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Studies were made on the nature of photoinduced electron transfer (ET) reactions within the electron donor
(D) (3,5-dimethylphenol, 35DMP; 2,6-dimethylphenol, 26DMP; 3,5-dimethylanisole, 35DMA; 2,5-dimeth-
ylanisole, 25DMA) and acceptor (A) 2-nitrofluorene (2NF) in both highly polar acetonitrile (ACN) and nonpolar
cyclohexane (CH) solvents at 296 K by electronic absorption, steady state, and time-resolved, in the nanosecond
time domain, spectroscopic methods. No ground state charge transfer (CT) complex was found for the present
D-A pairs. Large fluorescence quenching rates (∼1012 dm3 mol-1 s-1) were observed in both CH and ACN
solvents. Evidence for concurrent occurrence of Fo¨rster’s type singlet-singlet energy transfer process along
with ET was found. No static quenching was observed. Radiative energy transfer was found to play an
insignificant role within the present D-A systems. Occurrence of highly exothermic outer-sphere type ET
reaction within the Marcus inverted region was inferred. In nonpolar CH a contact exciplex of CT nature
was observed, whereas in the highly polar ACN environment the anionic radical of the sterically hindered
phenol 2,6-DMP was found as final product. At 77 K occurrences of both Fo¨rster’s type singlet-singlet and
Dexter’s type triplet-triplet energy transfer processes were inferred within the present D-A systems from
steady state and time-resolved spectroscopic studies.

1. Introduction

Photoinduced electron transfer (ET) reactions are involved
as the key steps in photosynthesis and metabolism and in many
simple chemical reactions. ET reactions from an excited
chromophore (donor) to a molecular acceptor are very important
processes, as these events provide a basis for the conversion of
light into transiently stored redox energy at the moleculer
level.1,2 Intramoleculer or intermolecular ET reactions have
been studied intensively in different D-A (donor-acceptor)
systems embedded in a medium such as nonpolar and polar
solvents, glass, and proteins.3-12 Photoinduced intramolecular
ET within donor and acceptor molecules linked together by
spacers of either flexible8 or semirigid/rigid types13,14 is a very
interesting subject in the chemistry of photoconductivity8 and
of artificial photosynthesis.15-20

Studies on photoinduced ET reactions at 296 K are generally
performed in highly polar solvents such as acetonitrile (ACN),
where formations of solvent-separated radical ions are genarally
facilitated. In a photoinduced ET event where either the donor
or acceptor part is in the electronic excited singlet (S1) state
and the other part is in the ground state, primary intermediates
might be geminate (or contact) ion pairs (GIP or CIP) or solvent-
separated ion pairs (SSIP). The possibility of formation of the
former species is rather high in nonpolar environment, whereas
the latter one is formed in the highly polar solvent. Emissions
could be observed from the GIP (or CIP) but not from the SSIP
species because the electronic coupling is much higher in the
case of CIP compared to SSIP.21-23 Earlier workers23,24reported
that in the cases of some D-A species the back ET reactions
occur in the Marcus inverted region (mir). Very few authors
located the mir in the forward ET reactions. Rehm and
Weller25 proposed a correlation and demonstrated that even in

the highly exothermic region, contrary to the prediction made
by Marcus, no inverted region was observed, but instead the
fluorescence quenching rate constant (kq) was found to retain
its value equivalent to the diffusion-limited rate throughout this
region. Recently, Tachiya26 gave a new explanation for the lack
of the inverted region in forward ET reactions. However Miller
et al.27 demonstrated a decrease of ET rate in the highly
exothermic region in the case of intramolecular ET reactions.
Ganguly et al.8 showed from picosecond laser flash photolysis
studies the occurrence of photoinduced ET reactions in the
inverted region in the cases of several alkylcarbazole-polyni-
trofluorene and polynitrofluorenone bichromophoric systems
and the corresponding oligomers where these bichromophores
are present as pendant groups. Recently, Ganguly et al.28

showed that even in some intermolecular ET cases that are found
to be of highly exothermic type the Marcus inverted regions
was observed. Testing of inverted regions in the cases of highly
exothermic ET reactions has nowadays become a usual
practice.8,28-30

