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ABSTRACT: Two-photon absorption (TPA) enables the ex-
citation of molecules by comparatively lower energy photons with
longer penetration depth and higher spatial precision control,
which advances the uses of organic molecules in various
applications. In this work, we report two simple all-organic
molecules C42H33N (compound 3) and C138H168N4 (compound
14) with strong TPA and fluorescent emission activity. Density
functional theory calculations show that the enhanced oscillator
strengths could be responsible for improved TPA and emission
activity for compound 14 compared to those for 3. The
degradation of C138H168N4 under focused laser illumination
without circulation is almost negligible within 5 h, making it a
candidate for laser dyes. Solid-state measurements confirm the
presence of a direct band gap for electron transition that determines the channel to release the absorbed energy and functionality of
the studied molecules. This work emphasizes that a high TPA cross-section and selectable energy relaxation (fluorescent emission or
heat dissipation) are equally important to the design of advanced functional TPA molecules.

1. INTRODUCTION

Organic materials with high intensity of two-photon absorption
(TPA) have attracted great interest in recent years, as there is a
strong demand for new materials with high TPA cross-sections
for a wide range of applications, such as two-photon
microscopy,1−5 microfabrication,6,7 three-dimensional data
storage,8,9 up-converted lasing,10,11 and photodynamic ther-
apy.12−14 Recently, it was reported that human eyes respond to
infrared light because of the TPA processes in the retina.15

Hence, the potential for TPA to enhance the spectrum
visibility of human eyes could be expected. TPA is a nonlinear
effect, which has the following advantages over the linear
effect: (1) absorption in a longer wavelength such as near-
infrared range enables better penetration depth in human
tissues for microscopy and photodynamic therapy and (2)
since the TPA rate is proportional to the square of laser
intensity, TPA molecules become soluble or insoluble to the
photoresist developer only at the very center of laser focus,
which advances the precise operation of microfabrication and
three-dimensional data storage.
However, a large TPA cross-section of a material does not

necessarily assure its superior performance in the aforemen-
tioned applications. From a fundamental physics point of view,
the functionality of TPA materials is essentially determined by
how they release the absorbed energy, in forms of heat
(phonons) or light emission (photons). For example, the

applications of lithography and photodynamic therapy require
strong phonon generation, while for imaging and lasing, the
efficiency of photon emission is more crucial. Therefore,
designing organic molecules with superior TPA capability and
selective functionalities, which in principle could be realized
through manipulation of their configurations, is challeng-
ing.16,17 We feel that controlling the way of energy release is
vital to the design of TPA molecules, and it is nontrivial.
Molecules with superior performance on both TPA cross-
section and heat/photon emission can not only facilitate
applications of organic TPA materials but also provide
guidance for the optimization of other TPA materials.
Here, we report our results on two simple all-organic

molecules that show strong fluorescent emission due to a large
TPA cross-section. Density functional theory (DFT) calcu-
lations indicate that the enhanced oscillator strengths are
responsible for the improved TPA and emission activity for
compound 14 compared to those for 3. The degradation time
of these molecules under focused laser excitation is
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significantly longer than 5−25 h even without circulation and
is expected to be much longer than 100 h with the circulation,
which is favorable for up-converter lasing applications. Our
solid-state characterizations reconfirm the existence of a direct
band gap which determines more efficient fluorescent emission
than heat dissipation to release the absorbed energy. We expect
that the study of superior functional TPA molecules should
emphasize on engineering the molecular structure and band
gap to achieve an optimal TPA cross-section and most efficient
energy relaxation simultaneously.

2. METHODS

2.1. Synthesis and Characterization of TPA Molecule
3. 2.1.1. (E,E,E)-tris(4-(2-Phenylethenyl)phenyl)amine (3).
Compound 3 (Scheme 1) is prepared by a Heck reaction of
tris(4-bromophenyl)amine (1) with styrene (2) in a 96% yield
following a reported procedure.18 A representative procedure
of the Heck reaction is described as given below. Tris(4-
bromophenyl)amine (0.482 g, 1 mmol), styrene (0.46 mL, 4
mmol), Pd(OAc)2 (22.4 mg, 0.1 mmol), tri-o-tolylphosphine
(60.9 mg, 0.2 mmol), NEt3 (0.71 mL, 7.2 mmol), and
dimethylformamide (DMF) (2.5 mL) are added to a Schlenk

