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Abstract

The spectroscopic and photophysical properties of some dimethylindoles, 1,2-dimethylindole (12DMI) and 2,3-dimethylindole (23DMI) were
measured in presence of electron acceptor, tetracyanoquinodimethane (TCNQ) in solvents of varying polarity by using electrochemical, steady
state 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
states 'L, (S2) and 'Ly, (S1) of DMIs. Though Stern—Volmer (SV) analysis of steady state measurements is unable to provide the information on
the concurrent occurrences of static and dynamic processes involved, but electrochemical measurements coupled with time resolved spectroscopic
investigations demonstrate that TCNQ may act as a potential electron acceptor in presence of dimethylindoles to undergo highly exergonic
photoinduced electron transfer reactions in Marcus inverted region. Possibility of building up of various artificial or model photoactive systems

with the linked DMI-TCNQ dyad systems is hinted at.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

For better understandings of redox proteins [1-3], photo-
physical and photochemical studies on indoles still remain
as a very active field of research [4-18]. As indoles are
the chromophores of the amino acid tryptophan, investiga-
tions on indole derivatives are very much helpful in revealing
the long range electron transfer (ET) mechanism in proteins.
Our primary interest is to develop efficient photoconduct-
ing materials when well known organic m-electron acceptors
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would be sensitized by indole derivatives. Two main m-electron
acceptors known are 9-cyanoanthracene (9CNA) and 7,7,8,8-
tetracyanoquinodimethane (TCNQ). It was reported earlier that
good charge transfer (CT) complex conductors are formed
between good donor and acceptor pairs whose molecular shapes
are flat [19]. Hence indole compounds along with 9CNA or
TCNQ seem to be potential candidates to form photoconduct-
ing materials. In the present investigations we used disubstituted
indoles rather than monosubstituted ones because we observed
before [5] from electrochemical measurements that the elec-
tron donating capabilities of disubstituted indoles are larger.
We already made systematic steady state and time resolved
spectroscopic studies [5] on the photoinduced electron trans-
fer reactions between some disubstituted indoles (DMIs) and
9CNA. It was found that in highly polar medium acetoni-
trile (ACN), the major non-radiative pathway seems to be due


mailto:tapcla@rediffmail.com
mailto:sptg@mahendra.iacs.res.in
dx.doi.org/10.1016/j.jphotochem.2006.12.018

236 P. Mandal et al. / Journal of Photochemistry and Photobiology A: Chemistry 188 (2007) 235-244

to photoinduced electron transfer (PET). Thus dynamic pro-
cesses are mainly involved in quenching phenomena observed.
In the present investigation, we observed combined mecha-
nisms of quenching (static and dynamic) with TCNQ acceptors.
Detailed studies were made by using electrochemical, steady
state and time resolved (fluorescence lifetime and transient
absorption) spectroscopic techniques to reveal the mecha-
nisms of charge separation or electron transfer reactions within
the disubstituted indoles 1,2-dimethylindole (12DMI) or 2,3-
dimethylindole (23DMI) and well known electron acceptor
TCNQ (Fig. 1a). All the results obtained from the present
theoretical (TD-DFT) and experimental investigations seem-
ingly indicate that TCNQ may be better candidate than 9CNA
in building good photoconducting or solar energy conver-
sion devices when linked with the DMIs. In the present
paper the results and their interpretations are provided in
details.

2. Experimental
2.1. Materials

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

2.2. Spectroscopic apparatus

At the ambient temperature (296 K) steady state electronic
absorption and fluorescence emission spectra of dilute solu-
tions (10~ to 10~% mol dm™?) of the samples were recorded
using 1 cm path length rectangular quartz cells by means of an
absorption spectrophotometer (Shimadzu UV-VIS 2401PC) and
F-4500 fluorescence spectrophotometer (Hitachi), respectively.
Fluorescence lifetime measurements were carried out using the
Time Master fluorimeter from Photon Technology International
(PTI). The system measures fluorescence lifetimes using PTI’s
patented strobe technique and gated detection. The software
FeliX32 controls all acquisition modes and data analysis of the
Time Master system. The sample was excited using a thyratron
gated nitrogen flash lamp (width ~2ns) capable of measur-
ing fluorescence time resolved acquisitions at a flash rate of
25kHz. Lamp profiles were measured at the excitation wave-
length (297 nm or 337 nm) with a band pass of 3nm or 1nm,
respectively having Ludoc as the scatterer. The quality of fit
has been assessed over the entire decay, including the rising
edge, and tested with a plot of weighted residuals, the other sta-
tistical parameters, e.g., the x? and the Durbin—Waston (DW)
parameters. All the solutions for room temperature measure-
ments were deoxygenated by purging with argon gas stream for
about 30 min.