In the present investigation an attempt was made to examine
carefully the nature of photoinduced ET reactions within some
disubstituted phenols as donors, 35DMP, 26DMP, 35DMA, and
25DMA, and the well-known acceptor 2NF in polar ACN as
well as nonpolar cyclohexane (CH) solvents at 296 K with the
help of steady state and time resolved fluorescence techniques.
In the framework of Marcus and Rehm-Weller theories and
from the observations of large spectral overlapping of donor
emission and acceptor absorption another attempt was made to
reveal the possible mechanisms of the concurrent processes (if
any), e.g., excitational energy transfer and ET, in both nonpolar
CH and polar ACN solvents. The rate constants associated with
these two basic quenching reactions were evaluated to estimate
the relative contributions of these two processes in the quenching
phenomena of the electron donors in the presence of the acceptor
2NF.
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The photophysical properties of the present electron donors
and the acceptor 2NF were also studied by steady state and
time-resolved luminescence techniques at a low temperature of
77 K in an ethanol (EtOH) rigid glassy matrix to observe the
effects in their excited singlets and triplets.

2. Experimental Section

2.1. Purification of Chemicals. The samples 35DMP,
26DMP, 35DMA, 25DMA, and 2NF supplied by Aldrich were
purified by vacuum sublimation. The solvents ACN, CH, and
EtOH (E. Merck) of spectroscopic grade were distilled under
vacuum.
2.2. Spectroscopic Apparatus. Steady state electronic

absorption and emission spectra of dilute solutions (∼10-5-
10-6 mol dm-3) of the samples were recorded at 296 K with
the help of a Shimadzu UV-vis 2101PC spectrophotometer and
a Hitachi F-4500 fluorescence spectrophotometer, respectively.
Fluorescence lifetimes of the samples were measured by using
a time-correlated single photon counting (TCSPC) fluorimeter
(Model 199, Edinburgh Instruments, U.K.).
All the solutions made for room-temperature measurements

were deoxygeneted by purging with a N2 gas stream for about
30 min. Electrochemical measurements were done (Table 1)
by using a PAR 370-4 electrochemistry system.9 The fluores-
cence quantum yield (æf) of the donor molecules in the absence
of the acceptor was determined relative to that of 3-methylindole
in CH solvent (æf ) 0.40( 0.03).31

3. Results and Discussion

3.1. Steady State Electronic Absorption Spectra at 296
K. From Figure 1 it is apparent that the electronic absorption
spectra of a present donor in the presence of the acceptor 2NF
in polar ACN solvent (εS ) 37.5) result from the superposition
of the individual absorption spectra of the components, i.e.,

donor and acceptor molecules. This indicates that there is no
ground state CT interaction between the present donors and 2NF
in this solvent.32 Similar observations were made in nonpolar
CH solvent (εS ) 2.02) except that the bands are a little
structured. In both the solvents the1Lb (S1) bands of a present
donor and 2NF reside at around 280 and 330 nm, respectively.
3.2. Steady State and Time-Resolved Spectroscopic Stud-

ies at 296 K. The steady state fluorescence intensity of the
present donors was found to be reduced gradually with
increasing concentration of the quencher 2NF in both ACN
(Figure 2a) and CH (Figure 2b) solvents at 296 K. Throughout
our experiment, the donor chromophores were selectively
excited at the 270 nm position, where the acceptor 2NF has
negligible absorbance (Figure 1). This was necessary to avoid
the competitive absorption by the acceptor 2NF as well as its
filtering effect on the emitted light. Further, 2NF does not
exhibit any fluorescence emission at 296 K. The concentration
of the quencher 2NF was chosen to be very low (∼10-5-10-6

mol dm-3), which does not affect the electronic absorption
spectral pattern (in both intensity and energy position) of the
donor molecule. This observation excludes the possibility of
any ground state complexation, between the present donor and
acceptor molecules, which might be responsible for the observed
fluorescence quenching. Figure 2a,b shows that in both ACN
and CH solvents the fluorescence emission band of the first
singlet excited donor 26DMP peaks at about 305 nm, ac-
companied by a shoulder at 292 nm which may be assumed as
the (0,0) emission band of this donor. With gradual addition
of the acceptor 2NF in an ACN fluid solution of 26DMP,
relative changes of intensities of the two vibronic bands residing
at 292 and 305 nm are observed. Similar observations were
noticed for the 35DMP-2NF mixture in ACN as well as CH
solvents. In the latter solvent, at a high concentration of 2NF,

