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bstract

The spectroscopic and photophysical properties of some dimethylindoles, 1,2-dimethylindole (12DMI) and 2,3-dimethylindole (23DMI) were
easured in presence of electron acceptor, tetracyanoquinodimethane (TCNQ) in solvents of varying polarity by using electrochemical, steady

tate and time resolved spectroscopic techniques. Both from the theoretical considerations made by using time-dependent density functional theory
TD-DFT) and steady state polarization spectral measurements, it reveals the possibility of mixing of the two closely lying lowest electronic excited
tates 1La (S2) and 1Lb (S1) of DMIs. Though Stern–Volmer (SV) analysis of steady state measurements is unable to provide the information on
he concurrent occurrences of static and dynamic processes involved, but electrochemical measurements coupled with time resolved spectroscopic

nvestigations demonstrate that TCNQ may act as a potential electron acceptor in presence of dimethylindoles to undergo highly exergonic
hotoinduced electron transfer reactions in Marcus inverted region. Possibility of building up of various artificial or model photoactive systems
ith the linked DMI–TCNQ dyad systems is hinted at.
2006 Elsevier B.V. All rights reserved.
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. Introduction

For better understandings of redox proteins [1–3], photo-
hysical and photochemical studies on indoles still remain
s a very active field of research [4–18]. As indoles are
he chromophores of the amino acid tryptophan, investiga-
ions on indole derivatives are very much helpful in revealing

he long range electron transfer (ET) mechanism in proteins.
ur primary interest is to develop efficient photoconduct-

ng materials when well known organic �-electron acceptors
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ould be sensitized by indole derivatives. Two main �-electron
cceptors known are 9-cyanoanthracene (9CNA) and 7,7,8,8-
etracyanoquinodimethane (TCNQ). It was reported earlier that
ood charge transfer (CT) complex conductors are formed
etween good donor and acceptor pairs whose molecular shapes
re flat [19]. Hence indole compounds along with 9CNA or
CNQ seem to be potential candidates to form photoconduct-

ng materials. In the present investigations we used disubstituted
ndoles rather than monosubstituted ones because we observed
efore [5] from electrochemical measurements that the elec-
ron donating capabilities of disubstituted indoles are larger.

e already made systematic steady state and time resolved

pectroscopic studies [5] on the photoinduced electron trans-
er reactions between some disubstituted indoles (DMIs) and
CNA. It was found that in highly polar medium acetoni-
rile (ACN), the major non-radiative pathway seems to be due

mailto:tapcla@rediffmail.com
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Fig. 1. (a) Molecular structures of 12DMI, 23DMI and TCNQ. (b) B3LYP/6-
36 P. Mandal et al. / Journal of Photochemistry a

o photoinduced electron transfer (PET). Thus dynamic pro-
esses are mainly involved in quenching phenomena observed.
n the present investigation, we observed combined mecha-
isms of quenching (static and dynamic) with TCNQ acceptors.
etailed studies were made by using electrochemical, steady

tate and time resolved (fluorescence lifetime and transient
bsorption) spectroscopic techniques to reveal the mecha-
isms of charge separation or electron transfer reactions within
he disubstituted indoles 1,2-dimethylindole (12DMI) or 2,3-
imethylindole (23DMI) and well known electron acceptor
CNQ (Fig. 1a). All the results obtained from the present

heoretical (TD-DFT) and experimental investigations seem-
ngly indicate that TCNQ may be better candidate than 9CNA
n building good photoconducting or solar energy conver-
ion devices when linked with the DMIs. In the present
aper the results and their interpretations are provided in
etails.

. Experimental

.1. Materials

All the samples 12DMI, 23DMI and TCNQ (97% pure), sup-
lied by Aldrich, were purified by vacuum sublimation. The
olvents n-haptane (NH), tetrahydrofuran (THF), acetonitrile
ACN) (SRL) and ethanol (EtOH) of spectroscopic grade were
istilled under vacuum according to the standard procedure and
ested before use for the presence of any impurity emission in
avelength region studied.

.2. Spectroscopic apparatus

At the ambient temperature (296 K) steady state electronic
bsorption and fluorescence emission spectra of dilute solu-
ions (10−4 to 10−6 mol dm−3) of the samples were recorded
sing 1 cm path length rectangular quartz cells by means of an
bsorption spectrophotometer (Shimadzu UV-VIS 2401PC) and
-4500 fluorescence spectrophotometer (Hitachi), respectively.
luorescence lifetime measurements were carried out using the
ime Master fluorimeter from Photon Technology International
PTI). The system measures fluorescence lifetimes using PTI’s
atented strobe technique and gated detection. The software
eliX32 controls all acquisition modes and data analysis of the
ime Master system. The sample was excited using a thyratron
ated nitrogen flash lamp (width ∼2 ns) capable of measur-
ng fluorescence time resolved acquisitions at a flash rate of
5 kHz. Lamp profiles were measured at the excitation wave-
ength (297 nm or 337 nm) with a band pass of 3 nm or 1 nm,
espectively having Ludoc as the scatterer. The quality of fit
as been assessed over the entire decay, including the rising
dge, and tested with a plot of weighted residuals, the other sta-
istical parameters, e.g., the χ2 and the Durbin–Waston (DW)
arameters. All the solutions for room temperature measure-

ents were deoxygenated by purging with argon gas stream for

bout 30 min.
The degree of polarization (P) was measured with the

elp of UV–vis polarizer accessories including UV Liner

31G(d) optimized geometries of 12DMI and 23DMI.
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ichoric polarizer, wavelength range 230–770 nm, purchased
rom Oriel Instruments, USA. The observed degree of polar-
zation (P) values were obtained from the following relation
20,21]:

= IEE − (IBE/IBB)IEB

IEE + (IBE/IBB)IEB
(1)

ere, IEE and IEB are the intensities of parallel and perpendic-
lar polarized emission with vertically polarized excitation and
BB and IBE are the intensities of horizontally and vertically
olarized emission when excited with horizontally polarized
ight. IBE/IBB defines the instrumental correction factor G
polarization characteristic of the photometric system). This
orrection is made for any change in the sensitivity of the
mission channel for the vertically and horizontally polarized
omponents.

.3. Laser flash photolysis

The third harmonic (355 nm) output pulses of 35 ps duration
nd energy∼6 mJ pulse−1 from an active–passive mode-locked
d:YAG laser (Continuum model 501-C-10) were used for

xcitation of the samples. Transients were studied by mon-
toring their absorption using a tungsten filament lamp in
ontribution with a Bausch and Lomb monochromator (f/10,
50–800 nm), Hamamatsu R 928 PMT, and a 500 MHz digi-
al storage oscilloscope (Tektronix, TDS-540A) connected to a
C.

.4. Electrochemical measurements

Electrochemical measurements were made to determine the
edox potentials of the reactants by using the PAR model
ersaStat II electrochemistry system. Three electrode systems

ncluding Ag/AgCl as reference electrode were used in the mea-
urements. Tetraethylammonium perchlorate (TEAP) in ACN
as used as a supporting electrolyte.

.5. Computational methods

The (gas phase) ground state geometry of 12DMI and
3DMI (Fig. 1) was fully optimized without symmetry con-
traints, using the B3LYP hybrid functional and the 6-31G(d,p)
asis set. The gas phase vertical excitation energies using the
ptimized geometries for these molecules were computed by
sing the time-dependent DFT (TD-DFT) methods (using
he B3LYP hybrid functional and 6-31G(d,p) basis set imple-

ented in the Gaussian package) [21]. The effect of solvation
n the computed TD-DFT vertical excitation energies was
nvestigated by using a continuum solvation model, specifi-
ally, polarization continuum model (PCM) implemented for
xcited states. Because we are interested in vertical excitation

nergies, the PCM–TD-DFT calculations were carried out
ith non-equilibrium solvation conditions. All calculations
ere carried out with the Gaussian 98 and Gaussian 03
rograms.

t
a
t
p

ig. 2. Steady state electronic absorption spectra of 12DMI at the ambient tem-
erature in (1) NH, (2) ACN, and (3) EtOH (inset: UV–vis absorption spectra
f TCNQ at the ambient temperature).

. Results and discussion

.1. Spectroscopic investigations on 12DMI and 23DMI

.1.1. UV–vis spectra of DMIs in the different polarity
olvents at the ambient temperature

The UV–vis spectra of both 12DMI and 23DMI exhibit lower
nergy band systems in the region of 260–300 nm in solvents of
ifferent polarity (Fig. 2). Within the low energy band envelop
bserved in non-polar NH, a sharp (0, 0) band resides at 290 nm
osition and the band maximum situates at nearly 281 nm. With
he increase of the polarity of the environment from NH to
tOH to ACN, the absorption band maximum (∼281 nm) under-
oes a small red shift whereas the (0, 0) band position at about
90 nm remains unaltered. As the energy position of the latter
and remains unchanged with the polarity of the medium, this
and system could be assigned to 1Lb← 1A transition because
his type of transition is generally insensitive to the polarity of
he environment. On the other hand the red shift of the band

aximum at 281 nm indicates that the nature of the transition
esponsible for this band should be of 1La← 1A type which
ossesses charge transfer character.

Further, polarized fluorescence excitation spectra of both
MIs, measured in pure EtOH rigid glassy matrix at 77 K,

learly show (Fig. 3a) that the positive P value gradually
ecreases in magnitude from (0, 0) band position (mostly the
egion of 1Lb) to the band maximum region where relatively
La transition dominates. This observation demonstrates that the
uorescence emission mainly originates from the lowest lying
lectronic state 1Lb and the low energy absorption band sys-
em resided within 260–300 nm is responsible for the mixed
tates of 1La and 1Lb. As the phosphorescence lifetimes of both

he DMIs are around 4 s, T1←S0 transition could logically be
ssigned to �–�* nature. In organic molecular system, �–�*

ype triplet–singlet (T1–S0) transition moment should be per-
endicular to the molecular plane on which the 1La and 1Lb
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Fig. 3. (a) Fluorescence excitation polarization spectra of 12DMI
(λem = 318 nm) in EtOH rigid glassy matrix at 77 K. (b) Solid line rep-
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esents the fluorescence excitation spectra of 12DMI in EtOH rigid glassy
atrix at 77 K, and the broken line shows the phosphorescence excitation

olarization spectra (λem = 430 nm).

ransitions, being in general orthogonal to each other as in car-
azoles and other similar compounds, lie. This may be the
eason for the observation of negative P values of varying mag-
itudes throughout the phosphorescence excitation spectra from
00 nm to 270 nm, i.e., from 1Lb domain to the region of 1La
Fig. 3b).

