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The photophysics and electron-donating nature of the three substituted benzothiazoles (BTs) have been studied
by electrochemical, steady state, time-resolved spectroscopic techniques. Calculations on isolated molecules
in the gas phase as well as solvent environment were performed with use of the density functional theory
(DFT) to correlate with the observed polarized spectra. The time-dependent density functional theory (TD-
DFT) has been shown to give reasonable singlet and triplet vertical excitation energies for all the BTs studied.
The electrochemical measurements demonstrate that the photoinduced electron-transfer (PET) reactions between
the donor BT and excited (Bacceptor 9-cyanoanthracene (9CNA) are energetically favorable from the
thermodynamic point of view. Steady state fluorescence and flash photolysis measurements indicate that the
PET is involved only in the excited singlet state of 9CNA in the presence of BTs. It is inferred that the triplet
state of 9CNA, being formed by the charge recombination mechanism, would not be involved in the electron-
transfer (ET) reaction as the free energy of the triplet state of 9CNA appears to be less than the free energy
of the ion-pair (products).

1. Introduction exciplex formation between pyrene and indole moieties. With

Photoinduced electron transfer (PET) is one of the most INcreasing progress in understanding the elementary process of
pivotal processes in photosynthesis, photoimaging, optoelec-b'9|°9'ca| photosynthesis, ET reac'u_ons in sy_nthetlc porphy_rln
tronic, and other microelectronic devices. Investigations on PET duinone systems have found considerable inté&smahori
processes within the well-defined artificial photosynthetic and other$observed that in zinc porphyrirCeo dyad the CS
systems may lead to further insights into the mechanisms of rate is about 1% s™* and the energy wasting recombination
natural photosynthesis. These studies would provide us therate kcr) is around 18s*. Paddon-Row et & measured the
information about the first events of the biological processes, transient absorption spectra of some novel synthesized rigidly
which are responsible for a major part of the energy on earth. bridged dyads and triads by using subpicosecond ptjpnpbe
During the past and in recent yelr® PET reactions in linked ~ techniques to observe the primary electron-transfer (ET) events.
donor-acceptor model systems, which may mimic the photo- They demonstrated that the primary ET occurs within the triad
synthetic reaction centers in plants, have been found to be ofsystems from the donor dimethylaniline to the acceptor dicy-
considerable interest. As the photophysics of carbazole donorsanovinyl group, which is connected with the former one by a
is well documented in the literatufé,3* several bichromophoric  rigid polynorbornane bridge, within a very short time duration
systems containing carbazole derivatives as donors have beemwf 10 ps. These systems thus behave as artificial photosynthetic
studied! In these systems observations of very fast highly devices. Lately in our laboratory comparative stutflagere
exergonic charge separation (CS) reactions (forward electronmade between intermolecular and intramolecular ET reactions
transfer) kes ~ 10*2 s71) coupled with the slower energy  between 4-methoxybenztfhiophene (4MBT) donor ang-
wasting charge recombination (CR) (back electron transfer) chioroacetophenone (PCA) acceptor by using steady state and
process Kcr ~ 10° ™) indicate their behaviors as artificial  |aser flash photolysis techniques. The primary aim of our
photosynthetic devices. Further, photoactivity measurementsresearch is to build efficient artificial photosynthetic devices
showed that with these systems the efficient photoconducting (model donor acceptor linked bichromophoric and multichro-
materlals could be_developed. V_arlous viologen-linked porphy- mophoric systems) where primary charge separation reactions
rins were synthesized and studied by Okura and Ho°§qpo ~will occur relatively much faster than the energy wasting charge
develop suitable redox systems for the phptoc_hemlcal utilization o combination process. It has been shown that the survival
of solar energy. De Schryver et &lstudied intramolecular  ration of charge-separated species before recombination

*To whom all correspondences should be addressed. E-mail: depends on the nature of the linkage, saturated or unsaturated.
sptg@mahendra.iacs.res.in/tapcla@rediffmail.com (T. Ganguly). Phone: Although it is well-known that benzothiophenes are potentially
*+91-33-2473-4971, extension 214. Fax91-33-2473-2805. useful electron donors, a systematic study of their electron-
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Figure 1. (a) Molecular structures of 2ABT, 2A4MBT, 2A6MBT, and 9CNA. (b) B3LYP/6-31G(d) optimized geometry of 2ABT.

the bichromophore 4MBT/PCA in the presencefefyclodex- benzothiazoles and 9CNA acceptor linked by flexible (poly-
trin (BCD) was recently observed.These studies provide a methylene) and rigid (polynorbornane) bridges.

secure basis for the rational synthesis of efficient organic-based

photoconducting materials which might be useful for electro- 2 Experimental Section

graphic/xerographic and microcircuitry industries.

