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Abstract

Spectral characteristics of 2:(3-diaminophenyl)benzothiazole (3,5-DAPBT) have been studied in different solventsgptd/H range
of —10to 16. Increase in Stokes shifts observed with increase in polarity of solvents is due to increase in dipole poonesxdjtation to
first excited singlet (9 state. Polarization also plays a major role in the increase of excited-state dipole mp@e@bMmbining the results
observed in absorption, fluorescence and fluorescence excitation spectra and lifetime studies, it is found that (i) MC1 is the only monocationic
(MC) species in polar aprotic and polar protic solvents, whereas MC1 and MC3 (Scheme 1) are formed in cyclohexane + trifluoroacetic acid
(TFA) medium in the ground § and S states; (i) DC2 is the only dicationic species present in polar protic solvents, whereas DC1 and
DC2 (Scheme 1) are dicationic species in non-polar and polar aprotic solvents; (iii) only one kind of tricationic species is present in polar and
protic solvents; (iv) monoanion (MA) formed by the deprotonation of any oftN&l, group, is non-fluorescent. Semi-empirical quantum
mechanical calculations (AM1) and density functional calculations (DFT) have been performed on all kinds of ionic species. The spectral
characteristics have been assigned to various prototropic species combining the experimental and theoretical results.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction 2-(2-hydroxyphenyl)benzothiazole (2-HPBT)6], 2-(2-
aminophenyl), 2-(3amino phenyl) and 2-(4aminophe-
Study of photophysical properties of heterocyclic organic enyl)benzothiazoles (2-APBT, 3-APBT, 4-APBT}7]. 2-
molecules has achieved a considerable importance recentyHPBT has been studied extensively as this molecule gives
because many of these molecules form an integral part ofrise to excited-state intramolecular proton transfer (ESIPT)
intermediate$l], fine product for drugi2—5] and pesticides  [16], whereas the amino derivatives were studied from the fol-
[6,7], color industrieq8], redox systems for solar energy lowing angles: (i) being strong electron donor in the excited-
[9], organized assembli¢s0], laser dye$11] and complex- state, fluorescence spectrum of amino derivatives are more
forming agent$12,13]. sensitive to the solvent polarity than the absorption spectrum.
Although substituted 2-aryl benzothiazoles are found to These molecules have been used as probe to study the var-
be useful from industrial point of view (for e.g., fluorescen- ious structural aspects of biological systems; (ii) molecules
ce whitening agentg14], and photoconducting materi- contain both electron-donating groupNH>) and electron-
als [15] and as herbicides in agriculture), have not re- accepting group<N—) without involving intramolecular hy-
ceived much attention. The molecules belonging to ben- drogen bonding (IHB) in §state. Their monocations (MC)
zothiozole series, which have been studied extensively areare formed by protonating-NH, group, which becomes
strong acid in $ state[18] and may thus donate proton to
% Tel: +91 51 2259 7163: fax: +91 51 2250 7436. =N—moiety in § by second ki_nd of ESIPT involving solvent_
E-mail addressskdogra@iitk.ac.in. moleculeg19,20] These studies have shown that 3-APBT is

1010-6030/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.jphotochem.2004.12.008



186 S.K. Dogra / Journal of Photochemistry and Photobiology A: Chemistry 172 (2005) 185-195

polar than 2-APBT or 4-APBT in Sstate and thus is better 3. Theoretical calculations

probe molecule. It has also been observed that dipole mo-

ment of diamino aromatic system is the maximum if two Theoretical parameters (e.g. total eneggyelative to the
substituents are present meta to each other than at any othemost stable species; dipole momentetc.) of 3,5-DAPBT in
positions. In other words, aromatic molecules containing two Spand § states were obtained by optimizing the geometry in
amino groups meta to each other can prove to be a very goodhe respective state using AM1 method (QCMP137, MOPAC

probe system. 6/PC)[31,32] In S state, configuration interactions (Cl=5
Present study on 3,5-DAPBT is a continuation of our in MOPAC, 100 configurations) were considered to optimize
earlier work on aromatic diamino compounfl—25] In the geometry. Transition energies for absorption and emis-

this molecule, two amino groups are present meta to eachsion processes were obtained by carrying out single point
other in the phenyl ring containing benzothiazole (BT) as calculations in AM1 method and employing &nd § state

an electron-acceptor moiety. Based on earlier studies, thisgeometries, respectively. The respective data are compiled in
molecule should be quite polar and can lead to greater in- Table 1