The measurement of polarized phosphorescence excitation
pectra (Fig. 3b) also corroborates the views, made from the
pectra of polarized fluorescence excitation, that the low energy
bsorption band of DMI (12 or 23) is mainly composed of the
ixture of the two lowest lying electronic states, 1La and 1Lb.

.1.1.1. Ground state calculations: molecular geometry, ground
tate dipole moments and transition dipoles. The B3LYP/6-
1G(d,p) optimized ground state geometries for 12DMI and
3DMI are shown in Fig. 1b (Cartesian coordinates are provided
n the supporting information). The TD-DFT theory predicts a

early planar geometry of both the 12DMI and 23DMI.

The dihedral angle of 12DMI defined by 3C–2C–N–14C is
redicted to be −1.5053◦ by TD-DFT theory and for 23DMI,
C–2C–N–17H is 0.0167◦. The ground state dipole moment of

c
a
o
s
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2DMI and 23DMI predicted by density functional theory is
.72 D and 2.42 D, respectively.

Molecular orbitals. The HOMO−1, HOMO, LUMO and
UMO+1 orbitals for 12DMI and 23DMI have been calculated
ith TD-DFT at the B3LYP/6-31G(d,p) level of theory. For both

he DMIs the calculated energy of the HOMO is nearly−4.68 eV
nd that of the LUMO is 0.01 eV, giving an energy gap of 4.69 eV.
hus, HOMO–LUMO gap is nearly equal to the value of 1Lb
ertical transition energy ∼4.71 eV (Table 2).

Excited state. The vertical excitation energies and oscillator
trengths calculated in the gas phase as well as in the solvent
hase with TD-DFT at the B3LYP/6-31G(d,p) level of theory
re presented in Table 1, along with the experimental values in
arentheses.

TD-DFT predicts that the oscillator strength of the second
inglet state is greater than that of the first singlet state. From
his observation, the first and the second singlet states may be
ssigned as 1Lb and 1La transitions, respectively for both DMIs.
hus TD-DFT correctly predicts two low lying electronic tran-
itions: 1La and 1Lb.

Transition configurations and oscillator strengths calculated
y B3LYP/6-31G(d,p) basis for 1Lb and 1La transitions for
2DMI and 23DMI are shown in Table 2. The 1Lb band of DMI
12 or 23) is characterized predominantly by a HOMO–LUMO
ransition with to a lesser extent, a contribution from a HOMO−1
o LUMO+1 transition. Whereas for the 1La band HOMO−1 to
UMO transition is dominating and HOMO to LUMO transi-

ion contributes to the lesser extent to the characterization of 1La
and.

All the above computed results indicate the possibility of
ixing of the closely lying electronic states 1La (S2) and 1Lb

S1), which was apparent from the experiment.
Predicted transition energies from TD-DFT method are all

ithin 0.5 eV of experimental values of 1La and 1Lb of both
he DMIs and thus correlate well with the experimental data.
D-DFT method is less accurate for calculating the oscillator
trengths of both 12DMI and 23DMI. It is yielded from TD-DFT
hat there is an appreciable shift in energy for singlet states in
witching over from the gas phase to the solvent phase (Table 1).

Transition dipoles. The TD-DFT simulated transition dipoles
f DMIs in EtOH environment for both the 1Lb and 1La tran-
itions possess small out-of-plane contributions (0.0016 a.u.
nd 0.0067 a.u. for 12DMI and 0.0007 a.u. and 0.0001 a.u. for
3DMI). As the out-of-plane contributions are nearly negligible,
MIs could be treated as planar molecules. Photophysical and

pectroscopic properties of DMIs are found to be very similar
o the corresponding properties of planar indole and monosub-
tituted indoles. Thus, in case of nearly planar aromatics DMIs,
he electronic transitions between � and �* orbitals (�–�* tran-
itions) are symmetric with respect to the molecular plane.

In the solvent EtOH, the TD-DFT calculation yielded a value
f∼58◦ for the angle between the transition dipole moments 1La
nd 1Lb for both 12DMI and 23 DMI. As most of the organic

ompounds possesses these two transition (1Lb and 1La) which
re generally orthogonal (angle between them is ∼90◦) to each
ther, these results of much smaller angle between the two tran-
itions of the present DMIs are indicative of a fair chance of
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Table 1
TD-DFT simulation of vertical excitation energies and oscillator strengths of DMI at the B3LYP/6-31G(d,p)

Name of the molecule Orbitals Energy (eV) Oscillator strength (a.u.)

