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Abstract. The effect of anharmonicity on the energy relaxation of excited state has been studied by means
of a dissipative oscillator. The present study also sheds light on the recent femtosecond stimulated Raman
spectroscopy results of Kovalenko et al. (J. Chem. Phys. 139 011101 2013) on optical cooling of trans-stilbene.
It has been shown that anharmonicity plays a crucial role in explaining the time-dependent frequency shift as
well as the time evolution of bandwidth of νC=C mode of trans-stilbene in excited state, found in experiment.
Keywords. Stilbene; anharmonicity; relaxation.

1. Introduction
It is known that if one excites a molecule in the
presence of a bath (everything except system), the
molecule will eventually come to a state of equilibrium by exchanging energy with bath. This energy
relaxation is key to several phenomena that are important in physics as well as in biology. In physics, it
becomes important in the study of problems like, vibrational energy relaxation of large molecules in liquids, 1
energy relaxation in quantum dots, 2 surface relaxation
in organic semiconductors, 3 etc. In biology, it is key
to the understanding of very basic phenomena like
photosynthesis and animal vision. In photosynthesis,
plant uses light to photosynthesize food, which reaches
us in different forms. Photosynthetic conversion of
solar energy into chemical energy, suitable for cellular
processes, involves a variety of physiochemical reactions. At low light intensities, the quantum efficiency
of this process is found to be very high. 4 A longstanding question in physics is, why is the efficiency
of photosynthetic conversion so high in the presence
of such a complicated environment? In case of vision,
the key step is, photochemical cis-trans isomerization
of 11-cis retinal chromophore in rhodopsin. 5 Quantum yield of this reaction is almost 0.65. 6 One can
again ask, why in such complicated environment, quantum yield is so high? To shed light on these questions,

