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of broadband optical nonlinear
absorption and transient nonlinear refraction in
a fluorenone-based compound†

Xingzhi Wu, *a Jinchong Xiao, b Yanbing Han,c Jiabei Xu,a Wenfa Zhou,c

Yang Li, a Yu Fang,a Yongqiang Chen,a Quanying Wua and Yinglin Song *cd

A novel fluorenone derivative, FO52, is designed and synthesized. The fluorenone group is introduced to

provide the central p-conjugated system in the molecule and triphenylamine is substituted at both sides.

Intramolecular Charge Transfer (ICT) from the terminal groups to the molecular center is confirmed via

DFT calculations. Ultrafast optical nonlinearities are investigated via Z-scan and transient absorption

spectroscopy (TAS) studies with a 190 fs laser. Reverse saturable absorption, two-photon induced

excited-state absorption, and pure two-photon absorption are observed at 532 nm, 650 nm, and

800 nm, respectively. The different mechanisms at these wavelengths are discussed and interpreted with

assistance from the results from TAS. Furthermore, strong excited-state refraction and ultrafast negative

refraction from the bound electron response are resolved and discussed in phase object pump probe

(POPP) experiments. The results suggest that the ICT-enhanced optical nonlinearities provide FO52 with

strong optical limiting capabilities at visible wavelengths and ultrafast refraction with tiny attenuation in

the near infrared region. The combination of these properties in one compound could be attractive for

applications like laser protection and low-loss all-optical switching.
1. Introduction

Research into nonlinear optics began decades ago aer the
invention of laser in 1960s. Various applications such as harmonic
generation, optical limiting and all optical switching (AOS) have
been developed.1,2 To realize these applications, nonlinear optical
(NLO) materials are indispensable. Among all the NLO materials,
organic materials have attracted substantial attention due to their
large molecular optical nonlinearity, relatively easy synthesis and
tailoring.3 To optimize the NLO response in organic NLO mate-
rials, one feasible way is to introduce electron donor or acceptor
groups into the molecule as the intramolecular charge transfer
(ICT) could enhance optical nonlinearity in numerous organic
molecular systems.4 The relationship between ICT and molecular
optical nonlinearity has been studied in many p-conjugated
systems such as phthalocyanines,5 pyrene derivatives,6–10 thio-
phene derivatives11–13 and benzothiadiazole derivatives.14–16
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Fluorenone, as an aromatic organic group, is usually
employed as an electron acceptor in ICT molecules. Due to their
high photostability and bright uorescence,17–19 uorenone
dyes have been synthesized and studied as probes for cell
imaging.20,21 Besides, the enhanced optical nonlinearity via ICT
provides uorenone-based compounds with a superior multi-
photon response, which further extends the excited wave-
lengths towards the infrared region. Taking advantage of this
property, uorenone derivatives display great potential in
applications like multi-photon microscopy21–24 and second
harmonic generation (SHG).25,26 However, although multi-
photon absorption27,28 in uorenone derivatives has been re-
ported many times, systematic investigations into excited-state
associated nonlinear absorption are rare.29–31 Furthermore,
most of the research focuses on nonlinear absorption (NLA),
little attention has been paid to the ultrafast nonlinear refrac-
tion (NLR) in uorenone derivatives.

Here in this work, a novel NLO compound FO52 is designed
and synthesized. Fluorenone is employed as the core of the
molecule with triphenylamine linked at both sides (Fig. 1). The
ultrafast nonlinear absorption and refraction at various wave-
lengths are systematically studied. The magnitudes of NLA & NLR
are estimated and the ultrafast mechanisms of NLA & NLR are
investigated via transient absorption and refraction experiments.
The combined research of NLA andNLR could help us gain amore
comprehensive understanding of the excited-state optical nonlin-
earity in uorenone derivatives and the additional information
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 UV-vis absorption (blue) and fluorescence (green) spectra of
FO52 solution.
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from NLR could provide a different perspective to consider the
structure–property relationship in these compounds.