Gas phase EtOH (expt.) �E (cm−1) ACN (expt.) �E (cm−1) Gas phase EtOH (expt.) ACN (expt.)

12DMI 1Lb 4.7096 4.6577 (4.261) 3618 4.67 (4.246) 3739 0.0154 0.0143 (0.068) 0.0146 (0.0604)
1La 4.8868 4.8766 (4.397) 3950 4.8824 (4.381) 4079 0.0814 0.056 (0.2075) 0.062 (0.1044)

23DMI 1Lb 4.7076 4.6776 (4.2606) 2908 4.6566 (4.2665) 3558 0.0146 0.014 (0.0488) 0.0139 (0.0803)
1La 4.8973 5.0101 (4.3811) 4163 4.8899 (4.3873) 4113 0.056 0.035 (0.0881) 0.038 (0.0875)

The oscillator strengths were measured from the absorption spectra by using the equation f = 4.32× 10−9
∫

ε(υ) dυ.

Table 2
Transition configurations from B3LYP/6-31G(d,p) for the ground 1La and 1Lb states

Name of the molecule Orbitals Configuration Coefficient Energy (eV) Oscillator strength (a.u.)

12DMI 1Lb HOMO–LUMO 0.58060 4.7096 0.0154
(HOMO−1)–(LUMO+1) 0.16805 4.7096 0.0154

1La (HOMO−1)–LUMO 0.51872 4.8868 0.081
HOMO–LUMO 0.16552 4.8868 0.081

23DMI 1Lb HOMO–LUMO 0.59547 4.7076 0.0146
(HOMO−1)–(LUMO+1) 0.16146 4.7076 0.0146
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HOMO–(LUMO+1)

ixing of the two lowest lying electronic states 1La and 1Lb.
his proposition is in well agreement with the experimental find-

ngs made from the steady state polarization measurements as
iscussed in Section 3.1.1.

.1.2. Changes in the nature of UV–vis spectra of DMIs in
resence of well-known electron acceptor TCNQ

From the UV–vis spectrum, it is apparent that TCNQ absorbs
t around 400 nm with a shoulder at 375 nm position in ACN
inset in Fig. 2). Though 12DMI and 23DMI do not exhibit any
bsorption band beyond 300 nm, but in presence of TCNQ a
road charge transfer (CT) band at around 470 nm region along
ith the formations of the three groups of new bands with λmax
f 685 nm, 749 nm and 848 nm was observed (Fig. 4), whatever
e the polarity of the medium, highly polar ACN (εs∼ 37.5) or
elatively less THF (εs∼ 7.6). Comparing the absorption profile
f the three new group of the absorption bands with that Li+

CNQ−, it could be inferred that these bands are due to TCNQ−
nionic species [19].

However, the stability of the bands in the two different sol-
ents ACN and THF appears to be different. In ACN, the three
roups of bands of anionic species of TCNQ along with the CT
and at 470 nm region were found to grow with time (Fig. 4a).
he observation indicates that the formation of TCNQ− anions
hich might result from the intermolecular charge transfer inter-

ctions between DMIs and TCNQ proceeded through direct
nteraction between these two redox partners and not through the

omplex formation. Both the simultaneous augmentation of CT
nd anionic bands reveal that the ground state electron transfer
eactions between the electron donor DMI and acceptor TCNQ
s very slow in ACN medium.

m
s
u
m

0.53936 4.8973 0.056
−0.43939 4.8973 0.056

In less polar THF solvent, the situation becomes some-
hat different. Though the TCNQ− anionic absorption bands
f similar nature, as observed in ACN medium, develops within
00–900 nm domain but their intensities slowly diminished with
ime (Fig. 4b), contrary to the observation made in ACN. Nev-
rtheless, the significant augmentation of CT absorption band
eaking at 470 nm was found. Thus in THF the ground state
T band becomes gradually stable with time. It is possible that
ue to the close proximity of the anions and cationic species
ithin contact ion-pair, which is generally formed in non-polar

εs∼ 2) or less polar (εs∼ 7) media, CT or ion-pair band for-
ation may facilitate rather than formations of free or solvent

eparated ions. Though some free or solvent separated ions
both TCNQ− anions and indolyl cations) are formed during
he process should gradually disappear with time due to lack
f productions of further ions. However, to present clear-cut
echanisms of the above observations, further investigations

n the similar systems seem to be necessary. In presence of
CNQ, similar type of observation of formations of both CT
and and TCNQ anions from the interactions between stil-
enes and TCNQ has been reported previously by Jin et al.
19].

