
Optics and Spectroscopy, 2022, Vol. 130, No. 10

02

Determination of the relaxation characteristics for solvents from

non-stationary spectra: the role of the gating pulse duration
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The previously developed approach to the analysis of experimental spectra of non-stationary fluorescence has

been improved by taking into account the effect of the duration of the gating pulse and a more accurate description

of the initial stage of solvent relaxation. The exponential function used to describe the inertial component of

relaxation has been replaced by the Gaussian function. This approach explicitly takes into account the reorganization

and relaxation of the solvent and intramolecular vibrations. It includes an explicit description of the wave packet

formation in the excited state of the fluorophore. The improvement of the approach made it possible to refine the

relaxation characteristics of a number of solvents: ethylene glycol, dimethyl sulfoxide, butyronitrile, ethyl acetate,

diethyl ether, dipropyl ether.
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Introduction

The rapid development of laser technology with a fem-

tosecond time resolution has expanded the possibilities for

recording and studying in detail the dynamics of ultrafast

chemical transformations, which, as a rule, occur under

nonequilibrium conditions.
”
Hot “ spectroscopy methods

developed back in the 1960s [1, 2] made it possible to

measure, for example, the relaxation characteristics of a

solvent. The interest of experimenters and theorists in

the study of photoinduced ultrafast reactions associated,

in particular, with the transfer of an elementary charge

(electron and/or proton), currently continues to increase,

since this class of processes is widespread in living and

inanimate nature [3–14]. It is well known that the dynamics

of ultrafast electron transfer in donor-acceptor systems in

condensed media strongly depends on the dynamic prop-

erties of the environment [2,5,7–12]. Since the transferred

electron interacts with a large number of nuclear degrees of

freedom of the donor, acceptor, and surrounding molecules

of the medium, the reaction dynamics is determined by

numerous parameters determined by the dynamic properties

of the solvent and the characteristics of intramolecular

vibrations. To quantitatively calculate the dynamics of

ultrafast electron transfer reactions, it is necessary to

know all these parameters. In polar media, where the

long-range Coulomb interaction of the transferred charge

with the polarization of the medium predominates, the

necessary information about the dynamic properties of the

medium is contained in one quantity i.e. in the complex

permittivity of the medium ε(ω) [15]. It expresses the

electron transfer rate constant, the dissipative properties of

the medium (generalized electron friction coefficients and

reaction coordinates) [16] and the spectral dynamics of

fluorescence [17–23]. However, due to spatial dispersion,

the use of macroscopic permittivity leads to significant

errors. The necessary information about the microscopic

relaxation characteristics of the medium is contained in the

spectral dynamics of fluorescence.

Theoretical approaches to the description of spectral

dynamics are currently well developed [17–20] and are

successfully used to model it in real systems [21–25].
Information on the relaxation of the solvent and the photo-

excited molecule is contained in the spectral dynamics

of fluorescence [26]. The dynamics for the shift of the

maximum of the fluorophore’s fluorescence spectrum, as a

rule, is identified with the dynamics of the relaxation of

the medium, although recent studies show a significant con-

tribution of intramolecular relaxation [26,27]. Experiments

and computer simulations of molecular dynamics indicate

that this shift is well approximated by the function [26–28]

Q(t) = x1 exp(−(t/τ1)
2) +

N
∑

i=2

x i exp(−t/τi ), (1)

including the Gaussian function to describe the fastest

relaxation component (τ1 < τi , i > 1). This component cor-

responds to the inertial motion of solvent molecules [26,27].
Recently in ref [24], within the framework of perturbation

theory based on the operator of a molecule interaction with

an exciting pulse, an approach for modeling the spectrum of

non-stationary fluorescence, was developed. This approach

includes the description of both the solvent relaxation

and the relaxation of intramolecular vibrations. Since
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intramolecular relaxation makes a significant contribution

to the spectral dynamics of fluorescence at short times,

this approach makes it possible to significantly improve the

accuracy of determining the relaxation times of fast solvent

modes [25].
In the works [24,25] the inertial relaxation of the solvent

was simulated by exponential function. This could be one

of the reasons for the problems in describing the spectral

dynamics of perylenedimethylaniline fluorescence for short

periods of time [25]. The purpose of this work is to

study: (1) manifestations of the inertial motion of solvent

molecules in the spectra of non-stationary fluorescence,

(2) the scale of changes in the solvent relaxation time after

replacing the exponential function describing the fastest

relaxation component with the Gaussian function using the

analysis of experimental fluorescence spectra of coumarin

153 (C153) as an example, (3) the influence of the duration
of the gating pulse, which provides the time window, for the

solvent relaxation time. This will improve the methodology

for determining the true values of the relaxation parameters

of the solvent from the experimental spectra.

