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Steady-state fluorescence and time-resolved absorption measurements in pico- and femtosecond time domain
have been used to investigate the dynamics of hydrogen bond in the excited singlet (S1) state of fluorenone
in alcoholic solvents. A comparison of the features of the steady-state fluorescence spectra of fluorenone in
various kinds of media demonstrates that two spectroscopically distinct forms of fluorenone in the S1 state,
namely the non-hydrogen-bonded (or free) molecule as well as the hydrogen-bonded complex, are responsible
for the dual-fluorescence behavior of fluorenone in solutions of normal alcoholic solvents at room temperature
(298 K). However, in 2,2,2-trifluoroethanol (TFE), a strong hydrogen bond donating solvent, emission from
only the hydrogen-bonded complex is observed. Significant differences have also been observed in the temporal
evolution of the absorption spectroscopic properties of the S1 state of fluorenone in protic and aprotic solvents
following photoexcitation using 400 nm laser pulses. An ultrafast component representing the solvent-induced
vibrational energy relaxation (VER) process has been associated with the dynamics of the S1 state of fluorenone
in all kinds of solvents. However, in protic solvents, in addition to the VER process, further evolution of the
spectroscopic and dynamical properties of the S1 state have been observed because of repositioning of the
hydrogen bonds around the carbonyl group. In normal alcohols, two different kinds of hydrogen-bonded
complex of the fluorenone-alcohol system with different orientations of the hydrogen bond with respect to
the carbonyl group and the molecular plane of fluorenone have been predicted. On the other hand, in TFE,
formation of only one kind of hydrogen-bonded complex has been observed. These observations have been
supported by theoretical calculations of the geometries of the hydrogen-bonded complexes in the ground and
the excited states of fluorenone. Linear correlation between the lifetimes of the equilibration process occurring
because of repositioning of the hydrogen bonds and Debye or longitudinal relaxation times of the normal
alcoholic solvents establish the fact that, in weakly hydrogen bond donating solvents, the hydrogen bond
dynamics can be described as merely a solvation process. Whereas, in TFE, hydrogen bond dynamics is
better described by a process of conversion between two distinct excited states, namely, the non-hydrogen-
bonded form and the hydrogen-bonded complex.

1. Introduction

Intermolecular hydrogen bonding is a site-specific local
interaction between hydrogen donor and acceptor molecules.
Hydrogen bonding is a fundamental element of chemical
structure and reactivity of water, proteins, and the DNA building
blocks of life.1-4 The nature of the hydrogen bond in solution
is of particular interest and has been probed by diverse
experimental and theoretical methods. However, we do not have
much information on structural and relaxation dynamics of the
hydrogen bond after electronic excitation of molecules that are
part of an intermolecular hydrogen bond. Upon photoexcitation
of molecules in solution, the dipole moment of the molecules
changes, sometimes significantly, and this necessitates a major
reorganization of the surrounding solvent molecules around the
newly created molecular dipole to minimize the total energy of
the molecule-solvent system. This process of reorganization
of the solvent molecules is popularly known as solvation.5-10

Here, the local interaction between the solute and the first
solvation cell is very important, and obviously, hydrogen
bonding has a very important role to play.9-15 To understand
the dynamics of chemical reactions at the molecular level, one

needs to study the microscopic motion of the solvent molecules
engaged in such specific solute-solvent interactions.16-18 The
nature of coupling between the solute and the solvent molecules
also governs the rate and mechanism of the transfer of
vibrational energy from the excited solute to the solvent
bath.19-21

In a rigid molecular system, in which the difference in dipole
moment between the ground and the excited states is signifi-
cantly large, the S1 state attains the intramolecular charge
transfer (ICT) character upon photoexcitation. In such cases,
solvation plays an important role in the relaxation dynamics of
the excited state.22 In the case of aprotic solvents, the dipole-
dipole interaction between the excited state and the solvent
molecules is the main driving force for the orientational motions
of the solvent molecules around the solute molecule.5-7,16,23

However, in the case of protic or hydrogen bond donating
solvents, such as alcohols or amines, in addition to dipole-
dipole interaction, orientational motion of the solvent molecules
may also be affected by specific interactions via intermolecular
hydrogen bonds, in case the solute molecule provides efficient
hydrogen bond accepting sites, such as CO or NO2 group.13-15,24

In some cases, the solute molecules in the ground state form
strongly hydrogen-bonded complexes with the solvent mol-
ecules. Upon photoexcitaion, as a consequence of significant
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difference in charge distribution in the higher-energy electronic
states of the solute molecules, the solute and the solvent
molecules, engaged in the formation of hydrogen bonds, need
to reorganize themselves. We define this process as the hydrogen
bond dynamics, and this controls the excited-state dynamics in
a significant way.13,14 Dynamics of hydrogen bond occur on
ultrafast time scales mainly set by vibrational motions of the
hydrogen donor and acceptor groups. Experiments in the
femtosecond time regime have shown the potential to monitor
the microscopic features of the hydrogen bond dynamics in real
time.13-15

We find that fluorenone is an ideal molecule for studying
the hydrogen bond dynamics because of several reasons. First,
primary photophysics of fluorenone has been well studied
because fluorenone exhibits some rather unique spectroscopic
and photophysical properties that have made it the subject of
several investigations.25-35 These studies have led to a reason-
ably consistent picture of the degradative energy flow pattern
in fluorenone following light absorption. Fluorenone, like all
other molecules with an active〉CdO group, has two kinds of
excited states, namely nπ* andππ*. In these kind of molecules,
hydrogen bonding and polarity are the key factors in controlling
the pathways of energy dissipation following electronic
excitation.35-37 Change in the relative positions of these two
types of levels due to change in solvent characteristics influences
the rates of transitions from the singlet to the triplet levels by
virtue of El-Sayed’s rule.38 Although the lowest excited nπ*
and ππ* singlet levels are lying very close to each other in
nonpolar solvents, the energies of these states are solvent shifted
depending on the polarity of the solvents, so that theππ* state
becomes the lowest excited singlet (S1) state in polar solvents.
This factor controls the reactivity of the singlet state as well as
the yield of the triplet state by controlling the intersystem
crossing rate.30,39,40The lifetimes of the S1 state of fluorenone
have been reported to be much longer in polar aprotic solvents
than those in nonpolar as well as in polar protic solvents.41

Second, another major aspect of the photophysics of fluo-
renone, which has been well studied, is quenching of the excited
states via hydrogen-bonding interactions.35,42Fluorenone forms
an intermolecular hydrogen-bonded complex with alcohols in
the ground state. In addition, both the S1 and T1 states are
dynamically quenched due to hydrogen-bonding interaction with
the alcoholic solvent molecules.35 In this process, the hydrogen
bond acts as an efficient accepting mode for radiationless
deactivation processes. Photoexcitation results in significant
changes in the spatial charge distribution around the oxygen
atom depending on the kind of transition, i.e., whether it is nπ*
or ππ*. Hence, this prompts the major changes in the orientation
of the solvent molecule directly attached to the carbonyl oxygen
as well as the solvent molecules linked with the former via the
hydrogen-bonding network structure of the solvent.

