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Intramolecular electronic energy-transfer (intra-EET) dynamics has been investigated in 2-(9-anthryl)-1H-
imidazo [4,5-f] [1,10]-phenanthroline (AIP), a newly synthesized bichromophoric molecule, using the steady-
state and time-resolved absorption and fluorescence spectroscopic techniques. In AIP, anthracene (AN) and
1H-imidazo [4,5-f] [1,10]-phenanthroline (IP) molecules are directly linked to each other through a C-C σ
bond and without any intervening molecular bridge. Two constituent chromophoric moieties of this
bichromophoric molecule interact relatively weakly in the ground state. In the excited singlet state, however,
the AN moiety transfers its excitation energy quantitatively (the efficiency of energy transfer,φEET, is near
unity) and rapidly (the rate of energy transfer,kEET, is 1.8× 1011 s-1 in methanol) to the unexcited IP moiety.
kEET decreases linearly with increase in viscosity of the solvents, and the process is significantly retarded in
rigid glass matrixes. These observations suggest that, for an efficient EET process, the molecule needs to
attain a conformational geometry, which is different from that of the ground state, by undergoing a
conformational relaxation process following photoexcitation. The theoretically calculated energy-transfer rate
(5.1× 109 s-1) due to the Fo¨rster dipole-dipole-induced resonance-interaction mechanism is about 2 orders
of magnitude smaller than the experimentally determined energy-transfer rate. Hence, the Dexter through-
space exchange-interaction mechanism, which becomes predominant at shorter interchromophoric separation
(R ∼ 6.3 Å in AIP) and requires specific conformation for efficient orbital overlap, should have the major
contribution to the intra-EET process in AIP. Viscosity dependence ofkEET suggests that we possibly measure
the rate of the conformational relaxation process using the intra-EET process as the probe.

1. Introduction

Recently, a detailed understanding of the intramolecular
relaxation processes in the bichromophoric molecules has
attracted a great deal of interest due to the promising applications
of these molecular species in molecular electronics, optical
computing, artificial energy harvesting, and many other appli-
cations in photonics.1-5 Understanding of electronic com-
munication between the two chromophores in complex molec-
ular systems is the key for the design and construction of
efficient photonic devices. Such communication is based on the
interchromophoric electronic coupling, which mediates electron
and/or energy transfer between the two moieties, one of which
acts as a donor (D) and the other as an acceptor (A).6-10 A
significant body of the experimental and theoretical works exist
on an impressive array of systems with a rigid, semirigid, or
flexible bridge between the donor and the acceptor.11-13 It has
been well established that not only the photophysical properties
of the two chromophoric moieties but also the characteristics
of the bridge determine the kind of interaction between the
excited state of the donor moiety and the ground state of the
acceptor moiety or vice versa.14-18 One consequence of having
rigid bridging systems between the donor and the acceptor

moieties has been the observation of significantly enhanced
energy- or electron-transfer efficiencies and rates as compared
to those of nonlinked or flexibly bridged compounds.19

In many molecular and biological systems, intramolecular
electron and energy-transfer processes occur alongside one
another.20-23 Frequently, they offer independent competing
pathways for the excited state deactivation. In certain instances,
they are linked together as the crucial steps of the same
photoconversion chain. For example, in photosynthetic reaction
centers, the elaborate antenna chromophores collect electronic
energy and rapidly transfer it to the charge-separation site. The
formal link between these two phenomena comes from the fact
that both these processes can be viewed as the special cases of
nonradiative decay of the electronic excited states and the rate
of both the processes can be described by a Fermi Golden Rule
formalism, which involves an electronic coupling term and a
nuclear term.24 The electronic coupling term consists of the
direct donor-acceptor interaction as well as the component
mediated by the intervening material, such as a bridge or the
solvent. The nuclear term describes the effect of temperature,
isotope, activation energy, the free energy change of the reaction,
and solvation. It has been shown earlier that different solvent
mediums can be used to tune the reaction mechanism between
the electron and energy transfer in the same molecular system.23

The challenge in designing molecular systems for a particular
application is to minimize the undesirable side reactions. For
example, in photogalvanic cells, the efficiency of the photoin-
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duced electron-transfer reaction is determined by both the back
electron-transfer reaction between the charge-separated states
as well as the energy transfer from the donor to the acceptor,
which wastes the energy of the absorbed photon. On the other
hand, energy transfer also has significant applications in
biological systems,25 energy-transfer dye-laser (ETDL) opera-
tion,26 photodynamic therapy,27 photochemical synthesis,28 light
harvesting,29 and many others. In these applications, the presence
of electron-transfer interaction is not desirable for obtaining the
maximum efficiency of the system.

The necessary condition for an intramolecular electronic
energy-transfer (intra-EET) process is that the two moieties
should possess the spatial configuration and spectral properties
favorable for the process.11,30 For energy transfer between the
donor and the acceptor moieties in a bichromophoric molecule
of the type D-A, the initial state, D*-A, should be in or near
resonance with the final state, D-A*, with a suitable spatial
orientation with respect to each other. Many reports are available
in the literature on the studies of intra-EET processes in
bichromophoric molecules, in which the donor and acceptor
molecules are linked by saturated hydrocarbon bridges of
varying lengths and structures.11,12,17,18,31,32Such flexibly bridged
molecules exist in solution in different conformations having
different spatial orientations between the two constituent chro-
mophoric moieties in the molecule. Thus, the rate of the intra-
EET process is an average over those due to the ensemble of
molecules having different conformations. For example, Has-
soon et al. reported studies on the intra-EET processes in a series
of bichromophoric molecules, in which a phenyl group as the
donor is connected to a dione as the acceptor moiety by
-(CH2)n- linkers.11 The authors have explained the dependence
of the efficiency of the intra-EET process on the structure of
the bridge by suggesting a Dexter-type exchange interaction
responsible for the same process. Temperature dependence of
the intra-EET rate has been attributed to the conformational
factors. Getz et al. also have reported the temperature depen-
dence of the intra-EET process in a bichromoiphoric system of
the type phenanthrene-(CH2)n- dione.31 However, the ob-
served temperature dependence has been attributed to the
participation of higher vibrational levels in the intra-EET
process. Recently, Levy and Speiser, in a novel study, have
calculated the rate of the intra-EET process in a bichromophoric
molecule and showed that the rate is not only influenced by
the average interchromophoric distance but also by the entire
molecular geometry.18 These authors have suggested that at
small interchromophoric separation,R < 4 Å, Dexter’s simpli-
fied approach is unable to account for the rate of the intra-EET
process, which needs correction for the contributions from the
relative orientations of the two chromophoric units.

