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Abstract

Organic photovoltaic materials and nonlinear optical materials share inherent common-
alities in molecular characteristics—such as strong light absorption, high charge carrier
mobility, and tunable energy levels. Therefore, this study selects a bithiophene-fused ring
system with photovoltaic application potential as the research subject. Using TTTTB6-
2CHO (TB1) and IDTTB6-2CHO (TB2) as comparative molecules, their nonlinear optical
properties in the near-infrared region were systematically investigated. Transient absorp-
tion spectroscopy results demonstrate that TB1 exhibits strong and persistent excited-state
absorption within the spectral range of 650–900 nm, endowing it with excellent two-photon
absorption performance (a cross-section of up to 5591 GM at 650 nm) and an ultralow
optical limiting threshold (0.00147 J/cm2 under 800 nm femtosecond laser irradiation).
The findings of this study not only confirm the feasibility of developing nonlinear opti-
cal materials from photovoltaic candidate molecules but also highlight the effectiveness
of the “thiophene-for-benzene substitution” strategy in significantly enhancing optical
nonlinearity. These results provide valuable design principles for the development of
multifunctional organic optoelectronic materials, particularly for application scenarios such
as laser protection.

Keywords: thiophene-fused derivatives; two-photon absorption; optical limiting

1. Introduction
Nonlinear optical (NLO) materials play an indispensable role in fields such as laser

protection, optical communication, and micro-nano processing [1–4]. Meanwhile, re-
search on organic photovoltaic (OPV) materials provides crucial theoretical support for
revealing light–matter interaction mechanisms and precisely regulating molecular energy
levels [5,6]. It is noteworthy that the goals pursued by high-performance photovoltaic
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donor materials—broad spectral absorption, high carrier mobility, and precise energy
level control—are highly aligned with the core requirements for achieving strong nonlin-
ear optical responses [7], such as a high two-photon absorption cross-section and a low
optical limiting threshold. This intrinsic correlation inspires us to introduce efficient molec-
ular systems, already validated in the photovoltaic field, into the design of nonlinear
optical materials.

Among the numerous building blocks of organic photovoltaic materials, bithiophene
has emerged as a core structural unit for designing high-performance photovoltaic donor
materials due to its excellent molecular planarity and strong electron-rich properties [8,9].
Its fused-ring skeleton not only endows the molecule with good structural stability and
planarity but also enables precise modulation of the highest occupied molecular orbital
(HOMO) energy levels and band structures through flexible fused-ring modifications
and π-conjugation extension [10,11]. This provides a controllable structural foundation
for the molecular design of nonlinear optical performance [12–15]. In recent years, this
structural system has also demonstrated significant potential in the field of nonlinear optics,
particularly in optical limiting applications [16–18]. Research indicates that introducing
push-pull electron groups, constructing donor–acceptor (D-A) conjugated systems [19,20],
or expanding the fused-ring structure within the bithiophene system can significantly
enhance its third-order nonlinear optical response.

To systematically investigate the effect of fused-ring structural modulation on nonlin-
ear optical properties, two structurally distinct thiophene-fused derivatives (TB1 and TB2),
as shown in Figure 1 were selected as the target compounds. The key structural distinction
lies in the architecture of the central fused core: in TB1, the core consists of three fused
he core consists of three fused bithiophenes units, forming a six-ring conjugated system,
whereas TB2 features a five-ring conjugated system formed by alternating connection of
two bithiophenes units with a benzene ring. units, forming a six-ring conjugated system,
whereas TB2 features a five-ring conjugated system formed by alternating connection of
two bithiophene units with a benzene ring. Based on the well-established principle that
extending the π-conjugated system enhances electron delocalization and thus strengthens
the third-order nonlinear optical response [21,22], it is hypothesized that TB1—with its
longer conjugation length and broader electron delocalization—should exhibit superior
nonlinear optical performance compared to TB2.

Figure 1. Molecular structures of TB1 (a) and TB2 (b).

