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We present a detailed study of two-color two-photon excited fluorescence in indole dissolved in
propylene glycol. Femtosecond excitation pulses at effective wavelengths from 268 to 293.33 nm
were used to populate the two lowest indole excited states 'L, and 'L;, and polarized fluorescence
was then detected. All seven molecular parameters and the two-photon polarization ratio Q containing
information on two-photon absorption dynamics, molecular lifetime 77, and rotation correlation time
Tror have been determined from experiment and analyzed as a function of the excitation wavelength.
The analysis of the experimental data has shown that 'L,~'L,, inversion occurred under the conditions
of our experiment. The two-photon absorption predominantly populated the 'L, state at all excitation
wavelengths but in the 287-289 nm area which contained an absorption hump of the 'L, state
0-0 origin. The components of the two-photon excitation tensor S were analyzed giving important
information on the principal tensor axes and absorption symmetry. The results obtained are in a good
agreement with the results reported by other groups. The lifetime 77 and the rotation correlation time
Trot Showed no explicit dependence on the effective excitation wavelength. Their calculated weighted
average values were found to be 77 = 3.83 + 0.14 ns and ;o = 0.74 £ 0.06 ns. © 2015 AIP Publishing
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Two-color two-photon excited fluorescence of indole: Determination
of wavelength-dependent molecular parameters
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. INTRODUCTION

Two-photon excitation spectroscopy is now a well-estab-
lished technique for assigning molecular excited-state energy
levels and wave functions.! In biological studies, it has unde-
niable advantages in comparison with one-photon techniques
due to its non-invasive character and possibility of precise
spatial focusing. One of the most informative multi-photon
methods deals with the investigation of two-photon excited
fluorescence (TPEF) spectra and polarization.>* While most
of the TPEF studies relied on the two-photon excitation
with identical photons, the most general TPEF experiments
employ a two-color two-photon (2C2P) excitation scheme.*
In his seminal paper,'® McClain has pointed out that for any
experimental geometry the fluorescence polarization can be
described by a linear combination of a number of molecular
parameters which depend only on the intermolecular prop-
erties and excited state dynamics. As shown by McClain,'!
if the molecular excited state is not degenerate, the total
number of molecular parameters is seven. Different definitions
of the molecular parameters were suggested by McClain,'?
Metz et al.,'?> Gaisenok,'> Wan and Johnson,'* and Shternin,
Gericke, and Vasyutinskii.'”
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The use of femtosecond laser pulses in TPEF experiments
makes it possible to track the evolution of the fluorescence
from the anisotropic ensembles of excited molecules in the
real time domain with high temporal resolution.®!® The
Braunschweig group®®!”-!® has recently used the femtosecond
2C2P excitation scheme for detailed investigation of important
UV fluorophores: p-terphenyl (PTP)!” and 2-methyl-5-¢-butyl-
p-quaterphenyl (DMQ).'® The complete set of molecular
parameters has been determined from experiment in those
studies which met the conditions of the complete polarization
experiment.

This paper presents the study of indole at seven effective
excitation wavelengths in the spectral region 268-294 nm
using the theory and experimental setup developed in our
previous studies.'>!”!% Indole (CgH;N), the chromophore
of the amino acid tryptophan, attracted much attention of
theoretical and experimental groups all over the world during
latest decades as an important fluorescent marker responsible
for most of the UV absorption in proteins.'® The indole
excitation properties and fluorescence behavior in various
media are governed by two close-lying lowest excited states
conventionally noted as 'L, and 'L;,.?° These states belong to
the same A’ symmetry of the molecular C; point group and can
be only designated by their different spectroscopic properties.
In particular, it was found that the transition to the L, state
is structured, naphthalene-like with a prominent 0-0 band
and short Franck-Condon progressions, while the stronger
transition to the 'L, state is broader and shows less features,

©2015 AIP Publishing LLC
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with the absorption maximum shifted typically 3000 cm™' to
higher energy relative to the 'L;, 0-0 band.