tube equipped with a Teflon valve. Nitrogen is bubbled
through the reaction mixture. The reaction tube is sealed and
put in an oil bath at 95 °C for 3 days. The reaction mixture is
poured into water and is extracted with ethyl acetate (3 × 100
mL). The organic layer is dried over anhydrous MgSO4.
Purification of the crude product by column chromatography
(silica gel, hexanes/ethyl acetate 10:1) affords the pure
product. 1H NMR (CDCl3, 250 MHz): δ 7.06−7.53 (m, 33
H); 13C NMR (CDCl3, 62.9 MHz): δ 146.88, 137.72, 132.38,
128.90, 128.22, 127.66, 127.60, 126.54, and 124.46.

2.2. Synthesis and Characterization of TPA Molecule
14. 2.2.1. N,N′-Dioctylaniline (5). Compound 5 (Scheme 2) is
synthesized by a C−N coupling reaction of bromobenzene and
dioctylamine based on a reported procedure.19 To a Schlenk
tube equipped with a Teflon valve are added bromobenzene
(64.7 mg, 0.412 mmol), dioctylamine (109 mg, 0.453 mmol),
Pd(OAc)2 (1.7 mg, 0.007 mmol), tri-t-butyl phosphine (3 mg,
0.014 mmol), and anhydrous toluene (4 mL). The reaction
mixture is degassed and refilled with nitrogen three times. The
tube is sealed and heated at 95−110 °C for 2 days. The
reaction mixture is poured into water and extracted with ethyl
acetate. The crude product is purified by column chromatog-
raphy (silica gel, hexane/methylene chloride = 1:6) to give the

Scheme 1. Synthesis of TPA Molecule 3

Scheme 2. Synthesis of TPA Molecule 14
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pure product (129 mg, yield 99%). 1H NMR (CDCl3, 250
MHz): δ 7.28 (t, 3 H), 6.69 (d, 2 H), 3.32 (t, 4 H), 1.62−1.36
(m, 24 H), and 0.94 (t, 6 H); 13C NMR (CDCl3, 62.9 MHz):
δ 148.34, 129.40, 115.31, 111.78, 51.26, 32.05, 29.76, 29.56,
27.43, 22.89, and 14.31.
2.2.2. N,N′-Dioctylaminobenzaldehyde (6). Compound 6

is synthesized by a Veismer reaction of 5 with phosphorus
oxychloride to afford the aldehyde functional group following a
reported procedure.20 Phosphorous oxychloride (1.86 mL, 20
mmol) is added dropwise to DMF (7 mL) at 0 °C under
nitrogen. The mixture is stirred for 40 min and N,N-
dioctylaniline (6.34 g, 20 mmol) is added dropwise at room
temperature. The reaction mixture is stirred at room
temperature for 15 min and then stirred at 110 °C overnight.
The reaction is monitored by thin-layer chromatography until
no more starting material exists. The reaction mixture is
poured into ice water and neutralized by 3 N NaOH solution.
The solution is extracted by ethyl acetate. The solvent is
evaporated to give a brown oil, which is separated by column
chromatography (silica gel, ethyl acetate/hexanes = 1:10) to
yield product 6 (6.14 g, yield 89%). 1H NMR (CDCl3, 250
MHz): δ 9.64 (s, 1 H), 7.66 (d, 2 H), 6.61 (d, 2 H), 3.28 (t, 4
H), 1.55−1.25 (m, 24 H), and 0.85 (t, 6 H); 13C NMR
(CDCl3, 62.9 MHz): δ 189.60, 152.50, 132.08, 124.47, 110.57,
50.99, 31.74, 29.37, 29.25, 27.08, 26.96, 22.58, and 14.04.
2.2.3. N,N′-Dioctylaminostyrene (7). Compound 7 is