Model and theoretical aspects of the
dynamics for non-stationary fluorescence
spectra

This section presents a brief description of the model

developed in [24]. Model includes: 1) two electronic

states (|1〉 is excited and |2〉 is ground), 2) interaction of

the electronic sub-system with the medium is considered

as linear, 3) the influence of the medium and all active

intramolecular vibrational modes is simulated through inter-

action with a set of harmonic oscillators with a specially

selected spectral density. The spectral density determines

the dynamic properties of the medium and allows one to

relate them to the spectral dynamics. The reorganization of

intramolecular vibrations and their relaxation also affect the

spectral dynamics of fluorescence. Therefore, the separation

of their contributions in the experimental spectra is still an

unsolved problem.

In the diabatic basis, the Hamiltonian of the considered

electronic oscillatory system has the form [29–34]

H = V12σ+ + V21σ− +
(σz − 1)

2

×
(

1E +
∑

j

A jx j

)

+ H1, 1E = E1 − E2 − Er , (2)

where Er =
∑

A2
j/2ω

2
j is the reorganization energy of all

nuclear degrees of freedom, H1 =
∑

(p2
j/2 + x2

jω
2
j /2) is

Hamiltonian of the vibrational subsystem for excited elec-

tronic state |1〉. The Pauli matrices σz , σ± play the role of

dynamic variables of the electronic subsystem, the intrinsic

states of the matrix correspond to the considered states

of the electronic subsystem (|1〉 and |2〉) with eigenvalues

E1 and E2. Further, only the 1E parameter is specified.

Accordingly, the Hamiltonian of the vibrational subsystem

for the electronic state |2〉 can be presented in the form

H2 = H1 −
∑

j

A jx j − 1E.

V12 = 〈1|V (t)|2〉 and V21 are electronic matrix inter-

state transition elements. In the Condon approxi-

mation, one choose the operator V (t) in the form

V = dE = V0 exp(iωet −−t2/τ 2
e ), d is the dipole moment

of the molecule, E is the electric field strength of the exci-

tation pulse with the carrier frequency ωe and duration τe ,

V0 is the maximum value of the interaction between the

electric field of the pumping pulse and the dipole moment

of the dissolved molecule. Parameters x j , p j , ω j , A j are

generalized coordinates, momenta, frequencies of oscillators

simulating the influence of the medium and other nuclear

degrees of freedom of the system (low- and high-frequency

oscillations), and the parameters of the electronic-vibrational

bond.

Note that to describe the evolution of the electronically

excited state of a molecule, there is no need to determine

the entire set of parameters characterizing the nuclear sub-

system and its interaction with the electronic sub-system.

All the necessary information is contained in the spectral

density of oscillators [30]

J(ω) =
1

2

∑

j

A2
j

ω j
δ(ω − ω j). (3)

Further, using linear transformations of the form

y1 =
∑

A jx j/λ, λ
2 =

∑

A2
j , one can pass to a model in

which only one collective degree of freedom, described

by the reaction coordinate y1, interacts with the electron

subsystem [35,36]. The introduced collective degree of

freedom y1 can exchange energy and momentum with other

nuclear degrees of freedom. The fluorescence spectrum is

completely determined by the distribution of particles along

this coordinate.

Within the model (2) the dynamics of non-stationary flu-

orescence spectra of molecular compounds in liquid media

can be described using an analytical expression obtained

earlier in the framework of perturbation theory [24]:

I0 ∼ ω3
∑

n,m

F(n,m)8(ω, t, n,m). (4)

Here F(n,m) — is the Franck-Condon factor [37], which

takes into account the difference in the frequencies

of intramolecular vibrations �i
β in excited (i = 1) and

ground (i = 2) states �
(1)
β 6= �

(2)
β [38]. Vector arguments

n = (n1, . . . , nb . . . , nM), m = (m1, . . . , mβ . . . , mM) de-

note the set of vibrational sublevels, M is the number of

active high-frequency intramolecular vibrations in the i-th
electronic state. It should be emphasized that only high-

frequency oscillations (~�
(1)
β ≫ kBT ) are taken into account
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below. Here ~ is Planck’s constant, T is temperature, kB is

Boltzmann’s constant. The manifestation of low-frequency

oscillations in non-stationary fluorescence spectra within the

framework of this theory was studied in the work [39]. The
function 8 in formula (4)

