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Abstract: Although the production of near-infrared (NIR)-
absorbing organic polymers with an excellent nonlinear
optical (NLO) response is vital for various optoelectronic
devices and photodynamic therapy, the molecular design
and relevant photophysical investigation still remain chal-
lenging. In this work, large NLO activity is observed for an
NIR-absorbing bithiophene-based polymer with a unique
head-to-head linkage in the NIR region. The saturable
absorption coefficient and modulation depth of the polymer
are determined as ~—3.5x10°cmGW™" and ~32.43%, re-
spectively. Notably, the polymer exhibits an intrinsic non-

linear refraction index up to ~—9.36 cm*GW™', which is six
orders of magnitude larger than that of CS,. The maximum
molar-mass normalized two-photon absorption cross-section
(0,/M) of this polymer can be up to ~14 GM at 1200 nm.
Femtosecond transient absorption measurements reveal
significant spectral overlap between the 2PA and excited
state absorption in the 1000-1400 nm wavelength range and
an efficient triplet quantum yield of ~36.7%. The results of
this study imply that this NIR-absorbing polymer is promising
for relevant applications.

/

Introduction

Nonlinear optical (NLO) materials have attracted considerable
attention because of their potential applications in optoelec-
tronics, such as laser Q-switching or mode-locking, optical
limiters, and all-optical switches." Various NLO materials have
been reported, including two-dimensional materials,? semi-
conductor nanocrystals,” and organic molecules.” Although
the rich electronic structure of these two-dimensional materials
results in NLO responses over the ultraviolet terahertz to
microwave regimes, a precise determination of the layer

[a] C. Ren, J. Li, Prof. C. Su
SZU-NUS Collaborative Center, International Collaborative Laboratory of 2D
Materials for Optoelectronic Science & Technology of Ministry of Education,
Engineering Technology Research Center for 2D Materials Information
Functional Devices and Systems of Guangdong Province, Institute of
Microscale Optoelectronics, Shenzhen University, 518060 Shenzhen (P. R.
China)
E-mail: chmsuc@szu.edu.cn
S. Xiao, Prof. Y. Gao, Prof. T. He
Key Laboratory of Optoelectronic Devices and Systems of Ministry of
Education and Guangdong Province, College of Physics and Optoelectronic
Engineering, Shenzhen University, 518060 Shenzhen (P. R. China)
E-mail: tche@szu.edu.cn
[c] S. Xiao, Prof. T. He
Key Laboratory for Organic Electronics and Information Displays, Institute
of Advanced Materials (IAM), Nanjing University of Posts & Telecommunica-
tions, 9 Wenyuan Road, 210023 Nanjing (P. R. China)
[d] Prof. L. Ma
School of Physics and Optoelectronic Engineering, Guangdong University of
Technology, 510006 Guangzhou (P. R. China)
[e] Prof. R. Chen
Department of Electrical and Electronic Engineering, Southern University of
Science and Technology, 518055 Shenzhen (P. R. China)
E-mail: chenr@sustech.edu.cn
[fl Dr.C Ye
Shenzhen Institute of Information Technology,
518172 Shenzhen (P. R. China)

[b

Chem Asian J. 2021, 16, 309-314 Wiley Online Library

309

number remains difficult.”’ Although semiconductor nanocrys-
tals with a large NLO response in the near-infrared (NIR) region
can be designed, the application of these materials is hindered
by poor environmental stability and long-term toxicity to
biological tissues.” In contrast, organic molecules offer clear
advantages, such as a low production cost, low toxicity, an
adjustable molecular structure and a high exciton binding
energy. Therefore, the development of organic molecules with
excellent NLO responses is vital for practical applications.

The advantages of NLO behavior in the NIR region go
beyond those associated with the visible region, especially for
applications to deep-tissue bioimaging and photodynamic
therapy and information communication.” Therefore, the
development of NLO organic molecules with a NIR response is
urgently required. Among these materials, thiophene deriva-
tives have been shown to be a class of excellent optoelectronic
materials with high photothermal stability.® Although excellent
NLO activities for thiophene derivatives have been reported,”
in-depth studies on optimized materials are still needed. Among
various molecular design strategies, the design of organic
molecular structures with large m-conjugated systems, good
planar rigidity, and/or strong electron donors/acceptors has
been proven to efficiently produce a large NLO response."”