In the present work three substituted benzothiazoles (BTs) 2.1. Materials. All the samples 2-aminobenzothiazole (2ABT)
have been chosen as electron donors. These are 2-aminober{97% pure), 2-amino-4-methylbenzothiazole (2A4MBT) (97%
zothiazole (2ABT), 2-amino-4-methylbenzothiazole (2A4MBT), pure), 2-amino-6-methylbenzothiazole (2A6MBT) (99% pure),
and 2-amino-6-methylbenzothiazole (2A6MBT) (Figure 1). To and 9CNA (97% pure), supplied by Aldrich, were purified by
our knowledge not much work has been done so far on the vacuum sublimation. The solventsheptane (NH) (SRL),
photophysical and electron-donating properties of benzothi- €thanol (EtOH) (E-Merck), and acetonitrile (ACN) (SRL) of
azoles3®40 Apart from the spectroscopic studies, photophysical Spectroscopic grade were distilled under vacuum according to
properties of these donors have been investigated in the presenhe standard procedure and tested before use to detect any
work to reveal the mechanisms of nonradiative processesunwanted impurity emission in the wavelength region studied.
involved. The electron-donating nature of the present benzothi- 2.2. Spectroscopic ApparatusAt the ambient temperature
azoles was examined in the presence of the well-known electron(296 K) steady-state electronic absorption and fluorescence
acceptor 9-cyanoanthracene (9CNAIN media of isotropic emission spectra of dilute solutions (¥8-10-6 mol dm3) of
solvents, e.g., nonpolarheptane (NH), polar protic ethanol the samples were recorded, using 1 cm path length rectangular
(EtOH), and aprotic acetonitrile (ACN). The results obtained quartz cells, by means of an absorption spectrophotometer
from the intermolecular studies with electrochemical, steady (Shimadzu UV-vis 2101PC) and F-4500 fluorescence spec-
state, and time-resolved spectroscopic techniques are describettophotometer (Hitachi), respectively. Fluorescence lifetimes
here. By using time-dependent density functional theory (TD- were measured by using a time-correlated single photon counting
DFT) vertical excitation energies were computed and correlated (TCSPC) fluorimeter constructed from components purchased
with experimental data. It is anticipated that the present studiesfrom Edinburgh Analytical Instruments (EAI), model 199 UK.
on intermolecular interactions between the donor benzothiazolesThe experimental details are given elsewHéréhe goodness
(BTs) and the electron acceptor 9CNA would be helpful for of fit has been assessed with the help of statistical parameters
our future studies to assign unambiguously the nature of the y2 and DW. All the solutions prepared for room temperature
intramolecular ET reaction mechanisms within the bichro- measurements were deoxygenated by purging with an argon gas
mophores or multichromophoric systems comprising the presentstream for about 30 min.
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A special dewar in which a long cylindrical quartz tubing
(cell) 3 mm in diameter could be introduced was used for low-

temperature (77 K) measurements. The phosphorescence lifetime
was measured by using an F-4500 fluorescence spectropho-

tometer (Hitachi).

The fluorescence quantum yielgy( was determined with
phenanthrene as stand&dnd the phosphorescence quantum
yield (¢p) was measured by using benzophenone as stafdlard.
The quantum yield ratigp/¢r was computed from the ratio of
the area under the corresponding emission cut¥es.

The degree of polarizatiorP] was measured with the help
of UV —vis polarizer accessories including a UV linear dichroic
polarizer, wavelength range 23@00 nm, purchased from Oriel
Instruments, USA. The observed degree of polarizatien (
values were obtained from the following relatith.

P=[lge — (lge/lga)leal/[1ee + (Ige/lgs) eal 1)

Here,lgg andlgg are the intensities of parallel and perpendicular
polarized emission with vertically polarized excitation dpg
andlge are the intensities of horizontally and vertically polarized
emission when excited with horizontally polarized lighig/
Igg defines the instrumental correction fact@r(polarization
characteristic of the photometric system). This correction is
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Figure 2. Steady state electronic absorption spectra of 2ABT in NH
(the solid line), EtOH (the dashed line), and ACN (the dotted line) at
ambient temperature. Inset: Steady state electronic absorption spectra
of 2ABT in ACN, showing additionally the 225-nm band.

300

solvent-solute H-bonding interactions, are not treated. This may
be a problem in the case of ethanol solvent because of the
possibility of the presence of soluteolvent H-bonding interac-

made for any change in the sensitivity of the emission channel tion. The frozen core approximation was used for all TD-DFT

for the vertically and horizontally polarized components.
2.3. Laser Flash Photolysis.Transient absorption spectra

calculations; that is, MOs 15 to 270 were used in the correlation.
All 46 MOs were used in the ZINDSO/S CI singles calculations.

were measured by using a nanosecond flash photolysis setuphl calpulations were carried out with the Gaussian 98 and
(Applied Photophysics) containing an Nd:YAG laser (DCR- Gaussian 03 program3>*
11, Spectra Physics). The samples were excited by 355 nm laser

light (fwhm = 8 ns). Triplet spectra were monitored through
absorption of light from a pulsed Xe lamp (250 W). The
photomultiplier (IP28) output was fed into a combiscope (Fluke
PM3394B, 200 MHz) and the data were analyzed with Fluke
View Combiscope software.