TABLE 1: Redox Potentials and Gibbs Free Energies (∆G°)
for the Present D-A Pairs in ACN Fluid Solution at 296 K

donora acceptora E1/2
OX(D/D+)/V E1/2

RED(A-/A)/V E*0,0/eVb ∆G°/eV
35DMP* 2NF 1.26 -1.17 4.43 -2.00
35DMP 2NF* 1.26 -1.17 3.75 -1.32
35DMP 2NF 1.26 -1.17 +2.43
26DMP* 2NF 1.53 -1.17 4.43 -1.73
26DMP 2NF* 1.53 -1.17 3.75 -1.05
26DMP 2NF 1.53 -1.17 +2.71
35DMA* 2NF 0.97 -1.17 4.43 -2.29
35DMA 2NF* 0.97 -1.17 3.75 -1.61
35DMA 2NF 0.97 -1.17 +2.15
25DMA* 2NF 1.58 -1.17 4.43 -1.68
25DMA 2NF* 1.58 -1.17 3.75 -1.00
25DMA 2NF 1.58 -1.17 +2.76

a * denotes the first excited singlet state (S1). b E*0,0 is the singlet-
singlet (0,0) transition energy of the excited chromophore.

Figure 1. Electronic absorption spectra of 35DMP (C ) 5.6× 10-5

mol dm-3) (curve 1), 2NF (C ) 3.6× 10-5 mol dm-3) (curve 2), and
35DMP (C ) 5.6 × 10-5 mol dm-3) in the presence of 2NF (C )
5.4× 10-5 mol dm-3) (curve 3) in ACN fluid solution (l ) 1 cm) at
296 K.

Figure 2. (a) Fluorescence emission spectra of 26DMP in ACN sol-
vent (C ) 1.5 × 10-5 mol dm-3) at 296 K (λexc ) 270 nm) in the
presence of 2NF. Concentration of 2NF (mol dm-3): (0) 0; (1) 3.2×
10-6; (2) 7.6× 10-6; (3) 1.3× 10-5; (4) 1.9× 10-5; (5) 2.5× 10-5;
(6) 7.6× 10-5. (b) Fluorescence emission spectra of 26DMP in CH
solvent (C ) 1.1× 10-5 mol dm-3) at 296 K (λexc ) 270 nm) in the
presence of 2NF. Concentration of 2NF (mol dm-3): (0) 0; (1) 3.2×
10-6; (2) 6.3× 10-6; (3) 9.5× 10-6; (4) 1.3× 10-5; (5) 1.6× 10-5;
(6) 3.2× 10-5.
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an enhancement in the emission intensity of the (0,0) vibronic
band at around 285 nm of the donor 35DMP occurs at the
expense of the other band at 293 nm. The same kind of
observation was reported earlier by Kalyanasundaram and
Thomas33 in the case of pyrene molecules. Following their
argument, it might be proposed that the strong perturbation in
the vibronic band intensities is more dependent on the solvent
dipole moment than on the bulk solvent dielectric constant.
If the quenching is of dynamic type, a simple Stern-Volmer

(SV) relation (eq 1) might be used in evaluating the quenching
rate constant (kq) for the present D-A pairs.34

wheref0 andf are the relative integrated fluorescence emission
intensities of the donor without and with the quencher concen-
tration [Q], respectively,KSV is the Stern-Volmer constant, and
τ0 is the fluorescence decay time of the donor in the absence of
the quencher. Thef0 and f values were measured from the
corrected area under the fluorescence curves. For all present
D-A pairs, plots off0/f vs [Q](Figure 3) are found to obey the
simple SV relation (eq 1), and no upward curvature was noticed
even at high concentrations of 2NF, which indicates the absence
of static quenching phenomena. Table 2 shows the values of
KSV andkq computed from the linear SV plots (Figure 3) by
using eq 1. No major changes were observed in the values of
KSV andkq (Figure 3, Table 2) from lifetime measurements using
another form of the SV relation

whereτ0 andτ are the fluorescence decay times of the donor
without and with the quencher 2NF, respectively. Table 2 shows
that there is not much difference in the values ofkq for the
present D-A pairs in polar ACN and nonpolar CH solvents.
Also the measured values ofkq (∼1012 dm3mol-1 s-1) are much
higher than the diffusion-controlled limit. The Stern-Volmer
data clearly show that no static quenching process occurs. The
apparent quenching rate is above the diffusion limit by∼2 orders
of magnitude. Therefore, some fast dynamic processes must
be operative. Since Stern-Volmer analysis alone does not give
information on the mechanism, we discuss possible mechanisms
based on literature data and theory. Our aim in this paper is to
investigate the individual role of the quenching processes (ET,
energy transfer, etc.) involved and to find a correlation between
the rate constants of these different processes with the overall
fluorescence quenching rate constantkq.