To validate this hypothesis, an integrated experimental and theoretical approach
was employed. Experimentally, the nonlinear absorption properties of both materials
were characterized using the Z-scan technique. Under identical excitation conditions, TB1
exhibited a nonlinear absorption coefficient (β) of 1.7 × 10−12 m/W, which is an order of
magnitude greater than that of TB2 (β = 1.3 × 10−13 m/W), directly demonstrating the
enhanced nonlinear optical response of TB1. Theoretically, density functional theory (DFT)
calculations were conducted to analyze the frontier molecular orbitals and electron density
distributions [23]. The results indicate that TB1 possesses a narrower HOMO–LUMO energy
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gap (2.542 eV) compared to that of TB2 (2.922 eV), along with more extensive electron
delocalization, where π-electrons are uniformly distributed across the entire six-ring fused
backbone. These electronic structure features provide a fundamental explanation for the
superior performance of TB1.

2. Materials and Methods
2.1. Material Sources and Spectral Characterization

The powder samples of compounds TB1 and TB2 were obtained from Nanjing
Zhiyan Technology Co., Ltd. (Nanjing, China) and characterized by 1H NMR spec-
troscopy (Figures S1 and S2) and high-resolution mass spectrometry (Figures S3 and S4).
For optical measurements, the compounds were dissolved in chloroform to prepare so-
lutions with a concentration of 1 × 10−6 mol/L. These solutions were placed in quartz
cuvettes with an optical path length of 5 mm. UV-Vis absorption spectra were recorded on
a Varian Cary-1 spectrophotometer, and fluorescence spectra were acquired using an FLS
980-steady-state/transient fluorescence spectrometer, with all measurements conducted at
room temperature.

2.2. Nonlinear Optical Experiments
2.2.1. Z-Scan and Optical Limiting Experiments

For the femtosecond Z-scan measurements, the excitation wavelength was supplied by
an optical parametric amplifier pumped by a mode-locked Yb:KGW fiber laser (PHAROS,
Light Conversion, 1030 nm), producing pulses with a duration of 190 fs at a repetition
rate of 20 Hz. The optical limiting behavior was characterized by measuring the intensity-
dependent transmittance using the same laser source and detector as employed in the
Z-scan experiments. In contrast to the Z-scan method, however, the sample was maintained
at the focal point during the optical limiting tests. Sample solutions were prepared by
dissolving the compounds in chloroform (TCM) at a concentration of 180 mM and were
contained in 5 mm path length quartz cuvettes for measurement. A schematic illustration
of the optical path is provided in Figure S5 [24].

2.2.2. Transient Absorption and Refraction Measurements

Transient absorption (TA) spectroscopy was performed to investigate the photody-
namic evolution of the samples at various delay times. A detailed description of the
experimental setup is provided in the Figure S6. The laser source employed was identical to
that used in the femtosecond Z-scan measurements. The pump and probe beams consisted
of a supercontinuum white light generated by focusing the 1030 nm fundamental beam
onto a sapphire plate [24,25].

2.3. Quantum Chemical Calculations

To elucidate the electronic structures and optical properties of compounds TB1
and TB2, density functional theory (DFT) calculations were carried out using the
Gaussian 09 software package. The ground-state geometries were optimized at the
B3LYP/6-311G(d,p) level of theory [26], yielding the equilibrium molecular structures
and the distributions of the frontier molecular orbitals. Subsequently, time-dependent
DFT (TD-DFT) calculations were performed on the optimized structures to identify the
principal electronic transitions involved in the excited states [26–29]. The Multiwfn pro-
gram was employed to visualize intramolecular electron-hole distributions, quantify the
extent of electron delocalization, and compute key parameters including the ground-state
dipole moment (µ0), excited-state dipole moments (µ1, µ2), and transition dipole moments
(µ01, µ12) [30].
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3. Results and Discussion
3.1. UV-Vis Absorption and Fluorescence Spectra

As shown in Figure 2, compounds TB1 and TB2 exhibit broadly similar absorption
profiles. The principal UV absorption peak of TB1 appears at 528 nm, whereas that of TB2 is
blue-shifted to 465 nm and displays a narrower spectral shape. These dominant absorption
bands in both molecules can be assigned to π→π* electronic transitions within the conju-
gated backbone. In addition, each compound shows a distinct shoulder peak—observed at
495 nm for TB1 and at 435 nm for TB2—further characterizing their absorption features.