2.4. Electrochemical MeasurementsElectrochemical mea-

3. Results and Discussion

3.1. Spectroscopic Properties of BTs3.1.1. Electronic
Absorption Spectra of BTén solvents of different polarities
(NH, EtOH, ACN) the BTs exhibit three main absorption bands
at the 225-, 268-, and 292-nm regions (Figure 2). Following

surements to determine the redox potentials of the reactants werdN€ assignments made in the absorption bands of the structurally
made by using the PAR model 370-4 electrochemistry system. Similar compounds alkoxy bendgjfhiophene® it could be
Three electrode systems including SCE as standard were use@resumed that the longer wavelength band at around 292 nm is
in the measurements. Tetraethylammonium perchlorate (TEAP)dUe to the'l, — *A transition and the 268-nm band corresponds

in ACN was used as supporting electrolyte as befére.

2.5. Computational Methods.The (gas phase) ground state
geometry of 2-aminobenzothiazole (Figure 1) was fully opti-
mized, without symmetry constraints, using the B3LYP hybrid
functionaf® and the 6-31G(d) basis sEtGas-phase vertical
excitation energies, using the optimized geometries for this
molecule, were calculated by using both the semiempirical
ZINDO/S method (using the spectroscopic parametefSsatyl
the time-dependent DFT (TD-DFT) method (using the B3LYP
hybrid functional and the 6-3# +G(d,p) basis set}® TD-
DFT has been showfto give reasonable singlet and triplet
vertical excitation energies for a variety of molecules, provided
that the states of interest lie well below the ionization threshold,
which is the case for the systems discussed Pefdws, the
B3LYP/6-311+G(d,p)// B3LYP/6-31G(d,p) lowest vertical
ionization potential for 2-aminobenzothiazole is 7.95 eV,

to thell ; transition. On the other hand, the whole band system
of BTs spanning between 240 and 320 nm undergoes a change
in energy (red shift) when the polarity of the medium is
increased from NH to EtOH or ACN. Thus, solvent studies
indicate the £,7*) nature of both théL, and!L, band systems.
Nevertheless, to assign unambiguously the nature of the
absorption bands steady-state polarization excitation spectra
were measured (vide infra).

3.1.2. Steady-State Fluorescence Emission Spectra of BTs.
All the BTs studied in the present investigation were found
to be nonfluorescent at ambient temperature irrespective of the
polarity of the environment. However, when the temperature
is lowered to 77 K, the BTs exhibit a strong phosphores-
cence spanning between 370 and 540 nm along with a much
weaker fluorescence band (Figure 3). The measured phospho-
rescence decay times of all three BTs, presently studied, in EtOH

whereas the three lowest vertical excitation energies of interestglassy matrixes were found to be around 135 ms (inset in Figure
for this molecule lie below 5 eV. The effect of solvation on the 3).

computed TD-DFT vertical excitation energies was investigated The observation of low triplet lifetimes<(135 ms) coupled

by using a continuum solvation model, specifically, the polar- with the finding of larger phosphorescence vyields relative to
ization continuum model (PCM) implemented for excited fluorescencedy/¢r ~ 3) is indicative of formation of BT triplet
state$? Because we are interested in vertical excitation energies, through the efficient intersystem crossing (isc) process. The
the PCM-TD-DFT calculations were carried out with nonequi- internal heavy atom effettdue to the presence of sulfur may
librium solvation conditions. It is stressed that, being a be responsible for the apparent large ratiogf¢r) and small
continuum solvation model, specific solvent effects, such as lifetime of the lowest triplet state. It is relevant to point out
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500 — T T - T P=[3cofa — 1]/[cofa + 1] )

The values ofx obtained from eq 2 were 39or the 265-nm
band and 52for the 290-nm band. From these values the angle
between the transition dipole moments of the 265- and 290-nm
bands was computed and was found to~E3°. Such a small
value of the angle between the transition moment&_gfand
1L, bands indicates that there is a possibility of mixing between
the two lowest excited singlet stateg,&d $. As thellL, band
is weak it might contain intensity-borrowing from the higher
electronic state'lL,5” The mixing of S and S states may
facilitate intensity-borrowing and tHé&, band may acquire some
) s characteristics of tht, transition. It makes the transition dipole
450 525 moment of thellL, band closer to that ofL, Due to the
Wavelength /nm contamination of thellL, state in the region oflL, large
Figure 3. Fluorescence and phosphorescence spectra of 2ABT depolarization might occur in this region, which was actually
(concentration~1.7 x 10> mol dm ) in EtOH glassy matrix at 77 observed in the phosphorescence polarization excitation spectra

375

Relative Intensity
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375

K. Inset: The phosphorescence decay of 2ABIn(= 467 nm) in (Figure 4) from very lowP values.
EtOH glassy matrix at 77 K. 3.2. Ground-State Calculations3.2.1. Molecular Geometry
03 " , . . an round-State Dipole MomenfThe -
d G d-State Dipole M fThe B3LYP/6-31G(d

optimized ground-state geometries of 2-aminobenzothiazole are
shown in Figure 1b (Cartesian coordinates are provided in the
Supporting Information). With the exception of the two NH