We have synthesized a series of bichromophoric molecules,
in which the anthracene moiety has been linked to differently
modified phenanthroline moiety either by one or moreσ bonds
or by flexible -CH2- bridges. We observe that interchromo-
phoric interaction in these molecules has been specific to the
structure of the individual chromophores and the kind of bridge
used to link them. In this paper, we present the results of our
studies on the intra-EET process in a prototype bichromophoric
molecular system of this series, namely, 2-(9-anthryl)-1H-
imidazo [4,5-f] [1,10]-phenanthroline (AIP), where the donor
and acceptor moieties are linked by a singleσ bond without
any intervening molecular bridge (Chart 1). The dynamics, that
follows photoexcitation at the longest wavelength band of the
absorption spectrum of AIP, reveals that the energy transfer from
the AN moiety to the 1H-imidazo [4,5-f] [1,10]-phenanthroline

(IP) moiety is the dominant process in the excited singlet (S1)
state of the molecule. The rate of the intra-EET process follows
eitherR-6 or exp(-R) dependence, depending on the mechanism
of interaction responsible for the intra-EET process.11,17,18 In
the limiting case of the lowest interchromophoric separation
possible, i.e., for a directly linked donor-acceptor molecular
system, an ultrafast EET rate is expected. This molecule, in
which the donor and acceptor moieties have planar and rigid
molecular structures and separated by a minimum distance
possible in a bichromophoric molecular system, offers us an
excellent opportunity for investigating the dependence of intra-
EET dynamics on molecular coformations.

2. Experimental Section

2.1. Materials. Anthracene obtained from Sigma Chemical
Co. was used after recrystallization from methanol. All the
solvents used were of spectroscopic grade (Spectrochem, India)
and used as received without any further purification. High
purity grade nitrogen gas (Indian Oxygen, purity>99.9%) was
used to deaerate the samples.

AIP (Chart 1) and IP were synthesized by the following
methods. 1,10-Phenanthroline-5,6-dione (phen-dione) was pre-
pared by using the method already reported in the literature.33

IP was prepared by refluxing a mixture of phen-dione (0.53 g,
2.5 × 10-3 mol dm-3), formaldehyde (0.26 mL of 36-38%
solution, 3.5× 10-3 mol dm-3), ammonium acetate (3.88 g,
5.0 × 10-2 mol dm-3), and glacial acetic acid (7 mL) for 1 h
by adopting the Steck and Day method34-36 (yield ) 0.29 g,
51%). Replacing formaldehyde with 9-anthraldehyde in the
above preparation yielded AIP. The complete characterization
of AIP will be published elsewhere.37

2.2. Instruments and Methods. Steady-state absorption
spectra were recorded using a Shimadzu model UV-160A
spectrophotometer. Fluorescence spectra were recorded using
a Hitachi model 4010 spectrofluorimeter. The fluorescence
yields were determined by comparing the areas under the
fluorescence curves with those of Anthracene in ethanol (0.27)
under the same experimental conditions.38

Three different time-resolved techniques were used to study
the dynamics of the excited state. The fluorescence lifetimes
were measured using a time-correlated single photon counting
spectrometer (Edinburg Instruments, U.K., Model FL-199) with
1-ns time resolution. Samples were excited at 380 nm using a
hydrogen-discharge flash lamp providing pulsed light output
with 1-ns full width at half maximum (fwhm).

The transient absorption spectra with 35-ps time resolution
were recorded using a picosecond laser flash photolysis ap-
paratus, the details of which have been described elsewhere.39

Briefly, the third harmonic output (355 nm, 5 mJ) from an active
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passive mode-locked Nd:YAG laser (Continuum, model 501-
C-10) providing 35-ps pulses was used for excitation, and the
continuum (400-950-nm) probe pulses were generated by
focusing the residual fundamental in a 10-cm cell containing a
H2O/D2O mixture. The probe pulses were delayed with respect
to the pump pulses using a 1-m linear translation stage, and the
transient absorption signal at different probe delays (up to 6
ns) were recorded using an optical multichannel analyzer
(Spectroscopic Instruments, Germany) interfaced to an IBM-
PC. The zero delay position was assigned to that when the probe
light reached the sample just after the end of the pump pulse.

Relaxation processes faster than 50 ps were measured using
a femtosecond pump-probe transient absorption spectrometer.
The pulses of 6 nJ of energy at 800 nm were obtained from a
self-mode-locked Ti-Sapphire laser oscillator, which was
pumped by a 5-W diode-pumped solid-state laser. These pulses
were amplified to generate 50-fs laser pulses of about 250µJ
energy using the chirped pulse amplification technique, consist-
ing of a pulse stretcher, a Nd:YAG laser pumped multipass
amplifier, and a pulse compressor. Pump pulses for excitation
of the sample at 400 nm were generated by frequency doubling
of one part of the 800-nm output of the amplifier in a 0.5-mm
BBO crystal and another part was used to generate the white
light continuum (470-1000 nm) in a 2-mm thin sapphire plate
for probing the absorption of the transient intermediate species.
The sample solutions were kept flowing through a quartz cell
of 1-mm path length. The polarization of the pump beam was
kept at the magic angle, and the energy of this beam was
maintained at about 5µJ. The decay dynamics at a particular
wavelength region (10 nm width) were monitored using two
photodiodes coupled with the boxcar integrators, and the time-
resolved transient absorption spectra were constructed from the
temporal absorption profiles recorded at different wavelengths.
The overall time resolution of the absorption spectrometer was
determined to be about 120 fs by measuring the growth of the
S1 f Sn absorption of perylene in acetonitrile solution at 690
nm.