Third, fluorenone is a planar molecule with a rigid framework,
and hence, no other relaxation process, such as conformational
or configurational relaxation, than the relaxation process arising
due to solvent motions is important in the S1 state. Finally, the
change of dipole moment (∆µ ) 2.2 D) upon photoexcitation
of fluorenone to its S1 state is not very large.43 Hence, the
difference in the spectroscopic properties between the Franck-
Condon (FC) state and the relaxed excited state following dipolar
solvation is expected not to be very significant. However, we
may expect a significant change in the spectroscopic properties
of the excited state due to hydrogen bond dynamics via the
specific interaction between the carbonyl group and the mol-
ecules of the protic solvents. Since fluorenone is very weakly

fluorescent, the transient absorption spectroscopic technique
should be a very useful tool to reveal the role of hydrogen bond
dynamics in the excited-state relaxation processes of fluo-
renone.41 In this paper, we report the ultrafast dynamics of the
relaxation processes taking place in the S1 state of fluorenone
in different kinds of solvents, such as aprotic and protic (or
alcoholic), and show that hydrogen bond dynamics really does
play an important role in the relaxation process of the S1 state
of fluorenone in protic solvents.

2. Experimental Section

Fluorenone, obtained from Thomas-Becker sensitizers’ kit,
has been purified by recrystallization from methanol. Solvents
of spectroscopic grade (Spectrochem, India) were used without
further purification. Steady-state absorption spectra were re-
corded on a Shimadzu model UV-160A spectrophotometer.
Fluorescence spectra, which were corrected for wavelength
dependence of the instrument response, were recorded using a
Hitachi model 4010 spectrofluorimeter. High-purity grade
nitrogen gas (Indian Oxygen, purity>99.9%) was used to
deaerate the samples. All experiments were carried out at room
temperature (298 K) unless specified otherwise. The emission
spectra in rigid matrices at 77 K were recorded by freezing the
sample solutions, which were taken in a round quartz tube of 4
mm diameter, in liquid nitrogen put in a quartz dewar.

The time-resolved transient absorption spectra have been
recorded with 35 ps time resolution using a picosecond laser
flash-photolysis apparatus, the details of which have been
described in ref 44. Briefly, the third harmonic output (355 nm,
5 mJ) from an active 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 an 1 m long linear
translation stage, and the transient absorption signals at different
probe delays (up to 6 ns) were recorded by an optical
multichannel analyzer (Spectroscopic Instruments, Germany)
interfaced to an IBM-PC. The zero delay position has been
assigned to that when the probe light reaches the sample just
after the end of the pump pulse.

Relaxation processes in the sub-100 ps time domain were
measured using a femtosecond pump-probe transient absorption
spectrometer, which used a laser system supplied by CDP-
Avesta, Russia, The pulses of 50 fs duration and 6 nJ energy
per pulse at 800 nm were obtained from a self-mode-locked
Ti-sapphire laser oscillator, which was pumped by a 5 Wdiode-
pumped solid-state laser. These pulses were amplified to
generate 70 fs laser pulses of about 300µJ energy at a repetition
rate of 1 kHz using the chirped pulse amplification (CPA)
technique. The optical amplifier consisted of a pulse stretcher,
a multipass Ti:sapphire amplifier pumped by an intracavity
frequency-doubled Nd:YAG laser (6 W, 1 kHz), and a pulse
compressor. Pump pulses at 400 nm were generated for
excitation of the samples by frequency-doubling of one part of
the 800 nm output of the amplifier in a 0.5 mm thick BBO
crystal, and the other part of the amplifier output was used to
generate the white light continuum (470-1000 nm) probe in a
2 mm thick sapphire plate. The direction of polarization of the
pump beam was fixed at the magic angle. Excitation energy
was kept below 10µJ/pulse, and the repetition rate of the pump
beam was maintained at 500 Hz using a chopper. The sample
solutions were kept flowing through a quartz cell of 1 mm path
length. The decay dynamics at a particular wavelength region
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(10 nm width) was selected using a pair of interference filters
placed in front of the photodiodes to monitor the integrated
intensity of the reference probe beam and the probe beam
passing through the excited zone. The outputs of these photo-
diodes were routed through the boxcar integrators to an ADC
and computer for calculation of the optical density of the
transient species at a particular delay time. The delay time
between the pump and probe pulses was varied by using a
stepper motor driven single-axis linear motion stage (with 0.1
µm/step resolution), which was put on the path of the pump
beam. The overall time resolution of the absorption spectrometer
was determined to be about 120 fs by measuring the ultrafast
growth of excited-state absorption (ESA) at different wave-
lengths in the 470-1000 nm region following photoexcitation
of tetraphenylprophyrin in benzene. These temporal profiles
were also used to correct the effects of temporal dispersion on
the time-resolved spectra through the adjustments of the
positions of the zero delay between the pump and probe pulses
at different wavelengths. The temporal profiles recorded using
different probe wavelengths were fitted with up to three
exponentially decaying or growing components by iterative
deconvolution method using an sech2 type instrument response
function with fwhm of 120 fs.

3. Results

3.1. Steady-State Absorption and Fluorescence Studies.
Before investigating the dynamical properties of the hydrogen
bond in fluorenone-alcohol systems, we planned to investigate
the steady-state spectroscopic properties of fluorenone. This
strengthened our understanding and arguments regarding the
relaxation behavior of the system in the same kind of media, in
which the dynamical properties have been investigated. Figure
1 shows the electronic absorption spectra of fluorenone in the
270-500 nm region in four nonaqueous solvents, namely
cyclohexane, acetonitrile, methanol, and 2,2,2-trifluoroethanol
(TFE). The spectroscopic properties of the lower lying electroni-
cally excited states of fluorenone have been well-investigated
earlier.25,39,45In this wavelength region, the electronic absorption
spectrum recorded in each of these solvents consists of a few
well-resolved absorption peaks. From the detailed analysis of
the vibrational structures and solvent effects on the position of
the absorption peaks, Kuboyama suggested that the total
absorption spectrum of fluorenone in this region consists of three
absorption bands, namely in the 270-300, 300-350, and 350-
500 nm regions, originating from three differentπ f π* kinds
of electronic transitions.45

Figure 2 shows the emission spectra of fluorenone in solvents
of different classes, recorded at two different temperatures, i.e.,
in solution at room temperature (298 K) and in rigid matrices
at 77 K. Normal phosphorescence has not been observed from
fluorenone triplet, and hence the emission spectra recorded both
in solution at room temperature and in rigid matrices at 77 K
have been assigned to fluorescence emission.25,26Fluorescence
yield is increased significantly in rigid matrices at 77 K.
However, we have made no attempt to determine the yield of
fluorescence in rigid matrices because of the nonglassy nature
of some of the matrices as well as the lack of knowledge
regarding the exact path length of the sample.

Fluorescence maximum shows a large bathochromic shift in
polar aprotic solvents, (e.g., acetonitrile and dimethylformamide
(DMF)) as compared to that in a nonpolar solvent (e.g.,
cyclohexane). In solutions at room temperature, a fluorescence
maximum appears at 470 nm in cyclohexane and at 515 nm in
acetonitrile and DMF. This suggests a higher polarity or larger
dipole moment of the S1 state as compared to that of the ground
state. The difference in dipole moment (∆µ) between those of
the S1 state and the ground state has been determined by
correlating the change in energy of the fluorescence maximum
with the change in polarity of the cyclohexane-acetonitrile and
benzene-acetonitrile solvent mixtures using the Lippert-
Mataga equation.46 The value of∆µ has been determined to be
about 2.5 D. This value is a little higher than that (2.2 D)
reported by the earlier authors.43

In each of the aprotic solvents, the fluorescence spectra
recorded in solution and in rigid matrix at 77 K show neither
any difference in shape nor any shift of the position of the
maximum. However, in methanol (and other normal alcohols),
the fluorescence spectra recorded in these two conditions are
significantly different. The fluorescence spectrum recorded in
solution has two distinct bands. One has a maximum at ca. 565
nm, and the other appear as a shoulder at ca. 514 nm. The
position of the shoulder band coincides with the maximum of
the fluorescence spectrum recorded in acetonitrile and DMF,
either in solutions or in rigid matrices. However, the fluores-
cence spectrum recorded in the rigid matrix of methanol is
characterized by a single band with a maximum at ca. 514 nm.