The transition dipole moments from the ground state to
the 'L, and 'L, states are almost perpendicular to each other,
with the 'L, transition dipole directed about —45° from the
long axis in indole.?! In the gas phase, the 'L, state is lower in
energy with the origin located at 4.37 V.2 The origin of the
1L, state in the gas phase is not yet exactly known; however,
several studies indicate that it is located at about 1400 cm™!
above the 'L, origin,?>~>> 4.54 eV above the ground state. The
energy shift of the 'L, state in polar solvents is much larger
than that of the 'L, state because the 'L, dipole moment is
about three times larger than the 'L;, one.’®?’ As known,?*?8
in some polar solvents, the energy shift difference can even
cause inversion of the states.

In this paper, the TPEF polarization technique was used
for obtaining detailed photodynamic information on indole
dissolved in propylene glycol. Using the experimental proce-
dure and method of the experimental data analysis developed
in our previous papers,'>!” we experimentally determined
and analyzed seven molecular parameters Mg(R,R’), the
two-photon polarization ratio Q, and the components of
the two-photon excitation tensor Sg, containing important
information on the principal tensor axes and the anisotropy
of indole two-photon absorptivity. The results obtained are
in perfect agreement with the analysis by Callis®® who
theoretically reconstructed the two-photon excitation tensors
for 'L, and 'L, states. It was also shown that the two-
photon absorption predominantly populated the 'L, state
at all excitation wavelengths except the 287-289 nm area
where the absorption to the 'L;, 0-0 origin was observed. The
obtained spectral dependence of the two-photon polarization
ratio Q manifests that 'L,—'L, state inversion occurs under
the conditions of our experiment, which is in agreement with
the quantitative criterion of Cataldn and Didz.* The temporal
evolution of indole excited states has also been studied by
determination of the lifetime 7, and the rotation correlation
time ;o which did not show any explicit dependence on the
effective excitation wavelength.

Il. EXPERIMENTAL ARRANGEMENT

The experimental setup based on the 2C2P excitation
scheme and the procedure of processing the experimental data
used in the present study are described in detail elsewhere.!”!8
The scheme of the experimental setup is sketched in Fig. 1.
Briefly, one of the excitation laser beams was the fundamental
output of a Ti:sapphire femtosecond oscillator and the second
excitation beam was the second harmonic of the oscillator
output. The beams were separated by a dichroic mirror,
the polarization of each beam was controlled separately by
crystal polarizers and A/2- and A/4-waveplates. The beams
propagated in opposite directions and both were focused
onto the center of the absorption cuvette. Note, that Denicke
et al.'” used the beams propagating in the same direction.
Tuning the oscillator output frequency in the 700-1000 nm
spectral range provided two-photon excitation of indole at an
effective one-photon wavelength range of 240-330 nm. The
fluorescence was collected along the perpendicular direction
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FIG. 1. The sketch of the experimental setup. P’s are polarizers, L’s are
lenses, F’s are filters, and Pr is a prism.

to the excitation beams. The time-dependent fluorescence
polarization was monitored by a polarization prism and two
fast photodetectors.

The experiments were performed at seven different
excitation wavelengths listed in the first column in Table I
which relate to the low-wavelength area of the two-photon
excitation spectrum of indole dissolved in propylene glycol.
Indole solutions were prepared yielding a concentration of
25 mM. Indole (>99 percent, Sigma-Aldrich) and propylene
glycol (299.5 percent, Sigma-Aldrich) were used without
further purification. The fluorescence photons were detected
in the photon counting regime using a time correlated single
photon counting system.

Several different polarizations of the two excitation
photons and the fluorescence photon were combined to
determine from experiment seven time-dependent molecular
parameters containing important information on the two-
photon excitation step and the subsequent evolution of the
molecular excited state. We used four different polarizations
for each of the two excitation photons: vertical V (along
Z axis), horizontal H (along Y axis), right-hand circularly
polarized (R), and left-hand circularly polarized (L). These
were combined with two orthogonal linear polarizations (X
and Y) of the fluorescence photon. These geometries allowed

TABLE I. Intensities for different effective excitation geometries and wave-
lengths A normalized to the values of Iyy. Mean values and standard devi-
ations are estimated from three independent measurements for each wave-
length. A is the normalized control sum, see text for details.