synthesized by a Wittig reaction of 6 following a reported
procedure.21 In a nitrogen-filled glovebox, methyltriphenyl
phosphonium iodide (8.08 g, 20 mmol) and tetrahydrofuran
(THF) (50 mL) are added to a 250 mL round-bottom flask.
The flask is taken out of the glovebox and is cooled to −80 °C
in a dry ice-acetone bath. A solution of BuLi (1.6 M solution in
hexane, 12.5 mL) is added via a syringe under nitrogen. The
reaction mixture is allowed to stir at −80 °C for 1 h and then
warmed to room temperature for another 1 h period. A
solution of 4-N,N′-dioctylaminobenzaldehyde (6.9 g, 20
mmol) in 15 mL of THF is added dropwise. The reaction
mixture is stirred at room temperature overnight. After the
reaction, most of the THF is evaporated and the solution is
diluted with hexanes. Most of the salts are removed by
filtration. The compound is purified using a basic alumina
column yielding product 7 (6.52 g, yield 95%). 1H NMR
(CDCl3, 250 MHz): δ 7.43 (d, 2 H), 6.79 (d, 2 H), 5.65 (d, 1
H), 5.12 (d, 1 H), 3.40 (t, 4 H), 1.70−1.44 (m, 24 H), and
1.03 (t, 6 H); 13C NMR (CDCl3, 62.9 MHz): δ 147.99,
136.85, 127.50, 125.05, 111.54, 108.55, 51.22, 32.05, 29.72,
29.56, 27.47, 27.35, 22.89, and 14.31.
2.2.4. (E)-4-(2-(4-Bromophenyl)ethenyl)benzaldehyde Di-

ethyl Acetal (10). Compound 10 is synthesized by a Horner−
Wittig reaction of terephthaldehyde monoacetal and 4-
bromobenzylbromide with a 57% yield. 1H NMR (CDCl3,
250 MHz): δ 7.50−7.08 (m, 1 0H), 3.72 (m, 4 H), and 1.30 (t,
6 H); 13C NMR (CDCl3, 62.9 MHz): δ 138.95, 137.12,
131.96, 130.49, 129.21, 128.51, 128.16, 127.77, 127.26, 126.57,
101.53, 61.20, and 15.40.
2.2.5. (E)-4-(2-(4-Bromophenyl)ethenyl)benzaldehyde

(11). Compound 11 is synthesized based on the modification
of a reported procedure.22 Compound 10 (0.784 g, 2.2 mmol)
is dissolved in wet THF (25 mL), and pyridinium tosylate
(16.5 mg, 0.66 mmol) is added. The reaction mixture is
refluxed for a 1.5 h period. The solvent is removed, and the
crude product is purified by column chromatography (silica
gel, hexanes/THF = 8:1) to give a pure product (yield 61%).

1H NMR (CDCl3, 250 MHz): δ 10.00 (s, 1 H), 7.90 (d, 2 H),
7.66 (d, 2 H), 7.53 (d, 2 H), 7.43 (d, 2 H), and 7.16 (d, 2 H);
13C NMR (CDCl3, 62.9 MHz): δ 191.86, 143.18, 135.65,
132.16, 131.03, 130.45, 128.51, 128.20, 127.15, and 122.53.

2.2.6. (E,E)-4-(2-(4-(2-(4-Formylphenyl)ethenyl)phenyl)-
ethenyl)-N,N′-dioctylaniline (12). Compound 12 is synthe-
sized by a Heck cross-coupling reaction of N,N-dioctylami-
nostyrene (7) and 11 following the same procedure as for
compound 3. (yield 69%).1H NMR (CDCl3, 250 MHz): δ
10.00 (s, 1 H), 7.90−6.64 (m, 16 H), 3.34 (t, 4 H), 1.62−1.34
(m, 24 H), and 0.95 (t, 6 H); 13C NMR (CDCl3, 62.9 MHz):
δ 191.97, 148.15, 143.84, 138.99, 135.30, 134.87, 132.23,
130.45, 129.75, 128.12, 127.46, 126.99, 126.49, 125.83, 124.43,
123.03, 111.74, 51.26, 32.05, 29.72, 29.56, 27.51, 27.39, 22.89,
and 14.35.

