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ABSTRACT: A comprehensive experimental and theoretical
study of linear photophysical properties, such as excited-state
relaxation, two-photon absorption, and stimulated emission
spectra of the symmetrical fluorene derivative 2,2'-((1E,1’E)-
(9,9-diethyl-9H-fluorene-2,7-diyl)bis(ethene-2,1-diyl) ) bis(1-
methyl-1H-pyrrole) (1), is presented. The steady-state
absorption, fluorescence, excitation, and excitation anisotropy
spectra of 1 in organic solvents of different polarities are
investigated experimentally and modeled. The fluorescence
solvatochromism of 1 suggests the occurrence of symmetry
breaking in the first excited state. The nature of fast relaxation
processes in the excited state of 1, with the characteristic times
of several picoseconds, is investigated by transient absorption
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femtosecond pump—probe spectroscopy. The spectral properties of 1 are satisfactorily described by an essential-state model that,
accounting for electron—vibration coupling and for polar solvation, addresses spectroscopic features not only in terms of band
position and intensities but also in terms of band shapes. Specifically, we present the first calculation of frequency-resolved two-
photon-excited fluorescence anisotropy spectra. Our results demonstrate that electron—vibration coupling and polar solvation
quite naturally explain the puzzling experimental observation of large deviations of the anisotropies from the values expected on
the basis of the relative orientation of the molecular transition dipole moments.

Bl INTRODUCTION

Organic dyes have attracted much interest for several
applications, including laser scanning fluorescence micros-
copy,"”” organic electronics,”* nonlinear optics,”® photo-
dynamic therapy,”® microfabrication, and high-density optical
data storage.”'” Fluorene derivatives with specifically function-
alized molecular structures'' ~'* are promising candidates for
two-photon absorption (2PA) applications. They exhibit strong
1516 gpecific solvatochromic effects,"*"”
%19 bhotochemical stabil-
and stimulated emission

vibronic interactions,
high fluorescence quantum yields,
ity,">*" large 2PA cross sections,”>>
efficiency.”>*

In this work, we present a comprehensive photophysical and
photochemical study, supported by theoretical modeling, of a
symmetrical fluorene derivative 2,2’-((1E,1'E)-(9,9-diethyl-9H-
fluorene-2,7-diyl)bis(ethene-2,1-diyl) )bis(1-methyl-1H-pyr-
role) (1). The steady-state and time-resolved linear photo-
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physical properties of 1, including absorption, excitation,
fluorescence, and one-photon excitation anisotropy spectra,
lifetimes, and photodecomposition quantum yields, were
investigated in solvents of different polarities. The two-photon
excitation anisotropy spectrum was measured in a viscous
medium, and the nature of its spectral shape was analyzed.
Nonlinear optical characteristics, such as 2PA, excited-state
absorption (ESA), and stimulated emission spectra of 1, were
obtained by two-photon-induced fluorescence, transient
absorption pump—probe, and fluorescence quenching techni-
ques, respectively, using a femtosecond laser system. Quantum
mechanical analysis of the obtained experimental data was
performed using the essential-state model (ESM) approach,
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rationalizing the symmetry breaking in the first excited
electronic state of 1, as well as 2PA and two-photon excitation
anisotropy spectra.

B EXPERIMENTAL SECTION

Synthetic Procedure for 1. The molecular structure of the
new symmetrical fluorene derivative 1 is shown in Figure 1. A

Figure 1. Chemical structure of 1.