teractions with the polar aprotic and polar protic solvents. In  Dipolar solvation energies for different species in different
order to confirm the above-mentioned facts, absorption, fluo- states have been calculated using the following expression
rescence excitation and fluorescence spectroscopy, as well adased on Onsager’s thedBg]:

time-dependent spectrofluorimetry have been used. Effect of 2

acid—base concentrations on the spectral characteristics hava\E = — (M_3> f(D)

also been investigated anklpvalues for different prototropic a

reactions have been determined a®d § states. Charac-  wheref(D) = (D — 1)/(2D + 1), D the dielectric constant of the
terization of various ionic species has been carried out by medium, . the dipole moment in the respective state and
doing electronic structural calculations using semi-empirical the Onsagar cavity radius. For non-spherical molecules like
AM1 method and DFT procedure using Gaussian 98 3,5-DAPBT, value ofa has been obtained by taking 40% of

program. the maximum length of the moleculg4]. It is found to be
0.49 nm.
Theoretical parameters for different cationic species (three
2. Materials and methods monocations, MCs and three dications DE&sheme Lwere

also obtained using the above-mentioned theoretical proce-

3,5-DAPBT was synthesized by refluxing equivalent dures and the relevant data are compiledables 1 and 2
amounts of 1-amino phenylthiol and 3,5-diaminobenzoic respectively. The electronic structure calculations were also
acid in polyphosphoric acid, as described in Rg6]. performed on each species, as mentionesineme lusing
3,5-DAPBT was purified by repeated crystallization from Gaussian 98 prograf35]. The geometry optimization was
methanol. Purity of the compound was checked by chem- performed on each species of 3,5-DAPBT ins$ate using
ical analysis, single point on TLC, NMR data and resem- hybrid density functional theories (DF[36,37]B3LYP with
blance of fluorescence excitation spectra recorded at dif-6-31 G” basis sef35,38] The geometry of these stationary
ferent emission wavelengths.&y). All the solvents used  points on $ state fr, w') was calculated using configura-
were either of spectroscopic grade or HPLC grade from tions interaction singles (CI$B5,39]theory with 6-31G'
Merck and thus were used as such. Spurious emission wadasis sets. Time-dependent (T[4D,41] DFT B3LYP was
checked for each solvent by exciting at the same wavelengthalso used to calculate the excited-state energies at calculated
as used for each solution of 3,5-DAPBT in different solvents. stationary point geometry ing®nd G states. Relevant data
Triply distilled water was used for the preparation of aqueous are complied inTables 1 and 2respectively.
solutions.

Procedure used to prepare the solutions and adjustment of
pH was the same as described in our recent pgdRera7] 4. Results and discussion
Hammett's acidity scali28] was used for HSOy-H20 mix-
tures for pH<1 and Yagil's basicity scal@9] was used 4.1. Effect of solvents
for NaOHH20O mixtures for pH>13. Details of instru-
ments used for recording absorption, fluorescence excita-4.1.1. Absorption spectrum
tion and fluorescence spectra and measuring lifetimes are Table 3depicts the absorption band maxim@ltgx) and
the same as described in our recent pape@s27] Flu- molecular extinction coefficient (lognax) in all the solvents
orescence quantum yieldd{) was measured from solu- except cyclohexane because 3,5-DAPBT is partially soluble
tions having absorbance less than 0.1 using quinine sulphatén this solvent. Besides a broad shoulder arott850 nm,
in 1IN HySOy as referenced; =0.55)[30]. Concentration  a structured band appears~a813 nm with vibrational fre-
of 3,5-DAPBT was kept at % 10-%M. Prototropic reac- quency of 916t 60 cnT 1 in non-polar solvents. Structure is
tions were studied in aqueous medium containing 1% (v/v) lost as polarity and hydrogen bonding capacity of the sol-
methanol. vents increase. As compared to 1,3-diaminobenzene (1,3-
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Table 1
Calculated parameters of 3,5-DAPBT (neutral and monocations) in ground and excited singlet states using AM1 and TD (DFT)
Characteristics N MC1 MC2 MC3
S state
AM1 method
E (kJmol1) —26303178 667 67.1 0.0
Esol (kJmol1) —26393363 13 0.0 207
g (D) 2.4 165 17.0 22
DFT
E (kJmol1) —10644667 588 651 0.0
ug (D) 2.9 157 165 18
S, state
AM1 method
E (kJmol 1) —26262916 2173 2430 0.0
Esol (kJ morl) —26266002 2504 2540 0.0
e (D) 9.8 7.7 114 129

Transition energies (nature of transitions)/(oscillator strength, nm)
CNDO/S-CI method