7», nm IVH Q=IRL IRR A

268 0.39 £ 0.02 0.73 £0.01 0.59 +0.01 0.06 = 0.06
280 0.33 £0.02 0.71 = 0.05 0.64 + 0.05 -0.01 £ 0.08
286 0.40 + 0.01 0.73 £ 0.02 0.67 +0.03 0.00 + 0.04
287 0.42 +£0.02 0.86 + 0.03 0.60 + 0.03 —-0.04 + 0.08
288 0.43 £0.04 0.85 £ 0.02 0.59 +0.02 -0.01 £ 0.01
289 0.41 £0.02 0.88 £ 0.03 0.58 +£0.04 —-0.04 + 0.08
293.33 0.36 £ 0.02 0.70 = 0.03 0.66 + 0.04 0.00 + 0.04
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FIG. 2. Top panel: Example of experimental data obtained at effective ex-
citation wavelength of 287 nm and HH combination of the excitation beams
polarizations. The data counts in X and Y detection channels are indicated by
squares and circles, respectively. Solid lines show respective two-exponential
best-fit time-dependencies, see text for more details. Middle panel: Fit resid-
uals for X channel. Bottom panel: Fit residuals for Y channel.

to obtain eight time-dependent experimental signals and
determine the molecular parameters.'’

An example of the experimental signal obtained at 287 nm
is shown in the top panel of Fig. 2 where red and blue
dots represent X and Y fluorescence polarizations for the
(HH) excitation geometry. The excitation pulse duration was
about 0.1 ps and the excitation occurred at t =0. As can be
seen from Fig. 2, the X-Y anisotropy is significant for times
t <2 ps after excitation, but is negligible at longer times.
Therefore, the polarized fluorescence signal contains isotropic
and anisotropic parts with different time-dependencies. The
signals in the X and Y detection channels can be written as!’

Lix =L(®)[1+2r,1)], )]
Ly = Li(@)[1-ri(®)], 2

where the index [ stands for RR or RL, r;(¢) is the anisotropy,
and [;(¢) is the isotropic intensity. In case of HH excitation
geometry, the indices X and Y should be interchanged. Note
that for the VH excitation geometry, the fluorescence signals
related to two orthogonal polarizations do not follow the linear
relations in Egs. (1) and (2) and separate anisotropies ryyx(t)
and rygy for X and Y channels, respectively, were introduced,
see Ref. 17 for more details.

J. Chem. Phys. 142, 024310 (2015)

The intensities /;(¢) in Egs. (1) and (2) decay exponentially
with the excited state lifetime 74 and the anisotropy r;(¢)
evolves in time due to the rotational diffusion. In general,
there can be several rotational diffusion times; however, for the
prolate ellipsoids like indole, only one rotational correlation
time T can be measured in the TPEF experiments.?! Only in
some cases, two rotational correlation times can be resolved
in oblate molecules.'® In this study, a two-exponential decay
law was used for analysis of the polarized fluorescence signals
in Egs. (1) and (2), and it was found that it perfectly fitted the
experimental data.

lll. DATA PROCESSING

The experimental data were fitted following the procedure
described in detail by Denicke et al.'” giving the values of
the fluorescence intensities and anisotropies at zero time,
t=0, and the decay and correlation times 7y and 7. The
expressions in Egs. (1) and (2) were convoluted with the
instrumental response function (IRF), which was measured
separately. Also, sensitivity difference between the X and Y
detection channels was accounted for by introducing a scaling
factor G. The global fit for all eight experimental geometries
was performed using 7y, Ty, and G as global parameters.
The calculations were carried out using a custom-built code'”
performing the %> optimization. An example of the fit is
shown in the top panel in Fig. 2 by black solid lines. The
fit residuals are given in the middle and bottom panels for X
and Y fluorescence polarizations, respectively. The quality of
the fit for each measurement was found to be high. For the data
in Fig. 2, the reduced ¥ value was found to be ¥?/dof = 1.24,
where dof are the degrees of freedom, dof =26 212.