3. Results and Discussion

3.1. Ground-State Absorption and Steady-State Emission
Studies. The ground-state optical absorption spectra of AIP,
IP, AN, as well as an equimolar mixture of IP and AN, dissolved
in methanol, are shown in Figure 1. The absorption spectrum
of the equimolar mixture of AN and IP (curve “c”) is simply
the resultant of addition of the individual spectra of IP (curve
“b”) and AN (curve “a”), recorded with the same concentrations
as those used in the mixture. This confirms that no inter-
molecular interaction exists between IP and AN in a solution
of their equimolar mixture. However, for the absorption
spectrum of AIP (curves “d” and “e”), in which the IP and AN
moieties are linked together by a singleσ bond, we observe
bathochromic shifts as well as spectral broadening of the
vibronic bands, which are characteristic of the individual
moieties. Particularly, the line shapes of the vibronic bands
characteristic of the AN moiety are significantly changed due
to broadening, and also the position of each of these vibronic
transitions are redshifted by about 10 nm in the absorption
spectrum of AIP. Apparently, these observations may suggest
some kind of electronic interaction, such as a charge-transfer
or mesomeric interaction, between the two chromophoric units.
However, it is observed that the positions and shapes of the
vibronic bands of AIP in the 320-400-nm region are not
dependent on the polarities of the aprotic solvents, such as ethyl

acetate (dielectric constant,ε ) 9), acetonitrile (ε ) 37.5), and
DMSO (ε ) 47). These observations have prompted us to
exclude the possibility of the charge-transfer (CT) kind of
interaction, which is expected to become more prominent in
more polar solvents, between the two moieties. On the other
hand, a small blueshift in the positions of these vibronic bands
by a few nm is noticed in alcoholic solvents, possibly due to
the effect of intermolecular hydrogen bonding of AIP with
alcohols.

The peak positions of the vibronic bands of AIP, which are
characteristics of the anthracene moiety, have been compared
with those of methylanthracene and are seen to match well
within a nm.40 The shifts in peak positions of the vibronic bands
in methylanthracene compared to those in anthracene could
possibly be rationalized in terms of the positive inductive effect
of the methyl group.41,42 Accordingly, the positive inductive
effect of the IP moiety could possibly be the main reason for
the redshift of the vibronic bands of AIP as compared to those
of anthracene.

However, while the line shapes of the vibronic transitions in
the isolated AN molecule have sharp Lorentzian profiles with
a fwhm of∼780 cm-1, the line shapes, which are characteristic
of the AN moiety in AIP, deviate from the Lorentzian profile
with the width increasing to 1760 and 1990 cm-1 in methanol
and DMSO, respectively. These observed changes in the
absorption spectra give strong evidence for inhomogeneous
spectral broadening, which may have arisen due to either of
two reasons. One of them is a weak mesomeric interaction
between the two moieties and the other is that expected to be
induced by the conformational flexibility of the molecule and
the resulting thermal distribution of conformers in solution.
Mesomeric interaction between the two moieties in a bichromo-
phoric molecule is significant when the molecular planes of two
moieties are parallel to each other.43 Our AM1 level calculation
using GAMESS software shows that the most probable twisting
angle between the molecular planes of the two individual
moieties is about 15°, which minimizes the steric interaction
between them.44 So, the inhomogeneous broadening of the

Figure 1. Absorption spectra of AN (a), IP (b), and a 1:1 mixture (by
molar concentration) of AN and IP (c) in methanol along with those
of AIP in methanol (d) and DMSO (e).

Energy Transfer in a Bichromophoric Molecule J. Phys. Chem. A, Vol. 108, No. 39, 20047845



vibronic bands in AIP may possibly be explained by distribution
of molecular conformations having different twist angles. Hence,
these arguments establish that the electronic interaction between
the two moieties in the ground state of AIP should be very weak.

The fluorescence spectra of AN, IP, and AIP in methanol
due to photoexcitation at 380 nm are shown in Figure 2. The
fluorescence spectrum of AN (curve “a”) has the typical well-
defined vibronic structures. However, IP has a broad and
structureless emission band, with maximum at 460 nm (curve
“b”). It is interesting to note that the fluorescence spectrum of
AIP (curve “c”) is very similar to that of IP, although the spectral
width of the former is a little broader. However, the fluorescence
spectrum of AIP has no signature of the vibronic bands, which
are characteristic of AN fluorescence. Spectral shape and the
maximum of the fluorescence band of AIP are not sensitive to
solvent polarity. In addition, the excitation profile for the
emission collected at 475 nm, which corresponds to the
fluorescence emission maximum of both IP and AIP, resembles
well with the absorption spectrum of AIP (inset of Figure 2).
These observations suggest that some of the excitation energy
initially deposited into the excited-state orbitals localized on
the anthracene moiety migrates to the excited-state orbitals
localized on the IP moiety. Inset of Figure 1 shows that the
absorption spectrum of IP has a weak absorption band near 400-
nm region, suggesting that the energy of the S1 state of IP is
lower than that of AN. The absence of dual emission or complete
absence of emission bands characteristic of the AN moiety in
the emission spectrum of AIP, indicates a very efficient
nonradiative transfer of energy from the AN moiety to the IP
moiety. Additionally, the quantum yields of fluorescence of IP
(0.25) and AIP (0.23) in methanol are nearly equal, indicating
that the transfer of excitation energy is nearly quantitative.
Additionally, other nonradiative relaxation processes undergone
by the excited AN moiety leading to the ground state of AIP
should have a very small contribution. The fluorescence lifetimes
of AIP and IP in methanol, determined by the time-correlated
single photon counting (TCSPC) technique (λexc ) 380 nm and

λem ) 500 nm), have been found to be nearly the same (2.5
ns). The identical fluorescence lifetimes of AIP and IP confirms
that the fluorescence emission from AIP is due to the radiative
de-excitation process, taking place from the S1 state of the IP
moiety to the ground state of AIP.

We also made an attempt to observe the intermolecular energy
transfer from AN (donor) to IP (acceptor) in solution using the
method of steady-state quenching of fluorescence of AN.
However, possibly due to limitation of solubility (<10-4 mol
dm-3) of IP in any kind of solvents, polar or nonpolar, we could
not observe the quenching of fluorescence of AN even with
the highest concentration of IP obtainable in solution and hence
no indication of the intermolecular energy-transfer process could
be obtained.