3.2. Picosecond Transient Absorption.Figure 3 shows the
time-resolved transient absorption spectra recorded following
photoexcitation of fluorenone in cyclohexane, acetonitrile, and

Figure 1. Steady-state absorption spectra of the ground electronic state
of fluorenone in cyclohexane (a), acetonitrile (b), methanol (c), and
TFE (d). Figure 2. Steady-state fluorescence spectra of fluorenone in cyclo-

hexane at 298 K (a); in acetonitrile at 298 K (b) and 77 K (b′); in
methanol at 298 K (c) and 77K (c′); in TFE at 77 K (d′); in
dimethylformamide (e), dimethylformamide (50%)+ formamide (50%)
mixture (f), and formamide (g) at 298 K.
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methanol by 355 nm laser pulses of 35 ps duration. In
cyclohexane and methanol, the transient spectra recorded
immediately after the laser pulse (i.e., at 0 ps) and at 6 ns have
been assigned to Sn r S1 and Tn r T1 absorptions, respectively,
considering the values of the fluorescence lifetimes (0.14 ps
and 2.1 ns in cyclohexane and methanol, respectively) reported
earlier.26,41In acetonitrile, the fluorescence lifetime is about 19
ns.26 Hence, we could not observe any kind of evolution of the
absorption spectrum of the excited state in this solvent in the 6
ns time domain, and the spectrum is assigned to Sn r S1

absorption.
The absorption spectrum of the S1 state recorded in each of

the solvents studied here consists of two absorption bands in
the 450-550 and 550-700 nm region. The maximum of the
absorption band in the 450-550 nm region shows bathochromic
shifts in more polar solvents. The maximum appears at 500,
510, and 525 nm in cyclohexane, acetonitrile, and methanol,
respectively. On the other hand, the maximum of the absorption
band in the 550-700 nm region shows a hypsochromic shift in
the more polar solvent. In addition, the width of each of these
bands narrows down significantly in acetonitrile and methanol
as compared to that in cyclohexane.

3.3. Femtosecond Transient Absorption.Figure 4 shows
the time-resolved absorption spectra of the transient species
formed upon photoexcitation of fluorenone in acetonitrile and
DMSO using 400 nm laser pulses of 70 fs duration. In each of
these solvents, the absorption spectrum of the transient species
formed immediately after the laser pulse consists of two main
excited-state absorption (ESA) bands. In acetonitrile, these bands
have the maxima at ca. 515 and 575 nm and shoulders at 490
and 610 nm. In DMSO, the maxima of the ESA bands are at
ca. 490 and 540 nm and a shoulder at ca. 610 nm. In each of
these solvents, the time-resolved transient absorption spectra
recorded in sub-5 ps time domain reveal a slight decrease of
absorbance in the 570-700 nm. Each of the temporal profiles
recorded in this wavelength region consists of an ultrafast decay
component, followed by another very long-lived component,
which arises as a residual absorption in sub-500 ps time domain
and can be assigned to the S1 state. Two such typical temporal
profiles recorded at 630 nm in acetonitrile and at 610 nm in
DMSO are shown in the insets of Figure 4. The lifetimes of
this short component are 1.4( 0.2 and 2.1( 0.2 ps in
acetonitrile and DMSO, respectively.

Excited state relaxation dynamics of fluorenone has also been
investigated in alcoholic solvents. The spectroscopic and the
dynamical features of the transient species have been observed
to be very similar in normal alcohols as well as in ethylene
glycol. As a typical example, the time-resolved spectra of the
transient species produced upon photoexcitation of fluorenone
in 1-propanol using 400 nm laser pulses are shown in Figure 5.
The transient spectrum constructed for the 0.15 ps delay time,
i.e., immediately after photoexcitation, consists of two ESA
bands with maxima at ca. 520 and 590 nm. These features are
very similar to those of the transient spectrum, recorded in
acetonitrile (inset of Figure 5), although the relative intensities
of these two bands in these spectra are somewhat different. The
features of the transient spectra evolve with increase in delay
time because of decrease in absorbance in the 590-670 nm
region and a concomitant increase in absorbance in the 490-
590 nm region. As a result, we obtain a temporary near-
isosbestic point at 590 nm. Following this spectral evolution,
the transient absorption spectrum recorded at 100 ps has the
absorption maxima at 515 and 570 nm. Further evolution of
these ESA bands beyond the 500 ps time domain could not be

Figure 3. Transient absorption spectra of fluorenone recorded in
cyclohexane, acetonitrile, and methanol at 0 ps (i.e., immediately after)
(a) and at 6 ns (b) after photoexcitation using 355 nm laser pulses of
35 ps duration. Inset: temporal absorption profile recorded at 510 nm
following photoexcitation of fluorenone in cyclohexane using 400 nm
laser pulses of 70 fs duration. Solid line represents the best-fit single-
exponential function.

Figure 4. Time-resolved transient absorption spectra of fluorenone in
acetonitrile and DMSO constructed for different delay times following
photoexcitation with 400 nm laser pulses. Insets: temporal absorption
profiles recorded at 630 and 610 nm following photoexcitation of
fluorenone in acetonitrile and DMSO, respectively. Solid lines represent
the best-fitted dual exponential functions. The lifetimes of the shorter
component, which are given in the figure, are assigned to the vibrational
energy relaxation process happening in the S1 state and the long
component arises due to long lifetime (∼19 ns) of the S1 state of
fluorenone in these solvents.

Figure 5. Time-resolved transient absorption spectra of fluorenone in
1-propanol, constructed for different delay times following photo-
excitation using 400 nm laser pulses. Inset shows the comparison of
the transient spectra constructed at 0.15 ps delay time following
photoexcitation of fluorenone in acetonitrile (a) and 1-propanol (b).
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followed using this spectrometer but could be followed using
the picosecond spectrometer (Figure 3).

A few of the temporal profiles recorded at different wave-
lengths following photoexcitation of fluorenone in 1-propanol
are presented in Figure 6, along with the multiexponential best-
fit functions. The lifetimes associated with the corresponding
fit functions are given in the figure as well as in Table 1 (the
one with lifetime longer than 200 ps has not been given in this
table). Since we can record the temporal profiles only up to
about 550 ps delay time using our spectrometer, the lifetimes
longer than 200 ps, which have been obtained from the fittings
of the temporal profiles, do not provide an accurate value, but
an indication of the presence of a longer-lived transient species.
Each of the temporal profiles recorded in the 490-570 nm
region shows an initial rise of transient absorption with the

instrument response time (∼120 fs) followed by another slower
growth. The growth lifetimes,τ1(g), of the slower component
have been determined at 510, 530, 550, and 570 nm. The values
of τ(g), which have been obtained by analyzing the temporal
profiles monitored at 510 and 530 nm, are seen to have nearly
equal values (∼15 ( 0.5 ps) but are shorter than those obtained
from the analyses of the profiles at 550 and 570 nm (45.4( 1
ps). However, the decay of the transient absorption after reaching
the maximum following this growth monitored at each of these
wavelengths is long (possibly longer than 1 ns).