2.2.7. (E,E)-(2-(4-(2-(4-Dioctylaminophenyl)ethenyl)-
phenyl)ethenyl)styrene (13). Compound 13 is synthesized
by a Wittig reaction of 12 following the same procedure as for
compound 7 (yield 44%). 1H NMR (CDCl3, 250 MHz): δ
7.51−6.62 (m, 16 H), 5.82 (d, 1 H), 5.31 (d, 1 H), 3.32 (t, 4
H), 1.59−1.31 (m, 24 H), and 0.90 (t, 6 H); 13C NMR
(CDCl3, 62.9 MHz): δ 148.03, 138.09, 137.32, 136.93, 136.70,
135.69, 129.17, 128.66, 128.04, 127.61, 127.03, 126.80, 126.45,
124.59, 123.34, 113.83, 111.78, 51.30, 32.09, 29.76, 29.56,
27.54, 27.39, 22.89, and 14.35.

2.2.8. (E,E,E,E,E,E,E,E,E)-tris(4-(2-(4-(2-(4-(2-(4-N,N-
Dioctylaminophenyl)ethenyl) phenyl)ethenyl)phenyl)-
ethenyl)phenyl)amine (14). Compound 14 is prepared by a
Heck cross-coupling reaction of tris(4-bromophenyl)amine
and 13. To a Schlenk tube equipped with a Teflon valve are
added tris(4-bromophenyl)amine (0.482 g, 1 mmol), 13
(1.918 g, 3.5 mmol), Pd(OAc)2 (22.4 mg, 0.1 mmol), tri-o-
tolylphosphine (61.2 mg, 0.201 mmol), Et3N (3 mL, 21.4
mmol), and anhydrous DMF (10 mL). N2 is bubbled through
the solution for 5 min, after which the tube is sealed and
heated at 100 °C for 3 days. The reaction mixture is poured
into water and extracted by methylene chloride. The crude
product is purified by column chromatography (silica gel,
hexane/methylene chloride = 1:2.5) to give pure product 14
(0.790 g, yield 42%). 1H NMR (CDCl3, 250 MHz): δ 7.50−
6.64 (m, 66 H), 3.31 (t, 12 H), 1.59−1.31 (m, 72 H), and 0.93
(t, 18 H); 13C NMR (CDCl3, 62.9 MHz): δ 147.99, 146.75,
137.98, 136.89, 136.81, 135.73, 132.39, 129.09, 128.43, 128.04,
127.65, 127.23, 126.99, 126.92, 126.45, 124.59, 124.43, 123.31,
111.78, 51.03, 32.05, 29.68, 29.52, 27.51, 27.35, 22.85, and
14.31; exact mass (1883.2), calculated mass for C138H168N
(1882.9). Mass spectrometric peaks are shown at 628.6 and
942.6, corresponding to (M + 3H)3+ and (M + 2H)2+,
respectively (Figure S1).

2.3. Optical Measurements. The TPA cross-section is
characterized by an open aperture (OA) Z-scan setup.23 We
use an ultrashort laser system (KMLabs Collegiate
Ti:sapphire Laser). This system delivers ultrashort laser pulses
with an average power of approximately 650 mW at a
repetition rate of 90 MHz. The pulse duration is about 50 fs.
The bandwidth, estimated as the full width at half-maximum
(fwhm) of the spectrum profile, is 51 nm, and the spectrum is
centered at 800 nm. The incident laser power is measured
using a digital power meter prior to each measurement before
the sample.
The photoacoustic spectra (PAS) are measured using a

home-made unit. It is basically an optical absorption
spectroscopy technique ideal for studying the optical
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absorption spectra of opaque and highly light scattering
substances such as nanomaterials. In our home-built ultraviolet
to visible (UV−vis) PA spectrometer, a light beam from a 300
W Xenon lamp is wavelength-selected using a Cornerstone 260
(1/4 m) monochromator. The wavelength selected beam is

intensity-modulated using a variable frequency (47 Hz)
mechanical chopper (SRS model SR540). The modulated
beam is then focused onto the sample, which is kept in a cell
that is airtight and equipped with a 3 Hz to 20 kHz
microphone (from Bruel and Kjaer). The signal generated as a

Figure 1. Experimental UV−vis absorption and TPA emission spectra of compounds 3 (C42H33N) (a) and 14 (C138H168N4) (c) under the
excitation of an 800 nm femtosecond laser and their comparison with the simulated ones. Insets of (a,c) are images of TPA fluorescent emission for
two molecules with the same concentration.

