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ABSTRACT

Fluorene-based molecules present significant nonlinear optical responses, multiphoton
absorption in the visible, which, combined with the high fluorescence quantum yield in
organic solvents, could make this class of materials potentially engaging in diverse
photonics applications. Thus, herein, we have determined the two-photon absorption
(2PA) of oligofluorenes containing three, five, and seven repetitive units by employing
the wavelength-tunable femtosecond Z-scan technique. Our outcomes have shown that
the 2PA cross-section in oligofluorenes presents an enhanced value of around 18 GM
per N, in which N is the effective number of n-electrons, for the pure 2PA allowed
transition (1'A,-like—2!'A.-like). Furthermore, a weak 2PA transition was observed in
the same spectral region strongly allowed by one-photon absorption (1'A,-like—1'B,-
like). This last result suggests a molecular symmetry perturbation, probably induced by
the molecular disorder triggered by the increase of moieties in the oligofluorene
structure. We have calculated the permanent dipole moment difference related to the
lowest-energy transition using the Lippert-Mataga formalism and the 2PA sum-over-
states approach to confirm this assumption. Moreover, we have estimated the

fundamental limits for the 2PA cross-section in oligofluorenes.

Keywords: oligofluorenes, fluorene, organic dyes, nonlinear optics, two-photon

absorption.
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1. INTRODUCTION

Organic photonics has been an emerging field in both pure and applied science
due to the extensive synthesis investigation of organic compounds that pursue optimal
optical, electrical, and chemical stability properties.!> Among the enormous variety of
organic molecular structures, aromatic polymers, at least the more stable ones, such as
polyfluorenes, have become extremely popular for photonics applications. 4¢ For
example, polyfluorenes derivatives can be used as 2PA photoinitiators (2PP) due to
their high two-photon absorption (2PA) cross-section.” Still, they also can be employed
to develop all-plastic, full-color, light-emitting diodes. #13

Oligofluorenes and its derivatives have a high fluorescence quantum yield,
thermal and photochemical stability combined with a large ground-, excited-state, and
multiphoton absorption.!#!7 These features allied to the superior quality film formation
make fluorene molecules excellent candidates for the fabrication of nonlinear optical
devices. Although the oligofluorene's nonlinear optical response was widely studied in
the past, the outcomes were achieved by using the nanosecond laser.'82! Therefore,
there is a gap in the literature, regarding a complete 2PA spectral analysis of
oligofluorenes, particularly by using femtosecond pulses. In oligofluorenes, the
behavior of the 2PA spectral shape and its magnitude as a function of the effective
number of electrons (N.) 22 could give the information of how much the polymeric
chain needs to be increased to have a significant gain in the 2PA cross-section. That
information should be gathered using ultra-short pulses (~ 160 fs) and low repetition
rate (1 kHz) to avoid the contribution of thermal effects,?? and excited-state absorption

(stepwise 2PA),?* which could mask the 2PA cross section final values.
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Fortrie et. al.> proposed a molecular engineering route to achieve a strong 2PA cross-
section and high transparency in the visible region for linear oligofluorenes.?® In that
work, they used nanosecond-pulses-induced fluorescence technique and observed that
the 2PA oscillator strength per monomer linearly increases as a function of the increase
of monomers. On the other hand, in the same paper, the author used an analytical three-
energy excitonic model in order to interpret the found outcomes. According to this
model, the 2PA oscillator strength per monomer tends to be constant for oligomers with
monomer units higher than 2. Here, we have revisited such results by employing the
wavelength-tunable femtosecond Z-scan technique.

