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Two triphenylamine-based star-type push-pull chromophores (T1, T2) were designed and synthesized.
Triphenylamine serves as the central core and acts as an electron-donating group surrounded by electron-
withdrawing pentafluorobenzene or N,N-dimethyl substituted tetrafluorobenzene, which are connected by
ethylene bridges. Single-crystal X-ray diffraction confirmed the structures and molecular arrangement of
two chromophores. The systematic photophysical research of T1 and T2 absorption characteristics was
carried out to gain a better understanding of how structure-property relationships affect the observed
nonlinear optical absorption phenomenon. Complementary calculations based on density functional the-
ory (DFT) further confirmed the experimental results. Both chromophores exhibited excellent two-photon
absorption (TPA) properties in CH,Cl,. Notably, T2 has more remarkable nonlinear optical absorption ef-
fects with the TPA cross-section up to 4.24 x 107 GM. By adjusting the electronic structures of the chro-
mophores through introducing pentafluorobenzene or N,N-dimethyl as functional groups with different
electron-donating or withdrawing behaviors, the TPA performance of the small organic molecule could
be greatly enhanced. These molecular structures with push-pull systems were excellent candidates for

different two-photon applications.
© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Two-photon absorption (TPA) is a nonlinear optical (NLO) phe-
nomenon in which two photons are simultaneously absorbed by
a molecule, causing excitation under intense laser pulses [1]. Or-
ganic molecules with large two-photon absorption cross-sections
have occupied a significant position among the numerous classes
of nonlinear optical materials due to their abundant substituents,
high symmetry and multidimensionality [2-6]. The organic TPA
molecules have shown various applications in photonics, optoelec-
tronics, photodynamic therapy and bio-imaging, etc. [7-11].

Chromophores with strong and universal TPA characteristics
are highly desirable for these applications. Numerous studies have
shown that triphenylamine derivatives are becoming promising
TPA materials [12,13]. Triphenylamine is a well-known strong
electron-rich donator with C3 symmetry and outstanding hole-
transporting properties that make it a popular TPA scaffold [14-18].
It has been reported that the central nitrogen introduced electron-
withdrawing substituents at three pare-positions would be benefi-
cial to obtaining efficient TPA fluorophores [19,39]. Zhou’s group
synthesized six multi-branched triphenylamine derivatives with
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the different numbers of the electron-donating group isophorone’s
branch and applied them in the study of linear and nonlinear
optical properties [20]. They noted that TPA cross-sections in-
creased with the electron-donating group’s branch number. The
compound with C3 symmetry and the largest number of branches
has the highest TPA cross-section. Suzuki et al. reported the com-
prehensive investigation of the influence of monosubstituted on
two-photon absorption for diphenylacetylene derivatives [21]. Hu
synthesized two conjugated organic molecules with excellent TPA
properties and emphasized the equal importance of the high TPA
cross-section, fluorescent emission and heat dissipation for design-
ing functional TPA molecules [22].

For plenty of small organic molecules, the molecular nonlineari-
ties originate from delocalized electrons in their 7 -conjugated sys-
tems. More abundant and structurally diverse molecules are added
with electron-donor (D) and electron-acceptor (A) groups to the
ends or centers of the m-conjugated backbone, which can favor
electron delocalization and help the excitation of molecules from
the ground state to an excited state [23-27]. These simple and
effective designs enable chromophores to have large TPA cross-
sections to expand the development of NLO materials [28-32]. The
electron transfer or electron separation in these D-A-containing

1001-8417/© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.