mixture of 2,7-bis(bromomethyl)-9,9-diethyl-9H-fluorene (1.5
g 3.7 mmol) (prepared according to ref 25) and triethyl
phosphite (S mL) was refluxed for 2 h under N,. Excess triethyl
phosphite was distilled under reduced pressure. The residue
was dried under vacuum and used directly for the subsequent
Horner—Emmons reaction. The intermediate was dissolved in
dry N,N-dimethylformamide (10 mL), followed by the slow
addition of NaH (1.76 g, 73.3 mmol). The mixture was allowed
to react under N, atmosphere at room temperature for 1,
followed by the addition of 1-methyl-1H-pyrrole-2-carbalde-
hyde (0.8 g, 7.3 mmol). The mixture was then stirred overnight
at room temperature. Water was added, and the precipitate was
collected by filtration, carefully washed with water, and dried.
The crude product was purified by column chromatography
with hexane/dichloromethane (DCM, 2:1) as an eluent. A
yellow powder was obtained (1.09 g, 69%). mp 223—224 °C.
'H NMR (500 MHz, CDCL,): & 7.62 (d, ] = 7.9 Hz, 2H), 7.43
(d, J = 9.3 Hz, 2H), 7.37 (s, 2H), 7.01 (d, ] = 16.2 Hz, 2H),
6.95 (d, J = 162 Hz, 2H), 6.64 (m, 2H), 6.50 (m, 2H), 6.17 (m,
2H), 3.73 (s, 6H), 2.07 (q, ] = 7.3 Hz, 4H), 0.37 (t, ] = 7.3 Hz,
6H). 3C NMR (125 MHz, CDCl,): § 150.61, 140.56, 136.72,
132.28, 126.66, 125.01, 123.55, 120.32, 119.70, 116.30, 108.30,
106.67, 55.98, 34.23, 32.91, 8.61. HRMS (APCI) for Cy,H;,N,
theoretical m/z: [M + H]* 433.2638; found [M + HJ,
433.2633.

Linear Photophysical and Photochemical Measure-
ments. The steady-state absorption, fluorescence, excitation
anisotropy, and lifetime measurements were performed in
spectroscopic grade cyclohexane (CHX), toluene (TOL),
tetrahydrofuran (THF), DCM, acetonitrile (ACN), and
polyTHF (pTHF) at room temperature using a Lambda 650
(PerkinElmer) spectrophotometer and QuantaMaster (PTI,
Inc.) and FluoroMax-3 (HORIBA Jobin Yvon) spectrofluorim-
eters. Fluorescence lifetimes of 1 were measured with a time-
correlated single-photon counting system using 1 MHz laser
excitation (excitation wavelength, 4., ~ 403 nm; pulse duration,
7, & 250 ps). The values of fluorescence quantum yields, @,
were determined following the procedure described in ref 26,
using a fluorescein solution (0.1 M NaOH) as standard (@ =
0.92).”” All fluorescence measurements were performed in
dilute solutions (dye concentrations, C ~ 10~ M) and were
corrected for the spectral response of the detection system. The
quantum yields of the photochemical decomposition of 1 were
obtained by the absorption methodology, as described in ref 20,
using a continuous-wave Xe lamp irradiation (4., & 400 nm;
irradiation intensity, I, & 5 mW/cm?).

2PA, Two-Photon Excitation Anisotropy, Stimulated
Emission, and Transient Absorption Measurements. The
degenerate 2PA spectrum of 1 was obtained by the two-
photon-induced fluorescence method”**” (in combination with
a PTI QuantaMaster spectrofluorimeter) using a 1 kHz
femtosecond laser system (Ti:sapphire chirped-pulse-amplified
Legend Duo+ Coherent, Inc, pumped optical parametric
amplifier OPA HE-TOPAS Light Conversion, Inc.,, and after
the second harmonic generation and using multiple 10 nm full
width at half-maximum (fwhm) spike filters, we obtained pulse
energy, E, < 10 yJ and 7, ~ 100 fs over a broad spectral range).
Experimental details may be found in ref 30. The same
femtosecond laser beam input to a PTI QuantaMaster
spectrofluorimeter was used for two-photon excitation
anisotropy measurements, as comprehensively described in
refs 31 and 32. The stimulated emission cross-sectional
measurements were performed by the fluorescence quenching
rnethodology.15’3'3 In this case, the output beam of the Legend
Duo+ regenerative amplifier at 800 nm was split in two parts.
The first part was doubled by a 1 mm beta-borium borate
(BBO) crystal and used as the fluorescence excitation beam at
Aex = 400 nm, and the fluorescence signal was detected at a
right angle to the incident beam with an HR4000 Ocean Optics
spectrometer. The second beam at 800 nm pumped into an
OPA TOPAS-800 fs (Coherent, Inc.) with a broad tuning range
was used as the fluorescence-quenching beam. The transient
absorption pump—probe setup was comprehensively described
in refs 34 and 3S. Briefly, the output of the Ti:sapphire
regenerative amplifier, Legend F-1K-HE (Coherent, Inc.), at a
wavelength of 800 nm, E, ~ 1 mJ, 7, ~ 140 fs (fwhm), and a
repetition rate of 1 kHz, was split into two parts. The frequency
of the first beam was doubled by a 1 mm BBO crystal and used
as the pump beam (Ep ~ 5—10 ). The second laser beam was
focused into a sapphire plate to produce a white-light
continuum and served as the probe beam (E, < S nJ), delayed
by an optical delay line, M-531.DD (P, Inc.), relative to the
pump beam. The pump and probe beams were overlapped at a
small angle in the sample solution, and the probe transmittance
was determined by an Acton SP500i spectrometer, equipped
with a Spec 10 CCD detector. The angle between the linear
polarizations of the pump and probe beams was set to 54.7°.
The estimated time resolution of the employed technique was
<300 fs. The sample solutions were placed in a 1 mm quartz
flow cell to avoid possible thermo-optical effects and photo-
chemical decomposition.