 
Figure 2. (a) UV-Vis absorption spectra and (b) Fluorescence spectra of TB2 and TB1.

Photoluminescence measurements reveal that the fluorescence emission peaks of TB1
and TB2 are centered at 570 nm and 490 nm, respectively. Both compounds display fluo-
rescence spectra that exhibit a distinct mirror-image relationship with their corresponding
UV–Vis absorption spectra, suggesting only minor structural reorganization occurs between
the ground and excited states.

3.2. Quantum Chemical Calculations

The optimized molecular structures of TB1 and TB2 are presented in Figure 3a. Both
molecules exhibit planar configurations in their central conjugated frameworks. As shown
in Figure 3b, the HOMO and LUMO are predominantly distributed over the central fused-
ring region, indicating significant π-electron delocalization and confirming that this seg-
ment serves as the nonlinear optical-active unit. The calculated HOMO–LUMO energy gaps
are 2.542 eV for TB1 and 2.922 eV for TB2. The narrower band gap of TB1 is consistent with
the red-shifted absorption observed in the UV–Vis spectra (Figure 2), further corroborating
the experimental findings.

The electron-hole distribution analysis for the S0→S1 transition further corroborates
these findings (Figure 4). In both TB1 and TB2, over 90% of the hole density is localized on
the central thiophene-fused donor moiety (94.69% for TB1, 93.1% for TB2), accompanied by
substantial electron density retention (87.53% for TB1, 85.07% for TB2). These results under-
score the central fused-ring unit as the primary site governing the excited-state properties.

A comparison of the electron distribution characteristics reveals that TB1 exhibits more
extensive linear electron delocalization than TB2, demonstrating its broader π-conjugation
framework. Furthermore, as listed in Table 1, the transition dipole moments (µ01 and µ12)
of TB1 are consistently larger than those of TB2 for the S0→S1 transition, indicating en-
hanced π-electron delocalization in the excited state. Previous studies have established that
extending π-conjugation, strengthening electron delocalization, and increasing transition
dipole moments are effective strategies for boosting third-order nonlinear optical perfor-
mance. Thus, it can be reasonably inferred that TB1 possesses superior nonlinear optical
properties compared to TB2.
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Figure 3. Optimized molecular structures (a) and frontier orbital calculation results (b) for TB1
and TB2.

Figure 4. Electron-hole distribution for the S0 to S1 transition of the molecules. (a) Optimized
ground-state structure of the molecule; (b) Frontier orbital distribution of the molecule.

Table 1. Ground state dipole moment µ0, first excited state dipole moment µ1, second excited state
dipole moment µ2, and transition dipole moments µ01 and µ12 for TB1 and TB2 (Units: A.U.).

TB1 Total TB2 Total

µ0 X −0.0291 0.0400 0.0845 0.1090
Y −0.0264 0.0689
Z −0.0078 0.0002

µ1 X −0.00003 0.0155 0.0843 0.0937
Y −0.01552 0.0403
Z 0.00002 −0.0065

µ2 X −0.00001 0.001 0.07356 0.0818
Y −0.02946 −0.01601
Z 0.000029 0.00153

µ01 X 3.5569 4.6914 −2.6973 4.3667
Y 0.0002 0.2906
Z 3.0590 3.4217

µ12 X 2.36931 3.5325 1.436157 3.0020
Y 0.00017 −0.12839
Z 2.62013 −2.63315

3.3. Transient Absorption Spectroscopy

Under 515 nm excitation, the transient absorption (TA) spectra and kinetic evolution of
the two compounds are shown in Figure 5. In the spectra, positive signals (red, yellow, and
green regions) correspond to excited-state absorption (ESA), while negative signals (blue
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regions) originate from saturated absorption (SA). As seen in Figure 5a, compound TB1
exhibits a broad saturated absorption signal. Based on Figure 2, in the 480–650 nm range,
the strong linear absorption of the molecule leads to significant ground-state bleaching
(GSB), indicating that the negative signal in this region can be attributed to GSB. In contrast,
in the 560–650 nm range, the linear absorption is very weak, ruling out the possibility of
GSB. Since this region overlaps with the fluorescence emission spectrum of the molecule, the
negative signal here is considered to arise primarily from stimulated emission. Furthermore,
TB1 exhibits a strong and long-lived ESA band in the 700–900 nm near-infrared region.