.1.3. Changes in the fluorescence emission spectra
In highly polar ACN and less polar THF, the fluorescence

ntensity of a present DMI strongly quenches in presence of the
lectron acceptor TCNQ (Fig. 5a–d). In the quenching measure-

ents, the concentrations of DMIs and TCNQ were chosen in

uch a way that at 290 nm excitation wavelength, which was
sed to excite the fluorescence spectra of DMIs, the quencher
olecules TCNQ are transparent (inset in Fig. 5a). Thus the
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Fig. 4. (a) Time dependence of UV–vis absorption spectra of the mixture of
23DMI (2.38× 10−4) and TCNQ (1.88× 10−3) in ACN at (1) 0 min, (2) 15 min,
(3) 30 min, (4) 1 h 40 min, (5) 6 h 40 min, (6) 16 h 40 min, (7) 20 h 55 min, and (8)
24 h 05 min. (b) Time dependence of UV–vis absorption spectra of the mixture
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small,∼ 0.06 eV)
f 23DMI (2.38× 10−4) and TCNQ (1.88× 10−3) in THF at (1) 0 min, (2) 1 h,
3) 2 h, and (4) 4 h 20 min.

nner-filter effect as a possible source of quenching phenomena
ould be ruled out.

Though the fluorescence of DMI (12 or 23) is sufficiently
uenched with gradual addition of TCNQ but the quenching does
ot occur efficiently over the entire band envelop, 300–450 nm,
f DMI fluorescence. A sufficiently weak broad fluores-
ence band gradually develops within 400–450 nm regime with
ncreasing quencher concentrations. Following the observations

ade by earlier authors [5] this band could logically be ascribed
o an exciplex emission. In the case of 23DMI relatively promi-
ent emissive exciplex, though still very weak, was found both
n ACN and THF, relative to the situation observed in case
f 12DMI where very weak but a genuine band builds up at
25 nm at relatively higher quencher concentration used in the
resent measurements. By monitoring the 425 nm wavelength,
n attempt was made to measure the fluorescence lifetime of this
pecies. The lifetime observed was of the same order of magni-
ude as that of the DMI monomer itself (∼8.3 ns). Thus, we were
ot able, unfortunately, to separate out this species from the large

uorescence band envelop of DMI by using time resolved spec-

roscopic technique though its presence was observable from the
teady state measurements.

E

r
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From Fig. 6a and b it is observed that the fluorescence quench-
ng of the present DMIs in presence of the quencher TCNQ does
ot obey the simple Stern–Volmer (SV) relation [22–24]:

f0

f
= 1+KSV[Q],

SV (=kqτ0) is the SV constant, kq the bimolecular dynamic
uenching rate constant and τ0 corresponds to the fluorescence
ifetime of the fluorescer DMI in the absence of a quencher
TCNQ).

f0 and f denote the relative integrated fluorescence emis-
ion intensities of the fluorescer without and in presence of the
uencher concentration [Q], respectively. It is apparent from
ig. 6a and b that the SV plots are curved upwards. The posi-

ive deviation from the linearity was observed earlier in several
ases of quenching studies [25–27]. Moreover, the fluorescence
ifetimes of unquenched DMIs (τ0∼ 8.4 ns) and quenched ones
∼8.3 ns) were found to be nearly (within the experimental error)
he same. Thus, the steady state coupled with time resolved
uenching measurements demonstrate that the quenching should
e of static type quenching [28,29]. The observation of ground
tate CT complex, as discussed above, further confirms this
roposition. However, the possibility of the concurrent occur-
ences of dynamic processes (photoinduced electron transfer,
xcitational energy transfer) along with the static mode could
ot be ruled out. However, relatively larger contributions from
he static process may significantly mask the dynamic effect.
ttempts were made next to explore the possibility of the
ccurrences of dynamic processes, how small its contribution
ay be compared to the associated static phenomena, involved
ithin the present fluorescer–quencher systems. The experi-
ental investigations undertaken to explore this possibility are

escribed below.

.1.4. Search for the possibility of occurrences of electron
ransfer reactions within DMIs and TCNQ
.1.4.1. Electrochemical investigations. The half-wave oxida-
ion potentials, EOX

1/2(D/D+) of 12DMI and 23DMI and the

alf-wave reduction potential ERED
1/2 (A−/A) of TCNQ were mea-

ured by using cyclic voltammetry, the details of which are
iven in the experimental section. The redox potential values are
hown in Table 3. The observed values indicate that the present
MIs act as electron donors in presence of TCNQ, which serves

s the acceptor in photoinduced electron transfer (PET) reac-
ions. The Gibb’s free energy (�G◦ET) of electron transfer (ET)
eactions was computed from the well known Rehm–Weller
elation [5,30–32]:

G◦ET = EOX
1/2(D/D+)− ERED

1/2 (A−/A)

−E∗0,0 (neglecting the coulomb stabilization term

as its contribution to the �G◦ET value in ACN is very
∗
0,0 is the first singlet–singlet transition energy (0, 0 band).
From Table 3, it appears that there is a possibility of occur-