* For correspondence

study of energy relaxation phenomenon becomes very
important.
There are two major bottlenecks in the theoretical
study of biological reactions in condensed phase: First,
biological molecules are often very large in size, therefore, their direct study is computationally very demanding. Second part of the problem lies in accurate modeling
of the environment. In modeling of the environment,
harmonic bath model have gained a lot of popularity in
deriving numerical as well as analytical results. 7–10 To
circumvent the first bottleneck, one uses some prototype
molecules. Similar to vision process, a lot of biologically
important processes involve cis-trans isomerization. In
this regard, trans-stilbene is considered as one of the
important prototype molecule to study cis-trans photoisomerization processes. 11–13
Particularly, the study of photoisomerization of stilbene in solution was found to be very useful in understanding the role of solvent in chemical reactions in
general. The isomerization rate of trans-stilbene in low
pressure gas was found to vary from 4.7 × 108 s−1 bar−1
(in helium) to 7.1 × 109 s−1 bar−1 (in propane). 14 The
same in solution becomes greater than 1011 s−1 . 15,16
The question, why is isomerization rate in solution
phase much higher than gas phase, was a matter of
number of theoretical and experimental studies. 14,17–19
Different answers were suggested by various research
groups periodically. Based on the fluorescence lifetime
measurements, Fleming and co-workers, conjectured
that reaction becomes adiabatic in the solution phase,
which accounts for a higher rate in solution. 16,17,20
1
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Troe et al., suggested that, barrier height for
isomerization of trans-stilbene might become lower
in solution phase due to clustering. 14,21 A fast intramolecular vibrational redistribution (IVR) in solution
as compared to gas phase due to solute-solvent interaction was also proposed as a cause of this effect. 17,22 In a
series of papers, Pollak and co-workers tried to explain
it, based on the concept of nascent cooling of excited
stilbene molecule. 18,19 They argued that, the effective
vibrational temperature of an excited molecule is less
than the actual temperature, therefore, the rate is slow
in the gas phase. Whereas, in solution phase molecules
get reheated by solvent molecules which increases the
rate in solution phase. 18,19,23,24 Besides these, earlier
Hamaguchi and co-workers 25 and recently Kovalenko
et al., 26 used time-dependent Raman spectroscopy to
study the relaxation of trans-stilbene in solution phase.
The Hamaguchi group used time-resolved Raman
spectroscopy to study the isomerization of trans-stilbene
in S1 state in solution phase. 27–29 They found a linear correlation between bandwidth and peak position
in the Raman spectra of the νC=C (stretching frequency of −C = C−) stretching mode of transstilbene. They also measured the bandwidth and peak
position using various solvents ( hexane, octane and
decane). 28 Their spectroscopic data indicate that, this
linear correlation between bandwidth and peak position persists in all three solvents. They proposed that,
if this energy relaxation in trans-stilbene experiment
can be understood properly, then picosecond timeresolved fluorescence spectroscopy can be used as a
picosecond Raman thermometry. To explain, the linear correlation between peak position and bandwidth,
Hamaguchi and co-workers proposed a “dynamical
polarization model (DPM)”. 25,28 In this model, it was
assumed that, the width of the peak is the consequence of frequency modulation of νC=C mode due to
solvent.
Recently Kovalenko et al., studied the optical cooling of trans-stilbene in n-hexane solvent in femtosecond
domain, 26 using femtosecond stimulated Raman spectroscopy technique (FSRS) at various initial energies. 6
Interestingly, they found that the relaxation path depends
strongly on the initial energy. When, they choose the
initial energy such that the excited molecule remains in
vibrational ground state, they found a linear correlation
between bandwidth and peak position which was similar to earlier results. But, when they decreased the initial
wavelength (excited molecule is in vibrationally excited
state) the bandwidth first increases for few picoseconds
and then decreases monotonically to the asymptotic
equilibrium state. In the rest of the manuscript, this work
is abbreviated as FSRS experiment.
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DPM explains the experimental results quite well
in picosecond domain but fails in femtosecond region.
It is not surprising, as DPM is a phenomenological
model, it was designed, to capture the experimental fact
in picosecond domain. 25,28 Therefore, when the same
experiment was carried out in femtosecond domain, and
a non-linear correlation between bandwidth and peak
position was found, the model fails.
The experimental facts mentioned in the preceding
paragraph are very generic. An understanding of these
experimental facts from first principle will be very useful
in understanding the role of solvent in condensed phase
chemical reactions.
There are few theoretical studies, regarding energy
relaxation of trans-stilbene molecule. 18,19,30,31 But to the
best of our knowledge only Kumar et al., attempted to
study the effect of initial energy on the relaxation bath
of νC=C mode of trans-stilbene in S1 state. Kumar et al.,
used the Hamiltonian based Langevin model to study the
energy relaxation of harmonic oscillator. 7 They derived
the analytical expression for time-dependent average
energy as well as energy fluctuations in continuum limit.
They also derived the analytical expression for the population spectrum. They indicated in their paper that,
their model might be useful in understanding the energy
relaxation phenomena in general. A limitation of their
model was, they assumed the system to be harmonic.
Tatchen et al., 24 indicates that theoretical understanding of isomerization of trans-stilbene will be incomplete
without the incorporation of the effect of anharmonicity.
In the present work, we extended the result by Kumar et
al., 7 by including anharmonicity and further used it to
shed light on the results of FSRS experiment.

2. Theory
Kumar et al., used the following Hamiltonian to describe the
energy relaxation process in excited state. 7
⎛
Ĥ =

1⎝ 2
p̂q + 21 q̂ 2 +
2

N

j=1

⎡



⎣ p̂ 2j + ω2j x̂ j −

cj
q̂
ω2j

2 ⎤⎞
⎦⎠

(1)
Where, p̂, x̂, pˆq , and q̂ are mass weighted momentum
and position operators of bath and system respectively. The
system was assumed to be a harmonic oscillator with frequency 1 and bath was a bunch of harmonic oscillators
(ω1 , ω2 …ωn ). The coupling between system and bath was
assumed to be linear. The bath was characterized by a spectral
density J (ω), which can be obtained from a time dependent
friction function γ (t), i.e.
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dtcos(ωt)γ (t)