Figure 5. TAS spectra (a,b) and spectral evolution (c,d) for TB1 and TB2 under 515 nm excitation.

The transient absorption kinetics of compound TB2 under 515 nm excitation display
typical localized excitation characteristics, as shown in Figure 5b. Combined with Figure 2,
TB2 exhibits no significant linear absorption beyond 500 nm, thereby ruling out the possi-
bility of ground-state bleaching (GSB). Furthermore, this wavelength range corresponds
to the fluorescence emission spectrum in Figure 2, allowing us to determine that the satu-
rated absorption (SA) signal observed under 515 nm excitation is a stimulated emission
signal. it can be inferred that in the 540–680 nm range, TB2 shows competition between
ESA and stimulated emission signals. Further comparison with the linear absorption
profile in Figure 2 suggests that this phenomenon results from a band-edge excitation-
induced transient absorption process. To verify this hypothesis, we performed additional
TA measurements at 343 nm (a wavelength far from the absorption band edge), as shown
in Figure 6. At this excitation wavelength, no significant competition between ESA and
stimulated emission was observed, confirming that the competitive process is specific to
band-edge excitation at 515 nm. In contrast, the structural differences between TB1 and TB2
endow TB1 with a distinct broadband response advantage and exert notable regulatory
effects on its transient absorption properties.

From the characteristic spectra at different delay times under 515 nm and 343 nm
excitations (Figures 5 and 6, panels (c) and (d)), it can be seen that the spectral features of TB1
show no significant variation with excitation wavelength. For TB2, under 343 nm excitation,
the spectral shape remains largely unchanged throughout the delay time, suggesting that
the molecular relaxation proceeds via a single excited state without the formation of new
states. However, under 515 nm band-edge excitation, new spectral features emerge in the TA
spectrum of TB2, indicating the generation of a new state under such excitation conditions.
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Figure 6. TAS spectra (a,b) and spectral evolution (c,d) for TB1 and TB2 under 343 nm excitation.

To gain deeper insight into the evolution of the transient absorption (TA) spectra,
we identified the relevant kinetic processes through global fitting and target analysis and
established simplified energy level models, as shown in Figure 7a–d, with the correspond-
ing parameters listed in Table 2. Considering the distinctive characteristics under 515 nm
excitation, we further analyzed the excited-state kinetic curves obtained from the fitting,
with the results presented in Figure 8a,b.

Figure 7. Molecular energy level models of TB1 and TB2. (a) Energy level diagram of TB1 at 343 nm;
(b) Energy level diagram of TB2 at 343 nm; (c) Energy level diagram of TB1 at 515 nm; (d) Energy
level diagram of TB2 at 515 nm.

As shown in Figure 7a,b, under excitation with 343 nm light, for the compounds TB1
and TB2, the ground-state population is excited to the LE state within the time delay of
a single pulse, after which the spectral profile stays stable. The signal drops rapidly on
an extremely short time scale (corresponding to τ1), which is regarded as the transition
from the LES state to S1. This is followed by the S1 → S0 transition, which reaches the
nanosecond range and exceeds the detection window of the instrument. Its lifetime is given
as τ2 [31,32].

As shown in Figure 7c,d, under excitation with 515 nm light, the ground-state popu-
lation of TB1 and TB2 is excited to the LES state at the initial time delay of a pulse cycle.
During the subsequent long time delay, the signal shows a slow decaying behavior. This
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process is considered as internal relaxation from the S1 state (corresponding to τ2). Eventu-
ally, back to the ground state (S0) with a lifetime τ3. which reaches the nanosecond range
and exceeds the detection window of the instrument.

Table 2. Excited state lifetime parameters for TB1 and TB2, all parameters obtained from global fitting.