The degree of polarization (P) was measured with the
help of UV-vis polarizer accessories including UV Liner
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Fig. 1. (a) Molecular structures of 12DMI, 23DMI and TCNQ. (b) B3LYP/6-
31G(d) optimized geometries of 12DMI and 23DMI.
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Dichoric polarizer, wavelength range 230-770 nm, purchased
from Oriel Instruments, USA. The observed degree of polar-
ization (P) values were obtained from the following relation
[20,21]:

_ Iee — (Ue/IsB)IEB
Igg + (Ipe/IsB)IEB

Here, Igg and Igp are the intensities of parallel and perpendic-
ular polarized emission with vertically polarized excitation and
Igp and Igg are the intensities of horizontally and vertically
polarized emission when excited with horizontally polarized
light. Igg/Igp defines the instrumental correction factor G
(polarization characteristic of the photometric system). This
correction is made for any change in the sensitivity of the
emission channel for the vertically and horizontally polarized
components.

ey

2.3. Laser flash photolysis

The third harmonic (355 nm) output pulses of 35 ps duration
and energy ~6 mJ pulse~! from an active—passive mode-locked
Nd:YAG laser (Continuum model 501-C-10) were used for
excitation of the samples. Transients were studied by mon-
itoring their absorption using a tungsten filament lamp in
contribution with a Bausch and Lomb monochromator (710,
350-800nm), Hamamatsu R 928 PMT, and a 500 MHz digi-
tal storage oscilloscope (Tektronix, TDS-540A) connected to a
PC.

2.4. Electrochemical measurements

Electrochemical measurements were made to determine the
redox potentials of the reactants by using the PAR model
VersaStat II electrochemistry system. Three electrode systems
including Ag/AgCl as reference electrode were used in the mea-
surements. Tetraethylammonium perchlorate (TEAP) in ACN
was used as a supporting electrolyte.

2.5. Computational methods

The (gas phase) ground state geometry of 12DMI and
23DMI (Fig. 1) was fully optimized without symmetry con-
straints, using the B3LYP hybrid functional and the 6-31G(d,p)
basis set. The gas phase vertical excitation energies using the
optimized geometries for these molecules were computed by
using the time-dependent DFT (TD-DFT) methods (using
the B3LYP hybrid functional and 6-31G(d,p) basis set imple-
mented in the Gaussian package) [21]. The effect of solvation
on the computed TD-DFT vertical excitation energies was
investigated by using a continuum solvation model, specifi-
cally, polarization continuum model (PCM) implemented for
excited states. Because we are interested in vertical excitation
energies, the PCM-TD-DFT calculations were carried out
with non-equilibrium solvation conditions. All calculations
were carried out with the Gaussian 98 and Gaussian 03
programs.
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Fig. 2. Steady state electronic absorption spectra of 12DMI at the ambient tem-
perature in (1) NH, (2) ACN, and (3) EtOH (inset: UV—-vis absorption spectra
of TCNQ at the ambient temperature).

3. Results and discussion
3.1. Spectroscopic investigations on 12DMI and 23DMI

3.1.1. UV-vis spectra of DMIs in the different polarity
solvents at the ambient temperature

The UV-vis spectra of both 12DMI and 23DMI exhibit lower
energy band systems in the region of 260-300 nm in solvents of
different polarity (Fig. 2). Within the low energy band envelop
observed in non-polar NH, a sharp (0, 0) band resides at 290 nm
position and the band maximum situates at nearly 281 nm. With
the increase of the polarity of the environment from NH to
EtOH to ACN, the absorption band maximum (~281 nm) under-
goes a small red shift whereas the (0, 0) band position at about
290 nm remains unaltered. As the energy position of the latter
band remains unchanged with the polarity of the medium, this
band system could be assigned to 'Ly, <— ' A transition because
this type of transition is generally insensitive to the polarity of
the environment. On the other hand the red shift of the band
maximum at 281 nm indicates that the nature of the transition
responsible for this band should be of 'L, < 'A type which
possesses charge transfer character.