Note that formally good fit results for each individual
measurement can suffer from possible systematic errors. In
order to account for these, three independent measurements for
each experimental geometry and each wavelength were per-
formed. Differences between fit results for different measure-
ments were found to be substantially larger than the fit errors
for any individual measurement, indicating that systematic
errors were significant in our experiment. Therefore, the fit
parameters were averaged over three measurements. Their
mean values and standard deviations are given in Tables I,
II, and III.

Table I presents the isotropic (polarization-independent)
parts of the fluorescence intensities at ¢ = 0 at four excitation
geometries. The values in Table I are normalized to the

TABLE II. Anisotropies for different effective excitation wavelengths A. Mean values and standard deviations are
estimated from three independent measurements for each wavelength. All values are given in percentage.

A, nm HH VHX VHY RL RR

268 13.15 £ 0.06 -18.7+0.2 -15+04 -6.8+0.1 -6.27 £ 0.04
280 126 £0.3 -14.9 + 1.41 -0.6+1.3 -6.8+0.4 -4.8+0.2
286 13.1£0.2 -17.2+0.5 -22+12 -69+0.1 -53+0.3
287 16.3 +£0.1 -23.6+ 1.1 22+22 -9.7+0.2 -8.6+0.2
288 12.1 £0.2 =179 +2.4 -2.1+0.3 -74+04 -42+0.2
289 152+0.2 -23.7+0.5 04+13 -99+0.3 =79 +0.6
293.33 16.0 £ 0.2 -20.2+3.1 14+33 -9.6 +0.6 -72+0.8
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TABLE III. Fluorescence lifetimes 7 and rotational correlation times 7o for different effective excitation

wavelengths A.

A, nm 268 280 268 287 288 289 293.33
Tf, PS 3568 + 8 3786 + 18 3929 + 23 3627 + 6 3921 + 16 3635 + 12 3917 + 27
Trots PS 675 + 20 805 + 47 765 £ 61 725 + 24 780 £ 9 641 + 14 685 + 33

intensity /gy at each excitation wavelength. The normalized
control sum A = (Igg+ Iyg — Irg — Igr)/ Ing is given in the last
column in Table I. According to the theoretical analysis,'” this
sum must be equal to zero. As can be seen from the last column
in Table I the experimental data given in columns 2, 3, and 4 at
each excitation wavelength satisfy the condition A =0 within
error bars.

The two-photon excitation provides an important diag-
nostic tool for examining the excited state absorption prop-
erties which is the two-photon polarization ratio Q defined
2528

Q=1 )
Iy
the ratio of two-photon absorptivities for circularly polarized
versus linearly polarized light.

The two-photon polarization ratio € is given in the second
column in Table I and is also presented in Fig. 3 as function of
the effective excitation wavelength. Note that in our notation
Q = I, /Iy because two excitation beams counter-propagated
in our experiment (see also Herbrich et al.'®).

Table II presents the fluorescence anisotropies r(f) at
t =0 at seven effective excitation wavelengths. The number
of anisotropies in columns 2-6 in Table II is larger than
the number of experimental geometries used, because two
independent anisotropies are introduced for the V H geometry,
as mentioned above.

0.65 s | s | s 1 s | s | s |
265 270 275 280 285 290 295

A, nm
FIG. 3. Spectral dependence of the two-photon polarization ratio Q = Iry,

/ Iyn. Error-bars show the estimated standard deviations from three measure-
ments.

The fluorescence lifetimes 7, and rotational correlation
times Ty are presented in Table III.

IV. DATA ANALYSIS AND DISCUSSION
A. Two-photon polarization ratio Q

According to the theory,'*? the allowed range of the Q-
parameter in Eq. (3) is 0 < Q < 3/2, where the maximal value is
reached, for instance, when the excited state belongs to a non-
totally symmetric representation. If the exited state belongs
to the totally symmetric representation {2 may have any value
within this range. In case of indole, both 'L, and 'L, excited
states belong to the totally symmetric representation A’. As
known,?® the Q-parameter values for these two states are
significantly different. For the 'L;, state Q is about 1.4, close
to the theoretical maximum, while for the 'L, state it is
significantly lower, Q ~ 0.5-0.7.2% Therefore, Q is often used
as a sensitive tool indicating the transition nature ('La, 'Ly,
or mixed). However, sometimes this criterion can lead to a
false assignment as the 11, and 'L, states can interact with
each other. As shown by Fender, Sammeth, and Callis>* and
by Kiipper et al.’* several 'L;, vibronic bands at ~ 400 cm™
(in vacuum) bear the 'L, character due to the Herzberg-Teller
coupling in the vicinity of the conical intersection with the
upper 'L, state.’*