Y. Ban, L. Hao, Z. Peng et al.

systems of triphenylamine-based derivatives endowed this class
of chromophores with highly anisotropic and interesting pho-
tophysical properties. Numerous triphenylamine derivatives with
dipolar chromophores were synthesized to explore the structure
and TPA property relationships by introducing various donor-r -
acceptor systems, different r-bridging centers and donor-acceptor
strengths [33-35]. It is well known from the literature that
electron-withdrawing groups of triphenylamine derivatives mainly
focused on cyano, benzothiazole, nitro, and so on could enhance
two-photon absorption [36-38]. These organic chromophores, es-
pecially with asymmetrical structures and large dipole moments
may lead to reduced optical nonlinearity [20]. Consequently,
improving molecular symmetry and weakening molecular dipole-
dipole interactions were important for enhancing the nonlinear op-
tical properties of chromophores. Aromatic hydrocarbons could be
effectively reduced the electron cloud density and weakened polar-
izability by introducing the most non-metallic fluorine atom. Fluo-
rinated aromatic rings were valuable groups with strong electron-
withdrawing effects and large steric hindrances, which could
prepare chromophores with push-pull systems. Additionally, fluori-
nated aromatic rings could play an important role in the nonlinear
optical chromophores due to their high thermal stability, low di-
electric constants, and good optical transparency [40,41]. However,
studies on fluorinated aromatic rings as the electron-withdrawing
groups are rarely reported.

Herein, we designed and synthesized two triphenylamine-based
TPA molecules: star-shaped ((A-w-)3D) (T1) [42] and star-shaped
((D-A-1-)3D) (T2) molecules (Fig. 1a). The single-crystal structures
of T1 and T2 grown from different solvents were obtained. Triph-
enylamine was chosen as the core to construct branched molecules
and indicated prominent electron-donating ability. Pentafluoroben-
zene (ArF) unit as an electron acceptor was then introduced at
three pare-positions to the central nitrogen forming (A-w-)3D
model structure. The electron transfer between the triphenylamine
and ArF contributes to the interesting linear or nonlinear photo-
physical properties of T1. This also implies that the star-shaped
((A-m-)3D) structures could offer substantial delocalization of m-
electrons and controllable charge separation.

Based on the chromophore of T1, extending the 7 -electron con-
jugated system and improving the solubility by introducing N,N-
dimethyl to the pentafluorobenzene lead to T2 [43]. T2 was cho-
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sen to investigate the effects of the -conjugated spacer length on
the optical properties. The N,N-dimethyl as an electron-donating
group will make the whole structure more balanced in charge re-
combination and change the polarizability of electrons in frontier
molecular orbitals. T1 and T2 show typical intramolecular charge
transfer (ICT) effects. Whereas, the optical properties (especially
two-photon absorption and two-photon excited fluorescence) of
these compounds have not been investigated in-depth, let alone
the influence of structures on photophysical properties. Therefore,
we systematically analyzed their linear and nonlinear optical prop-
erties and further explored the relationship between structure and
optical properties. When compared with other reports, this work
showed that both T1 and T2 demonstrated excellent TPA phe-
nomenon in CH,Cl,, especially at low power (Table S1 in Sup-
porting information). Moreover, T2 exhibits more remarkable non-
linear optical absorption effects with the TPA cross-section up to
4.24 x 107 GM. Theoretical DFT computational indicates that the
bulky ArF group and long conjugation length contribute to im-
proved TPA and emission activity really. The synthesis of T1 and T2
is very straightforward. T1 and T2 were synthesized by a two-step
reaction to give the final products (Scheme S1 in Supporting infor-
mation). For the synthesis details, see the supporting information.
Both T1 and T2 show good solubility in common organic solvents.

T1 and T2 could be easily crystallized from different solvents.
The single crystals of molecules T1 and T2 suitable for X-ray
diffraction analysis were successfully obtained. T1 was grown by
the slow evaporation of n-hexane into CH,Cl, solution at room
temperature. While the single crystal of T2 was acquired through
evaporation of tetrahydrofuran solution, CH,Cl, solution or cool-
ing down the toluene solution slowly. As shown in Figs. 1b and c,
the single-crystal X-ray diffraction confirms the molecular struc-
tures and spatial arrangements of T1 and T2 (T1, T2, T2_CH,Cl,,
T2_toluene). The single-crystal structures of T1 and T2 with or
without solvent molecules. For the structure of T1, the crystal
structure belongs to the P1 space group with unit cell parameters
ofa=1161 A b=1212 A c=1294 A, o = 94.80°, B = 99.38",
y = 109.11°. A clear 2D layered structure was observed. In each
layer, the T1 molecules were arranged in a head-to-tail formation
to form a 1D thread first. The 1D threads were then arranged in
a head-to-head formation alternately to form a 2D layer. The T2
crystal belonged to space group P1 and the unit cell parameters
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Fig. 1. (a) Chemical structures of molecules T1 and T2. (b) The corresponding single-crystal structures of T1 and T2 from different solutions. (c) The crystal-packing arrange-