Since AIP is a flexible molecule that can adopt different
molecular conformations with different twist angles between
the two moieties, we were interested to know whether the intra-
EET process in this molecule requires any specific conforma-
tional geometry of this molecule. We have studied the emission
characteristics of AIP and its individual chromophoric compo-
nents in methanol glassy matrix at 77 K. In a rigid glass matrix,
the molecular motions are frozen and hence no conformational
change is expected to take place in the excited state. Figure 3
shows that the basic features of AN and IP emission at 77 K
are very similar to those observed in their individual emission
spectra recorded at room temperature. However, the emission
characteristics of AIP in the glass matrix at 77 K are remarkably
different from those observed in its room-temperature emission
spectra (Figure 2). A comparison of the low-temperature
emission spectra of AN, IP, and AIP suggests that, in the rigid
matrixes, the AIP emission spectrum has the major contribution
from the emission originating from the excited anthracene
moiety with a minor contribution from the emission due the
excited state of IP moiety. It is also important to note that the
positions of the vibronic bands in the low-temperature emission
spectrum of AIP correspond well with those of methylanthra-
cene.39 Considering the possibility that both the AN and IP
moieties of AIP are photoexcited at 380 nm (see section 3.2.2),
the low-temperature emission spectrum of AIP suggests either
or both of the following two possibilities. One is that, following
independent photoexcitation, the two moieties emit indepen-
dently without any kind of interaction (say, energy transfer)
between them. The other is that a fractional amount of excitation
energy is transferred intramolecularly from the excited AN

Figure 2. Fluorescence spectra of AN (a), IP (b), and AIP (c) in
methanol at room temperature (excitation wavelength is 380 nm).
Inset: Absorption (dashed line) and fluorescence excitation (solid line)
spectra of AIP in methanol (emission wavelength is 470 nm).

Figure 3. Emission spectra of AN (a), IP (b), and AIP (c) in a methanol
glass matrix at 77 K.
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moiety to the IP moiety. Hence, in the rigid matrixes at 77 K,
we observe “dual emission” from AIP. In any case, a comparison
between the emission spectrum of AIP recorded at room
temperature and that at low temperature clearly reveals that the
efficiency of the intra-EET process in the rigid glass matrix
decreases significantly as compared to that at room temperature.
The higher efficiency of the intra-EET process in AIP in
solutions at room temperature suggests that the molecule is
required to attain a specific conformational geometry, which is
suitable for efficient energy transfer, by undergoing a confor-
mational relaxation process via twisting about the single bond
connecting the two moieties.4,10,13 Since the conformational
relaxation process is inhibited or slowed significantly in rigid
matrixes at 77 K, the energy-transfer process is also slowed as
compared to the decay rate of the S1 state of AN. It should be
noted in this regard that the higher energy-transfer rate at room
temperature could also be explained by assuming the participa-
tion of higher vibrational levels. At room temperature, the
vibrationally excited states of the donor become populated and
an efficient vibronic coupling with those of the acceptor may
enhance the efficiency of the energy-transfer process.31,45 To
address these questions and to have better understanding about
the energy-transfer mechanism, detailed transient absorption
studies have been carried out on AIP, the results of which are
presented below.

3.2. Transient Absorption Studies.3.2.1. Transient Absorp-
tion in the Picosecond Time Domain.Figure 4 shows the
transient absorption spectra of AIP, AN, and IP in methanol,
obtained immediately after photoexcitation with 355-nm laser
pulses of 35-ps duration. In the case of AN, the transient
absorption spectrum (spectrum a) consists of an absorption band
in the 500-650-nm region with maximum at ca. 600 nm and a
shoulder at ca. 580 nm. This could be assigned to the Sn r S1

transition in AN following the earlier report.46 In the case of
IP, the transient absorption spectrum (spectrum b) consists of
two absorption bands in 500-675 nm and 800-900 nm region,
with maxima at ca. 590 and 875 nm, respectively. This spectrum
also shows a weak absorption shoulder at ca. 700 nm and a
weak stimulated emission band in 450-500-nm region. All these
bands in the transient absorption spectrum of IP (spectrum b)
in the entire 450-950-nm region could be assigned to the S1

state of IP. This interpretation is supported by the fact that the

lifetimes, which have been determined from the temporal
absorption profiles monitored at 470, 590, and 850 nm, are
nearly the same (∼2.5 ns) as those determined by the fluores-
cence lifetime measurements (vide supra).

The transient absorption spectrum of AIP in methanol
(spectrum “c”) shows nearly the similar spectroscopic features
as those observed in the S1 state spectrum of IP (spectrum “b”).
This observation suggests that the excitation energy supplied
to the AN moiety due to photoexcitation of AIP at 400 nm is
transferred to the IP moiety within a 35-ps time domain.
However, we also observe a few distinct differences between
the spectra “b” and “c”. The absorption maximum seen at 590
nm in the S1 state spectrum of IP has been shifted to 570 nm in
that of AIP, and the width of the latter is considerably reduced.
On the other hand, the S1 state absorption band of AIP in 700-
920-nm region has been considerably broadened and the
maximum has been shifted to 850 nm as compared to that at
900 nm in the absorption spectrum of the S1 state of IP. These
differences in the spectral features of the absorption spectra of
the S1 states of IP and AIP indicate stronger electronic
interaction between the AN and IP moieties in the S1 state of
AIP.

3.2.2. Transient Absorption in the Femtosecond Time Domain.
The time-resolved transient absorption spectra of AIP in
methanol recorded in the femtosecond time domain, following
photoexcitation with 400-nm laser pulses of 50-fs duration, are
shown in Figure 5. The spectrum recorded at 0.2 ps after
photoexcitation of AIP shows a strong and sharp absorption
band in the 510-610-nm region with a maximum at ca. 570
nm and a shoulder at 530 nm. Another weak but very broad
absorption band in the 650-950-nm region as well as a weak
stimulated emission band in the 470-500-nm region were also
seen (470 nm is the shortest wavelength up to which we are
able to monitor the transient absorption or stimulated emission
signal using our spectrometer). The time-resolved transient
spectra recorded up to 210 ps show that, while the absorbance
in the 510-610-nm region continuously decays, the stimulated
emission band in 470-500-nm region and the absorption band

Figure 4. Transient absorption spectra of AN (a), IP (b), and AIP (c)
in methanol, observed immediately after the photoexcitation with 355-
nm laser pulses of 35-ps duration.