Materials Wavelength (nm) τ1 (ps) τ2 (ps) τ3 (ps)

TB1 343 0.57 1799.70
515 <0.25 150.57 1984.84

TB2 343 0.39 1450.55
515 <0.25 133.70 1780.78

 

Figure 8. Molecular energy level models of TB1 and TB2. (a) Transient absorption kinetic process of
TB1; (b) Transient absorption kinetic process of TB2.

3.4. Z-Scan Experiments

Based on steady-state spectral and quantum chemical analyses, and to elucidate the
nonlinear optical (NLO) properties of TB2 and TB1, both compounds were dissolved in
chloroform (TCM) for solution-phase measurements. To ensure comparability across exper-
iments, all measurements were performed under conditions where the linear transmittance
of the solutions exceeded 90%. The solvent background signal was subtracted from the raw
data, and the concentration of each solution was uniformly maintained at 1 mM.

As shown by the experimental data in Figure 9, at 650 nm, under identical inci-
dent light intensity, the normalized transmittance at the valley reaches 0.55 for TB1,
significantly lower than that of TB2 (0.92), confirming a stronger nonlinear absorption
effect in TB1. This result aligns with predictions from quantum chemical calculations.
Z-scan data and fitting parameters obtained at other wavelengths are provided in the
Supplementary Materials (Figure S7).

To further elucidate the nonlinear behavior of TB1, intensity-dependent Z-scan mea-
surements were performed. The results indicate a pronounced enhancement of its reverse
saturable absorption (RSA) with increasing incident laser energy. As the excitation wave-
lengths employed fall outside the principal absorption band (Figure 2) and the sample
maintains high linear transmittance across this region, the observed nonlinear absorption
(NLA) cannot be ascribed to one-photon excited-state absorption. Instead, two-photon
absorption (TPA) is identified as the dominant mechanism governing light absorption in
this spectral range. Furthermore, the effective third-order nonlinear absorption coefficient,
derived from the experimental data, exhibits a distinct rise with increasing laser intensity,
implying the involvement of higher-order nonlinearities—such as fifth-order nonlinear
absorption—likely resulting from two-photon-induced excited-state absorption (TPA-ESA).

https://doi.org/10.3390/photonics13020136

https://doi.org/10.3390/photonics13020136


Photonics 2026, 13, 136 9 of 13

 
Figure 9. Experimental results of open-aperture Z-scan at 650 nm with femtosecond laser pulses;
solid lines are numerical fits.

Based on the Sheik-Bahae theory [24], the relationship between the absorption coeffi-
cient α and the incident light intensity I can be expressed as [33]:

α(I) = α0 + βTPA I + γI2

Here, α0 denotes the linear absorption coefficient, which is independent of the incident
light intensity. The coefficients βTPA and γ correspond to the third-order and fifth-order
nonlinear absorption coefficients, respectively. βTPA describes the nonlinear process of
two-photon absorption (TPA), while γ characterizes the fifth-order nonlinear absorption.
Figure 10 presents the Z-scan experimental results for TB1 at different wavelengths under
varying incident light intensities, with the fitting curves shown as solid lines. Detailed
fitting parameters for the Z-scan data are summarized in Table 3.

 

Figure 10. Experimental results of open-aperture Z-scan with femtosecond laser pulses; solid lines
are numerical fits. (a) 650 nm, (b) 700 nm, (c) 800 nm, (d) 850 nm, (e) 900 nm.

To further evaluate the two-photon absorption (TPA) capability at the molecular
level, the TPA cross-section σTPA was calculated using the relation σTPA = ℏωβTPA/N.
The obtained σTPA values are 5591 GM at 650 nm, 2171 GM at 700 nm, 1858.5 GM at
800 nm, 1671.4 GM at 850 nm, and 551 GM at 900 nm. A comparison with literature data
(Table 4) confirms the outstanding TPA performance of the material, further supporting
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that enhancing π-electron delocalization and increasing the transition dipole moments
(µ01 and µ12) are effective strategies for improving third-order nonlinear optical response.

Table 3. Fitting parameters for open-aperture Z-scan with femtosecond laser pulses.