ment of T1 and T2.
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area =967 A, b=1371 A, c=1633 A « = 103.38°, B = 90.88",
y = 104.04°. Crystal T2 has the almost same self-assembly mode
as T1, although T2 was obtained from tetrahydrofuran (THF). For
the crystal of T2_CH,Cl,, a slightly different packing mode was
adopted, and some subtle slippage between some 1D threads was
observed. The 2D layered structure was still achieved in the end.
The crystal of T2_CH,Cl, belonged to space group P1, with unit
cell parameters a = 1194 A, b = 1347 A, c = 1414 A, o = 8821,
B =72.92°, y = 89.83°. However, for the crystal of T2_toluene with
a solvent molecule of toluene, a completely different packing mode
was adopted. More interspace in each 2D layer was observed. The
crystal of T2_toluene also belonged to space group P1, with unit
cell parameters a = 10.79 A, b = 13.58 A, c = 17.73 A, o = 68.57°,
B = 7297, y = 7449°. The supporting information provides
detailed information about the single-crystal X-ray diffraction
data.

All the crystals belonged to space group P1 with a propeller-
shaped structure, which is a typical feature of triphenylamine
derivatives. The dihedral angles between the benzene rings of cen-
tral triphenylamine and peripheral phenyl ring with N,N-dimethyl
is 21.37° in T2_CH,Cl,, whereas the dihedral angles located in the
same positions are 38.23° in T2, 29.38° in T2_toluene (Fig. S1 in
Supporting information). The dihedral angles between the benzene
rings of central triphenylamine and pentafluorobenzene rings are
31.08° in T1 (Fig. S1). These results showed that the crystal of
T2_CH,Cl, possessed better planarity than other crystals. There-
fore, the electron mobility in the conjugate system was increased
as well as the TPA cross-section. The better planarity of T2_CH,Cl,
is beneficial to light absorption properties, which was consistent
with the experimental results.

The photophysical properties of T1 and T2 were studied. The
UV-vis absorption spectra of the T1 and T2 exhibit two distinct
maximum absorption peaks at 283 and 400 nm for T1, 319 and
405 nm for T2 in CH,Cl, solution (Fig. 2a). The lower wavelengths
in the high-energy region are assigned to the absorption of the
m-m* transitions caused by the triphenylamine core. The higher
wavelength peaks are ascribed to the absorption of the intramolec-
ular charge transfer (ICT). T2 shows a slight red-shift at the max-
imum absorption peaks. This is a characteristic behavior of ICT
bands induced by the electron-donating group of N,N-dimethyl. Be-
sides, two chromophores have nearly independent on the nature
of the solvent (Fig. S2 in Supporting information). According to the
UV-vis spectra, the bandgap of T1 and T2 were calculated to be
2.79 eV and 2.76 eV, respectively (Fig. S3 in Supporting informa-
tion). The fluorescence emission spectra of T1 and T2 displayed the
maximum emission of 499 and 504 nm (Fig. 2b). The fluorescence
intensity of T2 was slightly higher than T1. The emission spectra
of T1 and T2 in CH,Cl, followed a similar trend to that observed
for the absorption spectra. As shown in Fig. S4 (Supporting infor-
mation), the solid-state UV-vis spectra revealed that four crystals
showed a broad absorption range from 350 nm to 450 nm. Solid-
state fluorescence spectra of crystals of T1 and T2 displayed the
maximum emission of 489 and 515 nm.
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Two-photon excited fluorescence experiments were performed
by using 60-fs pulses from a Ti: sapphire laser operating at 800 nm
with the repetition rate of 80 MHz. The strong green-fluorescent
photon emissions of two molecules can be observed, as shown in
Fig. 2c. T1 and T2 exhibit maximum fluorescent emission features
at 493 and 497 nm, respectively, which means both molecules emit
photons with significantly higher energy than that of their exci-
tation photon. Since the UV-visible absorption of the two com-
pounds displays almost no absorption above 460 nm, this indicates
that the fluorescence emission creased by femtosecond laser pulse
arises from a nonlinear optical two-photon absorption process. Ad-
ditionally, at the same excitation intensities, the fluorescence in-
tensity of T2 was stronger than T1. The stronger emission ability of
T2 meant a better TPA efficiency than T1. The crystals of T1 and T2
exhibited maximum fluorescent emission features at 501 and 503
nm under the excitation of an 800 nm femtosecond laser, which
indicated that all crystals had a nonlinear optical absorption phe-
nomenon (Fig. S4). However, due to the rough surfaces of prepared
solid fibrous samples, many lasers were lost seriously in the OA
Z-scan experiment. The nonlinear optical parameters of the crys-
tals could not be measured accurately. The electrochemical studies
have been performed, however, the cyclic voltammetry (CV) curves
indicated the irreversible electrode process of two chromophores.
T2 (0.86 V) had a lower onset oxidation potential than T1 (0.97 V),
due to the introduced electron-donating groups N,N-dimethyl (Fig.
S5 in Supporting information).