Further, polarized fluorescence excitation spectra of both
DMIs, measured in pure EtOH rigid glassy matrix at 77K,
clearly show (Fig. 3a) that the positive P value gradually
decreases in magnitude from (0, 0) band position (mostly the
region of 'Ly) to the band maximum region where relatively
I'L, transition dominates. This observation demonstrates that the
fluorescence emission mainly originates from the lowest lying
electronic state 'Ly, and the low energy absorption band sys-
tem resided within 260-300 nm is responsible for the mixed
states of 'L, and 'L;,. As the phosphorescence lifetimes of both
the DMIs are around 4 s, T1 <— S transition could logically be
assigned to m—m" nature. In organic molecular system, w—"
type triplet-singlet (T1—Sg) transition moment should be per-
pendicular to the molecular plane on which the 'L, and 'Ly
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Fig. 3. (a) Fluorescence excitation polarization spectra of 12DMI
(Aem =318nm) in EtOH rigid glassy matrix at 77K. (b) Solid line rep-
resents the fluorescence excitation spectra of 12DMI in EtOH rigid glassy
matrix at 77K, and the broken line shows the phosphorescence excitation
polarization spectra (Aem =430 nm).

transitions, being in general orthogonal to each other as in car-
bazoles and other similar compounds, lie. This may be the
reason for the observation of negative P values of varying mag-
nitudes throughout the phosphorescence excitation spectra from
300 nm to 270 nm, i.e., from 'L;, domain to the region of 'L,
(Fig. 3b).

The measurement of polarized phosphorescence excitation
spectra (Fig. 3b) also corroborates the views, made from the
spectra of polarized fluorescence excitation, that the low energy
absorption band of DMI (12 or 23) is mainly composed of the
mixture of the two lowest lying electronic states, 'L, and 'Ly.

3.1.1.1. Ground state calculations: molecular geometry, ground
state dipole moments and transition dipoles. The B3LYP/6-
31G(d,p) optimized ground state geometries for 12DMI and
23DMI are shown in Fig. 1b (Cartesian coordinates are provided
in the supporting information). The TD-DFT theory predicts a
nearly planar geometry of both the 12DMI and 23DMI.

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

12DMI and 23DMI predicted by density functional theory is
2.72D and 2.42 D, respectively.

Molecular orbitals. The HOMO—1, HOMO, LUMO and
LUMO-+1 orbitals for 12DMI and 23DMI have been calculated
with TD-DFT at the B3LYP/6-31G(d,p) level of theory. For both
the DMIs the calculated energy of the HOMO is nearly —4.68 eV
and that of the LUMO s 0.01 eV, giving an energy gap of 4.69 e V.
Thus, HOMO-LUMO gap is nearly equal to the value of 'Ly
vertical transition energy ~4.71 eV (Table 2).

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

TD-DFT predicts that the oscillator strength of the second
singlet state is greater than that of the first singlet state. From
this observation, the first and the second singlet states may be
assigned as 'Ly, and 'L, transitions, respectively for both DMIs.
Thus TD-DFT correctly predicts two low lying electronic tran-
sitions: 'L, and 'Ly.

Transition configurations and oscillator strengths calculated
by B3LYP/6-31G(d,p) basis for 11, and 'L, transitions for
12DMI and 23DMI are shown in Table 2. The 'Ly, band of DMI
(12 or 23) is characterized predominantly by a HOMO-LUMO
transition with to a lesser extent, a contribution from a HOMO—1
to LUMO+1 transition. Whereas for the 'L, band HOMO—1 to
LUMO transition is dominating and HOMO to LUMO transi-
tion contributes to the lesser extent to the characterization of 'L,
band.

All the above computed results indicate the possibility of
mixing of the closely lying electronic states 'L, (S) and 'Ly
(S1), which was apparent from the experiment.

Predicted transition energies from TD-DFT method are all
within 0.5eV of experimental values of 11, and 'Ly of both
the DMIs and thus correlate well with the experimental data.
TD-DFT method is less accurate for calculating the oscillator
strengths of both 12DMI and 23DML. It is yielded from TD-DFT
that there is an appreciable shift in energy for singlet states in
switching over from the gas phase to the solvent phase (Table 1).

Transition dipoles. The TD-DFT simulated transition dipoles
of DMIs in EtOH environment for both the 'L, and 'L, tran-
sitions possess small out-of-plane contributions (0.0016 a.u.
and 0.0067 a.u. for 12DMI and 0.0007 a.u. and 0.0001 a.u. for
23DMI). As the out-of-plane contributions are nearly negligible,
DMIs could be treated as planar molecules. Photophysical and
spectroscopic properties of DMIs are found to be very similar
to the corresponding properties of planar indole and monosub-
stituted indoles. Thus, in case of nearly planar aromatics DMIs,
the electronic transitions between 7 and 7" orbitals (7— " tran-
sitions) are symmetric with respect to the molecular plane.

