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ABSTRACT: Two pyrenyl Schiff base derivatives with π conjugated structures (B2
and B3) were designed and synthesized. Then, B2 and B3 were added into
polyurethane to obtain doped and bonded polyurethane nonlinear optical materials
(B2/PU and B3/PU), respectively. The synthesized B2, B3, and polyurethane
nonlinear optical materials were tested by a nanosecond (ns) and picosecond (ps)
pulse Z-scan at a 532 nm wavelength. Due to the two-photon absorption-induced
excited state absorption (TPA-ESA), B2, B3, and polyurethane nonlinear optical
materials show reverse saturable absorption (RSA). From a quantum chemistry
calculation, it can be concluded that the RSA of B2 and B3 comes from the large π
conjugated system and intramolecular charge transfer. Furthermore, B2, B3, and the
polyurethane nonlinear optical materials show good optical limiting. B2/PU and B3/
PU not only have excellent nonlinear optical properties but also have good
transmittance, thermal stability, and processability of polyurethane materials. The
combination of pyrenyl Schiff base derivatives and polyurethane materials greatly
improves the application of nonlinear small molecules in the field of optical limiting and all-optical switching.

1. INTRODUCTION
Nonlinear optics mainly concerns the study of nonlinear
phenomena and applications of matter under the action of
strong coherent light. In 1961, Franken1 passed a pulse
generated by a ruby laser through quartz crystal and observed
the second harmonic for the first time. With the discovery of
nonlinear optical phenomena such as stimulated Raman
scattering, parametric oscillation, reverse saturation absorption,
self-phase modulation, and so on, the research of nonlinear
optics and related applications has developed at an
unprecedented speed.2−6 In recent years, nonlinear optical
materials have potential applications in optical information
storage, all-optical switching, fluorescence microscopy, photo-
dynamic therapy, etc.7−12 Nonlinear optical materials were first
studied from inorganic materials, such as KTiOPO4 (KTP)
type materials, KH2PO4 (KDP) type materials, perovskite type
materials, borate materials, and so on.13−15 Although inorganic
materials as nonlinear optical materials have the advantages of
good chemical stability, processing performance, and high
frequency doubling conversion rate, the long-term develop-
ment of inorganic materials is limited by the disadvantages of
low damage threshold, low nonlinear response, and difficulty
processing into devices. People’s vision has gradually shifted
from inorganic materials to organic materials. Organic
nonlinear materials are popular because of their high nonlinear
optical absorption coefficient, fast response, and easy

modification.13,16 For example, Schiff base compounds, azo
compounds, and a series of other organic molecular materials
with large π conjugated structures have low dielectric
constants, easy modification and combination, and organic
nonlinear materials with variable structures can be obtained by
molecular design and synthesis.17−20 Schiff base materials are
formed by the condensation of primary amine and carbonyl
compounds, and the carbon nitrogen double bond can be used
as a π electron bridge to construct a large π conjugated system,
which greatly improves the mobility of intramolecular carriers
and makes the whole system have a greater nonlinear optical
response.19,21,22 In addition to organic small molecular
materials, nonlinear polymer materials, such as polyacetylene
(PA), polythiophene (PTH), polyaniline (PANI), and their
derivatives, have become a research hotspot due to their high
nonlinear optical coefficient, fast response time, excellent
processing performance, and structural diversity.23−26

In recent years, people have been looking for potential
organic nonlinear materials with large π conjugated sys-
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tems.27−29 Perylenetetracarboxylic diimide (PDI) and pyrene,
as kinds of polycyclic aromatic hydrocarbons, not only have
excellent fluorescence properties and electronic conductivity
but also have large π conjugated rings and easy modification.
They can be used as a structural unit to construct materials
with excellent diversity and nonlinearity by controlling the
number and types of substituents.30−33 In addition, alkyne
bonds are widely used for the effective bonding of various
groups to expand the π conjugated plane.34,35 The introduction
of alkynes into polycyclic aromatic hydrocarbons (PAHs) can
enlarge their π conjugated rings and greatly enhance the
electron transport in the molecular system.36−40 In this
context, two new pyrenyl Schiff base compounds with D-π−A
structures were synthesized with pyrene as the charge transfer
acceptor and alkynyl and imine as the conjugated bridge to
enhance the electron transport, to study the connection
between the properties and structure of nonlinear small
molecules. Furthermore, the two synthesized pyrenyl Schiff
base derivatives were added into polyurethane (PU) to obtain
polyurethane nonlinear optical materials, and the effect of the
content of pyrenyl Schiff base derivatives on the properties of
polyurethane nonlinear materials was studied in detail.