B RESULTS AND DISCUSSION

Linear Photophysical and Photochemical Properties
of 1. The steady-state linear absorption and fluorescence
spectra, along with the main photophysical and photochemical
parameters of 1, are presented in Figure 2 and Table 1. The
absorption spectra of 1 (Figure 2, curves 1—5) exhibited weak
dependence on solvent polarity”® and a partly resolved vibronic
structure. No aggregation effects were observed up to C &~ 1072
M. The steady-state fluorescence spectra of 1 (Figure 2, curves
1'=5’") were independent of the excitation wavelength, and the
excitation spectra perfectly matched the absorption bands, in
agreement with Kasha’s rule.’® The absorption band was
marginally affected by solvent polarity, while sizable solvato-
chromism was observed in emission, as expected for class I
quadrupolar dye, exhibiting symmetry breaking in the first
excited electronic state S,.°° The Stokes shift showed a linear
dependence on solvent polarity (Figure S1) following the
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Figure 2. Normalized linear absorption (1—S5) and fluorescence (1'—
5’) spectra of 1 in CHX (1, 1), TOL (2, 2), THF (3, 3'), DCM (4,
4’), and ACN (5, §').

Lippert equation,”® which demonstrates the absence of specific
solute—solvent interactions,®” in line with the almost constant
values of maximum extinction coefficients €™ in the
investigated media (see data in Table 1).

Compound 1 was highly fluorescent and exhibited single-
exponential fluorescence decay in all solvents, with the lifetimes
slightly increasing with the solvent polarity. The natural
lifetimes can be obtained from the fluorescence data, 7, = 75/
@y, and compared with the results obtained from the intensity
of the linear absorption and fluorescence band, according to the
Strickler—Berg equation’®

/F(u) dv

1/2," = 2.88 X 107 X n* X ————
f[F(v)/v ]dv

X f[e(y)/y] dv

where F(v) and n are the fluorescence spectrum plotted in
wavenumbers, cm™!, and refractive index of the medium,
respectively. The largest deviations between the two lifetime
values were observed in more polar solvents where one expects
the largest changes in the molecular configuration following
electronic excitation.*

The fundamental anisotropy spectrum of 1 (Figure 3b, curve
1) was obtained for the highly viscous pTHF to ensure a much
larger rotational correlation time than the fluorescence lifetime,
0. > 73.”° Under these conditions, according to the standard
model, the value of fluorescence excitation anisotropy, r, is
determined by the angle f between the absorption and
emission transition dipole moments, r = (3 cos? f — 1)/5.>°
The constant and large (r > 0.35) values of anisotropy in the
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Figure 3. (a) Degenerate 2PA (1) and normalized linear absorption
(2) spectra of 1 in TOL. (b) Two-photon excitation anisotropy (2)
and steady-state one-photon excitation anisotropy (1) spectra of 1 in
pTHE.

region of the main absorption band of 1 therefore suggest a
single Sy — S, electronic transition (S, and S, are the ground
and first excited electronic states, respectively). The anisotropy
decreased to ~0.27 in the region of the Sy — S, transition (S, is
the second excited electronic state), a slightly surprising result
because for the symmetric bent quadrupolar dye the states can
only be polarized either along the same direction as S; or
perpendicular to it so that the only possible values of r, are 0.4
or —0.2. This discrepancy will be quantitatively addressed in the
Theoretical Modeling section. In low-viscosity solvents where
0.« = 7g the values of anisotropy dramatically decreased
because of rotational depolarization (Figure S2, curves 1—5).
The photochemical stability of 1 is studied in different
solvents (for dye concentrations C ~ 20—30 M) using low-
intensity excitation in the main long-wavelength absorption
band, and the estimated photodecomposition quantum yields,