Nonlinear optical phenomena are susceptible to molecular symmetry. For
example, the second-order nonlinear optical response such as second-harmonic
generation and hyper-Rayleigh scattering occurs only in noncentrosymmetric materials.
Consequently, these nonlinear effects have been used as probes in several applications,
including specific biomolecular interactions.?’ In the same context, for 2PA, no such
symmetry constraints exist: in centrosymmetric molecules, the electric-dipole selection
rules for optical transitions have different parities: gerade-ungerade or vice-versa for
one-photon and gerade-gerade or ungerade-ungerade for 2PA. 28 2° Although the
Fluorene molecule did not present an inversion center, it has a plane symmetry, leading
to the electric-dipole selection rules. 3° Therefore, the fluorene molecule belongs to the
well-defined symmetry point group C,,.3! According to the spectroscopic notation, the
fluorene molecule has the ground-state 1'A,, the first one-photon allowed excited state
with symmetry 1'B, and the second excited state of symmetry 2!'A, strongly allowed by
2PA.15:30.32 Some works have shown the intrinsic symmetry breaking perturbation in
molecular systems or induced by interaction with solvent, electric field, temperature,

and so on.33-3% However, to the best of our knowledge, the symmetry perturbation effect
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on the 2PA properties of unsubstituted and linear oligofluorenes has not been reported
yet.

Herein, we performed an extensive optical study taken into account linear
absorption (1PA), fluorescence spectroscopy, solvatochromism as input data to help

investigate and describe the 2PA spectral shape and its o,p4 magnitude as a function of

the N of the linear and unsubstituted oligofluorenes, designated by trifluorene,
pentafluorene, and heptafluorene. The wavelength-tunable femtosecond Z-scan
technique was employed to measure the 2PA cross-section spectrum for these
molecules. In addition, the sum-over-states (SOS) approach was used to improve the
2PA analysis.

2. MATERIALS AND METHODS

2.1 COMPOUNDS

The trifluorene and pentafluorene have been synthesized following the
procedure developed by Anémian et. al.'”, while the hepatafluorene was obtained
according to Ref. 37. The molecular structures are shown in Figure 1. The three distinct

oligofluorenes compounds are composed of three, five, and seven single fluorene

moieties.
CGHIS CGHIB CGHIB CSH13
Trifluorene Q.O 0.0 Q.O
CgH1z CgHig
Fluorene Unit
CeHiz CeHig CeHiz CeHig
Pentafluorene 0.0
CEH13 CEHIE
Heptafluorene

CgHiz Cghhia

Figure 1: Molecular structures of the linear and unsubstituted oligofluorenes investigated in this work.
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2.2 LINEAR OPTICAL MEASUREMENTS

The trifluorene, pentafluorene, and heptafluorene molecules were dissolved in
toluene at low concentrations: 5.5x10¢ M, 4.5x10¢ M, and 1.5x10-% M, respectively. A
commercial Shimadzu UV-Vis 1800 spectrophotometer was employed to determine the
one-photon absorption (1PA) bands. Besides that, a commercial F-7000 Hitachi
fluorescence spectrophotometer was used to determine the steady-state fluorescence. All
linear optical measurements were recorded using 10-mm optical path quartz cuvettes. A
detailed description regarding the equations and methods used with the linear optical
measurements can be found in sections 1.1, 1.2, and 1.3 in the supplementary

information (SI).

2.3 NONLINEAR OPTICAL MEASUREMENT

An optical parametric amplifier (OPA, Topas, Light Conversion) pumped by a
pulse of 775 nm delivered by a Ti:Sapphire chirped-pulse amplifier laser system (CPA
2001, Clark MXR) was used in the open-aperture Z-Scan technique 3® to measure the
2PA spectra in the spectral range of 470-800 nm.

The 2PA cross-section spectra (o,ps(4)) were determined at a higher
concentration (~10-2— 10> M) compared with the linear optical measurements and a 2-
mm optical path quartz cuvette was used instead of the 10-mm. The trifluorene,
pentafluorene, and heptafluorene concentrations were 6.0x10-3M, 1.3x102 M, and
9.4x10-3 M, respectively. More details about the Z-scan data analysis can be found in

section 1.4 from the SI.