2. MATERIALS AND METHODS
2.1. Synthesis of Pyrenyl Schiff Base Compounds. B1,

B2, and B3 compounds were prepared according to the route
in Scheme 1.
Synthesis of B1. 1-Bromopyrene (2.24 g, 8 mmol), 4-

ethynylaniline (0.94 g, 8 mmol), Pd(PPh3)4 (462 mg, 0.4
mmol), and CuI (76 mg, 0.4 mmol) were mixed in a flask, and
then, dehydrated and deoxygenated solvents THF (35 mL)
and Et3N (35 mL) were added. The reaction was heated and
stirred under nitrogen for 12 h. After the reaction, the solution
was cooled to room temperature. After filtration, the solution
was collected, and the crude product was obtained after drying.
Further purification was performed by silica gel column
chromatography with a mixture of petroleum ether and ethyl
acetate as the eluent. An orange yellow solid (B1, 1.84 g, 72%)
was obtained. 1H NMR (400 MHz, chloroform-d) δ (ppm):
8.67 (d, J = 9.1 Hz, 1H), 8.28−7.97 (m, 8H), 7.54 (d, J = 8.3

Hz, 2H), 6.72 (d, J = 8.3 Hz, 2H), 3.88 (s, 2H). 13C NMR
(150 MHz, chloroform-d) δ (ppm): 147.22, 132.43, 130.71,
130.64, 130.44, 130.02, 128.66, 127.55, 127.23, 126.70, 125.75,
125.03, 124.98, 124.89, 124.05, 123.82, 123.66, 118.11, 114.18,
110.96, 96.15, 85.7.

Synthesis of B2. B1 (600 mg, 1.89 mmol) and 4-
diethylaminobenzaldehyde (402 mg, 2.27 mmol) were mixed
into a 100 mL flask, and then, dehydrated THF (35 mL) was
added. A drop of acetic acid (HoAc) was added, and the
reaction was heated and stirred for 12 h. After the reaction, the
solution was cooled to 25 °C and dried with anhydrous
Na2SO4. After the solvent was removed, further purification
was performed by silica gel column chromatography with a
mixture of petroleum ether and ethyl acetate (8:1) as the
eluent. A yellowish brown solid (B2, 0.66 g, 73%) was
obtained. 1H NMR (400 MHz, chloroform-d) δ (ppm): 8.70
(d, J = 9.1 Hz, 1H), 8.36 (s, 1H), 8.26−8.00 (m, 8H), 7.78 (d,
J = 8.6 Hz, 2H), 7.76−7.69 (m, 2H), 7.24 (s, 2H), 6.72 (d, J =
8.6 Hz, 2H), 3.45 (q, J = 7.0 Hz, 4H), 1.23 (t, J = 7.1 Hz, 6H).
13C NMR (150 MHz, chloroform-d) δ (ppm): 159.38, 151.63,
148.08, 132.38, 132.09, 130.95, 130.56, 130.41, 129.92, 128.97,
128.63, 127.89, 127.63, 127.25, 126.75, 125.92, 125.22, 124.92,
124.13, 123.71, 123.51, 120.63, 118.18, 117.20, 113.89, 110.56,
109.99, 44.02, 12.05.

Synthesis of B3. The preparation process of B3 is similar to
that of B2. B1 (600 mg, 1.89 mmol) and 4-(diethylamino)-
salicylaldehyde (437 mg, 2.27 mmol) were mixed in
dehydrated THF (35 mL). Finally, a yellowish brown solid
B3 (0.7 g, 75%) was obtained. 1H NMR (400 MHz,
chloroform-d) δ (ppm): 8.69 (d, J = 9.1 Hz, 1H), 8.48 (s,
1H), 8.28−7.98 (m, 8H), 7.73 (d, J = 8.3 Hz, 2H), 7.31 (d, J =
8.3 Hz, 2H), 7.19 (d, J = 8.8 Hz, 1H), 6.28 (dd, J = 8.7, 2.4 Hz,
1H), 6.22 (s, 1H), 3.43 (q, J = 7.1 Hz, 4H), 1.23 (t, J = 7.1 Hz,
6H). 13C NMR (150 MHz, chloroform-d) δ (ppm): 163.68,
159.57, 151.83, 147.37, 133.89, 132.22, 131.06, 130.58, 130.55,
130.38, 128.97, 127.86, 127.64, 126.69, 125.84, 125.14, 124.83,
124.07, 123.77, 123.58, 120.30, 119.71, 117.14, 108.21, 103.79,
96.87, 94.73, 88.51, 44.12, 12.15.