Consequently, the Z-scan technique was used in this study
to investigate the NLO response of a NIR-absorbing bithio-
phene-based polymer in detail. The high-performance donor
constructed by unique head-to-head linkage (noncovalent
sulfur-oxygen interaction) enables efficient intramolecular
charge transfer (ICT) of the polymer, resulting in large NLO
responses. The studies on the dynamic processes of the
polymer reveal there are significant spectral overlap between
2PA and excited state absorption (ESA) and efficient intersystem
crossing (ISC).

© 2020 Wiley-VCH GmbH
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Xesults and Discussion

The polymer has a | -A type structure with a unique head-to-
head linkage (Figure. 1a), in which two thienyl groups (3-alkoxy-
3}alkyl-2,2)bithiophene) are connected through intramolecular
noncovalent sulfur-oxygen interaction. In the polymer, the
bithiophene wunit serves as the electron donor and the
benzothiadiazole unit serves as the electron acceptor. The alkyl
groups on two side chains are employed to improve the
solubility of the polymer. As shown in Figure 1b, the polymer
exhibits an uncharacteristic absorption curve, with an absorp-
tion band peak at 720 nm (S, S, transition) and a shoulder at
412 nm (S, S, transition). In addition, the polymer exhibits a
much weak photoluminescence (PL) emission at 795 nm, with a
low absolute quantum yield of 0.074% because of the forbidden
n m* transition" The HOMO and LKMO energies were
calculated to be 4.65and 2.25 eV, respectively, with a strong
oscillation strength of 0.5448 and a transition probability of
70% (Figure 1c). These parameters indicate that the effective
ICT was mainly caused by the HOMO to LKMO transition.
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Figure 1. a) Polymer molecular structure (the intramolecular noncovalent
sulfur-oxygen interaction is indicated by red dashed line)No) normalized
absorption and PL spectra of polymer in THF solutionNand c) molecular
orbital transitions corresponding to S, S, transition and energy level
distribution.
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The n, value of the polymer was then obtained by dividing
the closed-aperture Z-scan data by the open-aperture values at
800 nm, as shown in Figure 2a. It can be seen that the CS, and
THF solvent exhibit positive nonlinear refraction and self-
focusing effect. In contrast, negative nonlinear refraction and
self-defocusing effect were observed for the polymer solution.
The procedure described in Ref.!? was used to calculate
nonlinear refractive index (n,) for the polymer solution and THF
as ~ 6.2x10 *cm?’GW ' and ~1.57x10 *cm?’GW ', respec-
tively. The following equation (1) was used to calculate the
polymer intrinsic n, as ~ 9.36 cm?GW '[”¥
n, solution 1 f n, solvent  fn, solute )
where f is the solute mole fraction. Surprisingly, this value is
6 orders of magnitude larger than that of CS, and several orders
of magnitude larger than those of many NIR-absorbing materials
reported thus far, including MAPbIl, (~9.5x10 > cm?GW ' at
1000 nm),™  CsPb(ClyssMoar)s  (~ 1.4%10 *cm?GW ' at
620 nm),"™ MoTe, film (~ 1.24 cm*>GW ' at 800 nm),”"® WS, film
(~ 81cm?’GW ' at 800 nm)"” and some organic molecules,
such as Zn-terpyridine polymer (~1.1x10 *cm?’GW ' at
765 nm)."® The large n, of our polymer might be attributed to
the unique head-to-head linkage (noncovalent interactions
between pairs of sulfur and oxygen atoms). On one hand, the
non-covalent bonding between sulfur-oxygen atoms can en-
hance the molecular planar rigidity of the donor."” On the other
hand, the polymer possesses strong electron-withdrawing and
-donating ability, thereby improving the ICT within the molecule.
The abovementioned two factors can efficiently amplify the NLO
activity of the polymer. In addition, the intrinsic n, values of our
polymer is compared with other NLO materials in Table 1.

The open-aperture Z-scan measurement also showed strong
saturable absorption of the polymer (Figure 2b). The saturable
absorption coefficient of the polymer solution was calculated as
B (solution) ~ 029cmGW '. The corresponding intrinsic
saturable absorption coefficient of the polymer was calculated
as P (intrinsic) ~ 3.5x10°cmGW . The excitation-light-inten-
sity-dependent transmittance was then measured to determine
the saturation intensity and modulation depth of the polymer
solution (Figure 2c). The experimental data could be fitted by
the following equation (2)L
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Figure 2. Z-scan curves at 800 nmLa) close-aperture results divided by open-aperture results and (b) open-aperture resultNc) NLO transmittance curve
recorded at 800 nmNexperimental data was fit using Eq. 2 to yield a saturable intensity of ~84.6 GWcm ? and a modulation depth of ~32.43%.
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Kable 1. Comparison of NLO parameters for polymer used in this study and various materials reported in the literature.