Figure 2. Schematic view of the transitions from the ground state (S0) to the first two excited states (S1 and S2) that are nearly degenerate. The
transition energies, oscillator strengths, and the mainly involved MOs with their energy levels and contributions to each transition are indicated for
both molecules 3 and 14. Blue and green regions represent the positive and negative orbital phases, respectively. Other involved MOs of molecule
14 are provided in Figure S4 in the Supporting Information.
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result of absorption is amplified and then acquired by a lock-in
amplifier (SRS Model SR 530). The entire system is controlled
through LabVIEW software from National Instruments.
Normalization of the PA spectra to a constant input intensity
is achieved through the use of a carbon black PA spectrum
obtained in the wavelength region of interest.
2.4. Computational Method. The ground-state (S0)

structures of compounds 3 and 14 are optimized with DFT
calculations, and their excited-state structures with time-
dependent DFT (TDDFT) are both implemented in the
Gaussian09 program package.24 For the ground-state struc-
tures, the B3LYP functional25,26 with Grimme’s dispersion
corrections (D3)27 has been employed, with both def2-SVP
and def2-TZVP basis sets28 having been checked for 3. Both
basis sets give essentially the same geometric structures,
molecular orbital (MO) levels, and in particular the highest
occupied molecular orbital−lowest unoccupied molecular
orbital (HOMO−LUMO) gaps (Table S1 in the Supporting
Information). Thus, the def2-SVP basis set was used for all the
atoms of 14, for which the calculation using the def2-TZVP
basis set is too expensive. For the excited-state calculations,
several functionals including B3LYP,25,26 PBE0,29 ωB97XD,30

and PBE3827 have been tested to justify their reliability in
predicting the excited-state properties. In line with previous
findings,31 the TD-PBE38 functional was found to give the
best agreement on calculating the UV−vis and fluorescent
emission spectra of 3 compared to the experimental measure-
ment (Figures S2 and S3 in the Supporting Information).
Hence, TD-PBE38 was also employed for calculating the
excited-state properties of 14. During the calculations, the self-
consistent reaction field method with the polarizable
continuum model has been employed to include the solvent
effect.32 We also conducted gas-phase calculations for
comparison. The following discussions on computational
results have included solvent effects unless otherwise specified.

3. RESULTS AND DISCUSSION
3.1. Experimental UV−Vis Absorption and TPA

Emission Spectra. Figure 1 shows the UV−vis absorption
and TPA emission spectra of compounds 3 (C42H33N) and 14
(C138H168N4) that are recorded in THF under ambient
conditions. It can be seen that the absorption maximums are
at 390 and 440 nm for 3 and 14, respectively. The red shift
may be ascribed to the more extensive electron delocalization
in 14 with longer arms, resulting in the destabilization of the
HOMO (primarily core-based) and stabilization of the LUMO
(more localized on the terminal groups of the arms), as shown
in Figure 2. No absorption is observed above 550 nm.
However, when we apply the femtosecond laser pulse centered
at 800 nm to these two molecules, strong bluish and yellowish
photon emissions are observed. The compounds 3 and 14
show maximum fluorescent emission features at 500 and 550
nm, respectively (Figure 1). It can be seen that both molecules
emit photons with much higher energy than that of the
excitation photon (800 nm). Together with the absorption
spectra, we conclude that the femtosecond laser pulse-induced
fluorescent emission is a nonlinear multiphoton absorption
process. In addition, both the absorption and TPA emission
bands for 14 are broader than those for 3, indicating a better
TPA efficiency of 14 than that of 3.
3.2. Theoretical UV−Vis Absorption and Fluorescent

Emission Spectra. To better understand the measured UV−
vis absorption and fluorescent emission spectra, we carried out

both DFT and TDDFT calculations on these two molecules.
Figure 2 presents the optimized ground-state structures of both
molecules and their LUMOs and HOMOs. The plots of
HOMOs show that the electron cloud distributes more
uniformly across the whole molecule with more extended π-
conjugated benzene rings. Their simulated UV−vis spectra are
shown in Figure 1, showing relatively good agreement between
the theory and experiment.
The calculations reveal two main transitions, namely, S0 →