(2)

0

It was assumed that at the beginning of the process the system
was not coupled to the bath i.e., the initial state was factorized.
Thus the system’s initial state was taken to be a Gaussian and
bath was assumed to be thermally distributed. 7
Consequently, their initial density (ρ 0 ) was of the following
form,
ρ̂0 = ||

ex p(−β Ĥ B )
T r [ex p(−β Ĥ B )]

,

(3)

where, | was defined as
q|(q0 , p0 )


 1/4
0 (q − q0 )2
0
ιp0
ex p −
=
+
(q − q0 ) ,
π h̄
2h̄
h̄

(4)

frequency (ω(E)), action (J (E)) and oscillator period (T(E))
as follows, 36
T (E) =

d J (E)
2π
=
ω(E)
dE

(9)

Bader et al., derived an expression of the relaxation of the
J(E) for a harmonic oscillator linearly coupled to a harmonic
bath, 36
d
ln[J (E) − Jeq ] = −γ¯  (ω(E))
(10)
dt
Here, γ¯  is real part of Fourier-Laplace transform of
stochastic force. For a Morse oscillator, defined by the following potential,
V (q) = D0 (1 − e−αq )2

(11)

energy can be written as follows,
E = (ω0 /(2π ))J (1 − χ J )

(12)

To calculate the time-dependent energy, fluctuation and
energy population spectrum, Kumar et al., used a time evolved
reduced density, defined as follows,





ι
ι
(5)
ρˆt = T r B ex p − Ĥ t ρˆ0 ex p
Ĥ t .
h̄
h̄

Where, ω0 is harmonic frequency associated with Morse
vibrations and χ is anharmonicity constant and can be defined
in terms of dissociation energy D0 as follows,
ω0
D0 =
(13)
8π χ

The time-dependent energy E(t), energy fluctuation
 E(t)2 and energy population spectrum S(ω, t) were
defined as follows,





ι
ι
(6)
E(t) = T r ex p
Ĥ t ĤS ex p − Ĥ t ,
h̄
h̄

Using Eqs. 9 and 12, the instantaneous frequency of anharmonic system can be obtained, 36

where, ĤS represents the Hamiltonian of system.
 E(t)2 = E 2 (t) − E(t)2 ,
and

 

S(ω, t) = T r S δ ω −

ĤS
h̄



(7)


ρˆt .

(8)

The full expressions of average energy (E(t)), energy
fluctuation ( E(t)2 ) and energy population spectrum
(S(ω, t)) can be found in the Ref. 7
In the above model, the system was assumed to be harmonic. It is a good approximation, if the system under
consideration is in its ground vibrational state. But, as we
move to higher vibrational states, anharmonicity becomes
very important. There are different ways to incorporate anharmonicity in the system. One very common way is to replace
the harmonic oscillator with Morse oscillator. 32–34 Another
way is to treat anharmonicity perturbatively. 35 One common
problem with both of these approaches is, that we lose the simplicity of harmonic model. In harmonic approximation, most
of the integrals encountered, are analytically doable, whereas,
the same is not possible with Morse or perturbative treatment.
In this context, the approach used by Bader et al., seems to
be very useful. They replaced the anharmonic oscillator with
an effective harmonic system, defined by an instantaneous

ω(E) = ω0 (1 − 2χ J (E))

(14)

Consequently, in this model, incorporating the anharmonicity amounts to calculating the instantaneous frequency
at each energy, which in turn depends upon how action relax
with time. For exponential friction with decay time τ , the
following expression was found for relaxation of action, 36
d
γ
ln[J (t) − Jeq ] = −
2
2
dt
[1 + τ ω0 (1 − 2χ J )2 ]

(15)

Where,
Jeq =

E eq

ω0 1 −

E eq
D0

,

(16)