8(ω, t, n,m) =

t
∫

−∞

dξP

(

~ω + Er + 1G

+
∑

β

nβ~�
(2)
β −

∑

β

mβ~�
(1)
β , t, ξ,m

)

(5)

is expressed in terms of the function P , to determine which

the equation describing the relaxation of high-frequency

vibrational modes is solved,

dP(y1, t, ξ,m)

dξ
=

M
∑

β=1

[

mβ + 1

τvβ
P(y1, t, ξ,m′

β)

+
mβ − 1

τ u
vβ

P(y1, t, ξm′′
β ) − mβ

(

1

τ u
vβ

+
1

τ d
vβ

)

× P(y1, t, ξ,m)

]

+ Z−1
e ϕ0(y1, t, ξm). (6)

Here the vector m dif-

fers from m′
β = (m1, . . . , mβ + 1 . . . , mM) and

m′′
β = (m1, . . . , mβ − 1 . . . , mM) only by an additional

quantum in β-th vibrational mode, the rate constants

of the downward and upward vibrational transitions

are mβ/τ
d
vβ and mβ/τ

u
vβ respectively (in Fig. 1 these

transitions are schematically shown by arrows with indices:

d — with the annihilation of a vibrational quantum,

u — with the birth of a vibrational quantum). Under

conditions of thermodynamic equilibrium, τ u
vβ and τ d

vβ

are related by the relation τ u
vβ/τ

d
vβ = exp

(

~�
(1)
β /kBT

)

.

Next, an approximation is used (Fig. 1), which makes it

possible to ignore transitions with thermal production of a

high-frequency quantum (arrow with index u in Fig. 1).

The function ϕ0(y1, t, ξ,m) in equation (6) describes the
distribution of

”
particles“ along the reaction coordinate y1

in the vibrational state m of the excited electronic state:

ϕ0(y1, t, ξ,m) =
F(0,m)

σe(t − ξ)

× exp

{

−y1 − eErmQ(t − ξ)
2

2ErmkBT
−2ξ2

τ 2
e
−~

2δω2
e (t − ξ, n)

2σ 2
e (t − ξ)

}

,

(7)
where ~δωe(t)=~ωe+1G − Erm − y1Q(t), y1 =~ω+Erm +

+1G + 6βnβ~�
(2)
β −6βmβ~�

(1)
β , σ 2

e (t)=2ErmkBT (1−
−Q2(t)) + ~

2τ −2
e , Z−1

e is normalization factor, and the

function Q(t), which describes the relaxation of the solvent,
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Figure 1. Gibbs free energy profiles along the reaction coordinate

y1 for excited U1 and ground U2 electronic states. The dashed

curves show the vibrationally excited states with the frequency �
(i)
β

for the considered electronic states (�
(1)
β 6= �

(2)
β ). Schematically

(vertical arrows) shows the vibrational relaxation of high-frequency

modes (arrows with indices: u — with the destruction of a

vibrational quantum, d — with the birth of a vibrational quantum),
as well as photo-excitation and fluorescence.

is determined in terms of the spectral density of oscillators

Q(t) =
1

πErm

∞
∫

0

J(ω)

ω
cosωtdω. (8)

Here Erm is the solvent reorganization energy. In the case

of multi-exponential relaxation,

Q(t) =

N
∑

i=1

x i exp(−t/τi ), (9)

where x i and τi are the weights and relaxation times of the

solvent collective modes, the spectral density has the form

JD(ω) = 2Erm

N
∑

i=1

x i
ω2τi

1 + ω2τ 2
i

. (10)

In actual systems, the exponential stage of shifting

the spectrum maximum is reached only at significant

times [26,40,41]. To describe the fastest relaxation com-

ponent (τ1 < τi , i > 1) associated with the inertial motion

of solvent molecules, the Gauss function (1) should be used,

so the function J(ω) should look like this [26,27]

JG(ω) = Ermx1

√
πω2τ1 exp(−ω2τ 2

1 /4)

+ Erm

N
∑

i=2

x i
2ω2τi

1 + ω2τ 2
i

. (11)

The difference in the character of inertial and diffusion (9)
motions is reflected, for example, in the probabilities of

”
hot“ nonradiative electronic transitions [41].
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Figure 2. Time dependences of the first moments M1(t) of the

spectra of the C153 molecule in various solvents: 1 is dibutyl

ether (BE), 2 is dipropyl ether (IP ), 3 is ethyl ether (EE),
4 is ethyl acetate (EA), 5 is butyronitrile (BN), 6 is dimethyl

sulfoxide (DS). Experimental data [24] are shown by symbols,

approximation are by solid ones (model (9)) and by dashed ones

(model (1)) curves.