S1 and S0 → S2, involved in the main absorption peaks of the
UV−vis absorption spectra for both molecules 3 and 14.
Figure 2 schematically shows the transition details and the
involved MOs. With anticipated more extensive electron
delocalization due to more π-conjugated benzene rings and
CC double bonds in molecule 14, its HOMO rises in energy
(destabilization), while LUMO decreases (stabilization)
compared to molecule 3. In molecule 3, the electron clouds
uniformly distribute on the π-characterized parts of all the
three arms close to the center in its HOMO and more on only
one arm in its LUMO and two arms in its LUMO + 1 which is
degenerate in energy with LUMO. For molecule 14, the
electron clouds even more uniformly distribute on its three
arms except the terminal alkane groups in its HOMO and on
two arms in its LUMO and LUMO + 1. Here, it should be
noted that with ideally symmetrized geometries for both
molecules 3 and 14, they should have doubly degenerate MOs,
that is, LUMO and LUMO + 1 are degenerate. However, due
to the large size of the molecules and the flexible end groups
with possible rotations, especially for molecule 14, it is
challenging to locate a structure with a perfect symmetry.
Those slightly deviated structures will not affect our following
analysis. From the MOs, it can be seen that there is more
spatial overlap between the occupied and unoccupied orbitals
in molecule 14 than that in molecule 3 that contribute to their
S0 → S1 and S0 → S2 excitations, resulting in much larger
oscillator strengths and stronger adsorption for molecule 14.
The calculations also show that the S0 → S1 and S0 → S2

transitions essentially have the same energies, in line with that
they are both mainly contributed by HOMO to LUMO and
LUMO + 1, which are energetically degenerate of molecule 3.
For the S0 → S1 and S0 → S2 excitations of molecule 14,
other orbitals are also involved (Figure 2). In Figure 3, we
present the hole−electron analysis as implemented in the
Multiwfn software (Version 3.7)33 to visually understand the
nature of electronic excitations for S0 → S1 and S0 → S2, as
both involve the contributions from more than a specific pair
of MOs.34 Here, we are focusing on the first excited state (S1)
for both molecules 3 and 14 because S1 is normally the critical
state to emit fluorescence that plays an important role in the
photophysics for closed-shell molecules according to Kasha’s
rule.35,36 Note that the S0 → S2 transition is included because
S2 is almost degenerate in energy with S1 for both molecules.
The hole−electron analysis describes the redistribution of
excited electrons, providing a clear picture about the nature of
electron excitations. Figure 3 shows that for both molecules
and both excitations, the electron only appears on two of the
three arms, while the hole appears on all three arms, indicating
that the excited electron leaves one arm and arrives at the other
two arms. The hole and electron characters of both excitations
are very similar and the main difference is which arm only has
the hole character. However, compared to molecule 3, the
extent of the hole on the third arm is much less.
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We further analyzed the fluorescent emission properties of
both molecules and found that both involve the S1 → S0
transition as expected, with contributions dominated by the
LUMO to HOMO for molecule 3 (93.6%) and molecule 14
(88.8%), respectively. Their calculated oscillator strengths (f)
are 1.6743 and 4.4083, respectively, and the much larger f
value calculated for molecule 14 may explain its enhanced
fluorescent emission activity compared to molecule 3. In
addition, based on the Einstein equation,37 the radiative
lifetime for molecule 3 is estimated to be 1.6 ns, and for
molecule 14, it is about 0.6−0.7 ns; this may result in higher
emission probability and thus higher emission intensity for
molecule 14.
3.3. TPA Cross-Sections and Stabilities. To quantita-

tively compare the TPA efficiency of the two molecules, we
carried out the Z-scan experiment in which the transmission of
the laser is monitored as a function of sample position when it
is passing through the focal point of the lens along the Z-
direction.23 Figure 4 shows the normalized OA Z-scan
transmission results (open squares) for C42H33N and
C138H168N4 under the excitation of the 800 nm femtosecond