Here, E eq is the average energy of a harmonic oscillator at
equilibrium.
This particular model is well-suited for our purpose. We
just need to compute the harmonic frequency at each energy.
The main advantage of this approach is that we can use equations derived for average energy, fluctuation and population
spectrum by Kumar et al., 7 as such, with an energy dependent
harmonic frequency. It is worth mentioning that the analytic
expression obtained by Kumar and Pollak was due to the exact
correspondence between classical and quantum mechanics for
harmonic oscillators. Interestingly, for anharmonic oscillator
this correspondence fails. In the present method, we assumed
that the relaxation of instantaneous harmonic frequency due
to anharmonicity is slower compared to the relaxation due
to system-bath coupling. Under these circumstances, we can
treat the relaxation time of frequency due to anharmonicity
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3. Numerical application
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Similar to an earlier work, 7 we have also used the following exponential memory function to define spectral
density of bath.
γ
γ (t) = ex p(−t/τ )
τ
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as a parameter rather a variable and for each value of this
parameter we can assume the system to be harmonic oscillator. Therefore, it is a kind of adiabatic approximation. In
the next section, we have used this approach to shed light on
effect of anharmonicity on energy relaxation of a dissipative
harmonic system.
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Where, γ is a friction strength parameter and τ is
the memory time. To compute the frequency and fluctuation, we have used the experimentally measured
frequencies of the νC=C mode of trans-stilbene i.e.,
0 = 1570 cm−1 (ground state) and 1 = 1596 cm−1
(excited state). 26,37 The numerical values of other parameters are chosen in such a way that, it can mimic the
FSRS experiment.
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Figure 1. Time evolution of instantaneous harmonic frequency of νC=C band of trans-stilbene in S1 state at different
excitation wavelength (τ and γ are taken to be 10 fs and 40.04
cm−1 respectively).

good agreement with experimental values reported by
Kovalenko et al. 26
3.2 Variance

3.1 Frequency
In the FSRS experiment, the initial value of frequency
for the peak position of νC=C band in S1 state, was found
to be blue shifted as compared to the equilibrium value.
The magnitude of this frequency shift depends strongly
upon the excitation wavelength. For the lowest excitation wavelength (267 nm), the frequency shift was found
to be maximum (∼ 30 cm−1 ). As the excitation wavelength increases, the shift decreases monotonically and
for 318 nm, almost no change in the frequency shift
was observed in experiment. In the theoretical model
employed in the present work, the peak of experimental
band corresponds to the instantaneous harmonic frequency (defined in Eq. (14)). The time evolution of
instantaneous harmonic frequency for νC=C mode of
trans-stilbene is depicted in Figure 1. It is evident from
the Figure 1 that, similar to the experimental observation, not only the frequency values increase with time
but also the magnitude in shifts depend upon excitation
wavelength. In accord with experimental observation,
for 267 nm excitation, this change was found to be maximum (∼ 30 cm−1 ), while for 318 nm this change was
negligible. It is also worth mentioning that, the experimental frequency values were reported at 0 ps and 100
ps. Therefore, we have compared the computed frequency values only at 0 ps and 100 ps. It is evident
from Table 1, that the computed frequency shifts are in