Pulse Width λ
(nm)

βTPA
(10−13 m/W)

γ
(10−28 m3/W2)

190 fs 650 11.0 18.0
700 4.6 7.0
800 4.5 8.0
850 4.3 7.0
900 1.5 6.0

Table 4. Comparison of σTPA for TB1 with other reported materials.

Sample Pulse
Width Wavelength (nm) σTPA (GM) Ref.

TB1 190 fs 650 5591.0 This work
700 2171.0
800 1858.5
850 1671.4
900 551.0

PyDN 190 fs 600 1147.0 [34]
700 277.0
800 93.0

NBC 190 fs 650 139.0 [35]
800 47.0
750 2498.0
800 780.0
900 138.0

Aromatic
Hydrocarbons 4 190 fs 850 39.0 [36]

900 37.0
Aromatic

Hydrocarbons 6 190 fs 750 4157.0 [36]

800 3039.0
900 360.0

LG6 70 fs 800 1845.0 [37]

3.5. Optical Limiting Experiment

Building on the excellent multiphoton absorption capability of TB1 in the near-infrared
region, its optical limiting performance was evaluated at 800 nm. To optimize the mea-
surement conditions, the sample was dissolved at a concentration of 180 mM and placed
in a 5 mm path length cuvette. The optical limiting threshold (Fth), defined as the input
fluence at which the transmittance decreases to 50% of the linear transmittance [38], was
determined to be 0.00147 J/cm2. A material is considered effective for optical limiting if it
achieves such a threshold, with lower values corresponding to superior performance. As
illustrated in Figure 11, TB1 exhibits promising optical limiting behavior with a threshold
of 0.00147 J/cm2. A comparison with reported organic limiting materials (Table 5) confirms
that TB1 is a highly promising candidate for laser protection applications.
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Figure 11. Relationship between transmittance and input intensity for TB1 at 800 nm.

Table 5. Comparison of OL threshold for TB1 with other reported materials.

Sample Pulse
Width

Wavelength
(nm) Fth (J/cm2) Ref.

TB1 190 fs 800 1.47 × 10−3 This work
NBTT 190 fs 800 2.6 × 10−3 [35]
NBTC 190 fs 800 4.8 × 10−3 [35]
PyDN 190 fs 800 5.3 × 10−3 [34]
LBDBP 130 fs 800 5.59 × 10−3 [39]

Aromatic
Hydrocarbons 6 190 fs 800 6.2 × 10−3 [36]

Aromatic
Hydrocarbons 4 190 fs 800 8.1 × 10−3 [36]

NBC 190 fs 800 8.3 × 10−3 [35]
A1 190 fs 800 10.6 × 10−3 [40]

4. Conclusions
This study systematically investigates the nonlinear optical properties of two fused-

ring thiophene derivatives. The results indicate that TB1, with its extended π-conjugation
achieved through thiophene ring fusion, exhibits enhanced π-electron delocalization and
larger transition dipole moments, which collectively contribute to its superior third-order
nonlinear optical performance. Z-scan measurements reveal that both compounds dis-
play reverse saturable absorption behavior, with TB1 outperforming TB2—evidenced by
a two-photon absorption cross-section as high as 5591 GM. Furthermore, TB1 demonstrates
excellent optical limiting capability at 800 nm, showing a low threshold of 0.00147 J/cm2,
which underscores its potential for laser protection applications. These findings confirm
that enhancing π-electron delocalization and transition dipole moments via fused-ring
molecular design represents an effective strategy for developing high-performance third-
order nonlinear optical materials, offering valuable insights for the structural design and
performance optimization of organic nonlinear optical systems.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/photonics13020136/s1, Figure S1. 1H NMR spectrum
of 1121. Figure S2. 1H NMR spectrum of 0515. Figure S3. HR-MS spectrum of 1121. Figure S4.
HR-MS spectrum of 0515. Figure S5. Schematic illustration of z-scan system. Figure S6. Schematic
illustration of transient absorption system. Figure S7. Femtosecond laser pulse open aperture Z-scan
experiment data of 1121 and 0515 (a) 700 nm, (b) 800 nm, (c) 850 nm, (d) 900 nm.
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