S—St 381 (m, w") (0.022) 3604, ") (0.012) 358, 7') (0.013) 586, 7' ) (0.01)
S-S, 323 @, w') (0.339) 3394, w') (0.5128) 339, m') (0.452) 461, ') (0.164)
Single point AM1 method
S—S1 327 361 334 567
TD (DFT)
S—S1 381 360 358 586
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Table 2 observed in absorption spectrum of aromatic moiety is due to

Calculated parameters of dications of 3,5-DAPBT in the ground and excited the resonance interaction of tirecloud of aromatic ring and
inglet stat . ; . L .

singiet states lone pair on the amino groyig5]. This interaction increases if

Characteristics bC1 DC2 DC3  thelone pair of electrons antcloud is parallel to each other.
S state In 3,5-DAPBT, dihedral angleg; (C11—C10—Cg—N7), ¢2
AM1 method H1g-N13—C12-C11) and g3z (H21—-N16—C15-C17) are onl
E (K mot-) 10 00 1180 (2638— 21:; 12d—2121) ®3 t(' 2|1 1ar 15 17)|d yt
Eey (kI 65.0 680 0.0 , =24 and 22, respectively and one would expect a
g (D) 137 127 276 strong interaction betwe_en thecl_oud of phenyl ring and .
DET those of BT with lone pairs of amino groups. Large red shift
E (kdmof) 39 00 1134 qbserved as compared to 2-PBT and 3-APBT in the ab_sorp-
119 (D) 14.0 130 253 tion spectrum supports the above arguments. Red shift ob-
s, state served in polar aprotic solvents is due to dispersive interac-
AM1 method tions and.blu.e shift in polar protic soIvenFs is due. to hydro-
E (kJmol1) 0.0 9.7 207 gen bonding interactions with the lone pairs of amino groups
Esol (kJmof™) 5.4 0.0 532 and thus inhibiting them from resonance interactions with
e (D) 105 175 130 m-cloud of phenyl group. Increase in FWHM in polar protic

solvents supports this.

DAB) [21] or 3-APBT [17], shoulder at 360 nm and main
band at 313nm are red shifted in 3,5-DAPBT. Similar to 4.1.2. Fluorescence spectrum
1,3-DAB[21], maink%bax is red shifted with increase in po- Fluorescence spectral data of 3,5-DAPBT in different sol-
larity of the solvents and blue shifted in protic ones. Blue vents are compiled iffable 4 Unlike absorption spectrum,
shift observed in water is quite large such tha'?ax (water fluorescence spectrum is a broad band and more sensitive to
pH=7 <Aﬁ1bax (cyclohexane)). This behavior suggests an in- solvents. Thisis in agreement with the fact that greater charge
teraction between solute—solvent, which is supported by thetransfer takes place from amino group to aromatic ringiin S
increase in full-width at half-maximum height (FWHM) in  state than gstate. This is depicted by the decrease in the di-
going from cyclohexane (5320 crh) to water (5840 cm?). hedral anglegs, g2 andyz from 26° to &, —24° to —19° and
Spectral studies of 2-aryl benzoxazoles and corresponding22° to 3°, respectively, as well as, the reduction in bond dis-
benzothiazoles by PassarjdR] have suggested that the aryl tances of @Cigand Gs—N1g from 1.46 to 1.39 and 1.399
group acts as the main parent moiety and benzazole moietyto 1.361A, respectively on excitation fromg30 S state. A
perturbs the electronic transition of aryl group. Our experi- regular red shift is observed with increase in polarity and hy-
mental observations and DFT calculations have confirmed thedrogen bonding nature of solvents. This suggests an increase
earlier results and have shown that both HOMO and LUMO in delocalization of lone pair of electrons of the amino group
are localized mostly on the phenyl ring and partly on the throughout the aromatic ring imState. The value obs of
benzothiazole ring. Thus 3,5-DAPBT can be considered as3,5-DAPBT is small than that of 3-APB[L7] but larger than
substituted diamino benzene. Similar results were also ob-thatof 1,3-DAB[21] in any given solvent. Similarto 1,3-DAB
tained by CNDO/S-CI and PPP calculations for 2-phenyl and 3-APBT[21,17] &; of 3,5-DAPBT decreases in going
benzoxazole (2-PBO) and 248minophenyl)benzoxazole from cyclohexane to watequaXandq)f of 3,5-DAPBT is in-
(3-APBO) molecule$43,44] The electronic spectra of aro- dependent of excitation wavelengityc) in all the solvents.
matic amines have been studied extensi{#b} and red shift This indicates that emission in all the solvents is occurring