Our experimental result given in Fig. 3 demonstrates a
relatively small mean value of Q ~ (.72 with a statistically
significant increase to Q= 0.85 at the 287-289 nm spectral
range. This observation suggests that the two-photon excita-
tion is dominated by the 'L, character with an admixture of the
'L, 0-0 band at about 288 nm. This conclusion is in a good
agreement with the result reported by Rehms and Callis.?®
Note that due to solvent effects, the position of the L, 0-0
band at 288 nm (4.3 eV) in Fig. 3 is somehow red-shifted from
the 'L;, origin in vacuum.

Significant lowering of the Q-value at the red edge indi-
cates the solvent-induced state inversion under the condition
of our experiment where 'L, becomes the lowest excited
state. This suggestion can be supported by a quantitative
criterion developed by Catalén and Didz** based on the solvent
polarity-polarizability scale SPP introduced by Catalén er al.®
This scale is based on the solvatochromic shifts undergone
by two reference solutes: 2-(dimethylamino)-7-nitrofluorene
(DMANF) and 2-fluoro-7-nitrofluorene (FNF) and quantifies
non-specific solvent-solute interactions. According to Cataldn
and Didz,* the relationship of the position of the maxima
in the fluorescence emission spectrum v,,, versus SPP splits
into two distinct linear dependencies showing that the polar
solvent leads to 'L, and 'L;, reversal in indole at SPP > 0.8.
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As for propylene glycol SPP is equal to 0.87,%° the lowest
excited state is expected to be 'L, in perfect agreement with
our findings. A similar behavior of Q was observed by Rehms
and Callis?® for indole dissolved in butanol, also in agreement
with the Cataldn and Di4z*" criterion because for butanol
SPP=0.84.

B. Two-photon molecular parameters Mx(R, R’)
and the excitation tensor Sg,

As already stated in the Introduction, the polarized
fluorescence intensity in TPEF experiments for any exper-
imental geometry depends on a number of time-dependent
molecular parameters which contain all information on the
two-photon excitation step and the subsequent evolution of
the molecular excited state. In this paper, we used the set of
molecular parameters Mg (R, R’,t) (M-parameters) based on
the irreducible representation of the transition tensors, > where
the parameter rank K is limited to 0, 2 and the arguments R, R’
are limited to 0, 1, and 2, where |[R—R’| < K. At t =0, these
parameters can be presented as linear combinations of the
McClain’s molecular parameters Q; based on the Cartesian
tensor representation.'%!!

Three zero-rank M-parameters describe the two-photon
absorbance related to the isotropic part of the fluorescence
and four second-rank M-parameters are responsible for
fluorescence anisotropy. Note that the zeroth-rank parameters
are positive by definition.'"> Moreover, the parameters with
R(R’) =1 can be determined only in two-color experiments.
An advantage of the irreducible representation is that it allows
to recognize the identically zero M-parameters from the
molecular point group symmetry.'>!

The general expression describing the 2C2P excited
fluorescence intensity in terms of the molecular parameters
derived in our previous paper (Eq. (1) and Table I in Ref. 17)
was used for the determination of the M-parameters from
experimental data. Note that under the conditions of this
experiment the RR and RL rows in Table I in Ref. 17
were exchanged because, in the present work, the excitation
beams propagated in opposite directions, while in Ref. 17 they
propagated in the same direction.

Four fluorescence intensities: Iyp, Ivy, Igg, and Igpp
provide an over-determined linear system for determination of
three zero-rank molecular parameters My(R, R) with R=0, 1,
and 2. Accordingly, five anisotropy values in Table II, multi-
plied each by respective intensities, provide a linear system for
determination of four remaining second rank M-parameters.
These over-determined systems were solved using a least-
squares fit accounting for the estimated standard deviations
of the experimental values. The best-fit M-parameters values
at t =0 are given in Table IV for each excitation wavelength.
The parameters are normalized to the corresponding My(0, 0)
values.