3. QUANTUM CHEMICAL CALCULATIONS
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The Gaussian 16 program package 3° was used to estimate the molecular cavity
volume of all studied molecules in the toluene medium. The CAM-B3LYP/6-
311++G(2d,p)* level of theory was used first to optimize the geometry and second to
calculate the volume in toluene solvent medium employing a polarizable continuum
model (PCM), using the integral equation formalism variant (IEF-PCM).*! The
optimized geometries in cartesian coordinates are presented in Tables S1 and S2 in the
SI. The surface type used to represent the solute-solvent boundary was the solvent
excluding surface (SES).*> Also, we have calculated the cavity volume considering the
Onsager-model (OM).** Henceforth, the cavity volumes will be described as volggs and
voloy as the estimated volume obtained for all molecules, via SES and OM approaches,
respectively. Both volumes are shown in Table 1 and were used as an input parameter to
calculate the permanent electric dipole moment between the ground and the first excited

state.

4. RESULTS AND DISCUSSION

Figure 2 exhibits the ground-state absorption and fluorescence spectra of the
three studied molecules. It is possible to observe that all molecules present 1PA bands
in the ultra-violet (UV) region, in a range that covers 300 — 400 nm. Besides that, the
three molecules present fluorescence emission in the UV-visible region, in a spectral
range from 370 — 525 nm containing a vibrational progression for all molecules.
Trifluorene, pentafluorene and heptafluorene present molar absorptivity peaks of
5.8x10* M'em! at 350 nm, 8.6x10* M-lcm™ at 360 nm, and 16.3x10* M-lecm™! at 370

nm, respectively. It is noted that the molar absorptivity peak increase 1.5 times

Epenta

considering the trifluorene and pentafluorene molecules ( -

= 1.5) and increase 1.9

tri
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Ehepta

=19).

Epenta

Moreover, it is also possible to observe that the increase of the monomer units (fluorene

moieties) in the investigated oligomers creates a bathochromic shift in the spectral

position of the absorption band maxima, i.e., the trifluorene has its maximum at 350 nm

(3.54 eV), pentafluorene at 360 nm (3.44 eV), and heptafluorene at 370 nm (3.35 eV),

as previously observed in Ref. !7.

increase of m-electrons.

€ (x10* M'em™)

€ (x10* M'em™)

Such behavior can be explained by considering the
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Figure 2: Molar absorptivity (black lines) and fluorescence spectra (red lines) of the oligofluorenes
studied in this work (trifluorene, pentafluorene and heptaflurene).

The energies corresponding to these wavelengths are the energies with a higher
probability to promote an electronic transition from the ground-state (1'A,) to the first
excited state (1'B,). 2 A transition 1'A,-like—1!B,-like can be quantified by evaluating
the transition dipole moment pyq, expressed in Debye units. The py; evaluation of the
three oligofluorenes was obtained in the SI, and the results are 85 + 0.9 D for
trifluorene, 11.3 + 1.1 D for pentafluorene, and 14.1 + 1.4 D for heptafluorene. It is
observed that pg; increases 1.33 times considering pentafluorene and trifluorene
molecules; pg; increases 1.25 times considering heptafluorene and pentafluorene

molecules. In this way, it is possible to say that the molecules exhibit a very similar

Hotpenta HM0lhepta

increase rate considering the g, values, or in other words, = .
Hoteri Holpenta

The effective number of electrons (N.fr) of any oligomer is an important
parameter, in particular, if it will be used to normalize some spectroscopic parameters,

such as g1, Apg1, and o,py. This parameter can be calculated using Eq. 1, 22 in which n;

is the number of n-electrons of each m-conjugated part of the molecule.

Negr = }:mz (1).

i
In this particular study, each monomer, i.e., the single fluorene moiety, has 12 -
electrons. Thus, calculating Ny, the trifluorene presents Nerr = W = 20.78, the
pentafluorene presents Nogr = W = 26.80, and the heptafluorene presents N, rr =

\J7x12% = 31.74. Considering the values of ug; as well as the N,sr of each molecular

Ho1eri

structure, it is possible to see that there is a contribution of about 0.4 D per Nff (T
efftri

Holpenta Ho1pepta

=0.42, and

= 0.40 = 0.44).