3.3. Evidence in Support of Exciplex Formation. In the
presence of 2NF the fluorescence emission intensity of 26DMP
was reduced, accompanied by the appearance of a new broad
structureless band on the longer wavelength side at around 355
and 390 nm in CH and ACN solvents, respectively (Figure 2a,b).
In CH solvent an isoemissive point was observed. It might be
speculated that in nonpolar CH solvent the formation of a contact
CT exciplex between 26DMP and 2NF is responsible for the
355 nm band. In polar ACN solvent the exciplex further
dissociates into radical ion pairs, giving rise to a new band at
390 nm. We showed by a metallic sodium (Na) experiment
that this 390 nm band is due to radical anionic species of the
donor 26DMP moiety. O. Brede et al.35 reported that when
some sterically hindered aromatic phenols (ArOH) undergo
photoinduced ET reactions with a suitable solvent, radical
cations (ArOH•+) are formed as intermediates. In polar solvent
this cation decays immediately by a dissociation-like deproto-
nation to form phenoxyl radicals (ArO•) and protons as shown
below:

TABLE 2: Data on Photoinduced ET (kET), Fo1rster’s Type Energy Transfer (kFT), and the Bimolecular Fluorescence
Quenching Rates (kq) for the Present D-A Pairs at 296 K

systemsa
τ0/ns
((0.4)

KSV
b/

dm3 mol-1
kq(obs)× 10-12b/
dm3 mol-1 s-1 λd/eV -∆G°/eV kET/s-1 æf R0/Å

kFT× 10-11/
s-1

kq(calc)× 10-12 e/
dm3mol-1 s-1

25DMA*+2NF+ACN 4.9 28 521 5.8 1.52 1.68 8.5× 1010 0.14 26 5.4 7.9
(22 753)c (4.6)c

25DMA*+2NF+CH 3.0 25 885 8.6 0.18
26DMP*+2NF+ACN 4.2 26 570 6.3 1.15 1.73 5.7× 109 0.09 24 3.4 1.3

(24 898)c (6.0)c

26DMP*+2NF+CH 5.0 38 566 7.7 0.23
35DMP*+2NF+ACN 7.1 51 265 7.2 1.13 2.00 1.4× 108 0.13 24 2.5 4.8

(43 081)c (6.1)c

35DMP*+2NF+CH 5.7 40 591 7.1 0.50 0.08 23 2.0
35DMA*+2NF+ACN 8.4 15 981 1.9 1.07 2.29 1.2× 105 0.19 27 4.1 7.8

(13 728)c (1.6)c

35DMA*+2NF+CH 9.8 31 919 3.3 0.79 0.47 32 4.9

a * denotes the first excited singlet state (S1). bObtained from linear SV plots, using eq 1 (see text).cObtained from linear SV plots, using eq
2 (see text).d In calculatingλ, λV ) 0.3 eV has been chosen (see text). While calculatingλS, rD ≈ 3.6 Å andrA ≈ 4.4 Å have been used (see text)
andR ) 7 Å has been assumed (see text).eCalculated using eq 15 (see text).

f0/f ) 1+ KSV[Q] ) 1+ kqτ0[Q] (1)

τ0/τ ) 1+ KSV[Q] ) 1+ kqτ0[Q] (2)

Figure 3. Simple Stern-Volmer (SV) plots by using eq 1 for the
present D-A pairs in ACN solvent at 296 K. Inset shows the simple
SV plots by using eq 2 for the present D-A pairs in ACN solvent at
296 K (1, 35DMP-2NF; 2, 25DMA-2NF; 3, 26DMP-2NF; 4,
35DMA-2NF).