Materials Laser BlemGw 1 n, [cm?GW '] Ref.
MAPbM; single crystal 1000 nm, 70 fs 5.2 9.5%10 ° 14
CsPb(Clys3Mq47); Nanocrystals 620 nm, 100 fs 3.22x10 3 1.4x10 * 15

MoTe, film 800 nm, 100 fs 74x%10° 1.24 16
Monolayer WS, film 800 nm, 100 fs 3.7x10° 8.1 17
Zn-terpyridine polymer 765 nm, 100 fs NAF 1.1x10 * 18
GePOvinylidene fluoride film 800 nm, 100 fs 0.474 54x10 °© 20
Mthiophene-based polymer 800 nm, 100 fs 35x10° 9.36 This work

[a] Not available.

T 1 A/ 1 g )

where A; represents the modulation depth, /, is the incident
light intensity, and I, is the saturation light intensity. The
resulting A, and [, of the polymer solution were ~32.43% and
~84.6 GWcm?, respectively. The A, of polymer solution was
even larger compared with many saturable absorption materi-
als, such as black phosphorus and MoS,,”"” and M,Te; FeTe,
nanoplates.”? Therefore, our polymer may be a promising
saturable absorber for laser Q-switching or mode-locking.
Table 2 is a comparison of the properties of various NLO
materials.

The large NLO activities in the resonant absorption band
motivated the expectation of a strong 2PA for wavelengths

above 1000 nm. The open-aperture Z-scan technique was used
to determine the 2PA coefficient of the polymer. Figure 3a is a
typical open-aperture Z-scan curve under 1050 nm excitation.
The reduced transmittance of the incident light intensity at the
focus point evidenced 2PA. Curve fitting yielded a 2PA
coefficient of the polymer solution  ~0.05 cmGW . This value
is extremely large, considering the very low polymer solution
concentration (~1x10 * M).

A large 2PA saturable intensity (I,) for NLO materials is
required for 2PA-based applications. Therefore, the incident-
light-intensity-dependent transmittance was measured to de-
termine 2PA [, of the polymer at 1050 nm (Figure 3b). As the
incident light intensity increased, the transmittance first rapidly
decreased before approaching a constant, which resulted from

Kable 2. Comparison of saturable absorption coefficient (§), saturation intensity (/;,) and modulation depths (As) for polymer used in this study and various
NLO materials reported in the literature.
Materials Blcm GW 1 I [GWCm?] A [%] Ref.
Menzotriazole-based copolymer dots 6.6x10° 0.028 13 9c
(100 fs, 1040 nm)
GePOvinylidene fluoride film 4.74x10 ' 76.48 20.48 20
(100 fs, 800 nm)
Graphene dispersion 8.28x10 3 764 N.A. 21a
(100 fs, 800 nm)
Mack phosphorus dispersions 1.38x10 ? 459 N.A. 21a
(100 fs, 800 nm)
MoS, dispersions N.A. 279.6 34 21b
(100 fs, 800 nm)
M,Te; FeTe, nanoplates 7.53x10 * 314 13 22
(100 fs, 800 nm)
Mthiophene-based polymer 3.5x10° 84.6 3243 This work
(100 fs, 800 nm)
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Figure 3. a) Open-aperture Z-scan curve at 1050 nmNb) excitation intensity dependent nonlinear transmittance at 1050 nmNand (c) 2PA cross-sections in

1050-1300 nm wavelength range.
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the two-photon saturation effect. This process can be described
using the following hyperbolic 2PA saturation model

(equation 3)[**

Bl B/ Ul 3)

The theoretical fit given by Eq. (3) was used to determine
the 2PA coefficient () and I, value of the polymer as
~0.049 cmGW ' and ~457.6 GWcm 2, respectively. The 2PA
coefficient was consistent with the Z-scan measurement. The
large I, indicates that the polymer can be exploited in 2PA-
based optoelectronic device applications. The 2PA cross-
sections (o) of the polymer were then determined under
different excitation wavelengths (Figure 3c), where the max-
imum o reached ~6.74x 10° GM at 1200 nm, and the value is 1
to 4 orders of magnitude larger compared with other NIR-
absorbing organic molecules®” (Table 3). The 2PA performance
is also reflected in so-called molar-mass normalized 2PA cross-
sections (0,/M), which are the most widely used merit factors to
assess the relative strength of 2PA processes.” The ¢,/M value
of the polymer was calculated as ~14 GM that is much larger
than many reported polymers.” In addition, the 2PA cross-
section per repeat unit for the polymer is calculated as
~8.7%10° GM, which is among the largest values in previous
reported NIR-absorbing materials.”””