’ Neffpenta Neffhepta
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The results of solvatochromic measurements and the linear fittings obtained
through the Lippert-Mataga equation, aiming the Ay, determination, are exhibited in
the SI (section 1). The Auy; values for trifluorene, pentafluorene, and heptafluorene
were estimated by using two-cavity volumes (volsgs and volyy): Augi® and Audl. As
shown in Table 1, the Augyq values, for all compounds, calculated by using two different
cavity volumes revealed a difference of around 30%, still inside the margin of error
associated to the Apg,. From the theoretical point of view, the fluorene has a symmetry
plane and, therefore, the difference between the static dipole moment from the first
excited and ground state is minimal (Ap=0.29 D). However, our outcomes show that
Aupy, regardless of being estimated using SSE or OM cavity approaches, is
considerably higher for the oligofluorenes than the fluorene molecule and, more
important, such molecular parameter increases as a function of the increase of Ngr. This
result indicates that we have molecular conformations in solution with different
symmetry levels due to the increase of fluorene moieties. Indeed, symmetrical fluorene
molecules with strong electronic-vibrational coupling present a double-minimum
excited state energy surface, i.e., symmetrical and unsymmetrical electronic distribution.
14,44 In this case, the unsymmetrical electronic distribution generates a higher Apgq
value. Aiming at a better comparison between the determined linear optical parameters

of each studied molecule, Table 1 shows the values of pg1, AudY, voloy, AuRsS, voloy,
AudM, and dV/dF (Solvatochromic Stokes shift, which can be found in SI).

Tablel: Spectroscopic parameters obtained by 1PA and QCCH for trifluorene, pentafluorene and
heptafluorene molecules.

volgsg dv

B (D) ApBYD) volow (47 AWHED)  mw GHem™

Trifluorene 8.5+0.9 3511 1032.5 29+0.9 682.6 -252 £ 191
Pentafluorene 11.3 1.1 45+13 1570.0 39+1.1 1113.1 =275+ 186
Heptafluorene 14.1+1.4 5.8+1.6 24474 46+13 1554.1 -286 & 180

10
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The open-aperture Z-scan technique was used to obtain the 2PA as a function of

the excitation wavelength (470-800 nm). Figure 3 presents the 2PA spectra (black

circles) for trifluorene, pentafluorene, and heptafluorene.
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Figure 3: Molar absorptivity (black lines) and 2PA cross section (red circles) fitted by the SOS method

(red lines).

It is observed that all molecules show two 2PA bands in a visible-IR spectral region.
The highest energy 2PA band is localized in a spectral range from 520-700 nm for all
samples, where the maximum o,p, magnitude can be found approximately at 610 nm
for all molecules. As expected, the highest o,p4 is found for the heptafluorene (~ 810
GM), while the pentafluorene presents a g,p, value of 550 GM, and the lowest g,py4
value of c.a. 360 GM is obtained for the trifluorene. The efficient 2PA cross-section in
this wavelength range evaluated for every compound can be attributed to the high
electronic delocalization at the excited state of fluorene-based molecules.!!: 4 This
transition can reach thousands of GM in oligofluorenes'® 2> and poly(fluorene)
derivatives.*4° Interesting to say that the o,p4 peak for poly(fluorene) derivatives
occurs at the same energy value as those observed in oligofluorenes (monomers units
higher than 2), which is c.a. 2.03 eV (~ 610 nm). These results suggest that the nature of
the higher-energy 2PA transition is intrinsically related to the fluorene molecular
structure. On the other hand, in the NIR spectral region (~700-800 nm), a weak 2PA
band is noticed, as one could check in the inset of Figure 3. Such transition has never
been experimentally observed previously for these molecules. This 2PA band seems to
be centered between 700-740 nm, approximately half of the energy needed to reach the
lowest-energy 1PA allowed band, corresponding to the 1A,-like —1B,-like transition.
Herein, the bathochromic shift obtained for the 2PA spectra was analogous to those
observed in the one-photon absorption spectra. The g,p, magnitude recorded for this
lower energy transition (25-59 GM) is one order of magnitude lower than its higher
energy analog. The existence of this band confirms the symmetry perturbation, °
corroborating the data from the Lippert-Mataga equation. In general, but not as a rule,

slight distortion in the molecular structure of the chromophore caused by solvent,

12
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electric field, temperature, and so on can generate symmetry perturbation that
contributes to the lowest-energy 2PA band weak intensity. 3> 34 Finally, all molecules
exhibit the intermediate state resonance enhancement effect in the 2PA transitions for
wavelengths lower than 520 nm. Such effect occurs as the excitation photon energy
approaches from the first one-photon allowed excited state and its magnitude depending
on the several molecular parameters. !