Figure 5. Transient absorption spectra of AIP in methanol, recorded
at different delay times (longer delay times are shown in the insets)
following photoexcitation with 400-nm laser pulses of 50-fs duration.
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in the 650-950-nm region grow initially with increase in time
delay up to about 24 ps and then start decaying at the longer
delay times (inset of Figure 5). The temporal absorption profiles
measured at different wavelengths within the same absorption
or the stimulated emission band have been found to follow
nearly similar kind of dynamics. Additionally, we observe the
presence of a well-defined isobestic point at 630 nm, which is
retained up to the 24-ps time domain. This observation suggests
that the transient species having an absorption band in the 650-
950-nm region and the stimulated emission band in the 470-
500-nm region grow at the expense of the decay of the transient
species having an absorption band in the 510-610-nm region.
Considering the positions of the bands in the S1 state absorption
spectra of IP and AN, both the absorption band in the 650-
950-nm region as well as the stimulated emission band in the
470-500-nm region in the transient spectrum of AIP recorded
at 0.2 ps could be assigned to the S1 state, for which the energy
is localized on the electronic orbitals of the IP moiety. The other
absorption band in the 510-610-nm region with a maximum
at 570 nm in the same spectrum may have contribution from
the S1 state absorption due to both the AN and IP moieties.
Comparing the relative absorbance values at 850 and 570 nm
in the S1 state absorption spectra of IP and AIP (spectrum “b”
and “c”, respectively, in Figure 4), it becomes obvious that, in
the transient absorption spectrum of AIP recorded at 0.2 ps,
the absorbance at 570 nm has a negligible contribution from
the S1 state absorption due to the IP moiety but the major
contribution from the S1 state absorption due to the AN moiety.
Hence, the evolution of the time-resolved absorption spectra,
as shown in Figure 5, could be explained by the decay of the
S1 state absorption of the AN moiety at 570 nm and concomitant
growth of the S1 state absorption of the IP moiety in the 650-
900-nm region because of energy transfer from the excited AN
moiety to the unexcited IP moiety.

We have shown three typical temporal absorption profiles
recorded at 490, 570, and 830 nm in methanol in Figure 6. Since,
only the S1 state of the IP moiety absorbs at 830 nm, at which
the S1 state of the AN moiety has negligible absorption, the
temporal evolution at this wavelength provides a clear under-
standing about the early-time excited-state dynamics of AIP.
The origin of the three distinct time domains, which are of
importance in the temporal absorption profiles recorded at 830
nm, have been identified and explained as follows:

Region I: An initial growth of the transient absorption with
the instrument response time (125 fs) possibly arises due to
either direct excitation of the IP moiety in AIP or an ultrafast
component of energy transfer. Although the ground state of the
isolated IP molecule has a very weak absorption at 400 nm
(ε ) 700 dm3 mol-1 cm-1) due to the nπ* forbidden transition,
because of the electronic interaction between the two moieties
in AIP, the oscillator strength of this transition may have been
increased, making direct excitation of the IP moiety possible.
Another possibility is that, in the case of a strong-coupling
between the two chromophoric units in a bichromophoric
molecule, an ultrafast component of coherent energy transfer
with decay time constants of about a few tens of a femtosecond
has been observed in a few cases.47 However, in our case, due
to the longer instrument response time, it has not been possible
to resolve this component but possibly has appeared as a very
fast initial growth of the S1 state absorption of IP with the
instrument response time. Transfer of a fractional amount of
energy even in rigid matrixes may possibly be the consequence
of the coherent transfer of energy from the AN moiety to the
IP moiety.

Region II: Subsequent growth of the transient absorption with
a 5.1-ps growth lifetime is ascribed to the formation of the S1

state of the IP moiety due to the incoherent transfer of the
excitation energy localized on the AN moiety to the unexcited
IP moiety. The growth lifetime of 5.1 ps in methanol indicates
a very rapid process of energy transfer (the rate of the the
energy-transfer processkEET ) 1.8 × 1011 s-1).

Region III: A very long decay component (lifetime> 1 ns),
which represents the decay of the S1 state of AIP, in which the
excitation is localized on the IP moiety by radiative and/or
nonradiative processes leading to the ground state.

These observations and analyses are further corroborated by
the results of the analysis of the decay dynamics monitored at
490 and 570 nm. Stimulated emission monitored at 490 nm,
which is characteristic of the IP moiety, grows with about a
4.8-ps lifetime and decays with>1-ns lifetime. This observation
supports the idea of the intra-EET process from the excited AN
to the unexcited IP moiety. The transient absorption dynamics
monitored at 570 nm, at which the S1 states of both AN and IP
chromophores absorb (spectra “a” and “b”, respectively, in
Figure 4), is expected to show an instrument-limited rise of
absorption, which should be followed by a complex multi-
exponential dynamics consisting of the components due to the
decay of the excited AN moiety, the growth of the excited IP
moiety, as well as the decay of the S1 state of AIP to the ground-
state. Hence, the temporal absorption profile recorded at 570
nm has been fitted with an instrument-limited rise of absorption
and three other exponential functions, which are one decay and

Figure 6. Temporal absorption profiles recorded at 830 nm (a) and
570 nm (b) and stimulated emission profile recorded at 490 nm (c)
following photoexcitation of AIP in methanol with 400-nm laser pulses
of 50-fs duration. Each point is averaged over 2000 measurements.
Solid lines are the exponential fit function deconvoluted with the
Gaussian instrument response function of 125-fs full width at half
maximum. The profile “a” has been fitted with three components: one
ultrafast growth component (τg ) 125 fs) and another slower growth
component (τg ) 5.1 ps) and a long decay component (τd > 1 ns). The
absorption profile “b” has been fitted with a multiexponential function
having four components: one ultrafst decay component (τd ≈ 100 fs),
one decay and one growth components of equal lifetime ((τd ) τg )
5.1 ps), and another long decay component (τd > 1 ns). The stimulated
emission profile, “c” has been fitted with a growth component with
the lifetime of 4.8 ps and a long decay component with>1 ns lifetime.
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one growth components, both of them having nearly equal
lifetimes of 5.1 ps, as well as another decay component of
lifetime longer than 1 ns (Figure 6). The appearance and
maintenance of the isobestic point at∼630 nm up to 24 ps also
indicates the involvement of a single precursorf successor
type process and no other channels of comparable rate in the
ultrafast excited-state dynamics of AIP. All these experimental
observations confirm intramolecular transfer of excitation energy
from the AN moiety to the unexcited IP moiety following
photoexcitation of AIP with 400-nm light. It is important to
note that the excited singlet-state absorption due to the isolated
AN moiety does not show any decay at 570 nm within 100 ps,
since the S1 state lifetime of AN is about 4.7 ns in methanol.38

This shows that the excited AN moiety in AIP has a very fast
nonradiative decay channel, which is not observed in the isolated
AN molecule.