In the solvent EtOH, the TD-DFT calculation yielded a value
of ~58° for the angle between the transition dipole moments 'L,
and 'Ly, for both 12DMI and 23 DMI. As most of the organic
compounds possesses these two transition (] Ly, and 'L,) which
are generally orthogonal (angle between them is ~90°) to each
other, these results of much smaller angle between the two tran-
sitions 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.) AE (cm™!) ACN (expt.) AE (em™))  Gas phase EtOH (expt.) ACN (expt.)
12DMI Ly 4.7096 4.6577 (4.261) 3618 4.67 (4.246) 3739 0.0154 0.0143 (0.068)  0.0146 (0.0604)
'L, 4.8868 4.8766 (4.397) 3950 4.8824 (4.381) 4079 0.0814 0.056 (0.2075)  0.062 (0.1044)
23DMI Ly 4.7076 4.6776 (4.2606) 2908 4.6566 (4.2665) 3558 0.0146 0.014 (0.0488)  0.0139 (0.0803)
L, 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 x 10~ f e(v) dv.

Table 2

Transition configurations from B3LYP/6-31G(d,p) for the ground 1, and 'Ly, states

Name of the molecule Orbitals Configuration Coefficient Energy (eV) Oscillator strength (a.u.)
12DMI Ly HOMO-LUMO 0.58060 4.7096 0.0154
(HOMO—-1)-(LUMO+1) 0.16805 4.7096 0.0154
L, (HOMO-1)-LUMO 0.51872 4.8868 0.081
HOMO-LUMO 0.16552 4.8868 0.081
23DMI "Ly HOMO-LUMO 0.59547 4.7076 0.0146
(HOMO—-1)-(LUMO+1) 0.16146 4.7076 0.0146
L, (HOMO-1)-LUMO 0.53936 4.8973 0.056
HOMO—(LUMO+1) —0.43939 4.8973 0.056

mixing of the two lowest lying electronic states 'L, and 'Ly,.
This proposition is in well agreement with the experimental find-
ings made from the steady state polarization measurements as
discussed in Section 3.1.1.

3.1.2. Changes in the nature of UV-vis spectra of DMIs in
presence of well-known electron acceptor TCNQ

From the UV-vis spectrum, it is apparent that TCNQ absorbs
at around 400 nm with a shoulder at 375 nm position in ACN
(inset in Fig. 2). Though 12DMI and 23DMI do not exhibit any
absorption band beyond 300 nm, but in presence of TCNQ a
broad charge transfer (CT) band at around 470 nm region along
with the formations of the three groups of new bands with Amax
of 685 nm, 749 nm and 848 nm was observed (Fig. 4), whatever
be the polarity of the medium, highly polar ACN (g ~ 37.5) or
relatively less THF (g5 ~ 7.6). Comparing the absorption profile
of the three new group of the absorption bands with that Li*
TCNQ™, it could be inferred that these bands are due to TCNQ™
anionic species [19].

However, the stability of the bands in the two different sol-
vents ACN and THF appears to be different. In ACN, the three
groups of bands of anionic species of TCNQ along with the CT
band at 470 nm region were found to grow with time (Fig. 4a).
The observation indicates that the formation of TCNQ™ anions
which might result from the intermolecular charge transfer inter-
actions between DMIs and TCNQ proceeded through direct
interaction between these two redox partners and not through the
complex formation. Both the simultaneous augmentation of CT
and anionic bands reveal that the ground state electron transfer
reactions between the electron donor DMI and acceptor TCNQ
is very slow in ACN medium.

In less polar THF solvent, the situation becomes some-
what different. Though the TCNQ™ anionic absorption bands
of similar nature, as observed in ACN medium, develops within
600-900 nm domain but their intensities slowly diminished with
time (Fig. 4b), contrary to the observation made in ACN. Nev-
ertheless, the significant augmentation of CT absorption band
peaking at 470 nm was found. Thus in THF the ground state
CT band becomes gradually stable with time. It is possible that
due to the close proximity of the anions and cationic species
within contact ion-pair, which is generally formed in non-polar
(es ~2) or less polar (¢4 ~7) media, CT or ion-pair band for-
mation may facilitate rather than formations of free or solvent
separated ions. Though some free or solvent separated ions
(both TCNQ™ anions and indolyl cations) are formed during
the process should gradually disappear with time due to lack
of productions of further ions. However, to present clear-cut
mechanisms of the above observations, further investigations
on the similar systems seem to be necessary. In presence of
TCNQ, similar type of observation of formations of both CT
band and TCNQ anions from the interactions between stil-
benes and TCNQ has been reported previously by Jin et al.
[19].