Take into account only the higher-energy 2PA band, the trifluorene,

pentafluorene, and heptafluorene molecules present maximum o,p4 at ~610 nm with a
value of 360 GM, 552 GM, and 810 GM, respectively. For the 2PA cross-section related

to the higher-energy transition, it is noted that there is an increase in g,p4 of about 1.5

a2pA(610 nm)penta

times considering pentafluorene and trifluorene molecules (W
tri

=1.53), in

the same way, there is an increase in the 0,p4(610 nm) of about 1.5 times considering

02pA(610 NM) peptq

heptafluorene and pentafluorene molecules (— 7~
a2pa(610 nm)penta

= 1.47). Performing a

parallel between the molecules 02p4(610 nm) values and the N,¢r of each molecule, Tt

02pA(610 nM) 1y 02pA(610 NM) penta 02p4(610 M) pepta

is observed that —5———=17.3 GM, N =18.3 GM and N
efferi effpenta ef fhepta

=20.2 GM. Here, we have normalized concerning the trifluorene molecule the
resonance enhancement effect, which strongly contributes to the higher-energy 2PA
transition, as will be shown later. Thus, taking into account the experimental error
(around 20%) there is a contribution of about 18 GM per N.sr in o,py for the higher-
energy 2PA transition. In fact, our outcomes show that the 2PA cross-section per
monomer (for example) is almost constant as a function of the increase of monomers
number in accordance with the three-energy excitonic model described in Ref. 2°.

As shown, the 1PA and 2PA allowed transition for the unsubstituted and linear

fluorene molecules are related only to the energy levels; 1'A,-like (ground-state), 1'B,-

13
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like (strongly 1PA allowed), and 2!'A,-like (strongly 2PA allowed). In this case, to shed
more light on the description of the o,p4, we can employ the SOS approach considering
a few energy levels. For the higher-energy 2PA band, we can consider a three-level
energy system that consists of the ground-state (1!A.-like), one intermediate 1PA
allowed excited state (1'B,-like), and the 2PA allowed final excited state (2'A,-like).
Thus, the o,p4 assuming linearly polarized light and that the dipole moments are

parallel as:

2 (2m)°
2PA) _
0052 ((l)) 5 (Tlh(,')z

L* R(®) lHo1|? li12]? go22w) (2)

in which w and wg are the excitation laser and first electronic transition frequencies,

|Hio1|? is the transition dipole moment between the excited states [1B,)— [24,), and R

(o) =

w,wo1) = / 2 is the resonance enhancement factor. I' is the full-
(wo1 — w)* + T§1(w)

width at half maximum considering the Gaussian line-shaped. This parameter can be
determined from the lowest-energy absorption band (Figure 2). We have found R
(610 nm,350 nm) =1.63  for trifluorene, R(610 nm,360 nm) = 1.83 for
pentafluorene and R(610 nm,370 nm) = 2.05 for heptafluorene. Eq. 2 describes the

o,p4 for noncentrosymmetric molecules, in which the lowest-energy 2PA transition is

. .. . [Fioa| [zl
much weaker than the higher-energy transition. In this case, the factor (woﬁﬁ

|02l Aoz ]
w

dominates the 2PA allowed transition.’> The red line in Fig. 3 illustrates the
2PA fitting using Eq. 2, while Table 2 gathered the spectroscopic data. The only adjust
parameter in Eq. 2 is the |fi;,| that describes the amplitude of the 2PA band. All the
other parameters can be obtained from the IPA spectrum. The high |fi;,| values
obtained are in accordance with the large excited-state absorption reported for the

fluorene-based molecules reported in Refs. 43334 1t is also observed that, contrary to