The set of M-parameters at =0 in Table IV together
with the lifetimes 7y and rotation correlation times Ty in
Table III contains complete dynamical information which can
be obtained from TPEF experiment.

According to the theory,'® the M-parameters at t =0 are
related to the components of the two-photon excitation tensor

J. Chem. Phys. 142, 024310 (2015)

TABLE IV. Best-fit M -parameters normalized by M(0, 0) for different ef-
fective excitation wavelengths A.

A, nm Mo(1,1) Mo(2,2) Mx(1,1) M»0,2) Mx1,2) M»2,2)
268 -0.09 1.09 -0.01 0.45 0.11 0.50
280 -0.05 1.03 0.05 0.42 0.08 0.44
286 0.06 1.07 -0.06 0.44 0.13 0.46
287 0.02 1.43 -0.13 0.62 0.16 0.83
288 0.03 1.48 0.03 0.44 0.15 0.67
289 -0.03 1.52 -0.11 0.57 0.19 0.87
293.33 0.03 0.97 -0.02 0.54 0.09 0.56

Sry and the fluorescence transition dipole moment F via the
relation

Mg(R,R)=-V3([F'®F]-[S'r®Skly), @)

where the symbol ® denotes the irreducible tensor product
and the symbol (-) denotes the irreducible scalar product. The
spherical components of the two-photon excitation tensor are
given by'>

SRy = Z CIIZ lq2<e|a?"2|i> <i|ci,“|g>

91921

_1\R
(=1 ) )

1
X +
(Ei—Eg—hw] E;—E, —hw,

where summation is performed over all virtual intermediate
states (7) including the ground state g and the final excited
state e. E; and E, in Eq. (5) are intermediate and ground state
energies, respectively, w; and w, are the frequencies of the
first and the second photon, respectively, the indices gi, ¢»
=—1,0,1 are the transition dipole d spherical components,
and the term C 112 71 14 is a Clebsch-Gordan coefficient.?’

As both excited states 'L, and 'L, belong to the
same A’ representation as the ground state, corresponding
fluorescence dipole moments must be parallel to the molecular
plane. According to Eq. (4), two-photon excitation tensor
components can be defined with respect to the fluorescence
dipole direction which will be set as molecular x axis.
Following the usual definition,*® we set the molecular z axis
perpendicular to the molecular plane. Then the components of
the two-photon excitation tensor which can differ from zero
are as follows: Spo, S10, S20, and Sy,. The relationship between
the spherical and Cartesian components of the two-photon
excitation tensor can be presented as (see, e.g., Ref. 37)

1 1
Soo = _%TVS = _%(S”“LsyyﬁLSz»’ ©)
i
SlO = %(Sxy_slﬂ»’ (7)
1
S0 = %(ZSZZ_Sxx_Syy)’ ®
1 i
Spa = E(Sxx—Syy)iE(Sx!/+Syx)' ®

According to Egs. (6)-(9), the component Sy is real and
proportional to the trace of the tensor S, Sy is also real and
represents the quadruple component of the tensor S describing
the alignment of the tensor along the molecular z axis, Sy, can
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have complex value (in mathematical sense) and describes the
anisotropy of the two-photon excitation in the xy molecular
plane, and S is pure imaginary and describes the asymmetry
of the tensor S in the xy plane. These conditions lower the
number of independent parameters to five.

For inferring these parameters from nine non-linear
equations (four for intensities and five for anisotropies),
the maximum likelihood method was used based on the
weighted least squares residuals. The weighting took into
account unknown systematic errors and employs the estimated
standard deviations shown in Tables I and II. This approach
implicitly assumed that these systematic errors are Gaussian.
The estimation of the fit parameter uncertainties and the
likelihood calibration were performed numerically using the
Markov chain Monte-Carlo (MCMC) sampling in the param-
eter space. The affine MCMC procedure® implemented in the
freely available python package emcee*® was employed. The
two-photon excitation tensor components Sg, obtained in this
way and normalized by the component Sy are given in Fig. 4.
Error bars in Fig. 4 correspond to 90% uncertainties inferred
from the MCMC marginal posterior distributions of model
parameters.*! A similar procedure can readily be used for the
characterization of error bars of the M-parameters in Table IV.