In a series of normal alcoholic solvents, the viscosities of
the solvents increase as the length of the linear hydrocarbon
chain increases from methanol to 1-pentanol. The spectral and
temporal characteristics of the transient species generated in
these solvents as well as in ethylene glycol (EG) have been
seen to be very similar to those in 1-propanol. To justify this,
we have presented the temporal profiles recorded at a few
selective wavelengths in EG solvent, which is the most viscous
one among those used here (Figure 7). The values of the
different lifetime components (except the one with lifetime
longer than 200 ps) are also given in Table 1 for comparison of
the values obtained from the analyses at different wavelengths
as well as those obtained in different alcoholic solvents. This
table shows that the values ofτ(g), which are associated with
the ESA bands with maxima at 515 and 570 nm, increase with
increase in viscosity of the solvents. However, the trend of
increasing the value ofτ(g), associated with the ESA band with
maximum at 515 nm, is not very regular with the viscosity of
the solvents. Table 1 also shows that the values ofτ1(d), which
have been obtained by fitting the temporal profiles recorded at
610, 630, 650, and 670 nm in each of the alcoholic solvents,
are more or less independent of the monitoring wavelength.
However, the value ofτ1(d) is nearly independent of the
viscosity of the solvents; e.g., the values ofτ1(d) are 3.2( 0.2
and 2.7( 0.2 ps in methanol and EG, respectively. On the other
hand, in a particular solvent, the value ofτ2(d) decreases with
changing the monitoring wavelength from 610 to 670 nm. In a
few cases,τ2(d) is too short to distinguish fromτ1(d) at 650 or
670 nm. In all the alcoholic solvents, the value ofτ2(d) measured
at 610 nm is nearly equal to the growth lifetime,τ1(g),
determined at 570 nm. Comparison of the values ofτ2(d),
measured in different solvents but at the same monitoring
wavelength, shows a regular increase with increase in viscosity
of the solvent.

We have also investigated the relaxation dynamics of the S1

state of fluorenone in TFE, which is a strong hydrogen bond
donating solvent. The transient absorption spectrum constructed

Figure 6. Temporal absorption profiles recorded at a few wavelengths
following photoexcitation of fluorenone in 1-propanol using 400 nm
laser pulses. Solid lines represent the best-fit two- or three-exponential
functions. The lifetimes are also given in the figure. Since our
spectrometer can record the profile up to about 500 ps delay time, the
lifetime of the longest component cannot be determined accurately,
but it only gives an indication of the presence of a ling-lived component
due to the S1 state of fluorenone.

TABLE 1: Lifetimes of the Transient Species, Which Have Been Determined at Different Wavelengths Following
Photoexcitation of Fluorenone in Normal Alcoholic Solventsa

solvent
τD, ps;b τL, ps;b

τsolv, ps;b η, cPc
τ1(g), ps

(510/530 nm)
τ1(g), ps

(550/570 nm)
τ1(d), ps,τ2(d), ps

(610 nm)
τ1(d), ps,τ2(d), ps

(630 nm)
τ1(d), ps,τ2(d), ps

(650 nm)

methanol 55.6; 9.2; 5, 0.54 5.7 16.3 3.0 3.2 3.3
21.7 19.5 14.7

ethanol 163; 27.4; 16, 1.08 12 36 3.2 3.0 3.0
33.6 25.2 22

1-propanol 329; 53, 26, 2.004 15 45.4 3.2 3.0 3.0
47.5 28 23.9

1-butanol 613; 120, 63, 2 36 50.5 3.0 3.1 3.0
50.5 41.5 35

1-pentanol 800; 151, 103, 3.6 23 58 3.0 2.7 2.8
59 41 24.5

ethylene glycol 813; 86, 15, 18 40 44 2.7 2.5 2.6
27.4 17.4

a The temporal profiles recorded at each of these wavelengths is associated with a long component having lifetime longer than 500 ps and cannot
be determined accurately by our spectrometer, and hence these have not been put in this table.b Taken from refs 53 and 54.c Taken from ref 55.
The viscosities are at 298 K.
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for 0.15 ps delay time consists of two ESA bands with maxima
at 530 and 570 nm and shoulders at 490 and 610 nm (Figure
8). The spectral features are very similar to those of the spectrum
recorded in 1-propanol at 0.15 ps delay time (inset of Figure
8A). Following the spectral evolution in sub-20 ps time domain,
the transient spectrum constructed at 20 ps delay time is seen
to consist of an ESA band with maximum at 550 nm and a
shoulder at 510 nm. At longer delay times beyond 20 ps, this
entire band decays without any further evolution of the spectral
features. The features of the transient spectrum recorded at 20
ps delay time have been compared to those of the transient

spectrum recorded at 100 ps delay time in 1-propanol (inset of
Figure 8B). This shows that while the transient spectrum
recorded in 1-propanol consists of two ESA bands with maxima
at 520 and 570 nm, the transient spectrum recorded in TFE has
only a single band with maximum at ca. 540 nm, and the band
with maximum at 570 nm is missing in the later.

A few typical temporal profiles recorded in TFE are shown
in Figure 9 along with the multiexponential best-fit functions.
Like in other alcoholic solvents, the temporal profiles recorded
at 510, 530, and 550 nm show the growth of a transient species
with the instrument response time, followed by the growth of
another transient species with the growth lifetime of 13.5( 1
ps. However, unlike in other alcohols, the growth lifetime is
nearly independent of the monitoring wavelength in the 510-
550 nm region. This suggests that in TFE we observe the
formation of a single transient species. This fact is also supported
by the similar decay lifetimes (τ3 ) 200 ( 15 ps) of this
transient species determined at different monitoring wavelengths
in the entire 490-590 nm region. In this solvent, the values of
τ2(d), measured at different wavelengths, are nearly equal.

3.4. Theoretical Study.To delineate the aspects of hydrogen
bond dynamics in fluoreneone-alcohol systems investigated
here, we have been motivated to study theoretically the
fluorenone-methanol and fluorenone-TFE hydrogen-bonded
complexes. For this purpose, ground-state geometries of these
systems have been fully optimized (without any symmetry
constraint) using different initial guess geometries. Calculations
have been performed by density functional theory with B3LYP
exchange-correlation methods using Gaussian basis set 6-31G*.
All the calculations in this work have been done using the
GAMESS electronic structure programs.47

In the ground state, we have been able to find two distinct
conformations for the solute-solvent hydrogen-bonded com-
plexes for both the fluorenone-methanol and fluorenone-TFE

Figure 7. Temporal absorption profiles recorded at a few wavelengths
following photoexcitation of fluorenone in ethylene glycol using 400
nm laser pulses. Solid lines represent the best-fit two- or three-
exponential functions. The lifetimes are also given in the figure. Since
our spectrometer cannot determine the lifetime of the longest component
accurately, it gives only an indication of the presence of a ling-lived
component due to the S1 state of fluorenone.