As mentioned in introduction, another interesting observation in the FSRS experiment was, a non-linear time
evolution of full width at half maximum (FWHM) for
νC=C band of trans-stilbene in vibrationally excited S1
state. Kumar et al., computed the  E(t) for various
vibrationally excited states at 294 K. They found a linear
exponential decay of  E(t) for all the excited states.
We believe that the non-linear decay of FWHM found
for higher vibrational excited states, not only depend
upon initial, but also on equilibrium values of FWHM.
It is important to note that there is a difference between
energy fluctuation calculated by Eq. (7) and the experimentally measured FWHM. The  E(t) corresponds
to the evolution in time of the whole vibrational population of νC=C mode, which contributes to the initial
state of system i.e., Gaussian wavefunction, defined in
Eq. (4). Whereas, experimentally measured FWHM corresponds to evolution of instantaneous fluctuations in
single νC=C mode of trans-stilbene. Consequently, computed values of initial energy fluctuation (  E(t) ) are
found to be much higher as compared to FWHM measured by FSRS experiment. For example, at 267 nm
excitation wavelength, the value of  E(t) at t = 0
ps was computed to be 3285 cm−1 , whereas, the experimentally measured value of FWHM was 56 cm−1 . On
the other hand, equilibrium value of FWHM as well as
theoretically computed value of  E(t), both depend
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Table 1. Comparison of theoretically calculated instantaneous harmonic frequencies of νC=C band of trans-stilbene in S1 state with experimental values at
initial and equilibrium time at different initial energies (τ and γ are taken to be
10 fs and 40.04 cm−1 respectively).
Excitation wavelength (nm)

Theoretical (cm−1 )
Initial Equilibrium

Experimental (cm−1 )
Initial Equilibrium

267
271
282
290
300
310
318
326

1541
1544
1550
1554
1560
1564
1568
1570.5

1541
1545
1548
1551
1559
1564
1568
1570.2

on temperature. Consequently, they are found to be of
the same order. Therefore, the shape of experimental
evolution of FWHM can only be obtained, if similar
to FSRS experiment, computed equilibrium values of
 E(t), are of same order as initial values. As asymptotic values of  E(t) depend only on temperature,
we computed variances at those temperatures, where
the value of  E(t) at t = ∞ become comparable to
 E(t) at t = 0 ps.
For example at 3900 K,  E(t)t=∞ is ∼ 2678 cm−1
which is of same order as  E(t) at 0 ps. Consequently,
now the  E(t) relaxed non-linearly (Figure 2). It is
also worth mentioning that the 3900 K did not correspond to the bath temperature of experiment. To
compare the  E(t) of present work with FWHS of
experiment, we need a proper scaling. It is shown later
that after proper scaling, it corresponds to ∼ 280 K of
bath temperature. Figure 2 also contains,  E(t) curve
after including the anharmonicity effect. Fitting of frequency data suggested the anharmonicity constant to
be around 0.0119. It is evident from Figure 2(b) and (d)
that, although anharmonicity makes the relaxation faster
but the change is very small. A higher value of anharmonicity 0.0439 has also been used to see any effect
of anharmonicity on energy relaxation. It is clearly evident that even with these values, an absolute change in
 E(t) curve is very small (1.54 cm−1 ). Therefore, we
believe that anharmonicity does not affect the relaxation
process directly. At this point, it is also worth investigating that, within the limitation of present theoretical
model, why does the  E(t) relax non-linearly at high
temperature?
To understand it, we have plotted the energy population spectrum (defined in Eq. (8)) for 3900 K at various
time. It is evident from Figure 3 that initial population of
various vibrational states are not in Boltzmann distribution. This non-equilibrium distribution finally evolves