laser. As shown in Figure 4, the transmission gradually
decreases to a minimum value as the sample is approaching
the focal point of an optical lens (100 mm focal length). This
may be ascribed to the nonlinear TPA processes, which
depend on the spatial and temporal excitation energy density.
At the focal point (z = 0), the spatial density of excitation light
energy is the highest, and the TPA process reaches maximum
(with strongest fluorescent emission), while the 800 nm
transmission is minimum. The temporal energy density of the
excitation light is guaranteed by 50 fs laser pulses. Even though
the sample is far away from the focal point, one can still see
fluorescent emission from both molecules. In addition,
molecule 14 shows a much lower transmission value of
∼0.55 compared to that of molecule 3 (∼0.87) at z = 0. This
indicates a higher TPA efficiency for molecule 14, or more
common, larger TPA cross-section σ. TPA can be described by
the relation38
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where α is the linear (one photon) absorption coefficient (in
our case α ∼ 0) and β is the TPA coefficient. In addition, β =
N/Eσ, in which N is the number density of molecules in units
of cm−3 (2 mM in the current case), E is the photon energy in
Joule, and σ is the TPA cross-section (cm4·s·molecule−1·
photon−1; 1 GM = 10−50 cm4·s·molecule−1·photon−1). The
TPA coefficient β can be extracted from numerical fitting of
normalized OA Z-scan transmission, which is described by23
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where Paverage is the average input laser power, ω0 is the beam
waist radius, R is the pulse repetition rate, and τ is the pulse
width. In the current case, Paverage = 450 mW, τ = 50 fs, R = 90
MHz, and ω0 is estimated to be 33.9 μm, which gives a
maximum on-axis intensity in the focus I0 ∼ 5.5 GW/cm2.
Combining with the fitting of Z-scan results in Figure 4, we

Figure 3. Real space representation of hole and electron distributions
of molecules 3 and 14 for both S0 → S1 and S0 → S2 excitations.
Blue and green regions represent the hole and electron distributions,
respectively.

Figure 4. Normalized OA Z-scan transmission (open squares) and fit (red solid line) for C42H33N (a) and C138H168N4 (b) under the excitation of
the femtosecond laser (50 fs width pulses, wavelength centered at 800 nm).
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determined the TPA cross-sections to be 1.3 × 104 GM for
molecule 3 and 5.3 × 104 GM for molecule 14. For relatively
simple molecules, the TPA cross-sections are comparatively
large.39 The fluorescence quantum yield of C138H168N4 is
characterized to be around 2%, which is about 3 times larger
than that of C42H33N.
One important application of the multiphoton absorption

materials is to achieve frequency upconversion of coherent
light. Most commonly used strategies for frequency upconver-
sion are sum-frequency or high harmonic generation in
nonlinear crystals. In order to obtain high conversion
efficiency, critical phase-matching is needed but that is
normally challenging to achieve only if sophisticated
techniques such as birefringence in crystals or anomalous
dispersion in isotropic materials are employed. In contrast,
multiphoton lasing can be achieved without a phase-matching
requirement in liquid or solid materials.40−42 In particular,
multiphoton lasing in dye-based systems owns the advantage of
large tunability within a relatively broad spectral range.
However, lasing dyes usually suffer from the degradation of
dye molecules under the pump laser illumination.43 Hence, we
investigated the degradation of molecule 14 under pump laser
illumination. We monitored TPA fluorescent emission
intensity for about 5 h. Considering the laser power-induced

TPA fluorescent emission variation during long-time oper-
ation, we plot in Figure 5a the ratio of TPA fluorescent
emission intensity and scattered pump laser intensity from the
fluorescent emission spectrum (a typical spectrum is shown in
the inset of Figure 5a). The setup is shown in Figure 5b, and
the pump laser is focused into a glass pipette filled with solvent.
The fluorescent emission (as well as scattered pump laser) is
collected perpendicularly to the pump laser by a converging
lens into a spectrometer. After 5 h operation without
circulation, the intensity ratio shows no obvious decrease,
which implies almost no drop of the TPA fluorescent emission
intensity. We thus conclude that the TPA molecule is stable
even without circulation under pump laser excitation. Due to
photodissociation by the pump laser, laser dyes usually start to
degrade within 5−25 h44 Hence, the stability of our designed
molecule makes it promising in the application of long-
operation upper conversion dye lasers. Further test for longer
operation experiments could be carried out to evaluate its
stability under pump laser excitation.

3.4. Solid-State Property. In addition to characterizing
the two TPA molecules in the THF solution, we also examined
their solid-state films. The solid-state films were prepared by
drop-coating of the molecule in THF solutions on a clean glass
substrate (THF evaporates afterward). Figure 6 presents the X-

Figure 5. Degradation for C138H168N4 under laser illumination. (a) Intensity ratio between TPA fluorescent emission and scattered laser in the
spectrum plotted as a function of time for about 5 h. The inset shows the typical spectrum including TPA fluorescent emission and a scattered
pump laser. The measurement setup is shown in (b).