14
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all-optical determined parameters, |i1,| presents a decrease according to the fluorene

moiety insertion. Such behavior can be explained because the increase of moieties
favors the lowest-energy 2PA transition in detriment to the higher-energy 2PA
transition due to the disturbance of molecular symmetry, as pointed out by the
solvatochromic measurements. In general, strongly 2PA allowed transitions are weakly
allowed by 1PA and vice-versa.’*

In this same context, we have assumed a two-energy level system for the lowest
energy 2PA band located at 700-800 nm (1'A,-like —1!B,-like). In this case, we can
use the 2PA spectroscopy as a robust technique to measure the permanent dipole

moment change (|Aflg;|) and molecular structure in randomly oriented molecules as in

a solution.3* >3 Thus, the permanent dipole moment difference can be evaluated through

the lowest-energy 2PA transition by using:

1
5 N4hc n  wo 2

2
Aig1]| = b2’ (wg1) ) 3).
|80 2(2m)%3 x 10%In (10)L2€mar(wor) 0 O

It is important to note that we removed the higher-energy 2PA band contribution for the
2PA cross-section of the 1!'A,-like —1'B,-like transition. Figure 4 exhibits the values
App1 determined via the Lippert-Mataga equation and 2PA-SOS method. As seen, that
is a good agreement between these methods corroborating the disturbance of molecular
symmetry for the fluorene molecules containing three or more repetitive units.
Oligofluorenes present an effective conjugation length of approximately 12
repetitive units in good solvents with one-photon resonance at ~400 nm. ¢ Thus, it is
expected that the saturation of the 2PA cross-section occurs at ~2200 GM for the
strongly 2PA allowed band. To estimate such value, we considered the correction in the

resonance enhancement factor (R(610 nm, 400 nm) = 2.84).
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Figure 4 — Comparison between the Ay values obtained from the Lippert-Mataga equation (bottom-
axis) and 2PA-SOS method (left-axis) for the trifluorene (blue symbols), pentafluorene (green symbols),
and the heptafluorene (red symbols). The squared symbols are the results obtained using the cavity
volume obtained via SES, while the circled symbols depict the results obtained by OM cavity type. The
dashed line shows the perfect correspondence.

309

310 Table 2: Spectroscopic parameters obtained by 2PA for trifluorene, pentafluorene, and heptafluorene
311 molecules. Standard deviation for the 2PA cross section is 20 %.

312
S§Amm]  o*P4(6M)  Apoy(D) p12 (D)
So2 [610] 360 - 19.0+2.0
Trifluorene =
So1 [700] 25 35+0.5 -
Se2 [610] 552 - 16.5+2.0
Pentafluorene
So1 [720] 34 4.6+0.6 -
Spx [610] 810 - 15.1+£2.5
Heptafluorene
So1 [740] 59 5.1+£0.7 -
313
314

315 5. CONCLUSIONS
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We have shown that oligofluorene has a high 2PA ratio as a function of the
effective m-electron of ~18 GM per N for the pure 2PA transition (1!A,-like —2!'A,-
like). Such a large 2PA ratio is associated with the strong intramolecular interaction
between the fluorene units, leading to the remarkable excited state absorption that
reflects the high values for the transition dipole moment between the excited state 1'B,-
like and 2!'A,-like. Our finding also indicates that the increase of the repetitive units in
the fluorene structure contributes to the molecular symmetry perturbation.
Consequently, the strongly 1PA allowed transition (1'A,-like—1!B,-like) became
allowed by 2PA. A possible explanation for the symmetry disturbance is related to the
slight rotation angle between the fluorene moieties in solution, which can confer a
quadrupolar character for the oligofluorenes. Thus, the electronic-vibrational coupling
combined with the small quadrupolar moment may generate a double-minimum excited
state energy surface as reported in Ref.!* 4 for fluorene derivatives. Finally, the results
allowed estimating the fundamental limit of the 2PA cross-section for oligofluorene of

~2200 GM.

Supporting Information

The first section includes the experimental results, such as the Gaussian
decomposition of the absorption bands, solvatochromism measurements, and Z-scan
signatures (obtained by femtosecond pulses). Section two exhibits the optimized

geometries used to achieve the cubic radius by using the Gaussian program package.
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