In this work, based on the fitting of the experimental

spectral dynamics of the C153 molecule by the multi-

dimensional optimization method performed within the

framework of the model with the Gaussian form for the

inertial component of the solvent relaxation (1) and taking

into account the finite duration of the gating pulse, the

parameters of the relaxation function Q(t) are refined:

relaxation times τi and weights x i of each component for

a number of solvents. In addition, the scale of the error

in determining the parameters of the medium relaxation

function introduced by replacing the Gaussian function

with exponential function to describe the inertial relaxation

component is determined.

The code that implements this approach is described

in detail in [42]. It should be emphasized that during

these calculations, the solvent reorganization energy Erm,

the exergonicity parameter −1G, and the characteristics

of high-frequency intramolecular modes (frequencies, their
weights, total reorganization energy Erv) did not varied.

They were determined earlier from experimental stationary

absorption and fluorescence spectra [24].

Results and discussion

The main results of fitting the model spectra (4)−(8) to

the experimental data are presented in Fig. 2−4, as well

as in the additional material (the link to the file can be

found in the online version). The experimental spectra were

published in the work [24]. As a rule, in order to extract

information about the relaxation dynamics of a solvent, the

spectra are not analyzed completely i.e. only the dynamics
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Figure 3. Profile of the fluorescence spectrum in DS (panel a),
in BN (panel b) after a time interval of 0.05 ps after photo-

excitation. Experimental data [24] are shown with symbols.

Solid gray curve 1 is approximation using the model (9), dotted
curve 2 is approximation using the model (1), dashed curve 3 is

the model (1) using convolution (10).

of their spectral moments and/or maxima is studied [26].
It is believed that the dynamics of the first moment of

the M1(t) fluorescence spectrum is practically independent

of the presence or absence of vibrational relaxation [8],
which can introduce significant errors into the obtained

values of the relaxation characteristics of the solvent. At

the same time, the shape of the non-stationary spectrum

(the evolution of its width and asymmetry) depends on

the state of intramolecular vibrations, therefore, modeling

the entire spectral dynamics of fluorescence allows one to

obtain information not only about vibrational relaxation, but

also refines the relaxation characteristics of the solvent [24].
For a preliminary assessment of the possibility of sim-

ulating the initial stage of medium relaxation within the

framework of models (1) and (9), an approximation was

made of the time dependence of the first moment of the

experimental fluorescence spectra M1(t) (Fig. 2) in solvents

different degrees of polarity. Numerical calculations show

that the medium relaxation models (9) (solid lines) and (1)
(dashed lines) at early times predict qualitatively different

behavior of the first momentum M1(t). The Gaussian

78 Optics and Spectroscopy, 2022, Vol. 130, No. 10
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function gives a quadratic time dependence lnM1(t), while

the exponential function gives a linear one. The experimen-

tal data unambiguously confirm the quadratic dependence

(Fig. 2 and S2, see file ESM1.pdf). Thus, the choice of

a function to describe the solvent relaxation at the initial

stage of evolution can qualitatively change the behavior of

the spectral dynamics.

The results of fitting expressions (4)−(8) to the experi-

mental dynamics for the spectra of coumarin 153 in DS and

BN solvents are shown in Fig. 3, 4. This makes it possible

”
to see“ the manifestation of the inertial motion of solvent

molecules in the fluorescence spectra of coumarin at short

delay times (t ≪ 1 ps). At the initial stage of the evolution

of the fluorescence spectra, a vibrational structure appeared

(dashed curves 2 in Fig. 3). In the experimental spectra

(symbols), this structure is not visible. This difference

can be explained by the comparability of the relaxation

time of intramolecular vibrations with the duration of the

pumping pulse (τe = 0.1 ps) and the gating pulse. In order

to take into account the finiteness of the time, the spectrum
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Figure 4. Profile of the fluorescence spectrum in DS (a), in

BN (b) after a time interval of 0.10 and 0.13 ps after photo-

excitation, respectively. Experimental data [24] are shown with

symbols. Solid gray curve 1 is approximation using the model (9),
dotted curve 2 is approximation using the model (1), dashed

curve 3 is model (1) using convolution (12).

profile (4) was convolved with the gating pulse profile:

I(ω, t) =

∞
∫

−∞

I0(ω, t − η) exp

(

− η2

2τ f

)

dη (12)

(τ f = 0.1 ps is the duration of the gating pulse used in the

experiment, which provides the time window), which led

to a smoothing of the spectrum shape (dashed curve 3 in

Fig. 3). The evolution of fluorescence spectra during large

times is well simulated within both models (1) and (9) (see
file ESM 1.pdf).