02 hydrogen atoms, the remaining atoms lie in a plane with an
rms deviation of 0.013 The exocyclic amino nitrogen is
o pyramidalized, the out-of-plane flap angle being 38.Bhe
ground-state dipole moment is predicted to be 2.04 D.
01 3.2.2. Excited State¥ertical excitation energies and oscil-
lator strengths calculated in the gas phase with TD-DFT at the
B3LYP/6-31H+G(d,p)//B3LYP/6-31G(d) level of theory are
0.0 . ; \ \ listed in Table 1, along with experimental values (oscillator
265 270 275 280 285 290 strengths were measured from absorption spectra by using the
Wavelength /nm equatiorf = 4.32 x 1079 f¢(v) dv®®). Type of transitions (¢,7*)
Figure 4. Phosphorescence excitation polarization spectra of 2ABT ©OF (n77%)) deduced by graphical visualization of the molecular
(Lem = 467 nm) in EtOH glassy matrix at 77 K. orbitals shows that first and third singlet states aremoftt)

nature. TD-DFT simulated oscillator strength of the third singlet
here that the lack of fluorescence emission of BTs at the ambientstate is somehow larger than that of the first singlet state. From
temperature may be due to the poorly populated singlet duethe above observations the first and the third singlet states may
to the large isc rate, which augments the yield of the triplet be assigned a4, and'L, transitions, respectively. Thus, this
state. method correctly predicts two low-lyingzz(z*) electronic
transitions: &L, and alL,. Thell, transition is lower in energy,
followed by thell , transition. Orbital configurations dt., and
1L, states show that these states share HOMQUMO+1,
HOMO — LUMO+2 and HOMO— LUMO+3 transitions.
This is in agreement with the possibility of mixing of the states
1Ly (S1) andL, (Sp), which is apparent from the experiment.
In the gas phase the TD-DFT method yielded transition energies
all within 0.5 eV of experiment and that correlate well with the
experimental data. TD-DFT predicts tHe, oscillator strength

3.1.3. Steady-State Phosphorescence Polarization Excitation
Spectra at 77 K in EtOH Rigid Glassy Matri¥igure 4
reproduces the polarized phosphorescence excitation spagtra (
~ 397 nm) for 2ABT in EtOH rigid glassy matrix at 77 K. It
can be observed from the figure that the bands in the region of
1L, and1L;, transitions are positively polarized. This indicates
that the T — S electronic transition should be in near parallel
to the transition moments of the two lowest lying singlet
electronic states. On the other hand boththeand*L, bands it go0d agreement with the experimental data but the method
corresponding to Sand § states situated around the 265 and 5 |ess accurate for calculating the, oscillator strength of
290-nm regions, respectively, exhibit significant spectral shift 5 ABT iy the gas phase.
toward the lower energy region (red shift) with the change of

polarity of the surrounding solvent (Figure 2), which is in The transition energies and oscillator strengths of 2ABT in

the gas phase predicted by the ZINDO/S//B3LYP/6-31G(d) level

3ggfreement| with ht he n(hi? hcharggterls;lc; ' (;I’he S|g?|f|c|an.t of theory are listed in Table 2 along with experimental values.
fiferent values, though both positive, of the degree of polariza- Though the vertical excitation energies of the first and third

tion at 265 and 290 nm indicate that these bands correspond Qi et states are very similar to the experimental values it is
two different transitions. Moreover toward the 290-nm region, itficult to assign these states dkp, and 1L, transitions
P values decrease considerably showing a somewhat depolaryespectively due to the lack of similarities of the oscillator
ization effect in this'L, region. strengths of these states with the experimental values and the
The anglesd) between the absorption and emission transition (n*) nature of the third singlet state. So, it is clear that
dipole moment were calculated by using the experimentally ZINDO/S provides less satisfactory results for the excited states
measured degree of polarization) (value with the following of 2ABT than the TD-DFT method. The simulated in vacuo
equation; line spectra of 2ABT, calculated by using the above two
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TABLE 1: Time-Dependent DFT Simulation of Vertical Excitation Energies and Oscillator Strengths of 2-Aminobenzothiazole
at the B3LYP/6-3114++G(d,p)//B3LYP/6-31G(d) Level of Theory

energy (eV) oscillator strength, au
transition gas EtOH energy gas EtOH
type phase (exptlp shift, cnm? phase (exptly
(%) 2 4.58 4.68 (4.20) 817.3 0.0105 0.0154 (0.0081)
("Lo=—"A)
(or,r%)* 4.69 4.79 779.8 0.0022 0.0366
(%) 2 4.91 4.87 (4.70) —334.8 0.1446 0.2398 (0.2960)
(*La—1A)
(or,1%) 2 4.99 5.23 1846.2 0.0041 0.0052
(%) 2 5.02 5.28 2081.6 0.0399 0.0006
(7r,71%) 2 5.42 5.40 —171.0 0.0994 0.1775
(r,77%) 8 3.36 3.36 (3.00) 0.0 0.0000 0.0000
(n,*)3° 551 551 0.0 0.0000 0.0000

a Experimental values were measured in ethanol (EtOH) solVditth triplet excited state.