2. Experimental section
2.1 Synthesis and characterization

The synthetic procedure is depicted in Scheme 1.
A (338 mg, 1 mmol), B (723 mg, 2.5 mmol), K2CO3 (1.38 g, 10

mmol) and THF/H2O (v/v ¼ 20 mL/10 mL) were added into
a 120 mL pressure ask in order. Pd(PPh3)4 (81 mg, 0.07 mmol)
was added aer lling with nitrogen (5 min) and the reaction
proceeded at 85 �C for 16 h. Aer that, saturated salt solution
and dichloromethane were used for extraction. All solvent was
removed through decompression concentration, purication
was carried out with a silica gel column with V(petroleum
ether) : V(dichloromethane) ¼ 4 : 1 used as the eluent. A red
solid product was obtained (502 mg, 76%). The 1H NMR, 13C
NMR and MS characterization can be found in the ESI.†

FO52:1H NMR (600 MHz, CDCl3, 298 K),
d:7.84 (d, 2H, J ¼ 1.2 Hz), 7.65–7.63(dd, 2H, J ¼ 7.8 Hz), 7.49–
7.48(d, 2H, J ¼ 7.8 Hz), 7.46–7.45(d, 4H, J ¼ 9.0 Hz), 7.25–
7.23(m, 8H), 7.11–7.10(m, 12H), 7.03–7.01(t, 4H); 13C NMR (150
MHz, CDCl3, 298 K), d ¼ 194.06, 147.92, 147.61,
142.72, 141.61, 135.35, 133.49, 132.67, 129.48, 127.53, 124.79,
123.62, 123.35, 122.52, 120.77. MS (MALDI-TOF, m/z): Calc. for
C49H34N2: [m/z] 666.27, found: [m/z] 666.27. HR-MS (m/
z): Calc. for C49H34N2: [m/z] 666.2671, found: [m/z] 666.2662.

2.2 Nonlinear optical experiments

Z-scan experiment. The 190 fs, wavelength tunable laser
pulses used in the Z-scan32 experiment are extracted from an
optical parametric amplier (OPA) (ORPHEUS, Light Conver-
sion), which is pumped by a femtosecond ber laser system
(Pharos, Light Conversion). The input laser is focused into the
sample via a 250 mm lens. The beam radius at focus is
measured to be 25 mm. The sample solution (1.5 � 10�3 M)
contained in a 2 mm cuvette is placed on a translation stage,
which is controlled by a program and moves along the z-
Scheme 1 The synthesis of FO52.

© 2021 The Author(s). Published by the Royal Society of Chemistry
direction. Experimental data is recorded by energy detectors
(RjP-765a, Laser Probe Inc.)

Transient absorption spectroscopy. The pump beam in TAS
comes from the same OPA in the Z-scan experiment. The output
pulses have a 190 fs pulse-width and the wavelength is contin-
uously tunable in a wide spectral range. White light is generated
aer focusing part of the 1030 laser into a sapphire crystal and
is used as a probe beam. A gure showing the experimental
apparatus in detail can be found in the ESI.† In our experiment,
the wavelength of the pump beam is set to 400 nm. The sample
solution is contained in a 2 mm cuvette.

Phase object pump–probe. The ultrafast dynamics of NLR
are investigated by the phase object pump–probe (POPP)
method, the details can be found elsewhere.33 The POPP tech-
nique is a combination of the conventional pump probe and the
4f phase object imaging system, which is capable of investi-
gating the sign andmagnitude of NLA and NLR simultaneously.
The output laser of OPA is employed as a pump beam, while
a part of the 1030 nm laser is separated in front of the OPA as
a probe beam (fundamental or doubled frequency).

Nanosecond optical limiting. The uence (intensity)-
dependence transmittance of the sample is recorded. A 2 mm
cuvette is employed to contain the sample solution and is
placed at the focal spot. The concentration of the sample
solution is 0.75 � 10�3 M to guarantee 50% transmittance. The
uence (intensity) of the input laser is attenuated by a rotating
variable ND lter. The laser source is a Q-switched YAG system
(Surelite II, Continuum) which provides 532 nm, 4 ns pulses.
3. Results and discussion
3.1 UV-vis absorption and uorescence

The UV-Vis absorption and uorescence spectra of the FO52
toluene solution (�10�5 M) are recorded and displayed in Fig. 1.
Several absorption peaks can be found in the FO52 solution, as
well as the absorption peaks at 310 nm and 374 nm, there is
a relatively weak absorption peak at 472 nm, which dominates the
linear absorption in the visible region. The emission spectrum of
the FO52 solution covers a wide spectral range from around
500 nm to 800 nm, the peak wavelength is located at 577 nm.