1570.5
1570.5
1570.5
1570.5
1570.5
1570.5
1570.5
1570.5

1572.1
1569.2
1569.2
1568.2
1568.2
1570.1
1568.2
1570.2

to an equilibrium Boltzmann population distribution.
Consequently, at t = 0 ps, higher vibrationally excited
states are more populated, whereas, at the equilibrium
there is an exponential decay of population as we move
from ground state to higher excited state. It is quite possible that, at some intermediate time, the higher excited
state population did not vanish completely, and at the
same time, a few new population at lower energy state
started to build up. Consequently,  E(t), which is a
measure of total width of populated states, increases at
intermediate time.
Now as far as FSRS experiment is concerned, a
direct comparison between FSRS experiment and our
theoretical model is not possible, as theoretical values
of  E(t) are much higher as compared to experimental FWHM. To make the  E(t) comparable to
experimental FWHM, we have scaled the theoretically
calculated values of energy fluctuation. The basic idea
behind scaling is to find appropriate temperature for various excited wavelength in such a way that, it resembles
the experimental FWHM. Then, we divide the whole
variance data by that number which makes the initial
value of  E(t) same to the corresponding FWHM
value found in FSRS experiment. Figure 4 depicts the
case, where we have kept the ratio of initial and final
 E(t) values identical to the corresponding values
of FWHM. As expected, the initial and final values do
match with experiment. But the initial rise in the scaled
 E(t) values are different from experimental values.
For 267 nm wavelength, the FWHM, starts from ∼ 56
cm−1 and increases upto ∼ 65 cm−1 , whereas, theoretically scaled  E(t) increases upto ∼ 60 cm−1 . This
discrepancy between experimental and theoretical values decreases as the excitation wavelength increases.
For 282 nm and 290 nm, the theoretical and experimental curves are in good agreement. For 300 nm
wavelength, the difference between experimental and
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Figure 2. Effect of anharmonicity on average energy relaxation (panel a) and variance (panel b) at a
constant initial energy ( p0 ) of 7.84. Panel (c) and (d) are the enlarged portion of figure (a) and (b) respectively.
The bath temperature (T) is 3900 K, memory time (τ ) is 10 fs and, coupling constant (γ ) is 26.8 cm−1 .

theoretical curves becomes significant again. There are
two major sources of this discrepancy:• Besides, the interaction with solvent, IVR is another
factor which contribute to the shape of relaxation
curves.
• The values of γ and τ need not be same for all the
states.
As far as IVR is concerned, it will depend upon how
strongly the νC=C couple with other modes, which in
turn depends upon anharmonicity of νC=C mode. Consequently, it becomes more important for higher vibrational states and as we move towards ground vibrational

state, the anharmonic effect reduces. It might be the
reason behind higher discrepancy between experimental
and theoretical curve, for lower excitation wavelength
as compared to the case when excitation wavelength
was high. The timescale of IVR is also expected to be
faster than solvent relaxation timescale. Consequently, it
is supposed to dominate at an early stage of relaxation.
Unfortunately, IVR is not incorporated in the present
theoretical model. If we assume that IVR acts as a heat
bath, then it is quite possible that by varying the temperature, we can mimic the IVR dynamics within the
limitation of our model. Therefore, if we wish to get
closer to experimental curve in a short timescale, we
need to vary the temperature.
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Figure 3. The time dependent vibrational population of the dissipative harmonic oscillator at a bath temperature of 3900 K, other parameters are same as in Figure 2.

The key reason behind the second source of discrepancy is also anharmonicity. As we moved to
higher vibrational states, anharmonicity increases and
as expected, strength of solute and solvent interaction
also change. The change in τ with changing the excitation energy is also related to anharmonicity. The value of
τ is inversely proportional to corresponding frequency
of vibration. As the anharmonicity increases, the effective frequency decreases and consequently τ increases.

Keeping all the factors discussed above, Figure 5
depicts the best fitted theoretical curves. All the
information about scaling is given in Table 2. In these
curves, our focus was initial shape of FWHM curves.
Therefore, we have varied the values of temperature, γ
and τ , in such a way that, it can mimic the experimental
curves as close as possible in the initial time (0 ps–10
ps) evolution. The following points are worth mentioning regarding Figure 5.
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Figure 4. Comparison of experimental (dotted line) and theoretical (solid line) relaxation of the scaled
variance ( E) of νC=C band of trans-stilbene in S1 state at 267 nm and 271 nm excitation wavelength
(panel a) as well as at 282 nm, 290 nm and 300 nm (panel b).
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Figure 5. Comparison of theoretically calculated variance
of trans-stilbene (solid lines) with FSRS experiment results
(dotted lines) with different excitation energy.