3.2.3. Effect of Viscosity.The absence or very low efficiency
of the intra-EET process in a glass matrix at 77 K, in which the
molecular motions are nearly frozen, suggests that the same
process may require a particular conformation, i.e., a particular
spatial orientation between the two moieties in the molecule.
To substantiate further the requirement of attaining the preferred
conformational geometry for an efficient intra-EET process, the
growth lifetimes of the transient absorption signal at 830 nm
was measured in a series of normal alcoholic solvents and
DMSO, varying the viscosity of the medium. Because of the
limitation of solubility of AIP in other kinds of solvents,
femtosecond transient absorption experiments could be per-
formed only in alcohols and in DMSO. The growth lifetime of
the transient absorption measured at 830 nm, which provides
the rate of formation of the S1 state of IP moiety due to energy
transfer from the excited AN moiety, becomes longer with
increasing viscosity of the solvents. This implies that the rate
of intra-EET process slows down in solvents of higher viscosity.
This viscosity dependence suggests that attainment of a par-
ticular conformational geometry in the S1 state in AIP via
diffusive rotation of the molecular planes of the individual
chromophoric moieties about theσ bond connecting them is a
necessary requirement for an efficient intra-EET process.

An attempt has been made by us to find a correlation between
the rates of the intra-EET (kEET) process as a function of
viscosity of the solvents. The most widely used model for the
description of isomerization or conformational relaxation dy-
namics is that of Kramers.48 The combination of his ideas with
the recent calculations and the experimentally observed facts
led to the formulation of an empirical power law expression,
which fits all the data for the rate constants of isomerization
and conformational changes and can be written in the form of
eq 149,50

The two factors in this functional form represent the contribu-
tions of two different factors controlling the isomerization or
conformational relaxation rate. The first factor (i.e.,B/ηa, where
B is a constant, and 0e a e 1) is a universal function of
viscosity and represents the “friction” or “dynamical” effects
exerted by the surrounding solvent or medium opposing the
motion of the parts of the molecule involved in the conforma-
tional relaxation process. The second factor, exp(-Eact/RT),
represents the “barrier” or “static” effects represented in the form
of activation energy for the conformational relaxation. The
height of the energy barrier mainly depends on the nature of

solute-solvent interaction. At a particular temperature and if
Eact remains more or less unchanged in different kinds of
solvents, the exponential term may be considered as a constant
factor. Hence eq 1 may be written as

A plot of ln(kiso) vs ln(1/η) should be a straight line with a
positive slope having a value equal to “a” and the intercept is
equal to the constant,C ) ln(B) - Eact/RT.

Figure 7depicts the plot of the natural logarithm of the rate
constants,kEET (1/τg), which have been determined by monitor-
ing the growth of the transient absorption at 830 nm following
photoexcitation of AIP in different solvents as a function of
the natural logarithm of the inverse of bulk viscosities of the
corresponding solvents. The plot shows a good linear correlation
between the two parameters. The viscosity dependence ofkEET

indicates that the efficiency of the energy-transfer process is
guided by the conformational change in the excited state of AIP
and that this rate of conformational change is the rate-
determining step for the ET process. Fleming49 and Waldeck50

made attempts to find out a correlation betweenEact and the
parameter “a” through a careful investigation of the results
reported from the numerous studies performed on the isomer-
ization reactions and conformational relaxation processes. A few
important points have emerged from these investigations. The
most important one, which is relevant to our studies, is that, in
case of a small barrier for the conformational relaxation process,
the rate for the same has strong dependence on the viscosity of
the solvents. The value of “a”, which can be determined from
the slope of the best fit straight line, can be a rough measure of
the barrier height. A moderate value of “a” (0.47) obtained in
this case indicates the existence of a moderate energy barrier
for conformational relaxation in AIP. A linear viscosity
dependence of the energy-transfer rate also reveals that the
conformational relaxation process, which is strongly coupled
to the intra-EET process, is mainly guided by the dynamical
solvent viscosity effects. This observation is also important to
conclude that the efficiency of the energy-transfer process is
sensitive only to conformational changes and not to vibronic

Figure 7. Plot of ln(kEET), the natural logarithm of the rate of energy
transfer (inverse ofτg determined at 830 nm), vs ln(η-1), the natural
logarithm of the inverse of the bulk viscosity of the solvents (eq 2 in
the text). The solvents in which the growth lifetimes have been
measured are (a) methanol (5.1 ps), (b) dimethylsulfoxide (9 ps), (c)
butanol (12 ps), (d) octanol (19.5 ps), and (e) ethylene glycol (35 ps).
The least-squares fit line drawn through the data points has the slope
a ) 0.47.

ln(kiso) ) a ln(1/η) + C (2)

kiso ) (B

ηa) exp(-
Eact

RT) (1)
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interactions, i.e., the higher efficiency of this process at room
temperature as compared to that at 77 K is not due to vibronic
coupling between the higher vibrational levels of the donor and
the acceptor moieties.31,45

3.4. Quantum Efficiency of Energy Transfer.The quantum
efficiency,Q, of the intra-EET process is given by eq 318a

Considering the value ofkEET obtained in methanol (kEET )
1.8× 1011 s-1) and the lifetime of anthracene in methanol (4.7
ns),38 and hencekf ) 2.13× 108 s-1, the value ofQ could be
calculated to be nearly unity. This indicates a very efficient intra-
EET process in AIP in methanol at room temperature. In other
solvents, too, the process is equally efficient at room temper-
ature.