The matching of the calculated non-stationary fluores-

cence spectra (4)−(8) to the experimental ones performed

according to the new algorithm made it possible to signifi-

cantly improve the quality of the fitting. The approximation

error of the spectra observed after a time interval of 0.05 ps

after photo-excitation decreased on average by a factor of 2.

This made it possible to refine the relaxation parameters of

a number of solvents (ethylene glycol, dimethyl sulfoxide,

butyronitrile, ethyl acetate, ethyl ether, dipropyl ether) of

various degrees of polarity (Table).

As follows from the results (table), the parameters x i , τi

of all investigated solvents, except for ethyl ether (EE) and

ethylene glycol (EG), changed significantly. For example,

the relaxation time of the first component of dimethyl

sulfoxide (DS) increased by 19%, and its weight decreased

by 20%, but the other components also changed. For

butyronitrile (BS), the parameter τ1 increased by 12%, and

the weight of x1 decreased by 30%. All these changes are

associated with a more accurate description of the initial

stage of solvent relaxation and allowance for the effect of

the length of the gating pulse.

It should be noted that approximations of the first

moment M1(t) and the spectrum profile in the solvent EE

using both relaxation models (1) and (9) gave a satisfactory

result (Fig. 2). This is probably due to the fact that the

relaxation time of the first component τ1 is too short.

The resolution of the equipment used (the response time

of the experimental unit) is approximately 3 times higher

than τ1, which levels out the difference in the behavior of

the Gaussian and exponential components. The relaxation

characteristics of ethylene glycol also practically did not

change, but the relaxation law of the first component

changed.

The algorithm proposed in this work for determining

the relaxation characteristics of solvents from non-stationary

experimental spectra of a fluorophore is more laborious

and requires significantly more time and computational

resources. However, it makes it possible to noticeably

improve the quality of fitting the calculated spectra to the

experimental ones and significantly improve the accuracy of

determining the relaxation characteristics of solvents.

Additional material can be found in the online version of

ESM1.pdf

Optics and Spectroscopy, 2022, Vol. 130, No. 10
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Comparison of parameters of relaxation modes of solvents

Solvent Model x1 x2 x3 τ1, ps τ2, ps τ3, ps

IP, dipropyl ether (9) [24] 0.66 0.34 0.12 5.60

(1) 0.57 0.43 0.11 3.78

EE, ethyl ether (9) [24] 0.53 0.47 0.05 0.89

(1) 0.52 0.48 0.04 0.87

EA, ethyl acetate (9) [24] 0.41 0.32 0.27 0.08 0.53 3.1

(1) 0.34 0.34 0.32 0.06 0.35 2.5

BN, butyronitrile (9) [24] 0.54 0.41 0.05 0.17 1.40 18.0

(1) 0.41 0.52 0.07 0.19 1.03 12.76

DS, (9) [24] 0.56 0.30 0.14 0.16 1.49 7.33

dimethyl sulfoxide (1) 0.46 0.35 0.19 0.19 0.95 6.43

[26] 0.50 0.41 0.092 0.214 2.29 10.7

EG, (9) [24] 0.45 0.19 0.35 0.10 4.0 36.0

ethylene glycol (1) 0.43 0.20 0.37 0.11 3.4 35.01

[26] 0.307 0.255 0.439 0.187 4.98 32.0

Conclusion

Reconstruction of the relaxation characteristics of solvents

from the dynamics of the fluorescence band maximum faced

serious difficulties for decades due to the uncertainty of

the initial position of the fluorescence band [26]. This

difficulty has recently been overcome by simulating the

full non-stationary fluorescence spectrum and a consistent

description of the pumping process [24]. However, in the

work [24] the duration of the gating pulse was completely

neglected. In this work, the approach with an explicit

description of the envelope of the gating pulse in the

calculation of the non-stationary fluorescence spectrum,

is proposed. The performed fitting of such spectra to

the experimental ones showed that neglecting the finite

duration of the gating pulse leads to significant errors.

Based on this approach, the relaxation characteristics of a

number of widely used solvents, such as ethylene glycol,

dimethyl sulfoxide, butyronitrile, ethyl acetate, ethyl ether,

and dipropyl ether, have been refined.

The relaxation time of intramolecular high-frequency vi-

brations of C153 coumarin, which are active in the S0 → S1

optical transition, is much shorter than the resolution of

the experimental unit, and it is difficult to determine it

from non-stationary experimental spectra. However, there

are many molecules for which the vibrational relaxation

time is much longer. This approach will make it possible

to determine the relaxation time of active intramolecular

vibrations of such molecules.
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