To obtain more information about the linear absorption and
uorescence of FO52, DFT calculations are conducted. The
Fig. 2 Electronic distributions and energies of the frontier molecular
orbitals in FO52 extracted from DFT calculations.
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distribution of the frontier molecular orbitals and their corre-
sponding energies are obtained and displayed in Fig. 2. One can
nd that there is an evident charge transfer towards the uo-
renone core of the molecule upon excitation. The calculated
energy gap between the HOMO and LUMO is 2.72 eV (456 nm),
which is close to the rst absorption peak of the FO52 solution
at 472 nm. The results indicate that the absorption of FO52 at
visible wavelengths has a signicant ICT feature.

3.2 Z-scan experiments

To estimate the intensity-dependent NLA and NLR of FO52,
femtosecond Z-scans are conducted at 532 nm, 650 nm and
800 nm, peak intensities are measured to be 24, 66 and 75 GW
cm�2, respectively. The linear transmittance measured at these
wavelengths are 0.43, 0.99 and 0.99, respectively. The open
aperture (OA) and closed aperture (CA) curves are recorded and
displayed in Fig. 3. When excited with 532 nm laser pulses, the
OA Z-scan curve shows a single valley at the zero position
(Fig. 3(a)), indicating that FO52 has strong reverse saturable
absorption. Besides, the CA Z-scan in Fig. 3(b) displays
a distinct peak-valley shape aer removal of the solvent back-
ground, which suggests a negative change of the refractive index
when the sample passes through the focal spot towards the +z
direction and is oen referred to as self-defocusing. Note that
there is a signicant transmittance change between the trans-
mittance peak and valley (DTp � DTv ¼ 0.4), which indicates
a large negative NLR in FO52. Considering that 532 nm is
located within the rst linear absorption band of the compound
solution (Fig. 1), the reverse saturable absorption and negative
nonlinear refraction under resonant excitation could both
originate from the excited-state optical nonlinearity. When the
incident laser wavelength is tuned away from the resonant
absorption band, FO52 shows an extremely high transmittance
(0.99) at 650 nm and 800 nm. The OA Z-scan records a single
valley curve at both 650 nm and 800 nm as shown in Fig. 3(c)
Fig. 3 Femtosecond Z-scan measurements of FO52. (a) Open aper-
ture and (b) closed aperture results at 532 nm, and open aperture
results at (c) 650 nm and (d) 800 nm. The solid and dashed lines
represent the results of the numerical fittings.
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and (d). Unlike the 532 nm situation, NLA at 650 nm and
800 nm cannot originate from the one photon induced excited-
state absorption, hence we assign the NLA to the multi-photon
absorption. Moreover, no sign of NLR could be found aer
careful comparison between the solution and solvent samples
at 650 nm and 800 nm, which is different from the large
negative NLR at 532 nm. Furthermore, the transmittance valley
at 650 nm in the OA Z-scan is much narrower compared with the
532 nm and 800 nm cases. This narrowing of the OA Z-scan
curve is further conrmed by comparing the sample solution
with a ZnSe sample in the same Z-scan. This situation suggests
the existence of a higher order NLA in FO52 at 650 nm.

Numerical simulation based on Sheik Bahae's theory is used
to analyse the Z-scan results. The absorption coefficient a and
refraction index n could be expanded as:

a ¼ a0 + bI + (gI2)

n ¼ n0 + n2I

where I represents the laser intensity, a0 is the linear absorption
coefficient, b is the third-order absorption coefficient, and an
additional h-order absorption coefficient g is considered for
the 650 nm case in our work. Analogously, n0 is the sample's
linear refractive index and n2 represents the third-order refrac-
tive index. The output transmittance at each position is
extracted aer the entire simulation of the Z-scan. The results
are listed in Table 1 and the simulated transmittance curves are
plotted in Fig. 3 with solid and dashed lines.

