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Abstract—We have analyzed the decay of f luorescence intensity in indole dissolved in propylene glycol under
two-photon excitation by linearly and circularly polarized femtosecond laser pulses in the wavelength range
475–510 nm. The dependences of f luorescence intensity I0, anisotropy r, and parameter Ω on the excitation
energy have been determined and analyzed. In particular, a nonmonotonic behavior of I0 indicating the
increase of indole excited state density in the excitation energy range above 5.1 eV and the anisotropy sign
reversal due to the variation of the symmetry of indole vibronic states have been observed and interpreted the-
oretically.
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INTRODUCTION
The analysis of molecular f luorescence under two-

photon excitation has been used for many years as one
of important tools for investigation of the structure
and dynamics of excited states of polyatomic mole-
cules in gas and condensed phases, as well as biological
structures [1]. Considerable advantages of the two-
photon excitation technique over the single-photon
one in medicine and biology are due to its high spatial
resolution and the possibility of a deeper penetration
into biological samples. Wide application of femtosec-
ond lasers in multiphoton molecular spectroscopy
allows one to implement noninvasive methods for
investigation of the structure and dynamics of amino
acids, enzymes, proteins, and other biomolecules [1, 2].
The theoretical basements of the method of two-pho-
ton excitation of molecular fluorescence were estab-
lished by McClain, Callis, and others [3–6] who
demonstrated that the polarization of fluorescence can
be described by a set of molecular parameters, which
decay exponentially in the conditions of isotropic inter-
action with solvent molecules with the characteristic
excites state lifetimes τf and rotational diffusion times
τrot describing the blurring of the excited molecule axes
distribution. Within this approach, to use probe fluo-
rescing molecules embedded in large biomolecules can
be used for investigation of the biomolecule structure
and dynamics in biological samples and living cells.

In our previous studies, a quantum-mechanical
theory of molecular f luorescence exited by two-color
two-photon (2C2P) laser pulsed in polyatomic mole-
cules based on the spherical tensors approach has been

developed [7, 8]. Earlier, this approach was success-
fully used for the treatment of a number of molecular
dynamics problems related to the vector correlations in
molecular photodissociation [9–13] and in inelastic
molecular collisions [14]. General expressions
describing the f luorescence intensity decay in asym-
metric top molecules have been derived, where the
part describing the polarization of all three photons
involved in the photoprocess was separated from the
part describing the dynamics of molecular excited states.
The expressions allowed for considerable simplification
of experimental data analysis and for development of a
new method for extracting molecular parameters from
experiment. This method was employed for experimental
investigation of the processes emerging under the two-
photon excitation of a number of molecules of practical
importance: n-terphenyl, DMQ (2-methyl-5-tetrabutyl-
n-quadrophenyl), indole, and NADN (nicotinamide-
adenine-dinucleotide) [8, 15–18].

This work is devoted to the analysis of optical prop-
erties of indole (C8H7N) dissolved in propylene glycol
based on the recording of polarized f luorescence
under two-photon excitation by pulsed linearly and
circularly polarized light from a femtosecond laser in
the wavelength range 475–510 nm. Indole is a natural
chromophore of an amino acide tryptophan, which is
responsible to a considerable extent for f luorescence
of proteins in the UV spectral range [2]. Due to con-
siderable practical importance of tryptophan as a
structural element of most proteins and its possible
application as a molecular probe, a vast number of
publications were devoted to the analysis of the dynamics
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Fig. 1. Schematic diagram of experimental setup: (1) fem-
tosecond laser; (2) frequency doubler; (3) λ/2 phase plate;
(4) telescope; (5) polarization prism; (6) λ/2 phase plate;
(7) λ/4 phase plate; (8) focusing lens; (9) absorption
cuvette; (10) converging lens; (11) narrow-band interfer-
ence filter; (12) Glan prism; (13) focusing lenses; (14) UV
filters; (15) photodetectors; (16) router; (17) time-correla-
tion single-photon (TCSP) analyzer; and (18) PC. Dashed
lines indicate the directions of electronic signals.
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of excited states of indole (see, e.g., [16, 19–22]). How-
ever, relatively low excitation energies (4.3–4.7 eV),
which are equivalent to the effective excitation wave-
length range of 265–295 nm, were used in the over-
whelming majority of investigations.