3.5. Mechanism of Energy Transfer.The results discussed
above indicate that, following photoexcitation, AIP undergoes
a very fast and efficient intra-EET process (the rate of energy
transfer varies from 3× 1010 s-1 to 18× 1010 s-1 in different
solvents, and efficiency is near unity). However, it is important
to know the mechanism of energy transfer and to delineate the
kind of interaction between the two chromophoric units, which
is a key factor in the intra-EET process. We observe two distinct
components of the intra-EET process following photoexcitation
of AIP. The ultrafast component, which takes place within the
instrument response time (∼120 fs), indicates a coherent
excitonic mechanism due to the strong electronic interaction
between the dipoles of the two moieties in the S1 state of AIP.47

The slower component, the rate of which shows strong viscosity
dependence, represents the incoherent component of the energy-
transfer process. On the basis of the vast amount of theoretical
and experimental studies on numerous kinds of chemical
systems, it has been well established that the incoherent intra-
EET process may follow any of the three possible mecha-
nisms: (1) the Fo¨rster mechanism by dipole-dipole-induced
(columbic) resonant interaction,51,52 (2) the Dexter mechanism
by direct through-space exchange interaction,53 and/or (3)
through-bond-mediated exchange interaction.54,55

Since in AIP, the donor and the acceptor moieties are linked
directly to each other by only one C-C σ bond without
intervention of any kind of molecular bridges, the contribution
of the through-bond-mediated exchange-interaction mechanism
toward the energy-transfer process should be considered neg-
ligible. Hence, the intra-EET process in this molecule should
follow either the Fo¨rster mechanism and/or the Dexter mech-
anism, and the rate of energy transfer should be dependent upon
the degree of overlap between the donor emission and the
acceptor absorption spectra. The spectral overlap integrals for
resonance interaction,Jresand exchange interaction,Jex, between
the AN emission and the IP absorption for the AIP molecule
can be calculated using eqs 4 and 5 based on the spectral
properties of the isolated AN and IP molecules

with νj in cm-1. εjA(νj) in dm3 mol-1 cm-1 and FhD(νj) are the
normalized absorption and emission spectra of the acceptor and
donor, respectively

The values ofJres andJex for AIP have been calculated to be
1.9 × 10-16 dm3 mol-1 cm3 and 1.1× 10-4 cm, respectively.
The nonzero and significantly large values of bothJres andJex

suggests the possibility that either or both of the Fo¨rster
resonance and Dexter exchange interactions contribute in
conjunction to the intra-EET process in AIP, although not
exclusively.

In the case of resonance interaction (i.e., the Fo¨rster mech-
anism), the critical transfer distance,R0, can be calculated using
eq 7.R0 represents the distance of separation between the donor
and the acceptor at which the probability of energy transfer by
this mechanism is equal to that of the decay of the donor

wher φD is the fluorescence quantum yield of the donor, AN
(0.27 in methanol), “n” the refractive index of the solvent (1.265
for methanol), and “NA” the avogadro’s number (6.023× 1023

dm3 mol-1). The value ofR0 is also influenced by the orientation
factor (κ2), which depends on the angle between the transition
dipole moment vectors for the donor emission and acceptor
absorption. The value ofκ2 can vary from 0 to 4 depending on
the relative orientation of these two vectors.52 Most implementa-
tions of Förster’s theory involve systems consisting of a donor
molecule surrounded by an ensemble of randomly oriented
acceptor molecules, and under these conditions (for which the
theory was originally developed), theκ2 term can often be
assumed to be equal to2/3.52 This is clearly inappropriate for
bichromophoric molecules such as AIP, in which the relative
orientation between the emission and absorption transition
dipoles of a single donor and a single acceptor chromophore,
which are linked with each other by a singleσ bond, are well
defined. In aromatic molecules, both the absorption and emission
dipole moment vectors always lie on the molecular plane. In
such cases, the orientation factor,κ, is given by eq 852

where θD and θA are the angles between the emission and
absorption dipole moment vectors of the donor,µD, and acceptor,
µA, where the vectorR connects the centers of the chromophoric
units andφ is the dihedral angle between the planes of (µD,R)
and (µA,R) (Chart 1). Equation 8 suggests thatκ may have
different values for different molecular conformations, in which
the dihedral angle,φ, between the molecular planes of the two
chromophoric units are different.

It is known that, in the anthracene molecule, both the S1 r
S0 absorption and S1 f S0 fluorescence emission dipole moment
vectors are short-axis polarized.56 Hence, in AIP, the emission
dipole of the donor moiety lies along the molecular axis,R,
andθD should be taken as 0°. Equation 8 thus can be written
as

Equation 9 suggests that, if the energy transfer follows the
Förster energy-transfer mechanism, the rate of the intra-EET
process should be independent of the dihedral angle,φ, between
the molecular planes of the donor and acceptor moieties. Now
our calculation using ab initio molecular orbital theory shows
that the dipole moment vector for the S0 f S1 transition in an
isolated IP molecule lies at a direction of 80° with respect to
the direction of the molecular axis,R, and this gives the value
of θA. Hence, the value ofκ, calculated using eq 9, is-0.278

Q ) (kEET/(kEET + kf)) (3)

Jres) ∫0

∞ FhD(νj)εA(νj) dνj

νj4
dm3 mol-1 cm3 (4)

Jex ) ∫0

∞
FhD(νj)εjA(νj) dνj cm (5)

∫0

∞
FhD(νj) dνj ) ∫0

∞
εjA(νj) dνj ) 1 (6)

R0
6 )

9000 ln(10)κ2ΦDJres

128π5n4NA

(7)

κ ) sin θD sin θA cosφ - 2 cosθD cosθA (8)

κ ) -2 cosθD cosθA (9)
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and R0, the critical energy-transfer distance, calculated using
eq 7, is 10.5 Å. If the energy transfer is exclusively due to
Förster interaction, the rate of the intra-EET process,kEET

res , can
be calculated using eq 10

whereτD is the lifetime of the donor emission in the absence
of energy transfer (the lifetime of AN in methanol is 4.7 ns).38

In the present case, the value ofR, the center-to-center distance
between the AN and IP moieties in AIP, has been theoretically
calculated to be about 6.3 Å. Hence, the value ofkEET

res in
methanol, calculated using eq 10, is 4.6× 109 s-1. The
theoretical efficiency of the energy transfer due to the Fo¨rster
mechanism,QF, can be calculated using eq 11

The value ofQF thus calculated is 0.95. This value is less than
the value ofQ (unity), calculated using eq 3, which defines the
transfer efficiency in terms of the measured rate constants for
the energy transfer and the rate of the decay of the donor
emission.