ArOH•+ f ArO• + H+ (H atom abstraction) (3)
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According to O. Brede et al.35we could propose the following
reaction mechanism for the 2,6-DMP-2NF pair in highly polar
ACN environment:

Here, in eqs 4 and 5 2,6-DMP is written as 2,6(CH3)2ArOH for
convenience. Figure 2a demonstrates a clear band at 390 nm
of the fluorescence spectra of 2,6-DMP in the presence of 2NF
in ACN solvent. To assign unambiguously the true nature of
this 390 nm band, the following experiments were performed:
(1) In the presence of metallic Na, the fluorescence emission
band of 2,6-DMP in dry ACN solvent quenches remarkably with
concomitant appearance of a 390 nm band (Figure 4), which
gradually disappears in the presence of molecular oxygen. The
following reaction should occur between 2,6-DMP and Na:

Thus, the above observation seemingly indicates that the 390
nm fluorescence band of 2,6-DMP observed in the presence of
2NF in ACN solvent must be due to the formation of phenoxyl
radical anion. (2) To corroborate our proposition, excitation
spectra of this anion were recorded and were found to be
coincident with the absorption spectra of the chemically
generated 2,6-DMP- anion.
However it is rather surprising how the anion is formed from

the phenoxyl radical in acidic medium. From all the present
experimental findings we possess little doubt about the formation
of the 2,6-DMP- anion. Hence it might happen that due to
deprotonation in ACN solvent, the environment may not become
acidic to the extent that the formation of anion from the
phenoxyl radical (by capturing an electron from the solvent or
a neutral donor) could be hindered. However, this is just a
matter of speculation. The exact mechanism of formation of
the anion from the phenoxyl radical is not very clear at the
present stage of investigation. Further investigations with
several similar D-A systems are now being carried out to
understand this mechanism clearly. This kind of exciplex
formation and radical ion pair dissociation were also observed
with the 35DMP-2NF pair, but these bands are found to be
very weak. The weak behavior might be due to the fact that
35DMP is much less sterically hindered than 26DMP.
3.4. Role of Electron Transfer (ET) in Fluorescence

Quenching of the Present Donors in the Presence of the

Acceptor 2NF. The Gibbs free energy change (∆G°) associated
with the ET reaction for the present D-A systems was computed
by using the well-known Rehm-Weller relation.25,36

While calculating the values of∆G° in highly polar ACN
solvent, the Coulomb stabilization term (the fourth term in eq
7) was neglected.37 From Table 1, it is clear that ET reaction
between the present D-A pairs is highly exergonic (∆G° < 0)
and thus energetically probable37-39 when one of the chro-
mophores, especially the donor chromophore, is excited.
The quenching rate constant for ET could be estimated by

employing the mechanistic Scheme 1.40-42

In Scheme 1,kd and k-d are the diffusion-controlled rate
constants of second and first-order, respectively,kET andk-ET
are the first-order rate constants for charge separation in the
“precursor complex” and charge recombination in the “successor
complex”, respectively,kS is the first-order rate constant for
the dissociation of the “successor complex”, andkr is the first-
order rate constant for reversible electron transfer to ground state
reactants.k-S is the rate constant associated with diffusion of
charge-separated species to re-form D+/A-. However, the
possibility of the occurrence of this back process seems to be
slim in a highly polar solvent such as ACN, which has a large
dielectric constant.
The ET rate constant can be computed from the Arrhenius

relation42

Following Rehm andWeller we setA to be an effective solution-
phase collision frequencyA) νn ) 1× 1011 s-1.42 According
to Marcus outer-sphere ET theory, the activation energy∆Gq

is given by42

The reorganization energyλ ()λV + λS) comprises contributions
from both intramolecular bond length changes (λV) and solvent
reorganization energy (λS). λS could be computed by using a
dielectric continuum model as proposed by Marcus.3,43

For calculatingλS, the radii (rD and rA) have been evaluated
from the molecular volume of the neutral molecule.44 Following
Kikuchi,39 as the ET reactions within the present D-A pairs
fall in the highly exothermic region (Table 2), it can be proposed
that the ET reactions are of outer-sphere type for which D-A
separation distanceR g 7 Å. In calculatingλS, a fixed value
of R ) 7 Å was chosen for all the D-A pairs. Mataga and
others24 used the same value ofR in evaluatingλs in cases of
strong intermolecular ET reactions. While calculatingλ, we
have chosen a fixed value ofλV ) 0.3 eV.8 This value is the
characteristic value for aromatic D-A systems.8 The calculated
values of ET rate constantkET using equation 8 for the present
D-A pairs in ACN solvent are shown in Table 2. It is suspected

Figure 4. Fluorescence emisssion spectra of 26DMP in dry ACN
solvent (C≈ 10-4 mol dm-3) at 296 K (λexc) 270 nm) in the presence
of metallic sodium.