One can nd that FO52 shows the largest NLA and NLR at
532 nm in our experiments. With the increasing of laser wave-
length, the NLA decreases while the NLR is covered by the
strong solvent background. As discussed above, the optical
nonlinearity of FO52 at 532 nm is dominated by the one photon
induced excited-state absorption and refraction. On the other
side, the NLA at 650 nm and 800 nm are assigned to multi-
photon absorption since the one-photon absorption could be
neglected in such a high transmittance. Although both origi-
nate from multi-photon absorption, it is interesting to nd that
the OA curve at 650 nm is much narrower than the 532 nm and
800 nm case. Numerical simulation using third-order NLA
cannot t the OA data at 650 nm (dashed line in Fig. 3(c)). An
excellent matching is obtained aer the replacing of the third-
order term (bI) with a h-order term (gI2) in eqn (1). Consid-
ering that the possibility of simultaneous three-photon
absorption is relatively low, the h-order NLA at 650 nm
may originate from the two-photon induced excited-state
Table 1 The nonlinear optical parameters used for the numerical
simulations in the Z-scan studies

532 nm, T ¼ 0.43 650 nm, T ¼ 0.99 800 nm, T ¼ 0.99

FO52 b ¼ 1.1 � 10�12

m W�1
b ¼ 0 b ¼ 1.5 � 10�13

m W�1

n2 ¼ �1.2 � 10�19

m2 W�1
g ¼ 3.5 � 10�28

m3 W�2
sTPA ¼ 412 GM

© 2021 The Author(s). Published by the Royal Society of Chemistry



Table 2 The nonlinear optical parameters compared with some re-
ported fluorenone derivatives

Sample l (nm) sTPA (GM) Ref.

FO52 800 412 This work
F-benzothiophene 710 220 34
TPA-F–FO–F-TPA 800 1759 27
FOVPC6 800 495 35
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absorption. Recalling the femtosecond laser pulses used in the
Z-scan experiment, an excited-state with ultrafast established
time and large absorption cross-section is required in such
a case. As for the 800 nm case, the OA data could be well tted by
a third-order NLA, indicating that two-photon absorption
dominates the NLA at 800 nm. Two-photon absorption is
observed in the Z-scan at both 650 nm and 800 nm, however, the
promoted electrons on the excited state are likely to absorb
another 650 nm photon rather than an 800 nm photon. A much
stronger excited-state absorption is expected at 650 nm than
800 nm in this case, which would be investigated via transient
absorption.

The NLO coefficients obtained in the Z-scan experiment are
compared with some of the reported uorenone derivatives in
Table 2. Compared with other compounds, FO52 displays
signicant nonlinear refraction and a relatively large absorption
cross-section for two-photon absorption. The nonlinear
absorption in FO52 is considered to be enhanced by the
symmetric p-conjugated system while the nonlinear refraction
arises from the signicant ICT between the HOMO and LUMO.

3.3 Transient absorption and refraction

The results of the Z-scan indicate that the excited-state plays
a key role in the optical nonlinearity of FO52. Besides, as
a single beam measuring technique, the Z-scan could only
measure the NLA and NLR within a pulse width. To obtain more
information about the ultrafast dynamics of the excited-state
Fig. 4 Results of transient absorption spectroscopy (TAS) studies of
FO52 solution. (a) A 2D color map of the TAS results; (b) TAS at various
delay times; (c) spectral components extracted from global and target
analysis, providing information about the evolution of TAS; and (d)
kinetic traces with numerical fitting at various wavelengths.

© 2021 The Author(s). Published by the Royal Society of Chemistry
optical nonlinearity, investigation into the transient absorp-
tion and refraction is conducted.

The entire transient absorption spectroscopy (TAS) spectrum
ranging from 500 nm to 850 nm is recorded and displayed in
a 2D colormap in Fig. 4(a). For more detail, TAS spectra at
several selected delay times are extracted and plotted in
Fig. 4(b). One can nd that the excited-state absorption could be
built within a pulse width (<250 fs) and lasts for several nanosec-
onds. Besides, broadband reverse saturable absorption (DmOD > 0)
covering wavelengths from 500 nm to 850 nm is observed in the
entire delay time window. The recorded ultrafast broadband
excited-state absorption in TAS agrees with the measured reverse
saturable absorption in the Z-scan at 532 nm. Moreover, one can
nd that the TASmaintains a similar shape from 0.5 ps to 1.8 ns in
Fig. 4(a) and (b), this dominant excited-state absorption in FO52 is
assigned to a charge transfer singlet state.