Table 1. Main Linear Photophysical and Photochemical Parameters of 1 in Solvents with Different Polarities: Absorption (A%
and Fluorescence (A§™) Maxima; Maximum Extinction Coefficients £€™; Fluorescence Quantum Yields ®;; Experimental
Fluorescence Lifetimes 7g; Natural Lifetimes 7, = 7,/®g; Natural Lifetimes from the Strickler—Berg Relation 7,°; and

Photodecomposition Quantum Yields @,

solvent CHX TOL
AR, nm 397 403
AP™, nm 431 442

™ M l.cm™ 72 000 75 000
[ 0.62 0.70

Tg, NS 1.0 1.0

7, ns 1.6 14

=8 ns 1.4 1.4

o) 4x1073 5x 1073

ph

THF DCM ACN
402 402 398

471 472 474

74 000 77 000 78 000
0.60 0.50 0.52

1.1 12 1.3

1.8 24 2.5

1.6 1.5 1.8

4% 1073 5% 1073 8 x 1073
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Figure 4. (a) Stimulated emission oo (1) and normalized fluorescence (2) spectra of 1 in ACN. (b) Experimental dependences 1 — Iy/Iy, = f(E,) for
1 in ACN: A, = 480 nm (1), 550 nm (2), and 580 nm (3).
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Figure 5. (a) Transient absorption kinetic dependences AD(zp) for 1 in TOL for selected probing wavelengths: A, =365 nm (1) and 420 nm (2);
(b) transient absorption kinetic dependences AD(zp,) for 1 in ACN for A, = 430 nm (1) and 480 nm (2). (c) Time-resolved transient absorption
spectra of 1 in TOL for 7, = 1 ps (black squares), 3 ps (red circles), and 10 ps (blue triangles), and the steady-state linear absorption (1) and
fluorescence (2) spectra of 1. (d) Time-resolved transient absorption spectra of 1 in ACN for 7y, = 1 ps (black squares), 3 ps (red circles), and 10 ps
(blue triangles), and the steady-state linear absorption (1) and fluorescence (2) spectra of 1.

®,, are presented in Table 1. The estimated q)li?h values are
slightly larger than those for typical laser dyes,"”*' but the
combination of its high fluorescence quantum yield and 2PA
cross section (see below) make fluorene 1 an interesting
candidate for bioimaging applications.

2PA and Two-Photon Excitation Anisotropy of 1. The
degenerate 2PA spectrum of 1, obtained by the two-photon-
induced fluorescence technique using rhodamine B in methanol
and fluorescein in water (pH = 11) as standards,”” is shown in
Figure 3a. A single 2PA peak was observed with a maximum at
710 nm, with a cross-sectional value of ~200 GM. Indeed, for
bent symmetric quadrupolar dyes, the S; state may also display
2PA activity;19 however, the bending angle in 1 is too small to
lead to a sizable 2PA intensity of S,.

The anisotropy of fluorescence induced by 2PA processes,
t2pa, Obtained for 1 in viscous pTHF is shown in Figure 3b.
These data can be used to obtain information about the relative
orientation of the transition dipole moments, including
transition dipoles between the excited states, and can shed
light on the nature of the excited states. According to the data
in Figure S, the fundamental values of r,p, were very close to
the theoretical maximum limit (£ = 0.57),%° exhibiting very
weak dependence on the excitation wavelength over the entire
spectral range studied at variance with the corresponding one-

photon excitation anisotropy (Figure 3b, curve 1). A similar
behavior was previously reported for polymethine and fluorene
dyes in viscous solvents, and possible explanations for this
phenomenon were discussed.’’** The nature of the depend-
ence 7yps(deg) for the molecular structure of 1 is analyzed in
the Theoretical Modeling section.