Table 3
Absorption band maxima)\ﬁlbax, nm) and logmax Of 3,5-DAPBT in different solvents [3,5-DAPBT]=6.0910"6M and ionic species [3,5-
DAPBT]=7.38x 10°6M

Solvents 225 (109 emax)
Cylcohexane 244 258 sh 313 360
Ether 246, 4.298 258 sh 316, 4.186 360, 3.361
Dioxane 247,4.326 258 sh 317,4.190 360, 3.419
Ethyl acetate - 254, 4.287 317,4.206 360, 3.419
Acetonitrile 246, 4.361 - 317, 4.205 360, 3.419
Isopropanol 244, 4.326 - 316, 4.200 360, 3.495
Methanol 243,4.376 - 313,4.213 360, 3.494
Water
pH=7.0 240 sh - 310, 4.259 360, 3.278
pH=3.0 246 sh - 300, 4.245 -
Ho=-0.50 254, 4.035 - 315, 4.265 -
Ho=-10 254,4.132 - 328, 4.287 -

H=16.0 263, 4.078 - 343 (broad), 4.114 -
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Table 4 . _ cence spectrum of 3,5-DAPBT by the addition of 1% (v/v)
Fluorescence band maximaigz,, nm), fluorescence guantum yields, methanol to cyclohexane (does not suppose to change the
excited-state lifetimest( ns), radiativelg, 10 ) and non-radiativelr, overall characteristics of cyclohexane but can cause 1:1 spe-
10" s*) rate constants of 3,5-DAPBT in different solvents e . . .

cific interactions) is 2503 cr, whereas in 100% methanol

Solvents ;?XC: (?’qbl ? ol ke kar itis only 5060 cnL. Similarly presence of 5% (v/v) water to
mave 71 acetonitrile cause a red shift of 984 thin emission spec-
%Ce":hexa”e 445170(2&;)02) gg 8:(1)2; ig ;322 trum as compared to pure acetonitrile and only 2260tm
Dioxane 458 (0.060) 89 (1.09) 147 2208 in 100% water. Similar behavior has also been observed
Ethyl-acetate 468 (0.053) B4 (1.13) 138 2466 in 5-aminoindazole and other aromatic amirjé6]. This
Acetonitrile 482 (0.05) 44 (1.07) 12 2295 solute—solvent interaction enhances the stability of singlet
Isopropanol 513 (0.055) 40 (1.08) 086 1476 state and thereby decreasing the® energy gap, which in
Methanol 519 (0.015) B0y o072 4758 turn increases the probability of intersystem crosgiig.
Water This fact explains the decrease &f and increase itk of
pH=7.0 541 (0.0091) $2(0.95 069 7506 3,5-DAPBT with increase in solvent polarity and hydrogen-
pH=3.0 493.5 (0.064) 87(1.12) 165 2418 . : .
pH=0.50 402 (0.011) 69 (0.97) 186 16763 bond-for_m_lng tendency in going from cycIohgxane_to_ yvater.
Ho=—10 460 (0.008) 32 (1.09) 154 19076 Further it is also well known that decrease in flexibility of
H=16.0 484 (0.002) 38 (1.20) 005 2507 the molecule decreases the non-radiative decay constants in

their excited-stat@18]. As mentioned earlier, BT moiety and
amino groups become planar to phenyl ring and their bond

fLon;n thehmost lrelaxedl exm_ted—;tate a:(n(rj] alsol agreeing dW'thdistances decrease. All these factors introduce higher bond
the fact that solvent relaxation times of the solvents used are, e ang thus loss of flexibility of the amino groups and

Zma(ljlgr than thaft of fluoro;?%?_re. FYVEM of the flugresrcr:lrence BT moiety in § state. In other words, there should be a de-
and increases from 3540 crmin cyclohexane to 4420 ¢ crease in the value &, whereas results dfable 4suggest

EV:’/V:KT’ fSlrj]g%eSt'ng an |nc[)easde_|n sol\lllentr!nterz;]\cnons_, bl(;tother way around. It may thus be concluded that increase
ot the fluorescence band is smaller than that notice in non-radiative rate constants observed in solvents with in-

i;]ht.he abs%rpt(ijon bar;d of .3'?I'D'%I.DI!3T i? gnygzsg_ﬁolvent. creasing polarity and hydrogen bonding tendency could be
Is may be due to loss in flexibility of 3,5- UPON " que to solvent-induced fluorescence quenching. Similar re-

excitation to § state, as mentioned above. sults have been observed in other molecules[dB@7-52]
Fluorescence excitation spectrum of 3,5-DAPBT was

recorded in each solvent by monitoring at different emission
wavelengths Xem) in the range of 390-600 nm, depending
upon the solvent. Fluorescence excitation spectra so obtaine

in each solvent resembled with each other in all aspects andOdS after optimizing the geometry of 3,5-DAPBT are 2.4D

also with respective absorption spectrum. This suggests thatandt 2'9tD’ relsptlactnvefly. M?r?y et()quatut)_ns are daf}/allable in lit-
there is only one species i State and emission is occurring erature to calculatge from the absorption and fiuorescence

from the same state which is excited. data. We shall use Bilot—Kawaski (BK$3] equation(2) to

