szokcs shifts versos 
BK parameters when a = 0 and a = 1, whereas Figs. 6 and 7 
depict plots between ( ~=b+ ~'n) versus BK' parameters when 
a=O and a =  1 respectively. It is cI¢= from Figs. 4 and 5 
that Stokes shifts observed in polar/protic solvents arc nmch 
larger than expected rTom the linear relations. Tic I ~  devi- 
ation from lineati~ shown by the protlc solvents i'; ~ ¢e t ~  
fact that the hydrogen bond between the ptotic solvents 
the lone pair of the amino group in the S~ state is broken aa 
excitation and the hydrogen bond is formed between 111¢ 

|O.C / 
: : 5-[NH2 . . /  

- x ~ x -  6-[NH2 . . . r "  9 0 
• -o---o- 7- [NHz ~ 

/ 

l "° y o  / o  

o o  / I  log 

5.0 

. I I  / ~ .  ,2,1,3 
, , 1 . 0 ~ 2 . 1 ~  t L | I I i I • 

I00 120 I/,O 160 IBO ZOO 220 2/,0 260 280 

Fig. 3. Plot of Stokes shifts of 5-AI. 6-At am:l 7-At versus E.r(30) p,~an'ctcis. 

300 
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I0 c 
= : 5.[NHz 11 

O 
9.(I "~-'--'~ 6- [NHz 

7-[NH~ 

i 80 o°, + o 

i 
:.':r ' , , , 

O t D.Z O,3 
f (D. n]------~ 

Fig,  4. Plot o f  Stokes shifts o f  5-A[,  6-At  aad 7-At  in different solvents 

versus BK parammots ',rhea ~ = 0. 

amino proton and the lone pair of the solvent molecules. As 
a result, a large anomalous bathechromie shift is observed in 
the fluorescence spectra 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- 
tea. 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 = O )  and ( , , = t )  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 ' /are  0.96 + 0.02 when a = 0 and 0.93 + 0.02 when a = I. 
Although correlation coefficients increase to unity when t~ 

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

The #¢ for each molecule is determined from the slope of 
the linear part of the plots of Figs. 4--7 and using/.tj  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 at. 
[ 56] and the values are found to be 3.39, 3.47 and 3.35 ~ for 
5-AI, 6-AI and 7-AI respectively. As expected the agreement 
between these values are quite good, thus we have used the 
earlier data. This indicates that cavity radii of the three amines 
are not very differeut from each other, as expected from their 
structures. The results indicate that ~ is a function of polar- 
izability of the fluorophore and in any method ~ obtained 
with a = 0 is always greater than those obtained by taking 
a = I. We have tried to solve this problem by doing semi- 
empirical quantum mechanical calculations, by taking into 
account configuration interactions. Similar to the experimen- 
tal results, theory also predicts/.t c >/.t s, and also indicates that 
the result obtained by taking C I = 6  and C I = 7  are nearly 
equal. The theoretical results show that for 6-AI and 7-AI 
better agreement is achieved with the experiment i fBK'  par. 
ameters are used and the polarizability is playing a major role 
in the p~, whereas in the case of ~-AI the BK parameters give 
better agreement in ;x¢. This could be due to the fact that the 
changes observed in the charge densities at the anaino nitro- 
gen and ~: N are a maximum in 5AI. 

4. Concln~ions 

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

tO.I 

9.1 

l 8.( 

7.0 

o 
~.u 

= : 5-INH2 11 
• - x - - x -  6-[NH~ o 

-o-- -o-  7- INI-t 2 

10 

o 
0 

x 
e 

x I 

g 

.r+ ~ ~ ca 12 

3. r ' o .  ~. 0:2 o'.~ o'.,- o~s o'.s o17 o'.8 o'.9 1-o 
BK ' ~- 

Fig. 5, Plot of Stokes shifu of 5-A[, 6-A] and ?-A! in different solvents versus BK parameters when u = I. 
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Ground state dipole moments, calculated using the mopae 
program, indicate that charge transfer from the amino group 
to the heterocyclic ring is a maximum in 6-AI. The absorption 
and fluorescence spectra in different solvents have indicated 
that these amines act as proton accepter in the So state and 
prolon donor in Lhe St 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 So 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 configuratio~as in the Sn and S~ states. A decrease in 
the non-radiative decay constants of 5-A! and 6-A! with an 
increase in the polarity of the solvents reflects the stabilization 
of the planar geomelry of these amines in the S~ state. On the 
other hand, the increase in the non-radiative decay constant 
for 7-AI under the above environments could be due to the 
solvenbinduced fluorescence quenching. Semi-empirica! 
quantum mechanical calculations suggest that/z~ values for 
6-AI and 7-AI are better represented by BK' parameters and 
polarizability is taken into account, whereas for 5-At BK 
parameters explain the value of/~¢ with a minor contribution 
from polarizability. 
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