TABLE 2: Simulation of Vertical Excitation Energies and
Oscillator Strengths of 2-Aminobenzothiazole at the ZINDO/
S/IB3LYP/6-31G(d) Level of Theory 015 F
cl gas phase (exptl) g
transition expansion  energy, oscillator E
type orbitals coeff eV strength, au % 010}
(r*)t  24—26° —0.227  4.25(4.20) 0.2665 (0.0081) 2
25—26 0.592 g
2527 —0.224 o
(ra9t  24—26 0.302  4.28 0.00721 5 005F
2526 0.322 ©
25—27 0.513
(n*)t  23-26 0.606  4.75(4.70) 0.0074 (0.2960) ,
2328 0.340 0.00
(m*)t 2426  —0.207 5.29 0.0074 (0.2960 3o0r
24—27 0.388
25—28 0.518 25
(Tt 2426 0.521 5.8 0.7257
24—27 0.229 2.0
25-27  —0.353 g
(r¥)3 2427  —0.363  1.95(3.00) 0.0000 215
2526 0.519 £
(n7*)3e  25-29 0.565  5.43 0.0000 <o
26—30 0.228 ’
20nly Cl expansion coefficients with absolute vale).2 are 0.5
included in the table? HOMO. ¢ LUMO. ¢ Experimental values were
measured in ethanol (EtOH) solveftlOth triplet excited state. 0.0 L . . .
225 250 275 300
Wavelength /nm

tmhztzgﬁtsljlfifdSskl;evi?r{;nalrztleggrr]?)\s/vg ;n'(lj'a%ljsn i '[;r(]adpzropertles OfF_igl!fe 5. UV~—vis absorption spectra of 2ABT in EtOH. The bV
: vis line spectrum calculated for 2ABT in vacuo by TD-DFT calculation

The TD-DFT method predicted appreciable shift in energy is shown in the top section of the figure.
for singlet states in going from the gas phase to the solvent
phase (Table 1). The effects of various solvents (ACN, EtOH, solvents, the 5,0*)3 triplet lies respectively only 0.14, 0.06,
and NH) on calculated vertical excitation energies and oscillator and 0.05 eV below that of the first excited singlet state).
strengths with use of TD-DFT are listed in Table 3. There are Moreover, inspection of the active® molecular orbital in the
no appreciable shifts of vertical excitation energies on going (;7,0*)3 configuration reveals it to be localized to the sulfur atom
from ACN to EtOH, which was apparent from the experimental and its two nearest neighboring carbon atoms. These two factors,
results. Moreover, on going from NH to ACN no significant namely the very small energy gap between the*)2 and the
spectral shift of the vertical excitation energies is observed first (r,7*)! states and the significant contribution of sulfur
though experimentally there was a red shift. Due to introduction atomic orbitals to thes,0*)3 state (the heavy atom effé&®),
of solvent effect the TD-DFT method becomes more accurate ensure a strong spiorbit coupling between these two states
in predicting®L, oscillator strength too. and a consequent rapid isc passage from the*|! state to

TD-DFT predicted (both in the gas phase and in the solvent the (r,0*)3 state, followed by rapid and irreversible internal
phase) thes,7*) nature of the both the lowest singlet and triplet conversion to the lowest energy triplet statef)S.
excited states of 2ABT. This method also showed that both the  3.2.3. Transition DipolesThe TD-DFT transition dipoles of
(0,7*)® and (nzr*) 3 states are significantly higher in energy, by 2ABT in the gas phase for th., and 1L, transitions possess
more than 1 eV, than the lowest energys*) excited singlet out-of-plane contributions of 0.0101 and 0.0001 au, respectively.
state. So, the spinorbit coupling between(,7*)* with either The m—a* transitions for planar aromatics are the result of
the (@,7*)3 or (n;r*)2 states should be small. In contrast, there electronic transitions betweenandz* orbitals that are strictly
is a (r,0*)3 state that is only slightly lower in energy than the symmetric with respect to the molecular plane and, conse-
first excited singlet state (in heptane, ethanol, and acetonitrile quently, there would be no out-of-plane component associated
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Figure 7. 1—V curve of 2ABT in ACN obtained in cyclic voltammetry
20} measurement.
s ES»(D/ID*), of the BTs could not be determined accurately.
1.0k : However, from thel—V curve shown in Figure 7, as an
approximation the half-wave oxidation potential values of the
0.5} BTs are chosen ak1.2 eV. With use of the well-known Rehm
00 ) . . - Weller relatiort (eq 3), the free energy chang@GcE’T, associ-
) 25 250 275 300 ated with radical ion-pair formation could be computed,
Wavelength /nm
0 _ OX + RED/ p — *
Figure 6. UV —vis absorption spectra of 2ABT in EtOH. The BV AGgr = E,(D/ID") — Ejj, (A 1A) — Eo,o - e2/4‘7'56063R3
vis line spectrum calculated for 2ABT in vacuo by ZINDO/S calculation (

is shown in the top section of the figure.
Ey o is the first singletsinglet transition energy ((0,0) band)