Figure 8. Time-resolved transient absorption spectra constructed for
different delay times following photoexcitation fluorenone in TFE using
400 nm laser pulses. (A) Time-resolved spectrain sub-20 ps time
domain. Inset of (A): comparison of the transient spectra constructed
for 0.15 ps delay time in TFE (a) and in 1-propanol (a′). (B) Time-
resolved spectra in post-20 ps time domain. Inset of (B): comparison
of the transient spectra constructed for 100 ps delay time in TFE (b)
and in 1-propanol (b′).

Figure 9. Temporal absorption profiles recorded at a few wavelengths
following photoexcitation of fluorenone in TFE using 400 nm laser
pulses. Solid lines represent the best-fit two- or three-exponential
functions. The lifetimes are also given in the figure.
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systems. The structures of these conformers have been presented
in Figures 10A and 11A. Two different conformations have
arisen because of the different orientations of the methyl or the
trifluoroethyl group with respect to the plane on which the
hydrogen bond (i.e., the [〉CdO‚‚‚H-O] moiety) exists. In both
the conformations, the [〉CdO‚‚‚H-O] moiety remains on the
plane of the fluorenone molecule. However, in one of the
conformers of the fluorenone-methanol complexes, the carbon
atom of the methyl group resides out of the plane. In this
complex, the dihedral angle between the C-O bond of methanol
and the [〉CdO‚‚‚H-O] moiety is-103°; i.e., the C-O bond
is nearly perpendicular with respect to the [〉CdO‚‚‚H-O]
moiety and the plane of the fluorenone molecule. We designate
this form of the hydrogen-bonded complex as the “out-of-plane”
conformer. Similarly, for the out-of-plane conformer of the
fluorenone-TFE complex, the corresponding value of the
dihedral angle is-54°. In other conformer, the C-O bond of
the alcohol resides on the same plane as defined by the
fluorenone molecule and the [〉CdO‚‚‚H-O] moiety. The
dihedral angle between the [〉CdO‚‚‚H-O] moiety and the C-O
bond is 179.9° and 179° for methanol and TFE complexes,
respectively.We designate this form of the hydrogen-bonded
complex as the “in-plane” conformer. It is to be noted that the
〉CdO‚‚‚H angle is about 122.3° in the out-of-plane structure,
and the same has been calculated to be 169.7° for the in-plane
structure of the methanol complexes. The corresponding values
for the TFE complexes have been found to be 123.9° and 152.5°,
respectively. The lengths of the hydrogen bonds have been found
to be 1.909 and 1.960 Å for the out-of-plane and the in-plane
conformations of the methanol complexes, respectively. The

hydrogen bond energies for the methanol complexes have been
calculated to be 38.3 and 23.2 kJ/mol for the out-of-plane and
in-plane conformers, respectively. The corresponding values for
the TFE complexes are 47.5 and 34.6 kJ/mol, respectively.
Hence, the energy of the out-of-plane conformer is lower by
15.1 and 12.9 kJ/mol as compared to that of the in-plane
conformer of the methanol and TFE complexes, respectively,
which are in agreement with the corresponding hydrogen bond
distances.

We also performed calculations to obtain the structures and
the energetic of these hydrogen-bonded complexes in the S1

state. In the FC state, the energy difference between these two
conformers has been found to decrease to 10.7 and 8.3 kJ/mol
for the methanol and TFE complexes as compared to those (15.1
and 12.9 kJ/mol) in the ground state.

We also made an attempt to obtain information about the
geometry and energy of the relaxed S1 states of the two
conformers of the solute-solvent complexes. We optimized the
geometries of the excited states using the configuration interac-
tion singles (CIS) method.48 In the relaxed S1 state of the
fluorenone-methanol complexes, both the conformers are found
to be nearly isoenergetic with an energy difference of only 1.7
kJ/mol. While the hydrogen bond energy of the excited state of
the out-of-plane conformer remains nearly the same (42.3 kJ/
mol) as that of ground state, the same of the excited state of
the in-plane conformer is increased to 40.6 kJ/mol. In the S1

state of the in-plane conformation of the hydrogen-bonded
complex, the methanol molecule reorients itself, residing on the
same plane defined by the fluorenone molecule and [〉CdO‚‚‚
H-O] moiety, to form the〉C-H‚‚‚O hydrogen bond. Because

Figure 10. Optimized structures of the fluorenone-methyl alcohol hydrogen-bonded complexes in the ground state (A) and the relaxed S1 state
(B).
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of the formation of this additional〉C-H‚‚‚O hydrogen bond
in the in-plane form, the energy difference between the two
hydrogen-bonded species in the excited state is significantly
reduced as compared to that in the ground state. It is also
interesting to note that in the excited states the calculated lengths
of the hydrogen bond are 1.903 and 1.896 Å for the out-of-
plane and the in-plane conformers of the methanol complexes,
respectively. In the excited state of the out-of-plane conformer,
the C-O bond of the methanol molecule is found to be-72.9°
with respect to the [〉CdO‚‚‚H-O] moiety. However, in the
other conformer, the C-O bond resides on the same plane as
that of the〉CdO‚‚‚H-O moiety with a dihedral angle of nearly
0°. It is to be noted that the〉CdO‚‚‚H angle is about 125.8° in
the out-of-plane structure, and the same has been calculated to
be 124.7° for the in-plane structure with a considerable deviation
from the corresponding ground state value for the latter one.
However, for the flurenone-TFE system we have been able to
obtain only one conformer in the relaxed S1 state, viz. out-of-
plane conformer, although we have used the initial geometries
of both in-plane and out-of-plane conformers. It is also
interesting to note that in the excited states the calculated length
of the hydrogen bond is 1.803 Å for this out-of-plane conformer
of the complex. In this case the C-O bond of the methanol
molecule is found to be-83.2° with respect to the [〉CdO‚‚‚
H-O] moiety. It is to be noted that the〉CdO‚‚‚H angle is about
127.4° in this out-of-plane structure.

4. Discussion

4.1. Intermolecular Hydrogen-Bonding Interaction be-
tween Fluorenone and Alcohols.A careful examination of the
effect of polarizability and hydrogen bond forming ability of

the solvents on the positions and intensity of the individual
absorption bands suggests that the excited electronic states
corresponding to the 300-350 nm region are substantially
different from those corresponding to the 270-300 and 350-
500 nm regions. Fluorenone has been shown to form intermo-
lecular hydrogen-bonded complex in the ground state with
hydrogen bond donating alcohols.35 We observe that the effect
of hydrogen bond formation is more significant on the band in
the 300-350 nm region than on those in other regions.
Considering the fact that the effect of hydrogen bonding is more
prominent on the absorption band in the 300-350 nm region
than those in the 270-300 and 350-500 nm regions, it possibly
can be concluded that the former band is associated with the
transition involving the electronic orbitals centered on the
carbonyl group and the latter ones are centered on the aromatic
moiety. The equilibrium constants (K) for formation of the 1:1
complex with strong hydrogen-bonding solvents such as hexaflu-
oropropanol (HFP) and TFE in methylene chloride have been
determined to be 3.5 and 0.7 M-1, respectively.35 However, the
normal alcohols are less effective in formation of complex in
the ground state, and the values ofK are much less than 0.6
M-1.35

Fluorenone is very weakly fluorescent in solution at room
temperature. Fluorescence yields (φF) of fluorenone have been
reported to be 3.5× 10-4, 2.3 × 10-2, and 1.1× 10-3 in
cyclohexane, acetonitrile, and ethanol, respectively.26,41A very
low value ofφF in cyclohexane suggests that the S1 state has
mixed nπ* and ππ* character due to energetic proximity of
these two kinds of energy levels. This argument is supported
by the fact that although the lifetime of the S1 state is short,
but much longer than that of a typical nπ* kind of S1 state in