Excited-state lifetimes 3,5-DAPBT were measured by ex- calculateje. BK parameter for polarizabilityr =0 and 1
citing at 311 and 337 nm and monitoringid,,, in different have been taken from R¢63].

4.1.3. Dipole moment
d Values ofug obtained by using AM1 and TD (DFT) meth-

solvents. Fluorescence decay in each case followed a siny; _ 3 _ 5, — mf(D, N) + constant @)

gle exponential withy2=1+0.1 and good autocorrelation SS ’

functions. Relevant data are compiledTiable 4 Values of (e — 1ng)?

radiative k) and non-radiativek,) decay constants were " = T 3)

calculated from the following relations and are compiled in

Table 4 where 8= 2msohc=1.105x 10-3° C?, h the Planck’s con-

stant,c the velocity of light anda the Onsagar’s cavity ra-

k= ﬂ, knr = (E) —ky 1) dius. In case of isotropic polarizability of molecules, the con-

T dition 2x/4wegad = 1, is frequently satisfied and E¢R) will

represent BK equation. When the polarizability of the fluo-
rophore is neglected, EQ) is reduced to Eq4) known as
Lippert—-Matagd54,55] equation.

Although amino groups in 3,5-DAPBT are not conjugated
with the electron withdrawing BT moiety! ., of 3,5-
DAPBT is large red shifted in comparison to 2-PBT or 3-
APBT [17] with increase in solvent polarity. This could be D—1 n? —
due to large increase in dipole moment of the given molecule Vss = Vab — Vfi = m1 [

upon excitation to $state (see Sectioh1.3. Anomalously

large red shift observed in protic solvents could be due to whereD is the dielectric constant andthe refractive index.
formation of 1:1 solute—solvent complex in State. This is Fig. 1 represents the plot betweegs and BK parameters
supported by the fact that red shift observed in the fluores- for =0 and 1. A plot ofvss versusEt(30) parameters is

1
— constant (4
2D+1 2n2+ 1] + “)
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Bk (0t =0) or Bk (0 =1) be due to the assumption that polarizability is isotropic. Simi-
0.0 02 De 0;6 s lar behaviour is also observed for some other aromatic amines

9000 - [49,51]

i 4.2. Effect of acid—base concentration
4.2.1. Aqueous medium

3,5-DAPBT is neutral in the pH range of 6.5-14 wit}f),,
at 310nm and shoulder at360 nm. The value of22, of
neutral species is red shifted with increase of base concentra-
tion and atH_ =16.0, the highest base concentration used,
22 is at 343 nm. Formation of this species is not complete
even at this base concentration and thkig palue for de-
protonation cannot be determined. Similar behaviour is also

7000

6000

i -1
v (em)

5000

4000~

150 18 210 240 270

S il observed in other aromatic amir{@8]. With decrease of pH,
A me 220 is blue shifted to 300 nm with decrease of absorbance,