In this paper, higher excitation energies related to
the effective wavelength range of 265–250 nm were
used. This resulted in population of highly excited
vibrational states of the first two excited electron
energy levels 1La and 1Lb of indole and low vibrational
energy levels of the third electron excited state. By
analysis of the f luorescence polarization, the intensity
and anisotropy of two-photon population of indole
vibronic states were studies in detail as a function of
the excitation photon energy and polarization. It was
found that anisotropy reverses its sign in the studied
range of excitation. The indole excited state lifetime
and the rotational diffusion time were also determined
from experiment. The results obtained were inter-
preted using quantum-chemical ab initio calculations
and the expressions for f luorescence intensity derived
in our earlier investigations. We also developed a
model of relaxation of excited electron-vibrational
states of indole and showed that the observed behavior
of the total absorption signal and its anisotropy as a
function of the excitation energy can be satisfactorily
described in the framework of the theory developed in
the Born–Oppenheimer approximation. The deter-
mined values of the excited state lifetime τf and rota-
tional diffusion time τrot were found to be in a good
agreement with the results of our earlier works [16, 17]
as well as with the results reported by other authors.
1. EXPERIMENTAL

In this paper, we used the technique for obtaining
and processing of experimental results, which was
developed in our previous works [7, 8]. Fluorescence
in indole dissolved in propylene glycol was excited by
a pulsed laser beam propagating along the X axis (see
Fig. 1) and focused on a cuvette containing the solu-
tion. The mean laser beam power at the cuvette was
30 mW with a pulse repetition rate of 80.7 MHz and a
pulse duration of about 150 fs. The laser beam was
either linearly polarized along Y or Z axis or circularly
polarized; the degree of polarization for all configura-
tions exceeded 99.5%. The intensity of two fluores-
cence components linearly polarized along mutually
orthogonal X and Y axes was detected by two indepen-
dent photodetectors. Electrical signals from the pho-
todetectors were recorded by a TCSP analyzer and
then processed by a PC. The laser radiation wave-
length was tuned in the range 475–510 nm that
allowed us to study the dependence of the f luores-
cence parameters on the excitation energy.

The experimental setup is shown schematically in
Fig. 1. The source of pump radiation contained a Mai
Tai HP DS tunable pulsed femtosecond Ti : Sa laser
(Spectra-Physics) and an Inspire Blue frequency dou-
bler (Spectra-Physics). After frequency doubling, the
laser beam passed through a λ/2 phase plate, a tele-
scope, and a 10GL08 polarization prism (Newport)
used for expansion and collimation of the beam to
4 mm in diameter and its attenuation. The mean laser
beam power was controlled by a Nova (OPHIR) power
meter. Then, the laser beam passed through λ/2 and
λ/4 phase plates used for control of its polarization.
The laser beam was focused by a lens (NA 0.3) onto
the center of a quartz cuvette containing the solution
of indole in propylene glycol with a concentration of
0.05 mol/L.

The fluorescence of indole molecules was collected
by a lens and transformed into a quasi-parallel beam
directed along the Z axis that passed through a FF01-
390/SP narrow-band interference filter (Semrock)
with a transmission band of 320–370 nm for intercept-
ing scattered laser radiation. After passing through the
interference filter, the f luorescence beam was split by
a Glan prism into two components with mutually per-
pendicular polarizations parallel to X and Y axes.
Each component passed through a UFS5 absorption
filter and then was focused at the active areas of high-
rate photodetectors based on PDM PD-050-CNC
(MPD) avalanche photodiodes with a single-photon
response half-width of 200 ps operated in the photon-
counting mode. The signals from the photodetectors
commuted with a PHR 800 router (PicoQuant) and
were fed to a PicoHarp 300 time-correlation analyzer
(PicoQuant) with a sampling rate of 4 ps, the data
from which were fed to a PC for further processing.
TECHNICAL PHYSICS  Vol. 63  No. 9  2018
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Fig. 2. Fluorescence decay signals under excitation by lin-
early and circularly polarized radiation at 510 nm. Symbols
correspond to experimental data, solid curves are the
results of fitting; 1–4 are the intensities of f luorescence
components IYYy, IYYx, ILLy, and ILLx, respectively;
(5) instrument response function IRF(t) of the detector,
t = 0 is the time of the laser pulse.
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2. EXPERIMENTAL RESULTS
AND THEIR PROCESSING