Stimulated Emission Spectra and Fast Relaxation
Processes in 1. The stimulated emission cross section of
organic molecules, 6y, is of interest for applications in
stimulated emission depletion (STED) microscopy,* super-
luminescence, and lalsing.é’43 Unfortunately, 0,, measurements
are scarcely addressed in the literature. The values of 6,4(4) for
1 in ACN were determined by a fluorescence quenching
method."” The results obtained in the fluorescence spectral
range of 480—580 nm for fixed delay ~10 ps < 7 between the
pump and quenching pulses are shown in Figure 4a. The
degree of fluorescence quenching, 1 — I/Ir, (where Iy and I,
are the integrated fluorescence intensities observed with and
without the quenching beam with pulse energy E,), is directly
proportional to the product 6y4(4;) X E, where A, is the
quenching wavelength.'® Typical nearly linear 1 — I/I; = fE)
dependences measured in ACN at selected quenching wave-
lengths are shown in Figure 4b. The values of 64(4,) were
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estimated from the slopes of the f(E,) curves. According to the
data in Figure 4a, the stimulated emission spectrum is very
similar to the fluorescence contour. The maximum value of &y,
~ 13 X 107! cm? is significantly smaller than the
corresponding maximum one-photon absorption cross section,
601 & 3 X 107! cm?, suggesting a slightly smaller transition
dipole moment for the emission than for the absorption
process, which is in line with the conclusions drawn from the
comparison of the 7, and 75° natural lifetimes (see Table 1).

The relaxation processes in 1 were investigated by a
femtosecond transient absorption pump—probe technique®*
in nonpolar (TOL) and polar (ACN) aprotic solvents over a
broad spectral range. The induced changes in the optical
density, AD, were measured as a function of time delay, 7p,
between the probe and pump pulses and of the probe
wavelength, 4., and are presented in Figure S. The transient
absorption kinetics of 1 revealed strong positive signals (AD >
0) in the spectral range of the main absorption band (Figure
Sa,c), suggesting the presence of efficient ESA processes that
overwhelm the ground-state bleaching (i.e., saturable absorp-
tion). These ESA signals arise within the instrumental response
time, remain nearly constant in the picosecond timescale, and
then slowly relax to zero in accordance with the nanosecond
fluorescence lifetime. This behavior suggests that all ultrafast
dynamics subsequent to the electronic excitation, including
vibrational relaxation processes, end within the first 300—500 fs
after photoexcitation without any evidence of solvent
reorganization dynamics in nonpolar TOL. In polar ACN,
some evidence of optical gain (AD < 0) was detected in the
fluorescence spectral range (Figure Sb,d) of 1, and the
relaxation process with the characteristic time of ~2—3 ps in
the transient absorption signal at 480 nm is safely associated
with the solvent reorientation around the excited chromo-
phore, 141924

Theoretical Modeling. Low-energy linear and nonlinear
optical spectra of charge-transfer organic dyes can be accurately
described by ESMs, a family of semiempirical models that was
developed and validated for different families of dyes®*”**~*
and aggregates.’’~>> The main concept behind ESM is to
account for a reduced set of electronic basis states, the essential
states, that correspond to the main resonating structures
characteristic for each dye. For quadrupolar donor—acceptor—
donor (DAD) dyes such as 1, three basis (diabatic) electronic
states are minimally needed, corresponding to the neutral state,
IN) = DAD, and to the two zwitterionic states, 1Z;) = D*A™D
and 1Zz) = DA™D". The two degenerate zwitterionic states are
separated from the neutral state by an energy gap of 27. The
charge resonance is described by a mixing matrix element, —7,
as described in the Supporting Information. The electronic
Hamiltonian adopted for 1, a bent quadrupolar dye, is exactly
the same as discussed in ref 36, for linear quadrupolar dyes.
However, the dipole moment operator must account for the
bent nature of the dye, described by the angle o, measuring the
deviation from linearity. As discussed in the Supporting
Information, for linear dyes strict selection rules apply, with
S only active in 1PA and S, in 2PA. In bent molecules, both
the states acquire intensity in both 1PA and 2PA, but for small
bending angles, the selection rules for the linear dye are nearly
maintained.