Figure 11. Optimized structures of the fluorenone-TFE hydrogen-bonded complexes in the ground state (A) and the relaxed S1 state (B).
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benzophenone derivatives.49 The lifetimes of the nπ* kind of
S1 states in benzophenone and its derivatives are about 6-10
ps.49,50However, with increase in polarity, theππ* state, which
lies above or near the nπ* state on the energy scale in nonpolar
solvents, comes down with respect to the latter and becomes
the S1 state in polar solvents, and bothφF and τf values are
increased by about 2 orders of magnitude in acetonitrile. In
alcoholic solvents, despite theππ* character of the S1 state,
fluorescence is heavily quenched due to formation of the
hydrogen-bonded complex.35

We observe dual-fluorescence behavior of fluorenone in
solution of methanol (and other normal alcohols, too) at room
temperature. The fluorescence spectrum consists of two emission
bands with maxima at 514 and 565 nm, arising from the S1

states of the non-hydrogen-bonded (or free) fluorenone mol-
ecules and the hydrogen-bonded complex, respectively. How-
ever, in rigid matrices at 77 K, we observe the presence of the
only emission band arising from the excited state of free
fluorenone molecules. This difference in the characteristics of
the fluorescence spectra recorded in normal alcoholic solvents
at two different conditions suggests that although the fluorenone
molecules in the ground electronic state exist in equilibrium
between the free fluorenone molecules and the hydrogen-bonded
complex, the equilibrium remains strongly in favor of the free
molecules. This is supported by the very low value of the
equilibrium constant determined from the steady-state absorption
experiments.35 Since solvent relaxation is significantly slowed
down or inhibited in rigid matrices at 77 K, we observe the
only emission band with maximum at 514 nm, which arises
from the excited state of the free fluorenone molecule. However,
in solution at room temperature, we observe the appearance of
both the emission bands, which are characteristics of the excited
states of the free molecule and the hydrogen-bonded complex.
The occurrence of the emission band arising from the hydrogen-
bonded complex suggests the formation of the hydrogen bond
between the S1 state of fluorenone and the solvent by reorga-
nization of the solvent molecules. Hence, comparison of the
features of the steady-state fluorescence spectra of fluorenone
in various kinds of media demonstrate that two spectroscopically
distinct forms of fluorenone in the S1 state are responsible for
dual-fluorescence behavior of fluorenone in normal alcoholic
solvents. Similar observations were made by Yoshihara and
Kearns.25 They could not assign the extra band of fluorescence
emission with maximum at 565 nm in the spectrum recorded
in solution to a species with a dimeric sandwich-type of
arrangements or excimer emission but tried to interpret it as a
“miscellaneous assortment of the solvent”.

Assignment of the 565 nm fluorescence band to the hydrogen-
bonded complex of the S1 state of fluorenone is also supported
by the fluorescence spectrum of fluorenone recorded in TFE at
77 K. Since TFE is a stronger hydrogen bond donating solvent
as compared to methanol, the equilibrium constant for formation
of the fluorenone-solvent hydrogen-bonded complex is larger
in TFE than that in methanol.35 Hence, in TFE, very few
fluorenone molecules are left non-hydrogen-bonded in the
ground state, and that is why we do not observe emission from
the non-hydrogen-bonded species in the rigid matrix of TFE at
77 K. However, the fluorescence yield is negligibly small in
TFE solution at room temperature because of efficient quenching
of fluorescence due to hydrogen-bonding interaction with the
solvent, and the spectrum could not be recorded.35

Assignment of the two fluorescence bands to the excited states
of the free fluorenone molecule and the hydrogen-bonded
complex has also been confirmed from the fluorescence spectra

of fluorenone recorded in pure solvents and solvent mixtures
of formamide and dimethyformamide. These two solvents have
similar polarity on theπ* scale of solvent polarity, but
formamide is a hydrogen bond donor while dimethylformamide
is not.51,52 In pure dimethylformamide, the fluorescence maxi-
mum appears at 514 nm, which is due to the emission from the
free form. Although, unlike the spectra in alcoholic solvents,
the bands due to the free molecule and the hydrogen-bonded
complex are not resolved, the broadening and shifting charac-
teristics of the new spectral component due to the hydrogen-
bonded form with increasing concentration of formamide are
apparent. The fluorescence spectrum with a maximum at 562
nm recorded in pure solvent of formamide suggests that emission
from the hydrogen-bonded complex has a significant contribu-
tion to the total emission.

4.2. Vibrational Energy Relaxation.We observe that in all
kinds of solvents the decay of transient absorption monitored
in the 610-670 nm region following photoexcitation of fluo-
renone using 400 nm light is associated with an ultrafast
component with lifetimeτ1(d), varying in the range 1.4-3.2
ps. Since the lifetime of the S1 state of fluorenone in acetonitrile
is about 19 ns,41 ultrafast evolution of the spectral characteristics
in aprotic solvents must be considered to be happening in the
Franck-Condon region of the potential energy surface. The
ultrafast decay lifetimes of the transient absorption may be
considered to be arising because of either of the following two
processes, namely, solvation of the relatively more polar S1 state
or solvent-induced vibrational energy relaxationn (VER) process
that is caused by elastic or quasielastic collisions between the
solute and solvent molecules.20,21However, we mentioned earlier
that the change in dipole moment of the fluorenone molecule
due to photoexcitation is not large (∆µ ∼ 2.5 D). Additionally,
the time constant (i.e., 1.4 ps) associated with the evolution of
the time-resolved spectra in acetonitrile is much slower than
the solvation time of this solvent (τsolv ∼ 0.3-0.7 ps).6,53,54The
value of τ1(d) in alcoholic solvents also does not have any
correlation with the solvation time (Table 1). Hence, the process
associated with these time constants cannot be assigned to the
solvation phenomenon. On the other hand, we calculate that
the energy of the zero vibrational level of the S1 state of
fluorenone in acetonitrile (from the intersection point of the
normalized absorption and fluorescence spectra of fluorenone)
is 22 400 cm-1. Hence, it becomes evident that the excitation
of fluorenone with a photon of 400 nm wavelength (energy of
a photon is 25 000 cm-1) creates the molecules in a vibrational
level, which lies at about 2728 cm-1 higher in energy than the
zero vibrational level of the S1 state. Considering a rigid and
simple chemical structure of fluorenone, the ultrafast time
constantsτ1(d) can only be correlated to a process in which the
vibrationally hot molecules in the S1 state transfer the excess
vibrational energy to the surrounding solvent molecules.20,21