Fig. 1. Plot of Stoke's shifts vs. BK parameters:: «=0, O: a=1, * having an isosbestic point at 302 nm, suggesting equilibrium
E1(30). between MC and neutral (N) species. 3,5-DAPBT is present
as MC in the pH range 3.0-2.0. With further decrease of pH,
absorption spectrum of MC is red shifted to 316 nm slowly up
also given inFig. 1 Itis clear fromFig. 1that a linear rela-  to Hp=—0.5 without isosbestic point, but slight increase in
tion is obtained for the non-polar and polar aprotic solvents, absorbance is noticed. With further increase of acid strength,
whereas departure from linearity is quite large for polar pro- Aﬁ]bax is red shifted from 315 to 328 nm with an isosbestic
tic solvents and dioxane. As explained in literature for other point at 320 nm. No further change in absorption spectrum is
aromatic aminef56] large deviation from linearity shown by  obtained aHp < —5.50.
protic solvents is due to the fact that hydrogen bond between  The K3 values for the various prototropic equilibria were
protic solvent and lone pair of amino group igSate is bro- determined using absorption data and are listed on top of
ken on excitation and a hydrogen bond is formed betweenthe arrows ofScheme 2Absorption spectra of various pro-
the amino proton and lone pair of solvent molecule. Becausetotropic species are shown Fig. 2 and relevant data are
of this a large red shift is observed in the emission spectra of compiled inTable 3
aromatic amines. This is reflected by a linear plot observed in  Fluorescence spectrum of 3,5-DAPBT was also studied
case ofET(30) parameters, as these parameters include bothin the acid—base concentration rangetdf/poH/H_) —10 to
the dispersive and specific interactions. Peculiar properties of16. Fluorescence spectra of various ionic species are given
dioxane as a solvent are well known and large deviation from in Fig. 3 and relevant data are compiled Table 4 Flu-
linearity observed can be explained on the same lines as don@rescence spectrum of 3,5-DAPBT is invariant in the pH
by Ledger and Supdb7]. If dioxane and protic solvents are  range of 611 and 541 nm band maximum is assigned to
omitted, the regression coefficients obtained from Bk 0 neutral species. Fluorescence intensity of 541 nm band de-
and 1) parameters are found to be 0.99 and 0.97, respectivelycreases without any change)ihax and FWHM. The former
Based on these values of regression coefficients, it is not pos+educes to zero ati_ =14.5. With further increase of ba-
sible to draw any conclusion about whether polarizability of sic strength, a blue shifted emission band appears at 488 nm
the molecule plays a role or not in calculating the values of and its fluorescence intensity keeps on increasing even up
He- to H_=16. The valuerl ,, is red shifted with increase of
The valueue was determined from the slope of linear part Aexc @and this could be due to the presence of neutral species
of the plots ofFig. 1 using g (2.4 D) and Onsager’s cav- even at this base strength. This is supported by the fact that
ity radius (0.49 nm), obtained from AM1 calculations. These fluorescence excitation spectrum is red shifted from 326 to
values are 12.0 and 8.1 D at=0 and 1, respectively. This 336 nm with increase ofem, from 450 to 500 nm, agreeing
clearly suggests that polarizability of the fluorophore plays a with the absorption spectrum &t =16. Single exponen-
major role in determiningee_ In order to solve this problem, tial observed in the fluorescence decay at short wavelength
we have calculatege by fully optimizing the geometry of  emission (4.0ns) a_ =16 suggests the presence of sin-
3,5-DAPBT in § state by taking into account the configura- gle species. The valuxafmax of neutral species (541 nm) of
tions interaction (Cl=5 in MOPAC, 100 configurations) and 3,5-DAPBT is blue shifted to 494 nm with increase of fluo-
using AM1 method. Similar to experimental results, theory rescence intensity up to pH=3, suggesting the formation of
also predict thaje> ug. Comparing the experimental and MC. Fluorescence characteristics of MC at pH =3 is invari-
theoretical results it is clear that better agreement is achievedant toAeyc and fluorescence excitation spectrum is invariant
if BK parameters are used involving polarizability of the fluo- to Aem, agreeing with the absorption spectrum. This suggests
rophore. Small discrepancy between the jworalues could the presence of only one species (MC) and supported by sin-
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gle exponential fluorescence decay of lifetime 3.87 ns. With 4.2.2. Non-aqueous medium

increase of acid concentratiokf,,, is further blue shifted Spectral characteristics of cationic species of 3,5-DAPBT
to 402 nm, reaching its maximum fluorescence intensity at have been studied in cyclohaxane + TFA (up to 0.1 M), ace-
pH=0.5 and possessing an isoemissive point-480 nm. tonitrile and methanol + F50, (up to 1 M). Spectral char-

With further increase of acid concentration, 402 nm emis- acteristics of the ionic species formed in methanobS8y

sion band is red shifted to 460 nm with isoemissive point at are similar to those observed in aqueous medium except that
~450 nm uptaHp=—2. At Hp< -2, kﬁnax and fluorescence (i) 1M H»S0Oy concentration is too small to form trication
intensity does not change even upHep=—10. The values  and, (ii) )»fnax of MC up to 102M H»SO; (465nm) and
Afnax andAfXS are invariant tovexc andiem, respectively at DC>102M H,SO4 (394 nm) are largely blue shifted in
pH=0.5andHp =—2. Agreement of fluorescence excitation comparison to those observed in water (494 and 402 nm, re-
spectra with the absorption spectra at these acid concentraspectively). In acetonitrile as medium%bax and )J;nax are