To properly address spectral band shapes, the coupling of
electronic degrees of freedom to molecular vibrations must be
accounted for. We introduce two effective coordinates, g; and
qr, that describe the relaxation of the molecular geometry upon

charge transfer along the two molecular arms. The two
coordinates have the same frequency, @, and relaxation
energy, ¢, (see the Supporting Information for details). The
coupled electron—vibrational Hamiltonian is written on the
nonadiabatic basis generated as the direct product of the
electronic basis times the eigenstates of the two harmonic
oscillators related to ¢q; and gg. Indeed, we truncate the
vibrational basis to the maximum number M of states for each
oscillator so that the basis has a dimension 3M?, ensuring to use
large enough M so as to reach convergence. The diagonaliza-
tion of the Hamiltonian matrix gives numerically exact vibronic
eigenstates that enter the sum-over-state expressions for the
calculation of optical spectra. An additional parameter, ¥, enters
the calculation, measuring the line width associated with each
vibronic line.

Polar solvation is introduced in the model in the framework
of the reaction field model. As discussed in refs 36 and 37, only
the orientational component of the reaction field is explicitly
discussed in ESMs. In the specific case of bent quadrupolar
dyes, two components F, and F, of the reaction field are
coupled to the dipole moment operator.** The solvation
relaxation energy, &,, measuring the energy gained by a
molecule upon relaxation along the solvation coordinate, is set
to zero in nonpolar solvents and increases with the solvent
polarity. In polar solvents, the electronic Hamiltonian becomes
F, and F,-dependent (see the Supporting Information). The
coupled electronic and vibrational Hamiltonian is therefore
diagonalized numerically on a grid of F, and F, values, and
relevant optical spectra are calculated as described in the
Supporting Information at each point of the grid. The total
spectra are finally obtained summing up the spectra calculated
at each point of the grid, weighted according to the relevant
Boltzmann distribution. Indeed, when dealing with absorption
spectra, the Boltzmann distribution refers to the (F, F,)-
dependent energy of the ground state, whereas when dealing
with fluorescence spectra, the Boltzmann distribution is
calculated based on the energy of the fluorescent state. Along
these lines, the model accounts not just for solvatochromism
but also for the subtle effects of polar solvation on band shapes
and specifically for inhomogeneous broadening effects. Finally,
in the calculation of anisotropy spectra, both the distributions
must be considered (see the Supporting Information for
details).

Table 2 collects all molecular parameters entering the
calculation of optical spectra, including absorbance, emission,

Table 2. ESM Parameters

n/ev 7/eV e/eV w/eV a/degrees I'/ev
142 0.8 0.48 0.18 29 20 0.08

4/debye

2PA, and linear and two-photon-induced fluorescence aniso-
tropy. The model explicitly accounts for polar solvation,
whereas the effect of the electronic degrees of freedom of the
solvent is implicitly introduced via the dependence of model
parameters on the solvent refractive index.”” In view of the
marginal variation of the refractive index in common organic
solvents, all molecular parameters are kept fixed, and the
spectroscopic effects of solvent polarity are accounted for
adjusting a single parameter, &,, measuring the solvent
relaxation energy.”” We emphasize that band shapes are not
adjusted by hand but are reproduced by the inhomogeneous
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broadening and vibrational coupling effects that are included in
the ESM.

The calculated absorption and emission spectra in Figure 6
agree very well with the experimental spectra in Figure 2. ESM

1.0F —car:ﬁ eV
: £or=0.02 eV
08 €or=0.05 eV
| ; £or=0.07 &V
0.6}

0.4

Normalized Absorbance/Fluorescence

300 400 500 600 700
Wavelength, nm

Figure 6. Normalized absorbance and fluorescence spectra (con-
tinuous and dashed lines, respectively) calculated by ESM with the
molecular parameters in Table 2, and variation in &, to mimic the
different polarities of the solvents in Figure 2. Specifically, blue, light
blue, red, green, and black lines refer to the results obtained for &,, = 0,
0.02, 0.0S, 0.07, and 0.12 eV, respectively.

accurately reproduces the band shapes and positions of
absorption and fluorescence spectra in solvents of different
polarities, with the partially resolved vibronic structure
observed in nonpolar solvents that blurs in polar solvents.

As for the 2PA spectra shown in Figure 7, we notice that the
bending angle, set to 20° to best reproduce anisotropy spectra
(see below), makes the S, state weakly 1PA-active and the S,
state weakly 2PA-active; however, in both cases, the calculated
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Figure 7. Top panel: Linear and 2PA spectra calculated for €, = 0.02
eV (to mimic the TOL solvent). Bottom panel: fluorescence
anisotropy spectra calculated for &, = 0.07 eV (to mimic the pTHF
solvent); continuous black and red lines refer to the results obtained in
a liquid solvent upon one-photon and two-photon excitations,
respectively. For comparison, dashed lines show anisotropies
calculated in the hypothesis of a frozen solvent.

intensity of the nominally forbidden bands is small, which is in
line with the experimental results. The p, value in Table 2 was
fixed to reproduce the 1PA intensity. With this choice, the value
of the 2PA intensity is slightly overestimated.