2,6(CH3)2ArOH + 2NFf 2,6(CH3)2ArOH
•+ + 2NF- (4)

2,6(CH3)2ArOH
•+ f

2,6(CH3)2ArO
• + H+ (H atom abstraction) (5)

2,6(CH3)2ArOH + Naf 2,6(CH3)2ArO
- Na+ + H2v (6)

SCHEME 1

D∗ + A D∗/A D+/A– D+ + A–kd

k–d

kET

k–ET

kS

k–S
kr

D + A

∆G° ) E1/2
OX(D/D+) - E1/2

RED(A-/A) - E*0,0- e2/(4πε0εSR)
(7)

kET ) A exp(-∆Gq/kT) (8)

∆Gq ) (λ/4)(1+ ∆G°/λ)2 (9)

λS ) [e2/(4πε0)][1/(2rD) + 1/(2rA) - 1/R][1/εOP- 1/εS]
(10)
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that ET reactions in the present investigation fall in the Marcus
inverted region as-∆G° > λ (Table 2).
As CH is much less polar than ACN, it is expected that the

ET rate constant will decrease in CH solvent as compared to
that in ACN. An attempt was made to evaluatekET for the
present D-A pairs in CH solvent by using eq 8. Since we
cannot measure redox potentials in CH solvent, we tried to
estimate the shift in free energy change (∆G°) on going from
polar ACN to nonpolar CH due to solvation effect. According
to Kavarnos et al.,41 solvation energy is given by

Using eq 11, the shift in the value of∆G° on going from ACN
to CH solvent is equal to 1.7 eV. In nonpolar CH solvent, the
Coulombic term was fixed, following the Weller assumption,45

at 0.2 eV for all D-A pairs. So, we can write in the present
case

Following Kikuchi,39 it can be stated that the values of∆G°
in the cases of 3,5-DMP-2NF and 35DMA-2NF pairs in CH
solvent fall in the intermediate region (-0.4 eV> ∆G° g -2.0
eV)39 (Table 2), where rapid outer-sphere ET occurs andkq (due
to ET only) should be close to the diffusion-controlled limit
(∼6.4× 109 dm3 mol-1 s-1 in CH solvent) as-∆G° is close
to λ. For the 3,5-DMP-2NF pair we foundkq (due to ET only)
to be equal to∼3.7 × 109 dm3 mol-1 s-1 in CH solvent by
using the proposed relation (discussed later)kq(ET) ) kETkd/(kET
+ k-d), assumingR) 7 Å.24,39 This observation is in agreement
with the theory proposed by Kikuchi.39

In the case of other D-A pairs, presently studied, the values
of ∆G° in CH solvent fall in the downhill region (0.4 eV>
∆G° > -0.4 eV)39 (Table 2), where outer-sphere ET is no
longer operative. So, in these cases, it was a difficult task to
choose the proper value ofRwhile calculating the value ofλS.
So, no definite conclusion could be drawn in the cases of these
D-A pairs about the occurrence of ET reaction in CH solvent.
3.5. Energy Transfer as a Possible Mechanism in the

Fluorescence Quenching of the Present Donors in the
Presence of the Acceptor 2NF. In the present case, the S1

(1Lb) level (around 280 nm) of all the donors lies much above
the S1 (1Lb) level (around 330 nm) of the acceptor 2NF. Also
a very good spectral ovarlapping exists between the donor
fluorescence emission and acceptor absorption. This allows us
to consider two different mechanisms of S1

D D> S1A energy
transfer, radiative (trivial type) and nonradiative. The efficiency
of radiative energy transfer (æRT) was estimated46 to bee 0.05%
for the present D-A pairs (assumingR ) 7 Å39), which is
negligible in comparison to nonradiative energy transfer ef-
ficiency T ≈ 99.9% (discussed later). From the spectral
overlapping, the values ofR0, Förster’s critical energy transfer
distance for long-range dipole-dipole interactions, were com-
puted37 for the present D-A pairs (Table 2) and are found to
be quite large (R0 ≈ 25 Å). This indicates that Dexter’s type
of energy transfer is not very operative in the present case. The
theoretical Fo¨rster’s energy transfer efficiency,T, was calcu-
lated37 assumingR) 7 Å and was found to be more than 99%
for the present D-A pairs in ACN as well as CH solvents. This
type of S1D D> S1A energy transfer generally sensitizes the
acceptor fluorescence emission. But as the present acceptor
2NF does not emit any room-temperature fluorescence, spectral
manifestation in favor of such energy transfer is lacking.
However large values ofR0 (∼25 Å) andT (∼99.9%) predict