The excited-state lifetime of NLO materials is an important
parameter for ultrafast optics applications. Therefore, under the
excitation at 800 nm, the fs-TA spectra of the polymer were
measured over the NIR range (1000-1400 nm), as shown in
Figure 4a. A positive ESA band at 1000-1400 nm was clearly
observed. The ESA can be characterized by a biexponential decay
with lifetime values of ~4.2 and ~270 ps at 1200 nm, respectively.
The fast process could be ascribed to the transfer process from
the levels of the excited state to the ICT state, while the long
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process is attributed to the evolution of the ICT state™ The
corresponding averaged lifetime was calculated as ~268 ps.
Another important result was the significant overlap between the
2PA and ESA spectra of the polymer. When the pulse duration of
excitation light is on the same order of magnitude as the lifetime
of the molecular excited state (or even longer), a 2PA-induced ESA
mechanism can be expected to produce efficient optical limiting
of nanosecond pulses in the telecommunication wavelength range
for our polymer® The corresponding physical mechanism is
shown in the inset of Figure 4b.

We further studied the ultrafast dynamics of the polymer in
visible wavelength range (350-750 nm), under the excitation at
800 nm. It was found that there are two positive bands peaking
at 475 and 719 nm (Figure 4a). Remarkably, accompanied by
the decay of the band at 475 nm, another positive band peak at
719 nm gradually appears. Positive absorption centred at
475 nm corresponds to singlet singlet transitions, whereas the
positive absorption band at 719 nm is ascribed to the triplet-
triplet transition. For more underlying information, the decay
curves at the wavelengths of the singlet and triplet states were
extracted and are presented in Figure 4c. The corresponding
global fitting on the 475 and 719 nm traces resulted in one
decay component of 3.8 ps and one rise component of 10.3 ps.
Accordingly, the efficiency of ISC (®) was estimated to be
Dsc = (1/7,45)/(1/Tgecay) = 36.7%. Such efficient ISC process may
be ascribed to the relatively distorted molecular structure that
was induced by the bithiophene and benzothiadiazole units.®”

In order to explore the potential application of the polymer
in photodynamic therapy, its relative singlet oxygen generation
capacity in THF was further evaluated by using a chemical
probe method. 1,3-diphenylisobenzofuran (I PMF) was chosen
as a trap for singlet oxygen.’" As a comparison, the control
experiment was done in the presence of indocyanine green
(ICG) under the same experimental condition.®® As shown in

Kable 3. Comparison of 2PA cross-sections for polymer used in this study and other NIR-absorbing molecules reported in the literature

Materials o [GM] Refs
Thiadiazolo quinoxaline 168 (920 nm, 100 fs) 24a
MOI IPY 4x10° (1240 nm, 100 fs) 24b
Fused-ring quadrupolar polymer 2.7x10* (1346 nm, 100 fs) 24c
Menzothiadiazole tetraphenylethene dots 7.63%x10* (1200 nm, 100 fs) 24d
Mthiophene-based polymer 6.7%x10° (1200 nm, 100 fs) This work
0.02 = . -
26,=800 nm| 0.009 S i =800 nM
1000-1400 nm | 0.015§ Tgeca,= 3.8 PS
§ = 475 nm
0.00 0.006 1530 nm { b T 10388 O
ﬁ 719 ni g ) S5 | 0-010/8 dygo=36.7%
—_— ps = Aatha <] A ettt o
-0.02 —5ps 0.003 Y
= 10pps + 1200 nm t,=4.2ps 0.005 r{ %
40 ps %,,=800 nm 1,=270 ps . ©
i 0.000 o (D] 3 Bl
0.04 . i 100 ps, b 1 ; s s i 0.000 elagRnan aute o
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Figure K. (a) fs-TA spectra of the polymer at different probe delay times following 800 nm laser excitation. (b) The kinetic profiles at 630 and 1200 nmNnset is
a schematic of 2PA-induced ESA mechanism for nanosecond pulses in 1000-1400 nm wavelength range. (c) The kinetic profiles at 475 and 719 nm.
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Figure 5a and b, with the increase of irradiation time, the
reaction of polymer in THF with singlet oxygen causes a
significant decrease of the | PMF absorbance at 412 nm, while
the decrease rate in presence of ICG is negligible. From the
quantitative comparison of the | PMF photo-oxidation rate in
presence of polymer and ICG (Figure 5c), it was revealed that
the polymer possesses more efficient singlet oxygen generation
capability and great promise in photodynamic therapy.