Figure 6. XRD patterns for C42H33N (a) and C138H168N4 (b) thin films and their room-temperature PA spectra (c,d).
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ray diffractions (XRDs) for the two molecules. Sharp
diffraction peaks are observed in the C42H33N XRD spectrum,
while no diffraction peaks are observed for C138H168N4. The
broad background hump in the spectra is from the glass
substrate,45 while the sharp peaks are from polycrystallized
C42H33N molecules. We have made separately two samples to
confirm the diffraction peaks. From the fwhm of diffraction
peaks, we estimate the crystal grain size in the thin film of
molecule 3 to be about 32 nm. Normally, the films of large-size
all-organic molecules are amorphous,46 and no sharp peak has
been observed in the XRD spectrum of compound 14.
Although the fundamental understanding of the crystallization
of all-organic material is not yet fully achieved,47 organic thin
films have been used in many applications. For example,
similar organic molecules have been successfully integrated
into perovskite solar cells as a hole-transporting layer which
plays a key role in facilitating hole transport from the
perovskite to the back contact and inhibiting back electron
transfer.48,49 Exploring thin-film organic semiconductors has
been an essential requirement in the development of organic
semiconductor devices.50,51 We here employed the PA
absorption measurements to explore their semiconductor
properties.52 As shown in Figure 6, both samples show typical
step-shape spectra, indicating that the two molecules are
semiconductors in their solid-state forms. Using the method
utilized to analyze the band gap,53,54 we determine two
characteristic edges, EH and EL, present in the PA spectra for
both molecules. Then the band gap position is determined as
Eg
PA = (EL + EH)/2 = 2.69 eV for C42H33N and 2.44 eV for

C138H168N4. These band gap values correspond to the leading
edge of TPA fluorescent emission of the two molecules, which
suggest that these are direct band gaps.
Of the studied molecules, the tuning of the band gap with a

slightly modified molecular structure allows for controlling the
fluorescent emission wavelength, while a large TPA cross-
section is still maintained. It is expected that further
modification of the molecular structure may shift the emission
wavelength from the visible to the infrared region until the
band gap is low enough to make nonradiative decay processes
to dominate over radiative fluorescent emission.55 In addition,
since the application of the TPA material is determined by
both efficient TPA absorption and subsequent energy-releasing
processes, such as fluorescent emission, we aim to further
enhance the fluorescent emission efficiency based on our TPA
molecules. For example, a previous study showed that changing
the functional groups from carboxylic to sulfonic acid not only
enables high water solubility but also dramatically enhances
fluorescent emission efficiency.56 Our follow-up study will
focus on modifying the functional group to enhance the
fluorescent emission efficiency while monitoring the TPA
cross-section. It is also expected that by further engineering the
morphology and manipulating the band gap, the studied
molecules could be potentially integrated into all-organic
semiconductor devices such as logic and sensors.57

4. CONCLUSIONS
In summary, we have studied the fluorescent emission and
TPA properties of two simple all-organic molecules. DFT
calculations indicate that the improved TPA and emission
activity may stem from the enhanced oscillator strengths
associated with the ground-/excited-state transitions in the two
molecules. The degradation time of compound 14 under
focused laser excitation is longer than 5−25 h without

circulation and is expected to be much longer than 100 h
with circulation. Both molecules are nontoxic and non-
corrosive, making them favorable for up-converter lasing
applications. We further emphasize that the application of
TPA materials is crucially dependent on both TPA and
efficient energy-releasing processes (fluorescent emission or
heat dissipation). Solid-state characterizations confirm a direct
band gap in the visible range, which enables more efficient
fluorescent emission than nonradiative decay in our designed
molecules to release the TPA energy. Therefore, engineering
the molecular structure and band gap for efficient TPA and
energy-releasing processes need to be considered equivalently
to design novel functional TPA molecules. Since our molecules
are nontoxic and noncorrosive, it is expected that the
developed molecular system may address the future needs
for environmentally friendly and biocompatible TPA materials.
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