As can be seen from Fig. 4, the main contribution to the
signal is given by the two-photon excitation tensor components
Im Sy, and S,(, while the contribution from the Sy and Re S,,
components are small. Considering the ratio S»p/Spp one can
conclude that the out-of-plane component of the two-photon
tensor is small. As can be easily seen from Eqs. (6) and
(8), for pure planar two-photon tensor, this ratio is equal
to 1/V2~0.71 which is close to the experimental values
shown in Fig. 4. For all excitation wavelengths in Fig. 4, the
component S,, was found to be less than 4% of the S-tensor
trace.

Also, as the Sjp component in Fig. 4 is small, the tensor
S is almost symmetric in the xy plane. Note that the signs

1.2 I E

pu
L e -
1.0 L f i
T I
0.8 - 1}\ 1
P
« 06 [ .
U)Et | —<+—Im Sm |
0.4 7.7520 -
L —e—Re 522 ]
02 |—*—ImS, =
0.0 - /‘\‘\/\ 4
. ®
N - ’I””’***f*f—I{H,f—————"'”z |
o2 b v
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A, nm

FIG. 4. Irreducible components of the two-photon excitation tensor Sr,, as
function of the excitation wavelength. The errors given are 90% credible
intervals estimated via our MCMC simulations.
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of the Sjp and Im Sy, components cannot be determined from
experiment, while their relative phase is fixed. This is because
the expression used are invariant under the rotation of the
coordinate system by the angle 7 over x axis. (The “up” and
“down” directions of z axis are equivalent for a given x axis
direction.) Here, we selected Im Sy, > 0.

The analysis of the S, component in Eq. (9) allows
to determine the direction of the principal tensor axes and
the in-plane tensor shape (elongation). Transformation of the
irreducible tensor component S; to the principal frame under
rotation about the molecular z axis is given by §7, = R,(4)S»
= ¢ 2105y, = ¢!1#8(52)-2¢1| 5| where R,(¢) is a rotation
operator and the superscript index () denotes the principal
tensor frame. Having in mind that the tensor principal frame
is characterized by the zero value of the symmetrized off-
diagonal tensor component Sy, +S; , =0 and using Eq. (9), it
is easy to see that ¢ = arg(S2)/2 = +n/4, where the (+) sign
is due to the ambiguity of the sign of arg(S) mentioned
above. Thus, the long principal two-photon tensor axis is
directed about +m/4 in the molecular frame with respect
to the fluorescence dipole direction. The second solution:
¢ =arg(S»)/2+n/2~3n/4, or n/4 is related to the position
of the second principal axis.

The component modulus in the principal frame is given
by 85,1 =185 —S,,|/2 and defines the tensor elongation.
According to Egs. (6) and (9), the ratio |S},/S(,| is equal to
V3/2~0.87 if the off-plane component S can be neglected
and one of the in-plane components (S, or §;,) dominates.
As shown in Fig. 4, the experimental value of the ratio
varies in the range 0.9-1.2 which indicates that although the
S, component dominates, the contribution from the other
component, S, cannot be neglected. The analysis showed
that the S, /S ratio is negative and ranges from —4% to
—6% for the 'L, state at 268-285 nm and from —10% to
—16% for the 'L, state at 287-289 nm.

The determined S-tensor components can be visualized
by plotting the two-photon transition tensor shape?® which is
the polar plot in the molecular frame where the radius r is
proportional to the absorptivity of two photons both linearly
polarized in the direction specified by the polar angle ¢. A
cut of the S-tensor shapes by the molecular plane is given
in Fig. 5 for all effective excitation wavelengths used in our
experiment with respect to the fluorescence dipole moment
direction indicated by the solid line with two arrows. Each
plot is normalized to unity in the direction of the maximum
absorption.