Eﬁg;‘%oﬁ gr']rgf'iDeper(‘jdg”t !ﬁFtT SéTmat't?]” Off Vertical of the acceptor and the fourth term represents the Coulomb

2-Aminobenzotﬁi§§o?en in \?grliozgrSolcaenn%s Ztothe B3LYP/ stabilization term whose contribution to the value/dBe, is

6-3114++G(d,p)//B3LYP/6-31G(d) Level of Theory negligible ¢~0.06 eV) in highly polar solvent ACN. From eq
energy, eV oscillator strength, au 2, the AGY; value was computed for the present BT-9CNA*

- (the asterisk denotes the excited singlet state) systems in ACN
tratr;,sr,)lgon (gf;?f)a (E)tgl_')a (e’>\<l;|)-|tl)a (eAgt\ll)a (E)tgl_')a (e’>\<||c|)_1l)a fluid solution. This was found to be c&.0.8 &/ (Ey, ~ 3.08
el eV).5® Thus, the PET reactions within the ground state donor

(o)t 468 468 466 00151 0.0154  0.0206 gy 5.4 exited §) acceptor 9CNA are energetically favorable
((Lp—1A) (4.20) (4.20) (4.25) (0.0085) (0.0081) (0.0098) A . . . .
(w,1%)* 480 479 469 00384 00366 00064 from the thermodynamic point of view and fall in the intermedi-
(%)t 487 487 486 02345 0.2398 0.2668 ate region (0.4 eV— AGZ, < 2.0 eVf°where the bimolecular
(La=—'A) (4.70) (4.70) (4.80) (0.2966) (0.2960) (0.3010) quenching reactions due to ET should proceed through diffusion-
()t 523 523 508 00051 0.0052 0.0045  controlled mechanisms. The studies made on the quenching

a Experimental values were measured in corresponding solvent.  phenomena observed in the fluorescence emission of 9CNA in

the presence of BTs are described below.

with the transition dipoles. However, the planarity of 2ABT is 3.3.2. Spectroscopic lestigation.Steady-state fluorescence
destroyed, by the pyramidalization of the amino nitrogen atom. intensity of 9CNA has been observed to be quenched throughout
This nonplanarity is probably the source of the small out-of- its entire band envelope in the presence of the BTs (Figure 8).
plane contributions to that predicted for the, and 1L, The steady-state fluorescence quenching data have been ana-
transitions. lyzed following Stera-Volmer (SV) equation

The TD-DFT-calculated angle in the gas phase between the
1L, and Ly transition dipoles of 2ABT is 19 Such a small 0
angle betweefL , and'Ly, was also apparent from the polariza- T 1+ kq%[Q] (4)
tion experimental data, as discussed above. From the experi-
mentally observed values, the angle between the transition wheref, andf are fluorescence intensities of the fluorophore
dipole moments oflL, and 'L, was estimated to be-13°. 9CNA in the absence and presence of the quendges, the
However, the solvent (EtOH) effect in the TD-DFT calculations bimolecular quenching rate constant, [Q] is the concentration
yielded a value of 1§ which is in better agreement with  of the quencherKsy = kqto is the Stera-Volmer quenching

—h

experiment. constant, andy is the acceptor fluorescence lifetime in the
3.3. Possibility of Photoinduced Electron Transfer (PET) absence of quencher, which is measured experimentally by using
within the Present Donor Acceptor Systems3.3.1. Electro- time correlated single photon counting (TCSPC) technique

chemical Studieswith use of cyclic voltammetry (details are  whose details are given in the Experimental Section. It is
given in the Experimental Section) the redox potentials of important to point out here that as the fluorescence quenching
benzothiazoles (2ABT/2A4MBT/2A6MBT) and 9CNA in ACN  of 9CNA occurs in the region of BT concentrations where the
fluid solution were measured. The half-wave reduction potential, 9CNA absorption spectrum is not at all affected, the simple
E?,ED(A‘/A), of 9CNA was found to be—1.13 eV. On the SV equation was used to analyze the quenching phenomena.
other hand due to the irreversibility of the reaction shown in  In both polar solvents EtOH and ACN the linearity in the
electrochemical measurements, half-wave oxidation potentials,SV plot (inset of Figure 8a) was obtained over the entire range
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2 (concentration~8.7 x 10-° mol dn1 %) and 9CNA (concentration8.1
i x 107 mol dnT?) in EtOH fluid solution at 296 K] = 1 cm.
2 3000 5 .
g 8 Thek, values are found to be close to the diffusion controlled
; rates kq (=8RT/3000;),6% in EtOH solvent and in ACN medium
® 2000 4 : . .
5 these values are not very different frdga This observation
K} is in accord with our expectation as Kikuéhpointed out that
1000 i when AGZ; values fall in the intermediate region (for the
present doneracceptor systems, theAGgT value was found
to be ~0.8 eV) the value ok, should be close td&; if the
0 . * fluorescence quenching occurs primarily due to photoin-
450 500 550 600 - .
duced electron-transfer reactions. Nevertheless, in the pre-
(b) Wavelength /nm