In the experiment, the decay of two orthogonally
polarized f luorescence components was recorded
under various two-photon excitation conditions. The
excitation conditions were varied by tuning the laser
radiation wavelength in the range 475–510 nm and by
changing the laser beam polarization. Therefore, three
pairs of f luorescence decay signals were recorded at
each excitation wavelength: two signals initiated by
linear polarization of laser beam along Y and Z axes
and the third signal initiated by the left-handed circu-
larly polarized beam.

Since the f luorescence signals exhibited no anisot-
ropy in the case of linear polarization of laser beam
along the Z axis within the detection scheme used in
our experiment, these signals were used for determina-
tion of the coefficient G in Eq. 3 that accounted for the
difference between the sensitivities in the x and y
detection channels. In addition, since the right and
left circular polarizations of the laser beam led to the
same fluorescence signals, we used only one (left) cir-
cular polarization.

Figure 2 shows typical experimental signals
obtained under excitation of indole by laser radiation
polarized along Y axis and by circularly polarized radi-
ation at 510 nm. The f luorescence signals with polar-
izations along Y and X axes are denoted as 1, 2 and 3, 4
for linear and circular polarization of the laser beam,
respectively. In general, the f luorescence signal inten-
sity in Fig. 2 is denoted as Ieef, where subscripts ee =
YY, XX, and LL indicate the polarization of the first
two exciting photons, while subscript f = x, y indi-
cates the f luorescence photon polarization. Sym-
bols in Fig. 2 are our experimental results and solid
curves are the results of fitting with formulas (3)–(11)
given below. Difference between the f luorescence
intensities for different laser beam polarizations
caused by different efficiencies of two-photon exci-
tation with these polarizations. Difference between
the intensities of f luorescence components polarized
along Y and X axes at the same laser beam polarization
was due to anisotropic distribution of the axes of
excited molecules [1, 18]. The experimental data con-
tain isotropic and anisotropic components with differ-
ent decay times. The isotropic component of intensity
under linearly polarized laser excitation can be pre-
sented in the form [1, 18]

(1)

The anisotropic component can be expressed in
terms of the f luorescence anisotropy as

(2)

In our experimental conditions, both quantities in
Eqs. (1) and (2) undergo one-exponential decay with

= +l
1( ) [ ( ) 2 ( )].
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different characteristic times. For the isotropic com-
ponent, this characteristic time was equal to the life-
time τf of the indole lowest excited state, for the aniso-
tropic component it was equal to the rotational diffu-
sion time τrot describing the anisotropy decay in the
excited state axes distribution due to interaction with
solvent molecules.

Because of the difference in the sensitivities in the
x and y detection channels, the coefficient G, which is
the ratio of the signals in the two channels in the
absence of anisotropy, was introduced in Eqs. (1)
and (2). For determination of the coefficient G, we
used the ratio of the integrals

(3)

where integration was performed to reduce noise.
Proceeding from Eqs. (1) and (2) and taking into

account Eq. (3), the experimentally obtained polar-
ization components of f luorescence can be presented
as

(4)

(5)

The experimental data were processed using the
technique similar to that described in [8, 16]. The
instrumental detector response function IRF(t) deter-