Variation of τ1(d) with the change in the characteristics of
the solvents is not very significant and cannot be correlated with
the change in viscosities of the solvents. For example, DMSO
is 6 times more viscous than acetonitrile, butτ1(d) increases
marginally in the case of DMSO (2.4 ps) as compared to that
in acetonitrile (1.4 ps). Again, EG is about 30 times more
viscous than methanol, butτ1(d) (2.7 ps) in EG is shorter than
that in methanol (3.2 ps). However, the small variation ofτvib

can possibly be correlated with the dipole moment (µ) of the
solvents. Normal alcohols, such as methanol (µ ) 1.7 D),
ethanol (µ ) 1.7 D), and 1-butanol (µ ) 1.8 D), have nearly
the same dipole moments,55 and henceτ1(d) has nearly the same
values (τ1(d) ) 3.1 ( 0.1 ps) in these solvents. The dipole
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moment of EG is 2.3 D, andτ1(d) has a lower value (2.7 ps).
The value ofτ1(d) (2.5 ps) is further lowered in TFE, which is
more polar (we do not know the dipole moment value for this
solvent) than the other alcoholic solvents. Hence, this shows
that the lifetime of the VER process has lower value in
hydrogen-bond-donating solvents of higher polarity. In the
excited state of fluorenone, the dipole moment of fluorenone is
about 6 D (sinceµe - µg ) 2.5 D andµg ) 3.35 D56), and
hence the CdO group is expected to have a reasonably high
charge density because of an intramolecular charge-transfer
character of the S1 state. Electrostatic coupling between the Cd
O stretching vibration with the intermolecular modes of the
solvents, possibly via the hydrogen bond stretching vibration,
modulate the solvent dipole moment density, and this coupling
is mainly responsible for the ultrafast vibrational energy
relaxation process in the S1 state. In aprotic solvents, however,
the trend is reverse. The value ofτ1(d) is larger in DMSO (µ )
4.1 D) than that in acetonitrile (µ ) 3.5 D).55 We are not able
to explain this trend.

4.3. Hydrogen Bond Dynamics.Our steady-state fluores-
cence spectroscopic study has clearly revealed that in solutions
of fluorenone in normal alcoholic solvents both the free
fluorenone molecule and the hydrogen-bonded complex exist
in equilibrium, although the equilibrium remains in favor of
the free molecule. However, in TFE, which is a strong hydrogen-
bond-donating solvent, the equilibrium shifts in favor of the
hydrogen-bonded complex. Hence, photoexcitation of fluo-
renone molecules in solutions of normal alcoholic solvents using
400 nm laser light creates the excited states of both the free
fluorenone molecule as well as its hydrogen-bonded complex.
On the other hand, in TFE, we expect to create the excited state
of only the hydrogen-bonded complex.

Considering the similar positions of the maxima in the
transient spectra recorded at 0.15 ps delay time in acetonitrile
and 1-propanol (inset of Figure 5), the transient spectrum in
1-propanol may be assigned to the excited state of the free form
of fluorenone. This might have been formed either upon
photoexcitation of the free fluorenone molecule existing in the
ground state or ultrafast photodissociation of the hydrogen bond
in the excited state of the hydrogen-bonded complex. Similarities
in the features of the transient spectrum recorded at 0.15 ps
delay time in 1-propanol and TFE (Figure 8) too support the
fact that upon photoexcitation the hydrogen-bonded complex
dissociates easily and rapidly, and the excited state of the free
fluorenone molecule is produced in an ultrafast time scale (which
is faster than the time resolution of our spectrometer). However,
the solvent molecules cannot reorganize rapidly to incorporate
the newly released alcohol molecule into its two-dimensional
hydrogen bond network structure; i.e., there is a “dangling”
hydrogen bond still present.24 This nonequilibrated state of the
excited fluorenone molecule is associated with a completely non-
hydrogen-bonded solvent molecule, or a solvent molecule
bonded into a chain to form a branch point, or some other
unfavorable hydrogen bond configuration. This is a poorly
solvated state, which is sufficiently unstable and tends to
undergo geminate re-formation of fluorenone-alcohol hydrogen
bond with high probability. This re-formation process is
accompanied by the requisite reorganization of the hydrogen
bond structure of the solvent to fully equilibrate and incorporate
the dangling hydrogen bond into the hydrogen bond network
structure of the solvent. With increase in delay time, the
evolution of the time-resolved absorption spectra, which is
associated with the rapid decrease of transient absorption in the
590-700 nm region and concomitant increase in absorption in

the 510-590 nm region, can be assigned to the geminate re-
formation of the hydrogen bond possibly with a new equilibrium
geometry, accompanied by equilibration of the hydrogen bond
network structure of the solvent.

Comparing the features of the time-resolved spectra recorded
in acetonitrile (Figure 4), 1-propanol (Figure 5), and TFE (Figure
8), we find that, although in all three cases we observe the
decrease of absorbance in the 610-670 nm region, the change
is more significant in the case of 1-propanol and TFE. In
addition, we observe a concomitant increase of transient
absorption in the 470-590 nm region, resulting the development
of new and distinct ESA bands in alcoholic solvents. However,
it is important to note that 1-propanol (dielectric constant,ε ∼
21.1) is less polar than acetonitrile (ε ∼ 38). Hence, the
significant difference in evolution of the spectral characteristics
of the transient species in these two solvents cannot be assigned
to the simple dipolar solvation but obviously to the hydrogen-
bonding interaction between the excited state of fluorenone and
the solvent. In other words, the hydrogen bond dynamics is
responsible for the observed evolution of the time-resolved
spectra of the S1 state of fluorenone in alcohols. The occurrence
of the temporary isosbestic points at 590 and 570 nm in the
time-resolved spectra recorded in 1-propanol and TFE, respec-
tively, apparently suggests the involvement of two different
excited states, one of which is the excited state of the free
fluorenone molecule and the other is the excited state of the
hydrogen-bonded complex. (The occurrence of the isosbestic
point in 1-propanol is possibly fortuitous; vide infra.) The
occurrence of the isosbestic point is also an important indicator,
in particular, to suggest that the evolution of the time-resolved
transient absorption spectrum in alcohols is not associated with
a dipolar solvation process, which is associated with the
reorientation of the solvent dipoles in response to the electronic
charge reorganization in the solute due to creation of the excited
state. The dipolar solvation process is normally revealed by the
evolution of the continuum of states.

We assign both the growth lifetime,τ1(g), of the ESA
measured in the 510-550 nm region and the decay lifetime,
τ2(d), measured in the 570-610 nm region (τ1(g) ) τ2(d) )
12.5( 2 ps, as shown in Figure 9) to the geminate re-formation
of the hydrogen-bonded complex in the excited state, ac-
companied by the equilibration of the hydrogen bond network
structure of the solvent, TFE. The decay lifetime component,
τ3(d) ) 200 ( 15 ps, is assigned to the decay of the excited
state of the fluorenone-TFE hydrogen-bonded complex. In
normal alcohols, the excited state of the free fluorenone
molecule, which is created by photodissociation of the hydrogen-
bonded complex in the excited state, undergoes geminate re-
formation of the hydrogen bond. On the other hand, the excited
state of the free fluorenone molecule, which is created upon
photoexcitation of the molecule in the ground state, undergoes
hydrogen bond formation as well because of larger polarity of
the excited state. Development of two ESA bands with maxima
at 515 and 570 nm with different growth lifetimes, as well as
the wavelength-dependent decay of the excited state of the non-
hydrogen-bonded form measured in the 610-650 nm region,
is possibly the consequence of formation of two different
conformers of the hydrogen-bonded complex in the excited state
(Figures 5 and 6). Results of our theoretical calculation support
the experimental observation that, in normal alcoholic solvents,
two different kinds of hydrogen-bonded complex with different
orientations of the hydrogen bond are formed in the excited
state of fluorenone. Hence, it becomes obvious that the
occurrence of the temporary isosbestic point at 590 nm in the
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time-resolved spectra recorded in 1-propanol (Figure 5) is really
fortuitous. On the other hand, the experimental revelation
regarding the formation of only one kind of hydrogen-bonded
complex in the S1 state of fluorenone in TFE has also been
supported by our calculation. In addition, our calculation also
reveals that the geometries of the hydrogen-bonded species in
the relaxed S1 state are significantly different from that in the
ground state. This supports our experimental findings that
following photoexcitation the relaxation of the excited fluo-
renone molecule should involve repositioning of the hydrogen
bonds.