Now, we observe that the parameters, calculated above on
the assumption that the Fo¨rster mechanism of energy transfer
is operative exclusively in AIP, show some inconsistencies with
those determined from our time-resolved experiments. First, the
rate calculated for Fo¨rster energy transfer in methanol (kEET

res )
4.6× 109 s-1) is about 2 orders of magnitude smaller than the
rate (kEET ) 1.8 × 1011 s-1) of the intra-EET process
experimentally determined in the same solvent. Second, the
efficiency of the Fo¨rster energy transfer,QF, is also smaller than
the experimentally determined value,Q. Last, the application
of Förster’s theory in the case of AIP predicts no dependence
of the energy-transfer rate on the dihedral angle,φ, between
the molecular planes of the two chromophores (eq 9). The results
of the time-resolved experiments suggest that the rate of energy
transfer decreases linearly with increase in viscosity of the
solvents. Hence the dependence of the energy-transfer rate on
the viscosity of the solvents could not be explained by the
Förster theory.

In addition, due to theR-6 dependence of the rate of the
dipole-dipole-induced EET process, the Fo¨rster mechanism is
predicted to be predominantly operative in longer separation
distance (R > 10 Å) between the donor and the acceptor.17,18

At smaller separation distances (R < 10 Å), the Förster
formulation, which is valid only for point dipoles, gives us only
a rough estimate of the EET rate. Moreover, at shorter distances
of interchromophoric separation, one has to take account of
exchange interaction due to overlap of donor emission and
acceptor absorption orbitals (the Dexter mechanism). The rate
of energy transfer by the Dexter through-space exchange-
interaction mechanism can be calculated using eq 12

whereL is an average van der Waal radius for the initial and
final molecular orbitals of the donor-acceptor system andK is
a parameter that cannot be directly evaluated from the spec-
troscopic data and hence makes it difficult to calculate the
exchange contribution to the EET rate. However, the dependence
of kEET

ex on the term exp(-2RL) suggests that this mechanism is
expected to be operative at a shorter distance of separation.17

In the case of AIP, the calculated value ofR (6.3 Å) suggests

the possibility of the predominance of the Dexter mechanism
in the intra-EET process.

From the earlier studies on the various kinds of molecular
systems, it was, however, realized that a dependence of the
transfer rate on the relative orientation of the donor and acceptor
must exist, particularly at smallR values. Levy and Spieser
performed a novel calculation of the exchange integral in a
xylene-biacetyl-type of bichromophoric molecules for describ-
ing the efficiency of the intra-EET processes.18a It was shown
that Dexter’s simplified approach, which predicts an exponential
dependence of the transfer rate on the interchromophoric
distance, is insufficient to account for the observed experimental
results and indicated a significant contribution from the relative
orientation of the two chromophores.

The above arguments suggest that the observed EET in AIP
is most likely not occurring by the purely Fo¨rster dipole-dipole
interaction mechanism, although its contribution cannot be
neglected, but rather may involve a significant contribution from
the Dexter through-space exchange-interaction mechanism. We
have already indicated that the significantly large value ofJex

(1.1 × 10-4 cm) suggests the possibility of contribution from
the Dexter’s exchange interaction to the EET process. Viscosity
dependence ofkEET also suggests the contribution of the Dexter
mechanism. The intra-EET process prefers a particular relative
orientation of the molecular planes, which can be achieved by
a conformational relaxation process following photoexcitation
of AIP for efficient exchange interaction between the molecular
orbitals of the AN and IP chromophoric moieties. The fastest
rate of energy transfer is possible when the molecule attains a
molecular configuration in which the molecular planes of the
two moieties are parallel to each other to ensure the strongest
interaction of theπ* and π orbitals of the AN and IP moieties,
respectively. Hence the molecule needs to undergo a confor-
mational relaxation process to bring the dihedral angle between
the two molecular planes from 15° (which is the angle in the
ground state of the molecule and hence in the Franck-Condon
state) to 0° following photoexcitation of the molecule. In this
case, the rate of the energy-transfer process is controlled by
the rate of the conformational relaxation process, which involves
the diffusive rotation of the two chromophoric moieties of AIP.
Our experimental measurements could only provide the rate of
the energy transfer limited by the rate of the conformational
relaxation, and hence we possibly measured the rate of the latter
process using the intra-EET process as a probe.

Conclusion

Steady-state and time-resolved absorption and fluorescence
spectroscopic properties of AIP, a bichromophoric molecule,
reveal that a rapid and efficient intra-EET process dominates
its excited-state relaxation dynamics in solution. The rate of
the energy-transfer process decreases linearly with increase in
viscosity of the solvent, and the process is significantly retarded
in rigid glass matrixes. These observations suggest strong
coupling between the conformational relaxation and the energy-
transfer process. Since the latter is favored in a particular
conformationl geometry, which is different from that of the
ground state, the molecule needs to undergo a conformational
relaxation process.

Since the two constituent chromophoric units, AN and IP,
are directly linked to each other without the presence of any
kind of molecular bridging unit between them, the contribution
from the through-bond exchange-interaction mechanism to the
energy-transfer process should be negligible, and hence, con-
tributions of the Fo¨rster and Dexter mechanisms of energy

kEET
res ) (1/τD)((R0/R))6 (10)

QF ) (R0
6/R0

6 + R6) (11)

kEET
ex ) (4π/h)KJex exp(-(2R/L)) (12)
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transfer have been considered. The theoretically calculated
energy-transfer rate by the Fo¨rster dipole-dipole-induced
resonance-interaction mechanism is about 2 orders of magnitude
smaller than the experimentally determined rate. Hence the
contribution of the Dexter through-space exchange-interaction
mechanism has been considered to be predominant in AIP. The
short interchromophoric separation (6.3 Å) and requirement of
specific conformational geometry for an efficient energy-transfer
process support the operation of the Dexter through-space
exchange-interaction mechanism in AIP. Viscosity dependence
of the experimentally measured rates suggests that we possibly
measured the conformational relaxation rate using the energy-
transfer process as the probe.
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