tion and single exponential fluorescence decay confirm theblue shifted up to 10* M, as observed in protic solvents.
presence of only one ionic speci€gble 4. The K; val- Both the absorption bands are red shifted, specially the
ues for the various prototropic equilibrium in State (K5") long wavelength one and becomes broad, in the range of
were determined with the help of fluorimetric titrations by 104 M < H»SO4 <10~ M and finally blue shifted to 325 nm
exciting at the respective isosbestic points. These values aret [H,SO4] > 101 M. On other hand, fluorescence intensity
listed below the arrows iBcheme 2
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Fig. 2. Absorption spectra of the prototropic species of 3,5-DAPBT in aque- Fig. 3. Fluorescence spectra of the prototropic species of 3,5-DAPBT in

ous medium. £) Hp=-10, TC; (O) Ho=-0.5, DC; (*) pH=3.0, MC; aqueous mediumA) Ho=-10, TC; (O) Ho=0.5, DC; (*) pH=3.0, MC;
(—) pH=7.0\N; (----) H_ =16, MA. [3,5-DAPBT] = 7.38x 10~ M. (—), pH=7.0\N; (----), H_ =16, MA. [3,5-DAPBT]=7.38x 10°5 M.
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of 438 nm emission band decreases with increaseB(4
concentration from 10*M onward and is nearly zero at
10-2 M H,S0y, excepta very broad band is there in the range
of 400—600 nm. Unlike in protic solvents, a new red shifted
emission band appears at478 nm gi$idy] > 10~ 1 M. Spec-

tral characteristics of 3,5-DAPBT in cyclohexane + TFA are
very different from those observed in other two solvents con-
taining HbSO; up to 103 M TFA. Absorbance of 310 nm
band decreases drastically, followed by a red shift&),

(330nm), as well as, increase in absorbance of 350 nm band.

With further increase in TFA concentratioh2?, is blue
shifted to 320 nm. With increase of TFA in cyclohexane con-
taining 3,5-DAPBT, 411 nm emission band develops into a
weak dual emission at 384 and 525nm at3M concen-
tration and 443 and 558 nm at 0.1 M concentration using
rexc=310 nm. Athexc= 360, 384 nm emission band is absent
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and dual emission develops at443 and 560 nm, with IncreaseFig. 5. Normalized fluorescence spectra of 3,5-DAPBT in cyclohexane con-

of TFA. Whereas atexc= 420 nm, neutral emission is absent

taining TFA: (—) OM TFA; (*) 103 M TFA; (O) 0.1 M TFA.

and a single emission band develops at 566 nm. Fluorescence

intensity of all the dual bands is too weak to measure lifetimes
in S; state.Figs. 4—7represent the absorption and fluores-
cence spectra of 3,5-DAPBT in cyclohexane + TFA and ace-
tonitrile + HoSOy, respectively. Relevant data are compiled
in Table 5

4.2.2.1. MonocationsThe 3,5-DAPBT has three basic cen-
ters, i.e., two-NH> groups and one BIN-atom. Thus three
MCs can be obtained on protonati@cheme L From the ge-
ometry of the molecule, MC1 and MC2 are structurally sim-
ilar. This is supported by: (i) similar total energy of MC1 and
MC2 under isolated conditions obtained by AM1 and DFT

Thus it may be concluded that both experimental and the-
oretical calculations cannot differentiate between MC1 and
MC2 in both the states (Sand Q) in polar protic solvents.
Similar behaviour is also observed in the first protonation of
aromatic diaminef21-25] Between MC1 and MC3, MC3

is stable than MC1 by 66.7 kJmdl in AM1 calculations
and 58.8kJmoait in DFT calculations under isolated con-
ditions, whereas MC2 is stable than MC3 by 20.7 kJThol
when dipolar solvation energy is taken into account in AM1
method. This is because the dipole moment of MC24n S
state (17.0 D) is very large as compared to that of MC3 (2.2

calculations and when dipolar solvation energies are includedD). In other words, MC3 can be present in non-polar solvents

in AM1 calculations and (ii) similar absorption transition en-
ergies predicted by single point calculations of AM1 and TD
(DFT) calculations. On other hand, in State MC1 is more
stable than MC2 by 25.7 and 3.6 kJ mblunder isolated

conditions and when dipolar solvation energies are included.