4.4. Hydrogen Bond Dynamics vs Solvation.The standard
picture of nonspecific solvation dynamics assumes relatively
weak intermolecular interactions between the excited solute and
the surrounding solvent molecules. The nature of interaction
between the solute and each of the large number of solvent
molecules is equally important, and the dynamics is associated
with the motion of many solvent molecules along a collective
coordinate. The barriers to these motions are small compared
to thermal energies. However, although the energy barrier for
the hydrogen bond breaking or forming is low, but not negligible
as compared to the thermal energies. In reality, hydrogen-bond
dynamics is intermediate between nonspecific solvation and
covalent bond breaking.24 Interaction of the solute with the
single hydrogen-bonded solvent molecule is stronger than its
interaction with other solvent molecules. However, the strength
and dynamics of this interaction may not be too much different
from the hydrogen bond interaction between the solvent
molecules, and hence the latter may influence the relaxation
dynamics of the excited solute molecule in a significant way.
Because of the intermediate strength of the hydrogen bond, it
is not clear which picture should be more appropriate. Our
experimental measurements possibly show the features, which
are characteristic of both. In the present case, while the hydrogen
bond dynamics investigated in TFE can be thought of a bond-
breaking and bond-making chemical reaction rather than a
solvation process, in normal alcohols, the wavelength-dependent
dynamics of the hydrogen bond leads us to consider it as merely
a solvation process.

In hydrogen-bonding solvents, the longest component of the
Debye dielectric relaxation time is generally assumed to be
connected with the rate of hydrogen bond reorganization in the
solvent; i.e., the growth lifetimes,τ1(g), should be proportional
to the Debye relaxation time (τD) and longitudinal relaxation
times (τL) of the solvents (eqs 1 and 2).57, 58

If we assume that the Arrhenius parameter,∆H, does not
vary significantly due to change of solvents of the same class,
we expect a linear relation between ln(τ1(g)) and ln(η) (eq 2).
Figure 12 shows that both the sets of values ofτ1(g) (Table 1),
which provides the correlation time for hydrogen bond dynamics
in the corresponding solvent, are well correlated with bothτD

and τL. We also observe good correlation betweenτ1(g) and
the rotational correlation times (τR) for the OH group in
methanol (5 ps), ethanol (18 ps), and 1-propanol (33 ps),
obtained from NMR measurements.59 However, it is important
to note that, although we see a good correlation betweenτ1(g)
and τD, τL, or τR, the absolute values of these parameters do
not match exactly withτg. Here, it should be realized that
reorientation, as it is measured in the Debye relaxation and in
the rotational correlation experiments, and thermalization are

not the same process. The repositioning of the molecules in a
thermalization process mainly involves a change of distance
between the molecules, e.g., hydrogen bond lengths. Recently,
the hydrogen bond dynamics has been studied for liquid water.60

The correlation time constant of the hydrogen bond length was
observed to be∼500 fs, whereasτD and τR values for water
are 8 and 2.6 ps, respectively. From this comparison of the time
scales, it is clear that the modulation of hydrogen-bond length
is a faster process than the orientation of the molecules. Hence,
it is not surprising that because of the involvement of the
thermalization process, the equilibration time of hydrogen bond
measured here are shorter than the Debye relaxation time.61

5. Conclusion

Steady-state absorption and fluorescence spectroscopic be-
havior of fluorenone have been investigated in various kinds
of media, such as protic and aprotic solvents of different polarity
at room temperature as well as in solid matrices at 77 K. A
comparison of these spectra establishes the fact that two
spectroscopically distinct forms of fluorenone exist in the S1

state, namely, the non-hydrogen-bonded (or free) molecule as
well as the hydrogen-bonded complex, which are responsible
for the dual-fluorescence behavior of fluorenone in solutions
of normal alcoholic solvents at room temperature (298 K).
However, in 2,2,2-trifluoroethanol, a strong hydrogen bond
donating solvent, emission from only the hydrogen bonded
complex is observed. The time-resolved transient absorption
measurements have been performed following photoexcitation
of fluorenone in both polar aprotic solvents and polar protic
solvents using 400 nm laser pulses. These measurements reveal,
in addition to a long residual component (lifetime of which is
longer than 1 ns and assigned to that of the S1 state), the presence
of an ultrafast component, which has been assigned to the
solvent-induced vibrational energy relaxation (VER) process.
However, in alcoholic solvents, in addition to the VER process,
significant evolution of the spectroscopic and dynamical proper-
ties of the S1 state has been observed because of repositioning
of the hydrogen bonds around the carbonyl group. In alcoholic
solvents, the ground state of fluorenone exists in equilibrium
between the free molecule and the hydrogen-bonded complex
form. Upon photoexcitation of fluorenone in alcoholic solvents,
both the forms are excited. However, the hydrogen-bonded
complex undergoes photodissociation quickly. Hence, im-
mediately after photoexcitation, only the non-hydrogen-bonded
form exists, and it undergoes formation and geminate re-

τ1(g) ) A(τD,L) exp(∆H/RT) (1)

ln(τ1(g)) ) ln(τD,L) + A + (∆H/RT) (2)

Figure 12. Correlation between the growth lifetimes,τ1(g), monitored
at 510 and 570 nm with the Debye relaxation times,τD, and the
longitudinal relaxation times,τL, of the alcoholic solvents.
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formation of the hydrogen bond. These processes are also
accompanied by the reorganization of the two-dimensional
hydrogen bond network structure of the solvent. The growth
lifetime of the hydrogen-bonded complex has been assigned to
the equilibration time for the hydrogen bond in the excited state
of fluorenone in alcohols. Time-resolved spectra and the
wavelength-dependent temporal dynamics investigated in normal
alcohols reveal the existence of two different kinds of hydrogen-
bonded complex of the fluorenone-alcohol system with dif-
ferent orientations of the hydrogen bond with respect to the
carbonyl group and the molecular plane of fluorenone. On the
other hand, the time-resolved measurements in 2,2,2-trifluoro-
ethanol (TFE) indicate the formation of only one kind of
hydrogen-bonded complex. To delineate these aspects, we
performed theoretical calculations to find out energetic and the
geometrical conformations of the fluorenone-methanol and
fluorenone-TFE hydrogen-bonded complexes, in both the
ground and the excited states. Truly, we have been able to find
two distinct conformations, e.g., in-plane and out-of-plane, for
the fluorenone-methanol complexes, but only the out-of-plane
conformation for the fluorenone-TFE complex in the excited
state of fluorenone. We find a linear correlation between the
lifetimes of the equilibration process occurring because of
repositioning of the hydrogen bonds and Debye or longitudinal
relaxation times of the normal alcoholic solvents. This estab-
lishes the fact that in weakly hydrogen bond donating solvents
the hydrogen bond dynamics can be described as merely a
solvation process. Whereas, in strong hydrogen-bond-donating
solvents, such as TFE, hydrogen bond dynamics can be better
described by a process of conversion between two distinct
excited states, namely, the free molecule and the hydrogen-
bonded complex.
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