ence of highly exergonic (−�G◦ET≥ 2.0 eV) PET reactions
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Fig. 5. (a) Fluorescence emission spectra of 12DMI in ACN (concentration ∼1.18× 10−4 mol dm−3) (λex = 290 nm) in the presence of TCNQ of concentration
(mol dm−3) in (1) 0, (2) 6.48× 10−6, (3) 1.29× 10−5, (4) 1.91× 10−5, (5) 2.53× 10−5, and (6) 3.14× 10−5. Inset: UV–vis absorption spectra of 12DMI (concentration
∼1.18× 10−4 mol dm−3) and TCNQ (concentration∼3.14× 10−5 mol dm−3) in ACN at 296 K. (b) Fluorescence emission spectra of 12DMI in THF (concentration
∼1.22× 10−4 mol dm−3) (λex = 290 nm) in the presence of TCNQ of concentration (mol dm−3) in (1) 0, (2) 6.48× 10−6, (3) 1.29× 10−5, (4) 1.91× 10−5, (5)
2.53× 10−5, (6) 3.14× 10−5, (7) 3.74× 10−5, and (8) 4.33× 10−5. (c) Fluorescence emission spectra of 23DMI in ACN (concentration ∼1.22× 10−4 mol dm−3)
(λex = 290 nm) in the presence of TCNQ of concentration (mol dm−3) in (1) 0, (2) 6.48× 10−6, (3) 1.29× 10−5, (4) 1.91× 10−5, (5) 2.53× 10−5, (6) 3.14× 10−5,
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7) 3.74× 10−5, and (8) 4.33× 10−5. (d) Fluorescence emission spectra of 23D
f TCNQ of concentration (mol dm−3) in (1) 0, (2) 6.48× 10−6, (3) 1.29× 1
.33× 10−5.

rom the thermodynamic point of view between the excited (S1)
MI and ground TCNQ. Even when the acceptor TCNQ be

xcited, it undergoes relatively less exergonic (−�G◦ET∼−2 eV

n case of 12DMI and−1.85 eV for 23DMI) PET reactions with
he ground state donor molecules DMI. On the other hand the
ow positive values of �G◦ET observed when both the donor
nd acceptor moieties are in the ground state demonstrate the

t
P
w
b

able 3
edox potentials of the reactive sites and Gibbs free energies (�G◦ET) associated w
xcited singlet, (T)* signifies the excited triplet state)

ystem EOX
1/2(D/D+) (V) E

2DMI*+TCNQ + ACN +0.68 −
3DMI*+TCNQ + ACN +0.90 −
2DMI + TCNQ + ACN +0.68 −
3DMI + TCNQ + ACN +0.90 −
2DMI + TCNQ* + ACN +0.68 −
3DMI + TCNQ* + ACN +0.90 −
2DMI(T)* + TCNQ + ACN +0.68 −
3DMI(T)* + TCNQ + ACN +0.90 −
THF (concentration ∼1.22× 10−4 mol dm−3) (λex = 290 nm) in the presence
(4) 1.91× 10−5, (5) 2.53× 10−5, (6) 3.14× 10−5, (7) 3.74× 10−5, and (8)

ccurrence of charge separation reactions in low endergonic
egion. From the above experimental measurements and the-
retical computations it seemingly indicates that when either of

he reacting species (redox center) is excited, highly exergonic
ET reactions occur, possibly in the Marcus inverted region
here slow reaction rate, less than diffusion controlled, could
e expected.

ith photoinduced ET reactions in ACN fluid solutions at 296 K (* denotes the

RED
1/2 (A−/A) (V) E∗0,0 (eV) �G◦ET (eV)

0.35 4.28 −3.25
0.35 4.28 −3.03
0.35 +1.03
0.35 +1.25
0.35 3.10 −2.07
0.35 3.10 −1.85
0.35 3.09 −2.06
0.35 3.09 −1.84
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Fig. 6. (a) Stern–Volmer (SV) plot from steady state fluorescence emission
intensity measurements in the case of singlet (S1) excitation of 12DMI in the
presence of TCNQ in ACN fluid solution at 296 K. (b) Stern–Volmer (SV) plot
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Fig. 7. Transient absorption spectra of the mixture of TCNQ and 12DMI (exci-
tation wavelength ∼355 nm, laser pulse energy ∼6 mJ pulse−1) at the ambient
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the values are negative and exergonic and thus show the possi-
bility, from the thermodynamic point of view, of formation of
ground state redox components by charge recombination mech-
anism in cases of DMI (both 12 and 23) and TCNQ pair.
rom steady state fluorescence emission intensity measurements in the case of
inglet (S1) excitation of 12DMI in the presence of TCNQ in THF fluid solution
t 296 K.

.1.4.2. Nanosecond laser flash photolysis investigation.
sing the third harmonic (∼355 nm) output of the Nd:YAG laser

ystem the transient absorption spectra of the mixture of a DMI
nd TCNQ were measured. Since 355 nm light could excite the
CNQ only (Fig. 1), the PET reactions should occur between
xcited singlet TCNQ and ground state donor DMI (12 or 23).
s it is apparent from the values of−�G◦ET, which are∼2.07 eV

or 1TCNQ* + 12DMI and∼1.85 eV for 1TCNQ* + 23DMI sys-
ems, the probability of occurrence of PET reactions from the
hermodynamic point of view is high, it may be expected that
he transient absorption spectra of anionic species, as a product
f PET process, could be seen from the measurements.