To obtain the frontier molecular orbital information of chro-
mophores T1 and T2. In this study, density functional theory (DFT)
calculations were carried out on two compounds using Gaussian
03 software with B3LYP/6-311G (d, p) basis sets [44]. The geome-
tries, as well as the HOMO/LUMO and ground-state dipole mo-
ments, are shown in Fig. S6 (Supporting information). The higher
HOMO level of T2 is in good agreement with the electrochemi-
cal results and confirms that T2 presents a lower onset oxidation
potential. The HOMO and LUMO diagrams clearly show a typical
ICT process in the two compounds. In the triphenylamine core, the
electron clouds of the HOMO are evenly distributed. Although the
electron clouds of the HOMO are evenly distributed in the triph-
enylamine core, the majority of electron clouds of the LUMO are
transferred and evenly distributed in the branched. The energy
gaps AE calculated by DFT for chromophores T1-T2 were 3.012 eV
and 2.965 eV, respectively. The AE indicated that chromophores T2
has a bigger maximum absorption wavelength in UV-vis spectra,
which is consistent with the results of experimental UV-vis spec-
tra analysis.

The nonlinear optical properties of the T1 and T2 were mea-
sured by the open aperture (OA) Z-scan technique. The schematic
of the experimental setup was shown in Fig. S7 (Supporting infor-
mation). In this open aperture Z-scan experiment, the light source
was the 800 nm Ti: Sapphire femtosecond laser, samples were held
in a quartz cuvette with 1 mm path length and the pulses are fo-
cused into the sample cell with a 200 mm focal length lens. Upon
moving the sample cell along the beam across the focal point, the
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Fig. 2. (a) UV-vis absorption spectra and (b) fluorescence spectra of T1 and T2 in CH,Cl, (1.0 x 10> mol/L). (c) TPA emission spectra of T1 and T2 under the excitation of
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Fig. 3. OA Z-scan results for (a) T1 and (b) T2 at different excitation intensities
at the focal point Iy =0.0031 GW/cm?, 0.0088 GW/cm?2, 0.0442 GW/cm?, 0.0885
GW/cm?. The circles are experimental results. The solid lines show the theoretical
fitting.

transmittance beam was detected by using a silicon photodetec-
tor. More details of other OA Z-scan experimental datasets are pro-
vided in Table S2 (Supporting information).