_ e ~sentinvestigations attempts were made to search whether some
Flnge 8-1 ((;2 Flulo(rjescgn&e emlzglzon SF;e_thZ 8L9CN2P~9£SCC:PQengaﬂ0n other, apart from PET, nonradiative processes are present. The
~e.0 X mol dm =) (Aex = nm) in at in the  results obtained from the detailed investigations are described

presence of 2ABT: (0) 0, (1) 8.%x 1074, (2) 1.6 x 1073, (3) 2.4 x below 9

1073, (4) 3.2x 1073, (5) 3.9x 1073, (6) 4.7x 1073, (7) 5.4x 1073,

(8) 6](.><) 103 mol drT(r3). Inset: SterPSV)olmer (sv) p(loz from steady- As no ground-state complex formation was apparent from

state fluorescence emission intensity measurements in the case of singlehe steady-state absorption measurements of the mixture of a

(S1) excitation of 9CNA in the presence of 2ABT in ACN fluid solution BT and 9CNA, having similar concentrations as used in the

at 296 K. (bs) Fluoresc3ence emission spectra of 9CNA (con_centration quenching studies, the possibility of the presence of the static

;rige:cécgf Z”A%T‘?”(To)) (()ie(xl)=84.1£21(nrrg) ('Zn) Etgs f&%g?S)KZ'IZ ;he mode in the observed fluorescence quenching of 9CNA should

103, (4) 3.2x 103, (5) 3.9 103, (6) 2.7 % 103, (7) 5.4 % 10°3, be ignored. Again, as at the excitation wavelengtd@2 nm)

(8) 6.1 x 10 mol dnr 2. BTs are completely transparent (Figure 9), the chance of the
competitive absorption by BT as well as the inner filter effect

of the quencher concentrations. This indicates a favoring of the to the fluorescence emission of 9CNA has been ruled out.
occurrence of dynamic quenching of fluorescence emission of Moreover, as in the present case the acceptor 9CNA was excited,
9CNA in the presence of BTs. Moreover, thgr value ¢ is the possibility of nonradiative energy transfer as a source of
the quenched fluorescence lifetime of 9CNA in the presence of quenching should be excluded.
donors which act as quenchers) was found to be equilfto 3.3.3. Transient Optical Absorption Measurememtsobtain
This further confirms the dynamic nature of the quenching the direct evidence of the occurrence of photoinduced electron-
phenomena. transfer reactions within the present donacceptor systems
The values oKsy andky of 2ABT + 9CNA* (the asterisk in ACN and EtOH solvents the transient optical absorption
indicates excited electronic state S1), 2A4MBTOCNA*, and spectra were recorded at the end of a 8-ns flash. To avoid the
2A6MBT + 9CNA* in both ACN and EtOH solvents are shown  possibility of interference in the energy transfer process the third
in Table 4. harmonic (355 nm) of the Nd:YAG laser was used to excite

TABLE 4: Fluorescence Quenching Data for the Present B'A Systems at 296 K, * Denotes Excited Singlet State

Ks\/, To, kq X 1010, kdb X 1010,b
system dm®mol™* ns @0.4) dm*molts™? dm*mol st
2ABT + 9CNA* + ACN 123.1 16.1 0.76 ~1.90
2ABT + 9CNA*+EtOH 62.79 15.6 0.40 ~0.61
2AAMBT + 9CNA* + ACN 384.92 16.1 2.24 ~1.90
2A4MBT + 9CNA* + EtOH 172.32 15.6 1.10 ~0.61
2A6MBT + 9CNA* + ACN 174.75 16.1 1.02 ~1.90
2A6MBT + 9CNA* + EtOH 109.13 15.6 0.70 ~0.61

aThe asterisk (*) denotes the excited singlet stagedenotes the acceptor fluorescence lifetime in the absence of quehdfadues ofky

obtained! using the relatiorky = (8RT/3000).



10402 J. Phys. Chem. A, Vol. 108, No. 47, 2004 Pal et al.

T T T ¥ T L) T 1
020} 2 J 0.008 |- ]
l g
3
4
0.15 s E 0.006 4
6
a
S 010 I <
2 0.004 |- . .
3
0.05 4
5
6 0.002 | E
0.00 L L = =
400 450 500 5 600 . ) . , ,

Wavels /
(a) avelength /nm 10x10°  15x10°  20x10°  25x10°  3.0x10°  3.5x1

Time /s

Figure 11. The time profile of the absorbancAA4) of the acceptor
9CNA radical anion in the presence of 2ABT in ACN at 570 nm.

061

guenching rate constant. On the basis of these observations and
the earlier repor® the observed transition can be assigned to
the triplet state of 2ABT.

Following the earlier repoft the broad spectrum observed
around 570 nm in ACN solvent could be assigned to the band
of the 9CNA radical anion (9CNA) of the contact ion-pair.
This observation clearly demonstrates that photoinduced ET

Waviength /um reac_tions within the present donor acceptor systems take place

(b) leading to the formation of the radical ion-pair.