The calculation of fluorescence anisotropy spectra account-
ing for vibrational coupling and for polar solvation is far from
trivial. In refs 45 and 53—55, we addressed the calculation of
one-photon-excited anisotropy spectra. Here, we extend the
procedure to two-photon-excited spectra. The approach, rooted
in the seminal work presented in refs 56—60, is described in
detail in the Supporting Information. The results in Figure 7 are
shown for &, = 0.07 eV to mimic the polarity of pTHF. This
solvent is highly viscous, so we can safely assume that the solute
molecules do not change their orientation during the excitation
lifetime. However, pTHF is a liquid solvent, and it readjusts in
response to the solute excitation, at variance with frozen
solvents (glassy matrices), where the solvent is frozen in the
ground-state configuration. For this specific case, results
obtained for liquid and frozen solvents are similar (see Figure
7). The calculated linear and two-photon-induced anisotropies
are in good agreement with the experiment, further confirming
the reliability of the ESM approach. Even more importantly, we
can now quantitatively discuss the origin of the anomalous
behavior of the anisotropies when compared with the standard
treatment. As discussed above, for the linear anisotropy, the
standard model predicts r = 0.4 in the S, absorption region
(fluorescence occurs from the same state) and r = —0.2 in the
S, region (polarized perpendicularly to S1). For the two-
photon-induced anisotropy, the standard model predictions are
ropa & 0.57 in the S, region and ryp, & 0.14 in the S; region. As
discussed in the Supporting Information (see Figure S3), our
calculation converges to this purely electronic result if we
suppress the electron—vibration coupling (&, = 0) as well as the
polar solvation (setting &, = 0). Thus, it is the concurrent
effects of electron—vibration coupling and of polar solvation
that, broadening the spectroscopic features, are responsible for
the large observed deviation of the anisotropies from the results
expected in a purely electronic model.

B CONCLUSIONS

Comprehensive experimental and theoretical investigations of
the linear photophysical and nonlinear optical properties of
symmetrical fluorene derivative 1 were performed. The steady-
state and time-resolved spectroscopic properties of 1 reveal an
important fluorescence solvatochromism, suggesting symmetry
breaking in the S, excited state. The degenerate 2PA spectrum
of 1, measured over a broad spectral range, shows the typical
shape expected for centrosymmetric molecular structures with a
maximum cross section of ~200 GM. The values of two-
photon excitation anisotropy are close to the theoretical
maximum and exhibit a weak dependence on the excitation
wavelength. The stimulated emission spectrum of 1 was
obtained by a fluorescence quenching method, and a strong
deviation of its maximum intensity from the corresponding
maximum of the ground-state absorption cross section was
shown. The nature of fast relaxation processes in 1 was revealed
by femtosecond transient absorption spectroscopy, and
potential for light amplification in a polar medium was noted
as compared with that of well-known gain materials.
Experimental data were comprehensively analyzed based on
an ESM that quantitatively describes linear and 2PA spectra of
the dye in different solvents based on a handful of molecular
parameters. We address not only the band positions and
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intensities, but, accounting for electron—vibration coupling and
for polar solvation, we also address band shapes. This is
particularly important for anisotropies where the spectral
broadening due to the two interactions leads to large deviations
from the results expected in the standard approach that only
accounts for the mutual orientation of the electronic transition
dipole moments. Our analysis demonstrates that in systems
with sizable electron—vibration coupling and/or in the presence
of inhomogeneous broadening due to polar solvation, a more
accurate analysis of anisotropy data is needed to safely estimate
the polarization direction. Similar important and nontrivial
effects of electron—vibration coupling and polar solvation are
demonstrated for two-photon-induced anisotropies, for which
we present here the first explicit calculation of spectral band
shapes. High fluorescence quantum yield, sizable 2PA cross
section, potential light amplification, and acceptable photo-
stability make 1 an interesting candidate for a number of
nonlinear optical applications including STED microscopy.
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