= ∫
∫

,
ZZy

ZZx

I dt
G

I dt

= +l l( ) ( )[1 2 ( )],YYyI t GI t r t
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Fig. 3. Dependence of the isotropic component of the f lu-
orescence intensity on the wavelength for linearly (Il, curve 1)
and circularly (Ic, curve2) polarized excitation. Symbols
correspond to experimental data, solid curves are the
results of fitting.
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Fig. 4. Dependence of the f luorescence anisotropy on the
wavelength for linearly (Il, curve 1) and circularly (Ic,
curve 2) polarized laser radiation. Symbols correspond to
experimental data, solid curves are the results of fitting.
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The expressions used for approximation of the
experimental data were of the convolution of Eqs. (4)
and (5) with instrument function IRF(t) and had the
form

(6)

(7)

where I1 and rl are the time-independent values of the
intensity isotropic and anisotropic components,
respectively, in the case of linearly polarized exci-
tation.

The approximation was performed in two stages. At
the first stage, the lifetime τf of the excited state and
intensity Il were determined on the basis of Eqs. (1),
(6), and (7) by fitting. At the second stage, parameters
τf and Il determined earlier were used as constants, and
the values of τrot and r were determined on the basis of
expressions (2), (6), and (7). For the circularly polar-
ized excitation, indices x and y in Eqs. (1), (2), and
(4)–(7) were interchanged, and the expressions for Il
and rl were replaced by the expressions for Ic and rc,
respectively.

The results of approximation are shown in Fig. 2
with solid curves. Using the procedure described
above, the fitting parameters were determined at sev-
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eral wavelengths and different laser polarizations. In
particular, we determined the values of characteristic
times τf = 3.9 ± 0.02 ns and τrot = 0.85 ± 0.07 ns, which
were found to be independent of the excitation wave-
length and were in good agreement with the results
obtained in our previous works [16, 17].

The values of the isotropic components of the
intensities Il and Ic for linearly and circularly polarized
laser radiation are shown in Fig. 3 as a function of the
excitation wavelength. As can be seen, both intensities
have maxima at the borders of the wavelength intervals
under investigation and minima in the 480–500 nm
range.

The dependences of the anisotropy parameters rl
and rc on the excitation wavelength are shown in Fig. 4. It
can be seen that the anisotropy parameters for linearly
and circularly polarized excitations are out of phase
with each other and change their signs approximately
in the 482–484 nm interval.

Figure 5 shows the dependence of coefficient Ω
characterizing the symmetry of the two-photon tran-
sition,

(8)

on the excitation wavelength with linear and circular
polarizations. As can be seen from the figure, this
coefficient in the investigated spectral range is positive
everywhere and increases monotonically with
decreasing excitation wavelength (however, not attain-
ing the critical value of Ω = 3/2 indicating the pres-
ence of a not totally symmetric excited state [1]).

Ω = ,LL

YY

I
I
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Fig. 5. Dependence of parameter Ω on the wavelength
laser radiation. Symbols correspond to experimental data,
solid curve is the results of fitting.
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3. INTERPRETATION AND DISCUSSION

For interpretation of the experimental data, we
used the results of quantum-mechanical calculations
of the electronic structure of indole in the propylene
glycol, which were described in our previous publica-
tion [17]. Some of these results are given in Table 1.

Two lowest excited electronic states of indole in
Table 1 are well known and are usually denoted as 1La

and 1Lb [1]. Minimum excitation energies Te of these
states from the ground electronic state (4.32 and
4.56 eV) are given in the first two lines in Table 1. The
transition dipole moments of one-photon transitions
from the ground state to these electronic states, which
are given in columns 4–6, lie in the molecular plane
and are almost perpendicular to each other. The
energy interval of two-photon excitation used in this
study was substantially higher than these values, but
lower than energy Te = 5.43 eV of the next electronic
state given in the third line of Table 1. Thus, the exper-
imental signals represented in Figs. 3–5 are governed
mostly by the population of highly excited ro-vibra-
tional energy levels of the electronic states 1La and 1Lb.
At the same time, our analysis showed that in the given
experimental conditions, a significant contribution to
the short-wavelength part of signals in Figs. 3–5 was
made by the population of the third excited electronic
state in Table 1, which was possibly due to consider-
able (about 4 nm) broadening of the pulsed laser line
used in the experiment.