the concurrent occurrence of long-range singlet-singlet energy
transfer along with ET within the present D-A systems.
The simplest representation of Fo¨rster’s type energy transfer

mechanism is shown in Scheme 2, wherekFT andk-FT are the
forward and back energy transfer rate constants, respectively,
and kN is the rate constant associated with the nonradiative
transition of the acceptor from its excited singlet to ground state.
The values of Fo¨rster’s energy transfer rate constant (kFT) were
computed by using the relation37

and are shown in Table 2, which indicates that Fo¨rster’s type
energy transfer is playing a dominant role in the fluorescence
quenching phenomena in both ACN and CH solvents (assuming
R) 7 Å39) askFT values (∼1011 s-1) are much greater thankET
values (Table 2).
3.6. Correlation between Electron Transfer Rate Con-

stant (kET), Fo1rster’s Energy Transfer Rate Constant (kFT),
and Fluorescence Quenching Rate Constant (kq) for the
Present D-A Pairs in ACN Solvent. Applying a steady state
treatment to the various intermediates in Schemes 1 and 2
leads to47

For exothermic forward ET reaction, we assumek-ET , kET.
Also k-FT is assumed to be neglegible askFT is very high. Then
eq 14 becomes48,49

Figure 5. Three-dimensional plot of logkET (ET rate constant) and
log kq(obs) (observed fluorescence quenching rate constant) with Gibbs
free energy change (-∆G°) for the present D-A pairs in ACN solvent
at 296 K (1, 25DMA-2NF; 2, 26DMP-2NF; 3, 35DMP-2NF; 4,
35DMA-2NF). kET values were obtained theoretically by using eq 8
assuming the value ofA ) 1 × 1011 s-1 as proposed by Rehm and
Weller.42 The values ofkq(obs)were obtained from the linear SV plots
by using eq 1.

SCHEME 2

D∗ + A
kFT

k–FT

D + A∗ kN D + A

kFT ) (1/τ0)(R0/R)
6 (13)

kq )
kFT

k-FT + kN

kd
1+ k-d/kET + k-dk-ET/[(kS + kr)kET]

(14)

∆G°(solvation)) -[e2/(8πε0)][1/rD + 1/rA][1 - 1/εS] (11)

∆G°(CH)) ∆G°(ACN) + 1.5 eV (12)

2856 J. Phys. Chem. A, Vol. 101, No. 15, 1997 Sinha et al.



Here, we setkN ) 1 × 109 s-1.
The computed values of fluorescence quenching rate constant

kq(calc) (using eq 15) and the observed values of quenching rate
constantkq(obs)(using SV relation 1) for the present D-A pairs
in ACN solvent are shown in Table 2. An excellent agreement
was noticed between the values ofkq(calc) and kq(obs) for
25DMA-2NF and 26DMP-2NF systems, for which the values
of ∆G° fall in the intermediate region (-0.4 eV> ∆G° g -2.0
eV).39 For the 35DMP-2NF and 35DMA-2NF systems the
values of∆G° fall in the highly exothermic region (∆G° g
-2.0 eV).39 To obtain a good agreement between the values
of kq(calc) and kq(obs) for these systems, it was found to be
necessary to omitk-d in eq 15 while calculating the values of
kq(calc). This assumption seems to be quite justified on the
grounds that in the highly exothermic region in the present case
Förster’s energy transfer process dominates over ET reactions,
as evidenced from the observed respective rate constant values
(Table 2).
From the 3D graph in Figure 5, we could reach two important

conclusions: (1) ET reactions in the present investigation fall
in the Marcus inverted region where the photoinduced ET rate
(kET) decreases with an increase of exothermicity. (2) There is
little variation in the observed fluorescence quenching rate
constant (kq(obs)) with the driving force (∆G°), which suggests
that ET reactions play a minor role in nonradiative depletion
of the excited singlet (S1) states of the present donors in the
presence of the acceptor 2NF in ACN solvent. Thus Figure 5
indicates that the other nonradiative process, S1