3.1.3. Changes in the fluorescence emission spectra

In highly polar ACN and less polar THF, the fluorescence
intensity of a present DMI strongly quenches in presence of the
electron acceptor TCNQ (Fig. 5a—d). In the quenching measure-
ments, the concentrations of DMIs and TCNQ were chosen in
such a way that at 290 nm excitation wavelength, which was
used to excite the fluorescence spectra of DMIs, the quencher
molecules 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 x 107#) and TCNQ (1.88 x 10~3) in ACN at (1) 0 min, (2) 15 min,
(3) 30 min, (4) 1 h40 min, (5) 6 h 40 min, (6) 16 h40 min, (7) 20 h 55 min, and (8)
24 h 05 min. (b) Time dependence of UV—vis absorption spectra of the mixture
of 23DMI (2.38 x 10~#) and TCNQ (1.88 x 10~3) in THF at (1) Omin, (2) 1 h,
(3) 2h, and (4) 4h 20 min.

inner-filter effect as a possible source of quenching phenomena
could be ruled out.

Though the fluorescence of DMI (12 or 23) is sufficiently
quenched with gradual addition of TCNQ but the quenching does
not occur efficiently over the entire band envelop, 300450 nm,
of DMI fluorescence. A sufficiently weak broad fluores-
cence band gradually develops within 400450 nm regime with
increasing quencher concentrations. Following the observations
made by earlier authors [5] this band could logically be ascribed
to an exciplex emission. In the case of 23DMI relatively promi-
nent emissive exciplex, though still very weak, was found both
in ACN and THF, relative to the situation observed in case
of 12DMI where very weak but a genuine band builds up at
425 nm at relatively higher quencher concentration used in the
present measurements. By monitoring the 425 nm wavelength,
an attempt was made to measure the fluorescence lifetime of this
species. The lifetime observed was of the same order of magni-
tude as that of the DMI monomer itself (~8.3 ns). Thus, we were
not able, unfortunately, to separate out this species from the large
fluorescence band envelop of DMI by using time resolved spec-
troscopic technique though its presence was observable from the
steady state measurements.

From Fig. 6aand b itis observed that the fluorescence quench-
ing of the present DMISs in presence of the quencher TCNQ does
not obey the simple Stern—Volmer (SV) relation [22-24]:

fo
—=1+K ,
7 sv[Q]

Ksv (=kqto) is the SV constant, kq the bimolecular dynamic
quenching rate constant and 7 corresponds to the fluorescence
lifetime of the fluorescer DMI in the absence of a quencher
(TCNQ).

fo and f denote the relative integrated fluorescence emis-
sion intensities of the fluorescer without and in presence of the
quencher concentration [Q], respectively. It is apparent from
Fig. 6a and b that the SV plots are curved upwards. The posi-
tive deviation from the linearity was observed earlier in several
cases of quenching studies [25-27]. Moreover, the fluorescence
lifetimes of unquenched DMIs (ty ~ 8.4 ns) and quenched ones
(~8.3 ns) were found to be nearly (within the experimental error)
the same. Thus, the steady state coupled with time resolved
quenching measurements demonstrate that the quenching should
be of static type quenching [28,29]. The observation of ground
state CT complex, as discussed above, further confirms this
proposition. However, the possibility of the concurrent occur-
rences of dynamic processes (photoinduced electron transfer,
excitational energy transfer) along with the static mode could
not be ruled out. However, relatively larger contributions from
the static process may significantly mask the dynamic effect.
Attempts were made next to explore the possibility of the
occurrences of dynamic processes, how small its contribution
may be compared to the associated static phenomena, involved
within the present fluorescer—quencher systems. The experi-
mental investigations undertaken to explore this possibility are
described below.

3.1.4. Search for the possibility of occurrences of electron
transfer reactions within DMIs and TCNQ
3.1.4.1. Electrochemical investigations. The half-wave oxida-

tion potentials, E?};(D/Dﬂ of 12DMI and 23DMI and the

half-wave reduction potential £ lf/EzD (A™/A) of TCNQ were mea-

sured by using cyclic voltammetry, the details of which are
given in the experimental section. The redox potential values are
shown in Table 3. The observed values indicate that the present
DMIs act as electron donors in presence of TCNQ, which serves
as the acceptor in photoinduced electron transfer (PET) reac-
tions. The Gibb’s free energy (AGgy) of electron transfer (ET)
reactions was computed from the well known Rehm—Weller
relation [5,30-32]:

AGy = Epj3(D/DY) — Efj’(A7/A)
— Ejo (neglecting the coulomb stabilization term
as its contribution to the AGgr value in ACN is very
small, ~ 0.06eV)

an is the first singlet—singlet transition energy (0, 0 band).
From Table 3, it appears that there is a possibility of occur-
rence of highly exergonic (—AGgy >2.0eV) PET reactions
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Fig. 5. (a) Fluorescence emission spectra of 12DMI in ACN (concentration ~1.18 x 10~* moldm™3) (Aex =290 nm) in the presence of TCNQ of concentration
(moldm™3)in(1)0,(2)6.48 x 107°,(3)1.29 x 1073, (4)1.91 x 1075,(5)2.53 x 1075, and (6) 3.14 x 10> Inset: UV-vis absorption spectra of 12DMI (concentration
~1.18 x 10~* mol dm~3) and TCNQ (concentration ~3.14 x 10~> mol dm~3) in ACN at 296 K. (b) Fluorescence emission spectra of 122DMI in THF (concentration
~1.22 x 10~*mol dm™3) (hex =290 nm) in the presence of TCNQ of concentration (mol dm=3) in (1) 0, (2) 6.48 x 107%, (3) 1.29 x 1073, (4) 1.91 x 1073, (5)
2.53 x 1075, (6) 3.14 x 1073, (7) 3.74 x 107>, and (8) 4.33 x 107> (c) Fluorescence emission spectra of 23DMI in ACN (concentration ~1.22 x 10~* mol dm~—?)
(Aex =290 nm) in the presence of TCNQ of concentration (mol dm~3) in (1) 0, (2) 6.48 x 1076, (3) 1.29 x 1073, (4) 1.91 x 1073, (5) 2.53 x 1073, (6) 3.14 x 1073,
(7) 3.74 x 1073, and (8) 4.33 x 107, (d) Fluorescence emission spectra of 23DMI in THF (concentration ~1.22 x 10~* mol dm~?) (Aex =290 nm) in the presence
of TCNQ of concentration (moldm~3) in (1) 0, (2) 6.48 x 107, (3) 1.29 x 107>, (4) 1.91 x 1073, (5) 2.53 x 107>, (6) 3.14 x 1073, (7) 3.74 x 107>, and (8)
433 x 1073,

from the thermodynamic point of view between the excited (S1)
DMI and ground TCNQ. Even when the acceptor TCNQ be
excited, itundergoes relatively less exergonic (—AGgp ~ —2eV
in case of 12DMI and —1.85 eV for 23DMI) PET reactions with
the ground state donor molecules DMI. On the other hand the
low positive values of AGgr observed when both the donor
and acceptor moieties are in the ground state demonstrate the

Table 3

occurrence of charge separation reactions in low endergonic
region. From the above experimental measurements and the-
oretical computations it seemingly indicates that when either of
the reacting species (redox center) is excited, highly exergonic
PET reactions occur, possibly in the Marcus inverted region
where slow reaction rate, less than diffusion controlled, could
be expected.

Redox potentials of the reactive sites and Gibbs free energies (AGgy) associated with photoinduced ET reactions in ACN fluid solutions at 296 K (" denotes the

excited singlet, (m” signifies the excited triplet state)

System E?/’;(D/Dﬂ V) E}‘/EzD(A— /A) (V) Ej, (V) AGgy (eV)
12DMI”+TCNQ + ACN +0.68 —0.35 4.28 —3.25
23DMI*+TCNQ + ACN +0.90 —0.35 4.28 —3.03
12DMI + TCNQ + ACN +0.68 —0.35 +1.03
23DMI + TCNQ + ACN +0.90 —0.35 +1.25
12DMI + TCNQ" + ACN +0.68 —0.35 3.10 —2.07
23DMI + TCNQ" + ACN +0.90 —0.35 3.10 —1.85
12DMI(T)* + TCNQ + ACN +0.68 —0.35 3.09 —2.06
23DMI(T)" + TCNQ + ACN +0.90 —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 (S;) excitation of 12DMI in the
presence of TCNQ in ACN fluid solution at 296 K. (b) Stern—Volmer (SV) plot
from steady state fluorescence emission intensity measurements in the case of
singlet (Sy) excitation of 12DMI in the presence of TCNQ in THF fluid solution
at 296 K.

3.1.4.2. Nanosecond laser flash photolysis investigation.
Using the third harmonic (~355 nm) output of the Nd: YAG laser
system the transient absorption spectra of the mixture of a DMI
and TCNQ were measured. Since 355 nm light could excite the
TCNQ only (Fig. 1), the PET reactions should occur between
excited singlet TCNQ and ground state donor DMI (12 or 23).
Asitis apparent from the values of — AGgy, which are ~2.07 eV
for 'TCNQ" + 12DMI and ~1.85 eV for 'TCNQ" +23DMI sys-
tems, the probability of occurrence of PET reactions from the
thermodynamic point of view is high, it may be expected that
the transient absorption spectra of anionic species, as a product
of PET process, could be seen from the measurements.