Global and target analysis is employed to numerically
reconstruct the TAS data (details of the numerical simulation
could be found in the ESI†). To obtain a reasonable t, four
spectral components in total are used and labelled from 0 to 3
in Fig. 4(c) and the results of the numerical simulation at
selected wavelengths are plotted in Fig. 4(d). Note that the
extracted absorption spectroscopy of the four components can
provide information about the evolution of TAS, component
0 represents the ultrafast absorption within a pulse duration
while component 3 represents the absorption of the last excited
state before the electrons relax back to ground state. Consid-
ering the 0 component and the results from the femtosecond Z-
scan, reverse saturable absorption could be found at both
532 nm and 650 nm while the absorption at 650 nm is much
stronger. The large absorption cross-section at 650 nm and the
ultrafast establishing time agrees with the two-photon induced
excited-state absorption at 650 nm in the Z-scan results.
Furthermore, little absorption could be found in the 0 compo-
nent at 800 nm, which could be the reason that the two-photon
absorption at 800 nm cannot trigger subsequent excited-state
absorption as in the 650 nm case. Besides, the lifetimes for
the spectral components 0 to 3 are extracted from the simula-
tion as 0.2 ps, 2.1 ps, 240 ps and 2500 ps, respectively (Fig. 5).
The 0.2 ps lifetime is assigned to the conversion time from
a locally excited (LE) state to the charge transfer state. Since all
the 1, 2, and 3 components share a similar spectrum and hence
all originate from the charge transfer state, 2.1 ps and 240 ps are
Fig. 5 An energy level diagram for the ultrafast dynamics in FO52.

RSC Adv., 2021, 11, 15952–15958 | 15955



Fig. 6 The transient ((a), (c)) nonlinear absorption and ((b), (d))
nonlinear refraction of FO52 probed at 515 nm and 1030 nm. Solid
lines represent the results of the numerical simulations.
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assigned to the vibrational cooling processes inside the charge
transfer state and 2500 ps is assigned to its lifetime.

The dynamics of NLR are investigated via the phase object
pump–probe (POPP) technique. The results of the POPP are
shown in Fig. 5 when the sample solution is pumped at 400 nm
and probed at 515 nm. The dynamics of NLA in Fig. 6(a) display
a strong reverse saturable absorption at zero time, aer that the
NLA decreases with a lifetime of 2 ps and then maintains for
a relatively long lifetime, the probed dynamics of NLA agrees
with the above results in Z-scan and TAS experiments. Corre-
spondingly, the dynamics of NLR in Fig. 6(b) show a signicant
drop at zero time and then maintains for a long time. The
results indicate the strong negative excited-state NLR in FO52,
which is consistent with the above discussion.

Since we are more interested in the optical nonlinearity of
FO52 in the near infrared, the pump and probe beams are then
switched to 1030 nm. The dynamics of NLA and NLR are
recorded and displayed in Fig. 6(c) and (d), respectively. The
normalized transmittance in Fig. 5(c) drops swily at zero time
and then is maintained at 0.996 aer a fast relaxation. Analo-
gously, the ultrafast absorption at zero time is assigned to the
two-photon absorption while the absorption with a relatively
long lifetime is assigned to the two-photon induced excited-
state absorption. The energy of two 1030 nm photons equals
that of a 515 nm photon, while 515 nm is located at the edge of
Table 3 Parameters extracted from the numerical simulations of POPP

n

400 pump, 515 probe

sp,Sn (m
2) Dhp,Sn (m

3)

0 7.4 � 10�23 0
1 7.7 � 10�21 �2.4 � 10�21

2 7.7 � 10�21 �2.6 � 10�21

3 8.5 � 10�21 �2.9 � 10�21

b 0
n2 0

15956 | RSC Adv., 2021, 11, 15952–15958
the rst absorption band (Fig. 1), hence the two-photon
absorption at 1030 nm is very weak. Moreover, the weak two-
photon absorption results in fewer excitons in the excited-
state, which further suppresses the excited-state absorption.
One can nd that the maximum change of the normalized
transmittance in Fig. 5(c) is about 0.01, indicating that both the
two-photon absorption and excited-state absorption are
extremely weak at 1030 nm. In contrast, a strong NLR is found
in the same experiment and the result is shown in Fig. 6(d). A
dramatic drop of transmittance at zero time indicates the strong
ultrafast negative NLR in FO52. When the impact of the pump
pulse nishes, the NLR experiences an ultrafast switching of
sign (from negative to positive) and this positive NLR disap-
pears aer a relaxation in about 5 ps. The ultrafast negative NLR
in a pulse width is assigned to the response of bound electrons
while the positive NLR is assigned to the excited-state refrac-
tion. The modulation in intensity (Ip) and phase (4p) of the
probe beam can be represented as:36