Under these conditions, the observed large NLA of two chro-
mophores mainly resulted from the molecules themselves because
the CH,Cl, did not express any nonlinearity used for the nonlin-
ear absorption measurement. It is well known that as the sam-
ple approaches the focal point, nonlinear effects will appear due
to high intensity/fluence [45]. Different nonlinear mechanisms can
lead to the decrease of sample transmittance (reverse saturation
absorption (RSA)) or to the increase of sample transmittance (sat-
urable absorption (SA)) [46,47]. The transition energies (between
So and Sq) of the two chromophores (T1, T2) were calculated
to be 3.011 and 2.935 eV, respectively. When excited at 800 nm
(1.55 eV), electrons in the ground state simultaneously absorb-
ing two photons can be excited to the excited state. In addition,
since the wavelength of 800 nm locates outside the absorption
band of two chromophores, one-photon-induced excited-state ab-
sorption can be negligible. Hence, TPA is the main mechanism for
two chromophores at 800 nm. The normalized transmission pro-
files of T1 and T2 with a concentration of 1.0 x 10~> mol/L in
CH,Cl, (Fig. 3). The experimental curves of the two chromophores
under different excitation intensities show interesting regularities.
The curves exhibit an RSA process induced by TPA with a val-
ley located at zero position (focal point). The TPA will be en-
hanced with the increasing excitation intensity while the trans-
mittance should decrease. However, as the excitation intensity in-
creased from 0.0088 GW/cm? to 0.0885 GW/cm?, the transmit-
tance increased from 0.991 to 0.996. The abnormal phenomenon
may be originated from the saturation of TPA. Electrons are excited
to the excited state during the TPA process. The higher the excita-
tion intensity means the higher the electron density. An additional
SA component decreases the TPA and increases the transmittance.
A similar regularity has also been observed for T2. The TPA pro-
cess becomes saturated at high excitation intensity. The saturation
of TPA implies that electrons with high density can be excited to
the excited state. Thus, both chromophores possess excellent TPA
properties. In addition, the nonlinear absorptive valley of T2 is ex-
tra broadened compared with T1 signifying an improvement in the
nonlinear optical properties.

The TPA coefficients () of two molecules can be calculated
from the numerical fitting of normalized OA Z-scan transmission,
which is described in Eq. 1 [48]:

= (=q0)"
T(Z) = 1
@) ZO (122 (1)

1 — e

where the free factor qo = BLsflo, and Ly = . Zp is
the diffraction length of the beam, L.y is the effective length of
the sample and Iy is the maximum on-axis intensity in the focus
(z=0). ag denotes the linear absorption coefficient and I repre-
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Fig. 4. Measured effective TPA coefficient S of T1 and T2 as functions of intensity.

sents the thickness of the sample. As shown in Fig. 3, the measured
curves can be well fitted by Eq. 1, so that the TPA coefficients can
be extracted. The § values of two chromophores shown reduced
gradually with excitation intensities increasing (Fig. 4). These re-
sults infer that both chromophores possess excellent TPA proper-
ties. Since electrons with high density can be excited to the excited
state, which can in turn reduce the TPA ability due to the satura-
tion of TPA and the saturation effect of TPA strengthened with the
increasing excitation intensity. In addition, 8 values of T2 are big-
ger than T1 at the same conditions. T2 has a more remarkable TPA
ability. TPA performance could be greatly enhanced by adjusting
the pentafluorobenzene electron-donating or N,N-dimethyl with-
drawing groups.

Furthermore, the TPA cross-section (o) could be determined
through the Z-scan measurements by Eq. 2 [49]:

o =hvg x 103 /Nuyd (2)

where h is Planck’s constant, v is the frequency of input inten-
sity, Nu is the number density of molecules in units of cm=3 (0.01
mmol/L in the current case), and d is the molar concentration of
the solution. The results of the nonlinear absorption parameters
measured are summarized in Table S1. It has been shown that
extended m-conjugation could lead to greater densities of popu-
lations for both electronic and vibrational states, providing more
effective coupling channels, which would in turn increase the TPA
cross-section. The TPA cross-section values of T2 are bigger than
T1 under the same conditions, which implies that it is possible to
increase the two-photon absorption properties of T2 by extending
the m-conjugation by simply including N,N-dimethyl. Both chro-
mophores possessed excellent two-photon absorption o values at
very low input intensity, while T2 has the largest o values up to
4.24 x 107 GM at excitation intensity of 0.0031 GW/cm?. By modu-
lating the structures of the conjugated organic molecules as chro-
mophores, excellent nonlinear properties could be obtained.

In summary, we have systematically studied the nonlinear op-
tical properties of two novel star-type of triphenylamine deriva-
tives. Two chromophores exhibited superior two-photon absorp-
tion properties with large TPA cross-sections up to 4.24 x 107 GM
at 800 nm, suggesting that molecular structures offer a wide range
of possibilities for two-photon applications. The DFT calculations
help significantly in the fundamental understanding of the ICT
characteristics of T1 and T2. Accordingly, molecules based on the
molecular platform of triphenylamine might be able to have even
larger TPA cross-sections. This study makes it easier to create novel
two-photon absorption-based nonlinear optical devices in the fu-
ture.
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