Figure 10. (a) Transient absorption spectra of the mixture of 9CNA The -time profile of the a-bsorbance of the a_cceptor 9CNA
and 2ABT (excitation wavelengtk355 nm) at the ambient temperature anion n ACN at .570 nm 1s reproduceq in Figure 11_’ Th‘?
at the following delay times: (1) 1.0, (2) 1.5, (3) 2.0, (4) 2.5, (5) 3.0, absorption decay is represented by a single exponential with
and (6) 3.5us measured in ACN. (b) Transient absorption spectra of an ion-pair lifetime ¢ip) defined as in eqs 5 and 6, of the order
the mixture of 9CNA and 2ABT (excitation wavelengt#855 nm) at of 0.4 us,
the ambient temperature at the following delay times: (1) 1.0, (2) 1.2,
(3) 1.5, (4) 2.0, (5) 2.5, and (6) 345 measured in EtOH. Tp = (e kdis)_l (5)

04r

02}

0.0

:
400 450 500 550

specifically the acceptor 9CNA from the mixture of the acceptor Pr= kdisTip (6)
9CNA and benzothiazole donors.

The transient absorption spectra of 9CNA was measured in wherek.; andkgis represent the rates associated with the geminate
the presence of 2ABT in both ACN and EtOH. A broad band recombination and charge dissociation (solvent separated ion-
peaking at~430 nm was observed in ACN solvent (Figure 10a). pair formation) processes, respectively. The yigidof dis-

The kinetics of the absorption decay at 430 nm demonstrate sociated ion radical formations is obtained by taking the ratio
that the decay is of biexponential nature. The shorter componentof the constant absorbance at long delay times due to dissociated
(r1 & 1 us) corresponds to the lifetime of the cationic species ions and the initial value estimated by extrapolating the ion
of 9CNA and the value of the longer one is 569, the triplet absorbance to = 0 in Figure 11. The value apgr is ~0.03,
lifetime of the monomeric 9CNA® Moreover, the fractional which is low enough, and the value & is found to be
contribution €) of the shorter component is 0.01 whereas that significantly larger than that déis (ker ~ 2.4 x 10° s71, kgis &

of the longer one is 0.99. Thus, the 430-nm band is mostly due 6.3 x 10* s™1). Such a large value of the charge recombination
to the monomeric triplet of 9CNA. According to Zimmermann rate compared to the rate of the charge dissociation indicates
et alf2 the absorption band of the radical cation of 9CNA resides the formation of CIP of tight nature, which results in very poor
energetically very close (large overlapping) to the corresponding charge dissociation yield.

band of pure (monomer) 9CNA, whose triplet lifetime~560 One could see from the transient absorption spectra of 9CNA
us. From the thermodynamical considerations Zimmerrflann in the presence of 2ABT in ACN that with the increase of delay
inferred that the formation of the cationic species of 9CNA due times from 1.Qus to 4.0us, the anionic band decreases following

to electron transfer from singlet excited 9CNA to the solvent the geminate charge recombination process. On the other hand
ACN is more favorable than the formation of the radical anion monomeric triplet bands of both acceptor (430 nm in ACN)
by capturing an electron from the solvent. This proposition is and donor (460 nm in ACN) display different time-dependent
quite in agreement with the experimentally observed deedy ( behavior. With gradual increase in delay these bands were found
us) at 430 nm. to be enhanced accompanied by the concurrent reduction of

In addition to 430-nm band, another band peaking-460 absorbance of the radical anion of 9CNA. It appears that buildup
nm was observed in the transient spectra of the mixture of 9CNA of the monomeric triplet of both acceptor 9CNA and donor
and 2ABT in ACN. The decay profile at 460 nm was fitted to 2ABT occurs in the same time interval during which the radical
a single-exponential analysis and the lifetime was determined anionic species of 9CNA disappears. This infers that the
to be 1.Qus under argon. This transient was quenched by oxygen production of the monomeric triplet of both donor and acceptor
with a rate constant of 1/9th of the diffusion-controlled occurs through the ion recombination mechanism. Nevertheless,
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SCHEME 12 L. This small angle seems to be responsible for the mixing of
In ACN : these two lowest lying excited stategs&hd $. Moreover,lL,
(S1) being much weaker might contain intensity borrowed from
'9CNA the higher electronic staté 4(S;) making the transition dipole
. er moment of the former closer to that of the latter. It was
BT 9CNA+BT' demonstrated from the electrochemical measurements along with
k& laser flash photolysis studies that BTs undergo photoinduced
by ket BT — ET reactions with excited 9CNA in the intermediate region and
9CNA form CIP of tighter nature due to the charge recombination
process becoming dominant over charge dissociation. It is also

inferred that though the PET reactions occur in the excited
singlet of 9CNA, its triplet after formation by the charge

recombination mechanism would not be involved in ET reac-
ker: Forward electron transfer rate tl ons
keer: Back electron transfer rate .
The subscripts 1 and 3 represent the singlet and triplet state respectively.
* represents the excited state.

9CNA 9CNA+BT
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