dIp

dz
¼ �

 X
n$ 1

sp;SnNSn þ 2bIe

!
Ip

d4p

dz
¼ k

 X
n$ 1

Dhp;Sn
NSn þ 2n2Ie

!

where z is the propagation length within the sample, NSn

represents the population density of the effective energy state Sn,
sp,Sn is the absorptive cross section of the excited-state Sn, b here is
the two-photon absorption coefficient, and Ie and Ip stand for the
intensity of the pump and probe beam, respectively. n2 is the
optical nonlinear refractive index of the bound electron response
and Dhp,Sn (dened as hp,Sn – hp,S0) is the change of the refractive
volume between the effective state Sn and ground state S0. Like the
discussion in the TAS experiment, we use S0, S1 and S2 to represent
the ground state, the charge transfer state and the locally excited
(LE) state, respectively. Note that the lifetime of the rst excited
state (2500 ps as measured in TAS) cannot be resolved here due to
the limited delay time. Aer a series of numerical simulations, b¼
0.4 � 10�13 m W�1 and n2 ¼ �5 � 10�19 m2 W�1 are nally ob-
tained. The details of the rate equations can be found in the ESI†
and the parameters are listed in Table 3.
results

1030 pump, 1030 probe

sn (ps)sp,Sn (m
2) Dhp,Sn (m

3)

5.5 � 10�24 0 —
5 � 10�21 0 250
8 � 10�21 0.8 � 10�19 1.8
10 � 10�21 6 � 10�19 0.2
0.4 � 10�13 m W�1

�5 � 10�19 m2 W�1

© 2021 The Author(s). Published by the Royal Society of Chemistry



Fig. 7 Transmittance variations in the optical limiting measurements;
the dashed line indicates the position of the threshold value.
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3.4 Optical limiting

The strong transient NLR and tiny NLA observed in the infrared
region make FO52 an ideal compound for all optical applica-
tions in which ultrafast modulation of light and low attenuation
of signals are required. Furthermore, the strong excited-state NLA
and NLR in the visible region with a relatively long lifetime are also
attractive for NLO applications with picosecond or nanosecond
laser pulses since more excitons could accumulate in the excited-
state. Hence the optical limiting property of FO52 is investigated
under a 4 ns, 532 nm laser source and displayed in Fig. 7.

A signicant decrease in the transmittance with the
increasing input uence could be observed in FO52. The
threshold of optical limiting (dened as the corresponding
input uence when the transmittance decreases to half of the
linear transmittance) reaches 0.3 J cm�2 as displayed in Fig. 7.
With the further increase of the input uence, a major part of
the input uence is absorbed. The results of the optical limiting
test indicate that FO52 is a promising material for laser
protection, which further enriches the applications of this u-
orenone based compound.
4. Conclusions

A novel uorenone compound FO52 is synthesized and the
ultrafast optical nonlinearities are investigated. Strong reverse
saturable absorption with a negative nonlinear refraction at
532 nm, two-photon induced excited-state absorption at
650 nm, and pure two-photon absorption at 800 nm are char-
acterized with the Z-scan technique. The strong nonlinear refrac-
tion and multi-photon absorption are assigned to signicant ICT
and the symmetric p-conjugated system in FO52, which are
revealed via DFT calculations. The transient absorption in the
excited state is then investigated with TAS; a charge-transfer state
with broadband excited-state absorption and a nanosecond-scale
lifetime is observed. The ultrafast dynamics are then resolved via
global and target analysis. The different nonlinear refraction
responses originating from the excited state and the bound elec-
tron response are distinguished in POPP experiments. The strong
optical nonlinearities enhanced by ICT and the high-contrast
ultrafast nonlinear refraction in FO52 make it a potential mate-
rial for laser protection in the visible region and low-loss optical
applications at near-infrared wavelengths.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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