The laser photolysis in ACN medium of the mixture of
DMI and TCNQ yields a transient species between 350 nm and
450nm (Fig. 7), Amax being at 420 nm position. Another tran-
sient, adjacent to 420 nm band, was also found within the region
of 450-500 nm peaking at about 460 nm. As it is seen from the
figure, the transient absorption spectra gradually decay out with
the increase of delay times between the exciting and analyz-
ing pulses. From the kinetics of the transient absorption decay
at 420 nm (shown in the inset of Fig. 7), a single species with
lifetime ~1.2 ws was obtained. As reported by earlier authors
[33,34], the formation of TCNQ™ anion is responsible for this
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0.0121 ) 00090 .
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0.010}- 4 \\\\
' 5 00075
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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 ') at the ambient
temperature at delay times: (1) 0.3 ws, (2) 0.8 s, (3) 1.3 ws, (4) 3.3 ws, and (5)
3.8 ws measured in ACN. Inset: time profile of the absorbance (A) of the acceptor
TCNQ radical anion in the presence of 12DMI at 420 nm (the concentrations of
DMI of 2.38 x 1073 and TCNQ of 1.88 x 1072 in ACN have been used).

band. As the delay used is in the microsecond range, it is log-
ical to presume that electron transfer also occurs in the triplet
state through the mechanism as proposed in Scheme 1. With
increase of delay in this time domain, 420 nm band decreases
due to charge recombination process. Scheme 1 may be proposed
from the above experimental findings, where kcrr represents the
rate due to the charge recombination giving rise to the excited
triplets of the donor or acceptor, and kcrg is the rate due to
charge recombination giving rise to ground state. kqjs relates
to the dissociation processes to form free or solvent separated
anions and cationic species.

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

An attempt was made to estimate the values of Gibb’s free
energy changes for back electron transfer reactions by ion-
pair recombination to form ground state, AGy(G) and excited
triplets, AGy(T) of both the redox partners, by using the follow-
ing expressions,

AGy(G) = — EY5(D/DM) + EFP(A7/A),

AGy(T) = EYP(A™/A) — Ef5(D/DY) + E}

where E7 is the triplet energy level.

The values AGp(G) for 12DMI/TCNQ and 23DMI/TCNQ
were estimated to be —1.03 eV and —1.24 eV, respectively. Both
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.

DMI + 'TCNQ* — (DML........ 'TCNQ* ) — "(DMI /TCNQ')*
encounter collision non-radiative relaxation to triplet
= “ k('K’I' = kdi.\
SDMI* +°TCNQ* «  (DMI'/TCNQ)* —  DMI+TCNQ'
| kera
DMI+ TCNQ
Scheme 1.
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Since TCNQ molecule shows no phosphorescence, many
attempts to determine the energy of its triplet state, EF,
have failed so far. As the triplet energy of TCNQ is not
known, AGy(T) could not be estimated accurately. Neverthe-
less, Frankevich et al. [35] determined the energy of the triplet
state of TCNQ using fluorescence quenching of the weak charge-
transfer complexes phenazine—-TCNQ and fluorene—-TCNQ in
the process of fission of their excited singlet state into two triplet
states. Using this procedure, they determined the energy of the
triplet state of TCNQ whose value was around ~8865cm™!
or 1.10eV. Thus, from the expression of AGy(T), it is appar-
ent that its value will be around +0.07 for 12DMI/TCNQ and
—0.14 eV for 23DMI/TCNQ pair. As the value of AGy(G) is
much more negative, i.e., more exergonic relative to the val-
ues of AGp(T) for both the donor—acceptor pairs studied in
the present investigation, the possibility of the formation of
triplets of the redox components by recombination mecha-
nism is very slim and may be excluded. On the other hand,
the probability of formation of ground state products by ion-
pair recombination seems to be rather high. This exactly
what we could conclude from the transient decay analysis of
460 nm, which, as reported by Cho et al. [34] may be due
to TCNQ monomeric triplet. Nevertheless, the kinetic decay
analysis at 460nm clearly shows that the lifetime is of the
same order of magnitude (~1 ps) as that of the TCNQ anionic
species observed at 420 nm. It may be presumed that if some
triplet TCNQ be at all formed due to ion-pair recombina-
tion mechanisms, its yield may be expected to be of very
low. Thus it is possible that the triplet may be hidden well
within the neighboring transient absorption band of the TCNQ™
anions.