0.10
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0.00

350 400 450

Wavelength (nm)

300

Fig. 4. Absorption spectra of 3,5-DAPBT in cyclohexane containing TFA:
(—)OMTFA; (*) 103 M TFA; (O) 0.1M TFA.

and MC1 in polar solvents.
Based on above discussion and earlier results
[17,19,44,58] protonation of amino group and BN—
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Fig. 6. Absorption spectra of 3,5-DAPBT in acetonitrile containingBy:
(—) OM H2SQy; (*) 1075M H2SQy; (4) 1072M HaSOy; (O) 1M
H2SQy. [3,5-DAPBT]=7.02x 16-6 M.
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1M H,SQy. [3,5-DAPBT]=7.02x 1076 M.

atom lead to blue shift and red shift, respectively, in the
spectral characteristics of the moleculerifand =" is the
lowest energy transition. Protonation constantif- atom

of 2-PBT is 0.7[17], those of—NH2> group in 1,3-DAB
and 3-APBT are 4.8@21] and 3.4[17], respectively. These
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also consistent with the presence of MC3, i.e. monocation
formed by protonating B¥N— atom, predicted by both
AM1 and DFT calculations in non-polar solvents. Presence
of short wavelength emission and its red shift with increase
in Aexc Suggests the presence of MC1, solvated to different
extent in cyclohexane containing 1M TFA or presence

of MC1, which is stabilized to different extent in comparison
to MC3 in § state. Since fluorescence intensity of SW
emission is so small that the fluorescence excitation spectra
recorded at different emission wavelengths do not give any
meaningful results and lifetimes could not be recorded.
Very broad absorption band at335 nm does suggest some
information about the presence of multi-species in this
medium. It may be concluded that MC1 is the only species
in polar solvents and MC3 in non-polar solvents. Small
amount of MC1 may be present in cyclohexane + TFA, due
to increase in the polarity of cyclohexane by the addition of
TFA.

Fluorimetric titration method gives the ground staktg,p
value, suggesting that protonation equilibriumis not achieved
in the excited-state. This could be due to shorter lifetime of
the conjugate acid—base pair of 3,5-DAPBT and smaller acid
concentration. Similar behaviour is also observed in the first
protonation of aromatic diamin¢25,26]and 4-(9-anthryl)-
N,N-dimethylaniline[58].

results suggest that first protonation occurs at the amino4.2.2.2. Dications.Similar to MCs, there can also be three
group of 3-APBT. Results offable 4 (blue shifts in the DCs, DC1, DC2, DC3%cheme Jand DC1 and DC2 will be
absorption and fluorescence spectra of neutral 3,5-DAPBT) similar to each other. This has also been shown by AM1 and
and the first protonation constant of 4.2 clearly establishes DFT calculations. DC1 (DC2) are more stable than DC3 by
that MC1 is the positively charged species formedjragd 118 kI mot! (AM1 method) and 113.4 kJ mot (DFT cal-

S, states in aqueous medium, methanol and acetonitrile. Redculations) under isolated conditions and DC3 is more stable
shift observed in the fluorescence band maxima of MC1 with than DC1 (DC2) by 63 3 kJ mol* when dipolar solvation
increase in protic nature of the solvents suggests that MClenergy is included. This is becaugg for DC3 (27.6D) is

is stabilized by the hydrogen bonding of the solvents. Red large as compared to that of DC1 (13.7 D).

shift observed in the absorption and fluorescence spectra of Based on earlier experimental res|it§—24] further pro-
3,5-DAPBT in cyclohexane containing up to oM TFA is tonation of MC1 (MC2) at second amino group or of MC3

Table 5
Absorption band maxima 2., nm) and fluorescence band maximd,§,, nm) of 3,5-DAPBT in cyclohexane, acetonitrile, methanol containing different
amount of acid

Solvents A Al

Cyclohexane 258 313 328 360 411

Cyclohexane + 10° M TFA - - 340 (broad) - 3 41F 394, 508 543+ 2
Cyclohexane + 10 M TFA - - 320 - 443 5591
Acetonitrile 246 317 - 360 482

Acetonitrile + 104 M H,SOy 255 300 - 350 438

Acetonitrile + 102 M H,S0Oy 259 342 364 388 -

Acetonitrile + 1 M H,SOy - 323 - - 478

Methanol 243 313 - 360 518

Methanol + 103 M H,SO, 253 300 - 355 465

Methanol + 1M HSO, 257 310 - - 394

Cyclohexane + 10° M TFA, Aexc.
2310 nm.
b 330 nm.
¢ 360 nm.
d 420 nm.
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at any amino group will lead to the blue shifts in the ab-
sorption and emission spectra of MCs. DCs obtained will be

DC3 or DC1 (DC2), respectively, whereas the protonation at

the BT=N— atom will shift the spectra towards red and DC
will be DC1 (DC2). Further, second protonation constants of
1,3-DAB and 3-APBT are 1.8@1] and 0.07[17], respec-
tively. In other words, in aqueous medium or polar medium
and based onky, values of the respective basic centers, DC3
should be formed, leading to the blue shifts in the spectral
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