The laser photolysis in ACN medium of the mixture of
MI and TCNQ yields a transient species between 350 nm and
50 nm (Fig. 7), λmax being at 420 nm position. Another tran-
ient, adjacent to 420 nm band, was also found within the region
f 450–500 nm peaking at about 460 nm. As it is seen from the
gure, the transient absorption spectra gradually decay out with

he increase of delay times between the exciting and analyz-

ng pulses. From the kinetics of the transient absorption decay
t 420 nm (shown in the inset of Fig. 7), a single species with
ifetime ∼1.2 �s was obtained. As reported by earlier authors
33,34], the formation of TCNQ− anion is responsible for this
emperature at delay times: (1) 0.3 �s, (2) 0.8 �s, (3) 1.3 �s, (4) 3.3 �s, and (5)
.8 �s measured in ACN. Inset: time profile of the absorbance (A) of the acceptor
CNQ radical anion in the presence of 12DMI at 420 nm (the concentrations of
MI of 2.38× 10−3 and TCNQ of 1.88× 10−2 in ACN have been used).

and. As the delay used is in the microsecond range, it is log-
cal to presume that electron transfer also occurs in the triplet
tate through the mechanism as proposed in Scheme 1. With
ncrease of delay in this time domain, 420 nm band decreases
ue to charge recombination process. Scheme 1 may be proposed
rom the above experimental findings, where kCRT represents the
ate due to the charge recombination giving rise to the excited
riplets of the donor or acceptor, and kCRG is the rate due to
harge recombination giving rise to ground state. kdis relates
o the dissociation processes to form free or solvent separated
nions and cationic species.

The superscripts 1 and 3 represent the excited singlet and
riplet states and (*) signifies the excited state.

An attempt was made to estimate the values of Gibb’s free
nergy changes for back electron transfer reactions by ion-
air recombination to form ground state, �Gb(G) and excited
riplets, �Gb(T) of both the redox partners, by using the follow-
ng expressions,

Gb(G) = − EOX
1/2(D/D+)+ ERED

1/2 (A−/A),

�Gb(T) = ERED
1/2 (A−/A)− EOX

1/2(D/D+)+ E∗T
here E∗T is the triplet energy level.
The values �Gb(G) for 12DMI/TCNQ and 23DMI/TCNQ

ere estimated to be−1.03 eV and−1.24 eV, respectively. Both
Scheme 1.
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Since TCNQ molecule shows no phosphorescence, many
ttempts to determine the energy of its triplet state, E∗T,
ave failed so far. As the triplet energy of TCNQ is not
nown, �Gb(T) could not be estimated accurately. Neverthe-
ess, Frankevich et al. [35] determined the energy of the triplet
tate of TCNQ using fluorescence quenching of the weak charge-
ransfer complexes phenazine–TCNQ and fluorene–TCNQ in
he process of fission of their excited singlet state into two triplet
tates. Using this procedure, they determined the energy of the
riplet state of TCNQ whose value was around ∼8865 cm−1

r 1.10 eV. Thus, from the expression of �Gb(T), it is appar-
nt that its value will be around +0.07 for 12DMI/TCNQ and
0.14 eV for 23DMI/TCNQ pair. As the value of �Gb(G) is
uch more negative, i.e., more exergonic relative to the val-

es of �Gb(T) for both the donor–acceptor pairs studied in
he present investigation, the possibility of the formation of
riplets of the redox components by recombination mecha-
ism is very slim and may be excluded. On the other hand,
he probability of formation of ground state products by ion-
air recombination seems to be rather high. This exactly
hat we could conclude from the transient decay analysis of
60 nm, which, as reported by Cho et al. [34] may be due
o TCNQ monomeric triplet. Nevertheless, the kinetic decay
nalysis at 460 nm clearly shows that the lifetime is of the
ame order of magnitude (∼1 �s) as that of the TCNQ anionic
pecies observed at 420 nm. It may be presumed that if some
riplet TCNQ be at all formed due to ion-pair recombina-
ion mechanisms, its yield may be expected to be of very
ow. Thus it is possible that the triplet may be hidden well
ithin the neighboring transient absorption band of the TCNQ−

nions.
The time profile of the absorption of the acceptor TCNQ−

nion (inset of Fig. 7) shows that with further increase of the
elay beyond 5 �s, the value of absorbance of the anion becomes
onstant. The ion-dissociation or charge separation yield φR is
btained [36] by taking the ratio of the constant absorbance at
ong delay times due to dissociated ions and the initial value
stimated by extrapolating the ion absorbance to t = 0 in inset of
ig. 7. A large yield of the dissociated ion radical (φR∼ 0.8) was
btained. Such large yield of charge separation was not found,
s reported from our research group earlier [5], when the same
onor DMI molecules undergo photoinduced electron transfer
PET) reactions with another well known electron acceptor, 9-
yanoanthracene (9CNA), though the reduction potential of the
CNA acceptor is greater (∼−1.13 V) than the presently used
cceptor TCNQ (∼−0.35 V). In the case of DMI–9CNA system,
he value of φR obtained was only 0.15. From this observation it
eemingly indicates that the rate associated with the energy wast-
ng charge recombination (kCR) process should be much smaller
n the case of the presently used donor–acceptor (DMI–TCNQ)
ystems than the corresponding rate observed in the case of
reviously reported DMI–9CNA pairs. Moreover, highly exer-
onic �G◦ET values (≤−2 eV, Table 3), obtained when either

xcited donor DMI or acceptor TCNQ molecules undergo PET
eactions with the ground TCNQ or DMI molecules, indicate
n favor of occurrence of PET reactions in Marcus inverted
egion.
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To corroborate further this proposition, the total nuclear
eorganization energy, λ (=λS + λV) was computed from the
xpression, shown below, of the dielectric continuum model of a
olvent as proposed by Marcus [37–38] (λS the nuclear reorga-
ization energy originates from solvent oscillators and λV from
scillators within the molecule):