• The asymptotic values of scaled  E(t)t=∞
decreases as the excitation wavelength increases (see
Table 3), For 267 nm, the corresponding scaled
 E(t)t=∞ were computed to be ∼ 46 cm−1 which
become as less as ∼ 28 cm−1 for 300 nm excitation
wavelength.
• The values of γ also decreases with increasing wavelength. For 267 nm it is ∼ 40 cm−1 whereas, for 300
nm it is ∼ 27 cm−1 .
• The values of τ also decreases with increasing wavelength. For 267 nm τ is ∼ 75 fs whereas, for 300 nm
it is ∼ 49 fs.

A decrease in fitted  E(t)t=∞ as we increase the
wavelength indicated that, if we replace IVR dynamics with an effective bath dynamics, then in higher
vibrational state, temperature of this bath is relatively
higher than lower vibrational state. It is worth mentioning that only in a statistical limit for IVR one
should associate the temperature with it. Stilbene is
a benchmark example for non-statistical IVR. Therefore varying temperature here is just a mathematical
trick. It is interesting to note that, IVR is present in
gas as well as in solution phase. The present analysis suggests that for lower vibrational states, IVR
may cool the excited molecules (as compared to solution temperature), which may get reheated by solvent
molecules. Therefore, our present analysis is in accord
with Pollak and co-workers hypothesis. 18,19,22 Interestingly, the present analysis also suggests that at a
higher vibrational excited state, excited molecule can
get heated by IVR bath, which in longer timescale may
get cooled by solvent. One more important observation in FSRS experiment was the time of maximum; in
time evolution of FWHM, it was different for different
vibrational excitation energy. For higher excited states
it was more, and then it decreases monotonically as the
excitation wavelength increases. It can be inferred from
Figure 5 that our fitted parameters reproduce this trend
successfully. We believe that a shift in time of maximum was due to the change in the value of τ for
different state. As the excitation wavelength increase,
value of τ decrease. As earlier explained, this change
in τ is related to the anharmonicity. Therefore we
can attribute this experimental observation also to the
anharmonicity.
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Table 2. Values of memory time (τ ) and coupling constant (γ ) corresponding to
different temperatures and excitation wavelengths used to fit the theoretical date in
figure 5.
Temperature (K)

Excitation wavelength (nm)

τ (fs)

γ (cm−1 )

Scaling factor

267
271
282
290
300

11.83
10.14
8.93
8.45
7.72

40.04
33.44
31.24
29.04
26.84

58.5
63.5
57.6
56.6
51.7

3900
3800
3200
2700
2200

Table 3. Asymptotic values of scaled variance corresponding to different excitation wavelength.
Excitation wavelength (nm)
267
271
282
290
300

Asymptotic value (cm−1 )
45.81
40.99
37.92
32.30
27.90

4. Conclusions
Quantum dissipative harmonic oscillator has previously
been used as a model to shed light on optical cooling of trans-stilbene molecule. We have incorporated
the anharmonicity in this model and shown that, anharmonicity plays a crucial role in energy relaxation of
vibrationally excited states. It has been conjectured that
anharmonicity affects the relaxation process indirectly,
(By modifying coupling mode and memory time scale)
rather directly (By modifying effective harmonic frequency). The present analysis also suggests that at an
initial stage, IVR plays a key role in changing the effective temperature of optically excited molecule. If we
treat IVR also as heat bath, then for higher vibrationally
excited state, the temperature of IVR bath is more as
compared to the lower vibrational state. It is suggested
that similar to the solution phase, in the gas phase also,
the excited molecule may get reheated by IVR.
Although, the present model tried to explain several
experimental observations, it still has a few shortcomings. It does not include IVR phenomenon directly,
which might play an important role at vibrationally
higher excited state. The present model also does not
contain the width of an individual spectral line as there is
no stochastic component in the frequency, in the Hamiltonian employed for the present work.
Another limitation of the present analysis is the
assumption of linear coupling between system and bath.
It is known that in more realistic model this coupling can

be nonlinear. It will be interesting to see which is going
to be more important- the correction due to the anharmonicity or the correction due to nonlinear system-bath
coupling. Our work in the future will focus on these
issues.
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