D D> S1A energy
transfer, largely dominates over the ET process in quenching
of the donor fluorescence. From the estimated rate constant
values, we made the same conclusions as discussed above.
3.7. Analysis of Fluorescence and Phosphorescence Spec-

tra of the Present D-A Pairs at 77 K. At 77 K both the
fluorescence and broad phosphorescence emission spectra of a
present donor, produced due to excitation of S1 band, in an EtOH
rigid glassy matrix were found to quench regularly on increasing
the concentration of the acceptor 2NF (Figure 6a,b) with
concomitant appearance of the phosphorescence band of 2NF
(which extends from 470 up to 520 nm, the (0,0) band being at
480 nm, Figure 6b). It is suspected that a Fo¨rster’s type energy
transfer process (as at 77 K, the values ofR0, measured from
the considerable spectral overlapping between donor fluores-
cence emission and acceptor absorption spectra, and the
fluorescence lifetime of the donor remain practically the same)
is still responsible, like the situation at ambient temperature,

for the fluorescence quenching of the present donors in presence
of the acceptor 2NF at 77 K. On the other hand ET reaction,
being a thermally activated process, is expected to have less
effect on the fluorescence quenching of the donors as compared
to that at room temperature.50,51

It is observed that the phosphorescence quenching of a present
donor occurs in the presence of 2NF with concomitant appear-
ance of a band at longer wavelength (Figure 6b). Monitoring
wavelengths located at different positions (480 and 510 nm) of
this long-wavelength phosphorescence band, it was found that
the lifetime,τp, is on the order of 0.2 s, which corresponds to
the phosphorescence lifetime of the acceptor 2NF only. Thus
both from steady state and time-resolved data it can be inferred
that the phosphorescence quenching of the present donors in
the presence of 2NF mainly proceeds through triplet-triplet (T1D
D> T1A) energy transfer by an exchange mechanism from the
donors to the acceptor 2NF.

4. Concluding Remarks

The possibility of ground state CT complex formation
between the present D-A systems in both ACN and CH
solvents is ruled out from the observations of steady state
electronic absorption spectra at 296 K.
Large fluorescence quenching of all the present donors was

found to occur at 296 K in the presence of the acceptor 2NF in
ACN as well as CH solvents. Two basic quenching processes,
viz., photoinduced ET and Fo¨rster’s type singlet-singlet energy
transfer, seem to be responsible for the observed fluorescence
quenching, and the latter process was seen to play a dominant
role over the former one. No static quenching phenomena were
observed. From the relative studies of the values of nuclear
reorganization energy (λ) and Gibbs free energy (∆G°), the
highly exothermic ET reactions between the present D-A pairs
in ACN solvent appear to be in the Marcus inverted region
(-∆G° > λ). Moreover, observation of a decrement ofkET
with an increase of exothermicity corroborates this proposition.
In the case of the 26DMP-2NF pair, an exciplex of contact CT
nature was found in nonpolar CH solvent at the 355 nm position
at 296 K. From a detailed spectral analysis it seemingly
indicates that this exciplex dissociates to form an anionic radical
of 26DMP in polar ACN solvent as a final product, which emits
at around 390 nm, through an ET process, followed by
dissociation-like deprotonation. However, the exact mechanism
of formation of anionic species is not very clear at the present
stage of investigation. This kind of exciplex formation and
radical ion pair dissociation was also observed in the case of
the 35DMP-2NF pair, but a very weak fluorescence emission
band of this species was observed. This weak behavior has

Figure 6. (a) Fluorescence emission spectra of 35DMA (C ) 7.2× 10-5 mol dm-3) in an EtOH rigid glassy matrix at 77 K (λexc ) 270 nm) in
the presence of 2NF. Concentration of 2NF (mol dm-3): (0) 0; (1) 3.6× 10-4; (2) 1.5× 10-3; (3) 2.9× 10-3. (b) Phosphorescence emission
spectra of 35DMA (C ) 7.2× 10-5 mol dm-3) in an EtOH rigid glassy matrix at 77 K (λexc ) 270 nm) in the presence of 2NF. Concentration of
2NF (mol dm-3): (0) 0; (1) 3.6× 10-4; (2) 1.5× 10-3; (3) 2.9× 10-3.

kq )
kFT
kN

kETkd
kET + k-d

(15)
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been explained to be due to the fact that 35DMP is less sterically
hindered than 26DMP.
At 77 K in an EtOH rigid glassy matrix, occurrences of both

singlet-singlet and triplet-triplet energy transfer processes from
the excited donors to acceptor were inferred from steady state
measurements and time-resolved emission spectroscopic studies
as well.
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