S = e2

4πε0

(
1

εop
− 1

εS

) (
1

2rd
+ 1

2ra
− 1

R

)
,

he estimated λS value was computed to be 0.7 eV assuming
≥ 7 Å for outer sphere reaction [39,40].
The total nuclear reorganization value, λ (=λS + λV) was esti-

ated to be about ∼1.0 eV for the present DMI–TCNQ system
λV value was assumed to be∼0.3 eV, which is the characteristic
alue of aromatic D–A system [36]].

The observation of−�G◦ET > λ further confirms that the PET
eactions in the present investigation fall in the Marcus inverted
egion. As in the Marcus inverted region, slow rate of charge
ecombination occurs, the observation of large yield (∼0.8) of
harge-separated species is in accord to our expectation.

From the moderate value of λ (∼1.0 eV) and the observed
arge charge separation yield, φR∼ 0.8, resulted from the highly
xergonic PET reactions in Marcus inverted region, it may be
resumed that building up of artificial or model photosynthetic
ystems with the present donor 12DMI or 23DMI and well
nown electron acceptor TCNQ system could be possible. Using
arious flexible or semi-rigid and rigid olefinic spacers between
he DMI and TCNQ, synthesis of several dyad systems are
nderway.

. Concluding remarks

Though Stern–Volmer analysis alone was found to be
nable to provide information of the concurrent occurrences
f dynamic processes like photoinduced electron transfer with
tatic quenching but electrochemical measurements coupled
ith time resolved spectroscopic investigations reveal that
CNQ could act as a potential electron acceptor molecule with

he donors DMI to undergo highly exergonic (−�G◦ET≥ 2 eV)
hotoinduced electron transfer reactions in Marcus inverted
egion (mir). Moreover, observation of large yield (φR∼ 0.8)
f charge-separated species, as obtained from the transient
bsorption decay analysis, along with −�G◦ET > λ is indicative
f the presence of mir where the energy wasting charge recom-
ination processes play minor role within the DMI–TCNQ
ystems. As the value of nuclear reorganization energy, λ

s relatively low (∼1.0 eV) for the present donor–acceptor
airs in comparison to the corresponding values observed in
ase of other organic electron donor/TCNQ systems, efficient
hotoconductors could possibly be developed by using DMI
nd TCNQ. It is anticipated that the present donor and acceptor
DMI and TCNQ) molecular systems being connected by

uitable spacers may undergo intramolecular charge transfer
pon excitation and display photoconducting and non-linear
ptical properties. Synthesis of such organic systems is
nderway.
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upporting information available

B3LYP/6-31G(d) optimized geometry of 12DMI and 23DMI
n the gas phase. This material is available free of charge via the
nternet at http://pubs.acs.org.
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Chem. Phys. Lett. 177 (1991) 283.
36] T. Ganguly, D.K. Sharma, S. Gauthier, D. Gravel, G. Durocher, J. Phys.
Chem. 96 (1992) 3757.
37] R.A. Marcus, J. Chem. Phys. 24 (1956) 966.
38] R.A. Marcus, J. Chem. Phys. 26 (1957) 867.
39] K. Kikuchi, J. Photochem. Photobiol. A: Chem. 65 (1992) 149.
40] S. Sinha, R. De, T. Ganguly, J. Phys. Chem. 101 (1997) 2852.

http://pubs.acs.org/

	Experimental investigations by using electrochemical, steady state and time resolved spectroscopic tools on the photoreactions of disubstituted indoles in presence of tetracyanoquinodimethane (TCNQ) and a theoretical approach by using time-dependent density functional theory
	Introduction
	Experimental
	Materials
	Spectroscopic apparatus
	Laser flash photolysis
	Electrochemical measurements
	Computational methods

	Results and discussion
	Spectroscopic investigations on 12DMI and 23DMI
	UV-vis spectra of DMIs in the different polarity solvents at the ambient temperature
	Ground state calculations: molecular geometry, ground state dipole moments and transition dipoles

	Changes in the nature of UV-vis spectra of DMIs in presence of well-known electron acceptor TCNQ
	Changes in the fluorescence emission spectra
	Search for the possibility of occurrences of electron transfer reactions within DMIs and TCNQ
	Electrochemical investigations
	Nanosecond laser flash photolysis investigation



	Concluding remarks
	Supporting information available
	Acknowledgments
	References