As can be seen in Fig. 5, the plots related to different
wavelengths are very similar to each other and do not show
the peculiar structure as in Figs. 3 and 4 which is mainly
because the structure manifests itself when circular polarized
light is involved. According to the previous discussion, the
lowest (and, therefore, fluorescent) state in the condition of
our experiment is 'L,,. The transition dipole moment direction
of the 'L, state is not known in great detail; however, both
experimental?' and theoretical*> considerations suggest that
it is located at —46° with respect to the molecular long
axis. The direction of +46° from the fluorescence dipole
is shown by the dashed line with arrows in Fig. 5. The
figure demonstrates remarkable alignment of the 'L, two-
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FIG. 5. Polar plot of the shapes of the two-photon tensors S for 7 excitation
wavelengths. The solid line with arrows shows the direction of the fluores-
cence dipole. Dashed line at +46° from the fluorescence dipole indicates the
estimated position of the molecular long axis.

photon tensor shape along the indole long axis. This result
is in perfect agreement with the analysis given by Callis*
who theoretically reconstructed the two-photon excitation
tensors for 'L, and 'L, states. However, the analysis of the
experimental data reported by Lakowicz et al.*’ has led to
about 15° inclination of the two-photon tensor principal axis
from the indole long axis.”> We do not know the reason for
this disagreement.

As already mentioned, only the absolute value of the
angle between the fluorescence dipole and the long principal
two-photon tensor axis can be determined from experiment.
Therefore, the position of the two-photon tensor long principle
axis can be formally set either parallel to the molecular long
axis, or perpendicular to it. However, the latter possibility
is strongly disfavored by calculations.”” Also, the analysis
has shown that there are two different solutions for the S-
tensor components for the same M-parameters because the
M-parameters remain the same under exchange of the S,,
and S, two-photon Cartesian tensor components. However,
the second solution resulting in high S,, and small S,
components looks unrealistic as almost all theoretical and
experimental studies done before resumed in predominately
in-plane position of the transition dipoles for several first
indole excited states.

C. Lifetime t; and correlation time t,ot

The lifetime 7; and rotation correlation time 7 €xperi-
mentally determined at seven effective excitation wavelengths
in the region 268-293.33 nm are given in Table III. As seen,
the excited state lifetimes are in the range 7 ~ 3.5-3.9 ns and
the rotational correlation times are in the range ;o =~ 0.6
—0.8 ns. Both lifetimes have practically no systematic
wavelength dependence which is likely due to fast nonradiative
intermolecular relaxation prior the fluorescence when the
fluorescence does not rely on excitation history and occurs
from the lowest excited state vibrational level. Assuming that
these characteristic times has no, or negligible, dependence

J. Chem. Phys. 142, 024310 (2015)

on the excitation wavelength we calculated their weighted
average values as: 7y =3.83+0.14 ns and 7., = 0.74 £0.06 ns.

V. CONCLUSIONS

We present the results of the complete polarization
experiment in indole dissolved in propylene glycol using the
2C2P TPEF experimental method at seven effective excitation
wavelengths in the 268-293.33 nm spectral region. Excitation
with femtosecond laser pulses has allowed us to track the
fluorescence temporal dependence with sub-nanosecond reso-
lution and obtain from experiment the fluorescence lifetime
and rotational correlation time. As shown, the main excitation
pathway was the transition to the 'L, state which becomes
the lowest in energy due to interaction with the polar solvent.
The 'L, origin manifests itself at about 288 nm by a hump
in the two-photon polarization ratio Q spectral dependence.
Combining different geometries, we were able to infer from
experiment all components of the two-photon excitation tensor
S. As found, the tensor S is almost symmetric and planar
in the molecular plane for all excitation wavelengths, the
off-plane tensor component S,, is less than 4% of the in-
plane components. Also, the long principal two-photon tensor
axis was found to be directed about +m/4 with respect to
the fluorescence dipole direction in the molecular frame and
parallel/perpendicular to the molecular long axis. Moreover,
the ratio of the parallel/perpendicular tensor components
Syy/Sxx was found to be negative and ranges from —4% to
—6% at 268-285 nm where the absorption to 'L, dominates
and from —10% to —16% at the 287-289 nm spectral range,
where the contribution from 'L, origin is significant. The
lifetime 7, and the rotation correlation time 7, were found
to have practically no dependence on the effective excitation
wavelength.
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