- onclusion

The Z-scan technique was used to investigate the NLO response
of a NIR-absorbing bithiophene-based polymer with a head-to-
head linkage. The electron-donating substituent constructed by
a unique head-to-head linkage structure results in a large NLO
over NIR wavelength range that is much stronger than those of
many NLO materials, including organic molecules, inorganic
semiconductor nanocrystals and two-dimensional materials.
This result demonstrates the potential application of this
polymer in ultrafast all-optical switching and laser Q-switching
or mode-locking. The large overlap between the 2PA and ESA
spectra may make the polymer an efficient broadband optical
limiter for nanosecond pulses in the telecommunication wave-
length range. In addition, the efficient ISC process and singlet
oxygen generation in the polymer implies that it can be used as
a photodynamic therapy agent.

. / perimental Oection

1 aterials

The detailed synthesis procedure of the NIR-absorbing bithio-
phene-based polymer with a head-to-head linkage has been
previously reported."

Linear optical characteri2ation

An ultraviolet-visible-NIR spectrophotometer (Lambda 950) was
used to measure the KV-visible absorption spectrum of the
polymer. The polymer emission spectrum and quantum efficiency
were determined using a FluoroSENS fluorescence spectrometer,
which is equipped with a 150-W xenon lamp and an integrating
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sphere accessory. | uring the measurements, the polymer was
dissolved into the THF solvent, and the resultant solution with a
concentration of ~1.0x 10 ¢ M was filled into a 1-cm cuvette.

NLO characteri2ation

Open- and closed-aperture Z-scan measurements were used to
determine the nonlinear absorption coefficient () and nonlinear
refraction index (n,) of the polymer, respectively."? The light source
was produced using a TiL sapphire laser oscillator, a regenerative
amplifier system (Spectra-physics Spitfire Ace), and an optical
parametric amplifier (OPA) combination system emitting at a center
wavelength of 800 nm (1 kHz, 100 fs). The fs pulses in the 1050-
1300 nm wavelength range were produced by TOPAS. The ultra-
short pulse width (100 fs) and low repetition frequency (1 kHz) of
the excitation light ensured that the thermal effect (in the ns range)
on the measured NLO parameters was negligible.®¥ The Z-scan
setup was calibrated using CS, before performing the measure-
ments, and the obtained n, value (~4.5x10 *cm?GW ') was
consistent with that reported in the literature,® validating the Z-
scan measurements. For all the NLO characterizations, the polymer
solution concentration is 1x 10 > M filled into a 1-mm cuvette.

1 easurement of fs-XA spectra

| uring the measurements, 800 nm pump pulses were generated
from an OPA system combined with TOPAS, whereas probe pulses
in the 1000-1400 nm range were generated by irradiating 800 nm
fs pulses onto a YAG crystal. The polymer solution with a
concentration of ~1.0x10 * M was filled into a 1 mm-thick quartz
liquid cell. The measurements were carried out at environmental
condition.

Detection of Oinglet O/ ygen 3 eneration

Singlet oxygen generation was confirmed by using | PMF in THF as
an indicator and ICG was used as the reference photosensitizer.
| uring the measurement, an 808 nm continuous laser (~1Wcm )
was used as the excitation source.

Xheoretical calculation

| ensity functional theory and time-dependent density functional
theory were used in conjunction with the Gaussian 09 software
package to calculate the electronic structure parameters, including
the oscillator strength, the orbital excitation energy, the orbital
transition probability, and the highest and lowest occupied
molecular orbitals (HOMO and LKMO, respectively).
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Figure 4. The absorption spectra of | PMF in THF as a function of irradiation time in the presence of polymer (a) and ICG (b). (c) The absorbance of | PMF at
412 nm as a function of irradiation time in the presence of polymer and ICG.
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