The experimental signals given in Figs. 3–5 were
interpreted on the basis of the theory developed in our
previous publications [7, 8] using the data from Table 1
and taking into account the vibrational excitation
spectra of indole and the femtosecond laser line pro-
file. The vibrational excitation spectra for optical tran-
sitions from the ground electronic state to the excited
electronic states under investigation were calculated in
the Frank–Condon approximation taking into
account the population of the ground-state vibrational
levels at a temperature of 300 K. The calculations were
performed on the basis of the GAUSSIAN package
[23] with the parameters used earlier in [17]; the vibra-
tional absorption spectra were determined taking into
account the overtones and composite frequencies. The
TECHNICAL PHYSICS  Vol. 63  No. 9  2018

Table 1. Energies of the lower excited electronic states and d
ground state of the indole molecule in propylene glycol

State Symmetry Energy

1 A ' 4.32

2 A ' 4.56

3 A ' 5.43

4 A ' 5.91
resultant vibrational excitation spectra had several
peaks in the vicinity of the bottom of the electronic
states and then decreases smoothly in amplitude with
excitation energy. However, the complex structure of
the vibrational excitation spectrum became almost
indistinguishable after subsequent convolution of the
vibrational excitation spectrum with the femtosecond
laser line profile with a width of 4 nm.

For fitting of the experimental data in Figs. 3–5,
we used theoretical expressions obtained in our previ-
ous works [7, 8] based on the experimentally deter-
mined set of molecular parameters MK(R, R'); the
effect of the vibrational excitation spectrum was taken
into account in the Born–Oppenheimer approxima-
tion. In the given experimental geometry, anisotropy
parameters rl, rc, and Ω can be expressed in terms of
the molecular parameters [8]:

(9)+=
+

2 2

0 0

(0,2) (2,2)/ 72 ,
5 (0,0) 2 (2,2)/ 5YY

M Mr
M M
ipole moments of the excitation-induced transition from the

Dipole moment of transition, arb. units

X ' Y ' Z '

0.5151 –1.1421 0.0

0.8966 –0.0290 0.0

2.7162 –0.2314 0.0

–0.8777 0.9732 0.0
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Table 2. Values of parameters (2, 2), (0, 2), and (2, 2) normalized to (0, 0) and parameters rYY and rRR for
each excited electronic state

Parameters Electronic state 1 Electronic state 2 Electronic state 3

(2, 2)/ (0, 0) 0.48 ± 0.1 2.33 ± 0.31 1.43 ± 0.28

 (0, 2)/ (0, 0) 0.44 ± 0.12 –0.54 ± 0.13 –0.073 ± 0.04

(2, 2)/ (0, 0) 0.17 ± 0.06 –0.11 ± 0.06 –0.31 ± 0.16

rYY 0.15 ± 0.3 –0.084 ± 0.02 –0.036 ± 0.014
rRR –0.058 ± 0.012 0.0076 ± 0.02 0.037 ± 0.016

0
eM 2

eM 2
eM 0

eM

0
eM 0

eM

2
eM 0

eM

2
eM 0

eM
(10)

(11)

Molecular parameters MK(R, R') are described in
detail in [7, 8], they contain complete information on
the symmetry of two-photon excitation, which is
defined in terms of the two-photon excitation and flu-
orescence tensors SRγ and F. The set of molecular
parameters required for analysis can be determined
directly from experimental data. In the Born–Oppen-
heimer approximation, two-photon excitation tensor
SRγ can be written in the form

(12)

where the matrix element in the angular brackets is the
overlap integral of vibrational wavefunctions θ, while
tensor  is purely electronic.

Tensor VRγ in Eq. (12) contains higher-order terms
of the expansion of tensor SRγ and characterizes the
vibration-induced transitions that can be neglected in
the given experimental conditions. The expression for
the molecular parameters MK(R, R') for each elec-
tronic state can be written as

(13)

where the terms (R, R') depend only on the elec-
tronic wavefunctions of the molecule.