The time profile of the absorption of the acceptor TCNQ™
anion (inset of Fig. 7) shows that with further increase of the
delay beyond 5 s, the value of absorbance of the anion becomes
constant. The ion-dissociation or charge separation yield ¢r is
obtained [36] by taking the ratio of the constant absorbance at
long delay times due to dissociated ions and the initial value
estimated by extrapolating the ion absorbance to =0 in inset of
Fig. 7. A large yield of the dissociated ion radical (¢r ~ 0.8) was
obtained. Such large yield of charge separation was not found,
as reported from our research group earlier [S], when the same
donor DMI molecules undergo photoinduced electron transfer
(PET) reactions with another well known electron acceptor, 9-
cyanoanthracene (9CNA), though the reduction potential of the
9CNA acceptor is greater (~—1.13'V) than the presently used
acceptor TCNQ (~—0.35 V). In the case of DMI-9CNA system,
the value of ¢r obtained was only 0.15. From this observation it
seemingly indicates that the rate associated with the energy wast-
ing charge recombination (kcr) process should be much smaller
in the case of the presently used donor—acceptor (DMI-TCNQ)
systems than the corresponding rate observed in the case of
previously reported DMI-9CNA pairs. Moreover, highly exer-
gonic AGgy values (<—2eV, Table 3), obtained when either
excited donor DMI or acceptor TCNQ molecules undergo PET
reactions with the ground TCNQ or DMI molecules, indicate
in favor of occurrence of PET reactions in Marcus inverted
region.

To corroborate further this proposition, the total nuclear
reorganization energy, A (=As+Ay) was computed from the
expression, shown below, of the dielectric continuum model of a
solvent as proposed by Marcus [37-38] (As the nuclear reorga-
nization energy originates from solvent oscillators and Ay from
oscillators within the molecule):

A_e2 1 1 1+1 1
S = 4rteg \Eop €S 2rq  2ra R)’

The estimated Ag value was computed to be 0.7eV assuming
R >17 A for outer sphere reaction [39,40].

The total nuclear reorganization value, A (=As + Ay ) was esti-
mated to be about ~1.0eV for the present DMI-TCNQ system
[Av value was assumed to be ~0.3 eV, which is the characteristic
value of aromatic D—A system [36]].

The observation of —AGgr > A further confirms that the PET
reactions in the present investigation fall in the Marcus inverted
region. As in the Marcus inverted region, slow rate of charge
recombination occurs, the observation of large yield (~0.8) of
charge-separated species is in accord to our expectation.

From the moderate value of A (~1.0eV) and the observed
large charge separation yield, ¢r ~ 0.8, resulted from the highly
exergonic PET reactions in Marcus inverted region, it may be
presumed that building up of artificial or model photosynthetic
systems with the present donor 12DMI or 23DMI and well
known electron acceptor TCNQ system could be possible. Using
various flexible or semi-rigid and rigid olefinic spacers between
the DMI and TCNQ, synthesis of several dyad systems are
underway.

4. Concluding remarks

Though Stern—Volmer analysis alone was found to be
unable to provide information of the concurrent occurrences
of dynamic processes like photoinduced electron transfer with
static quenching but electrochemical measurements coupled
with time resolved spectroscopic investigations reveal that
TCNQ could act as a potential electron acceptor molecule with
the donors DMI to undergo highly exergonic (—AGg > 2¢eV)
photoinduced electron transfer reactions in Marcus inverted
region (mir). Moreover, observation of large yield (¢r ~ 0.8)
of charge-separated species, as obtained from the transient
absorption decay analysis, along with —AGgy > A is indicative
of the presence of mir where the energy wasting charge recom-
bination processes play minor role within the DMI-TCNQ
systems. As the value of nuclear reorganization energy, A
is relatively low (~1.0eV) for the present donor—acceptor
pairs in comparison to the corresponding values observed in
case of other organic electron donor/TCNQ systems, efficient
photoconductors could possibly be developed by using DMI
and TCNQ. It is anticipated that the present donor and acceptor
(DMI and TCNQ) molecular systems being connected by
suitable spacers may undergo intramolecular charge transfer
upon excitation and display photoconducting and non-linear
optical properties. Synthesis of such organic systems is
underway.
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Supporting information available

B3LYP/6-31G(d) optimized geometry of 12DMI and 23DMI
in the gas phase. This material is available free of charge via the
internet at http://pubs.acs.org.
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