To take into account simultaneous excitation of
several electronic states, we performed summation
over all corresponding molecular parameters. The fit-
ting of experimental data was performed on the basis
of Eqs. (2), (8), (9), and (11) by the least squares
method with sequential determination of parameters

(0, 0) and (2, 2) in terms of parameter Ω, then
(2, 2,) was determined in terms of parameter rRR,

and finally (0, 2) was found in terms of parameter
rYY. The results of fitting are given in Table 2 and in
Figs. 3–5.
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The error of determination of the parameters
(0, 2) and (2, 2) is somewhat larger than that for

parameters (0, 0) and (2, 2) because the
parameters (0, 2) and (2, 2) appear in the
expression for the difference of in the f luorescence sig-
nals. As can be seen in Fig. 3, there are almost linear
segments of the spectrum in the range of two-photon
excitation exceeding 492 nm. These segments are suc-
cessfully approximated by the contributions of the first
excited electronic states, while the monotonous
decrease in the f luorescence signal intensity in these
regions is due to a decrease in population of highly
excited vibrational states. At excitation wavelengths
shorter than 492 nm, an increase in the intensity of
two-photon absorption is due to the contribution of
the lower vibrational states of the third excited elec-
tronic state. According to the results of calculation
given in Table 1, the fourth excited electronic state lies
much higher and does not contribute to the investi-
gated spectral region. Therefore, our experimental
results and interpretation confirm the contribution
from the third electronic state to the f luorescence sig-
nals.

As can be seen in Fig. 4, the f luorescence anisot-
ropy increases monotonous with the wavelength
within the investigated spectral interval under linearly
polarized excitation and decreases monotonous under
the circularly polarized excitation. In this case, the
changes in the anisotropy for linearly and circularly
polarized pump radiation are out of phase, and anisot-
ropy in both cases reverses its sign approximately at
485 nm. It should be noted that nonzero values of
anisotropy were due to the anisotropic distribution
(alignment) of the axes of excited molecules, which is
observed for two-photon transitions induced by polar-
ized laser radiation [1, 7] and is reflected in the polar-
ization of observed f luorescence. The monotonous
change in anisotropy upon a change in the excitation
wavelength in both cases is due to a change in the sym-
metry of two-photon excitation tensor (12) of the sec-
ond rank, R = 2, upon sequential population of the
first, second, and third excited states of indole as
described above. The out-of-phase change of the

2
eM 2

eM

0
eM 0

eM

2
eM 2

eM
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anisotropy parameter values for linearly and circularly
polarized excitation was due to the opposite signs of
alignment of molecular axes for these two types of
excitation [24].

As can be seen in Fig. 5, parameter Ω (see expres-
sions (8) and (11)) as a function of the excitation wave-
length decreases monotonous in the investigated spec-
tral region, being positive everywhere, but not attain-
ing the critical value Ω = 3/2, which indicates the
existence of a non-totally symmetric excited state [1].
Therefore, the results represented in Fig. 5 confirm
the calculated data concerning the symmetry of the
first three excited states of indole, which are given in
Table 1.

CONCLUSIONS
Thus, in this paper we studied the decay of polar-

ized f luorescence of indole molecules dissolved in
propylene glycol under two-photon excitation with
linearly and circularly polarized femtosecond laser
pulses in the wavelength range 475–510 nm. We have
analyzed total absorption and anisotropy of two-pho-
ton population of electron-vibrational states of indole
as a function of the energy and polarization of exciting
photons. It was found that the anizotropy under lin-
early and circularly polarized excitations in the inves-
tigated spectral range vary in antiphase and reverse
their signs. We have determined the lifetime of excited
states and the rotational diffusion time. The results
were interpreted on the basis of quantum-chemical ab
initio calculations and analysis of the expressions for
the polarization of f luorescence, which have been
obtained by us earlier. We have built a model of the
relaxation of excited electron-vibrational states of
indole and have shown that the observed behavior of
the total absorption signal and its anisotropy as a func-
tion of the excitation energy can be described satisfac-
torily on the basis of the theory developed in the
Born–Oppenheimer approximation.
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