2.2. Preparation of Dopant B2/PU Materials. B2 (39
mg, 0.08 mmol) and azodiisobutyronitrile (0.115 g, 0.7 mmol)

Scheme 1. Synthesis Steps of Pyrenyl Schiff Base Derivatives
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were added to hydroxyethyl methacrylate (7.8 g, 0.06 mol) and
mixed for 15 min until completely dissolved to obtain a mixed
solution. Polyethylene glycol 600 (18 g, 0.03 mol) and
isophorone diisocyanate (13.32 g, 0.06 mol) were stirred in a
flask at 23 °C for 10 min, and the catalyst dibutyltin dilaurate
(DBTL) (37 μL) was also added and stirred for 20 min; then,
the above mixed solution was added, and the mixture was
stirred for 20 min. After stirring, the air in the mixture was
pumped out by a vacuum pump, and the obtained prepolymer
was poured into a self-made glass mold. The temperature was
kept at 30, 40, 50, and 60 °C, separately, for 1 h, and then at 70
°C for 24 h. Finally, a B2/PU sheet with a thickness of 3 mm
(B2 = 0.1 wt %) was obtained. By changing the content of B2
in the polyurethane sheet, B2/PU composites with B2 mass
fractions of 0.05% and 0.07% were prepared, separately.

2.3. Preparation of Bonded B3/PU Materials. The
preparation of bonded B3/PU materials is like that of doped
polyurethane composites. B3 (39 mg, 0.079 mmol), poly-
ethylene glycol 600 (18 g, 0.03 mol), and isophorone
diisocyanate (13.32 g, 0.06 mol) were first mixed. Then,
dibutyltin dilaurate (DBTL) (37 μL). the mixed solution of
hydroxyethyl methacrylate (7.8 g, 0.06 mol), and azodiisobu-
tyronitrile (0.115 g, 0.7 mmol) were added and stirred. The
plate making method is like that of B2/PU. B3/PU with B3
mass fractions of 0.05%, 0.07%, and 0.1% were prepared by
changing the content of B3 in the polyurethane sheet.

2.4. Characterization and Methods. 1H NMR and 13C
NMR spectra were collected on a 600 MHz Bruker Avance III
NMR spectrometer. UV−vis absorption spectra were meas-
ured on a Hitachi U-3900H spectrophotometer. The trans-
mittance was measured by a WGT-S instrument. The thermal
stability was performed using an integrated thermal analyzer
(Diamond TG/DTA). The nonlinear optical properties of the
compounds were also tested by a Z-scan experiment with

different laser pulse widths. 15 ps pulses of 532 nm were
obtained from a Q-switched Nd:YAG laser (1064 nm, 15 ps,
10 Hz). 4 ns pulses of 532 nm were obtained from a Q-
switched Nd:YAG laser (1064 nm, 4 ns, 10 Hz). The laser
source used for optical limiting experiments was the same as
that used for the Z-scan. The compounds were dissolved in
DMF with a concentration of 1 mg/mL. A 2 mm thick quartz
dish was used as the test vessel.

3. RESULTS AND DISCUSSION
3.1. UV−Vis and Thermogravimetric Analysis. The

UV−vis absorption spectra of B1, B2, and B3 are shown in
Figure 1a. Figure 1 shows that the strong absorption bands of
B2 and B3 are located at 285 and 405 nm, and 285 and 418
nm, respectively, attributed to the π−π* and n−π* electron
transitions in the molecule. The absorption peak of B3 is red-
shifted by 13 nm compared to that of B2. The energy needed
for electron transition is decreased as the wavelength moves to
the long wavelength. Because of the decrease of the HOMO−
LUMO energy gap, the maximum absorption peak of B3 has a
large red shift.41,42 Figure 1b,c shows the UV−vis absorption
spectra of B2/PU and B3/PU. The absorption peaks of B2/
PU and B3/PU composites are at 338 and 466 nm, and 338
and 463 nm, respectively. The intensity of the absorption band
of polyurethane doped with different concentrations of B2 is
basically the same, and the intensity is consistent with that of
polyurethane doped with a minimum concentration of B3.
This is because B2 is doped into the polyurethane sheet by
simple physical blending, and a small change in the B2 doping
amount will not cause a change in the light transmittance.
However, the absorption band strength of the B3/PU
composite increases with an increase in the B3 content
because the hydroxyl group on B3 reacts with the active group

Figure 1. UV−vis absorption spectra of (a) B1, B2, and B3 in DMF; (b) B2/PU; and (c) B3/PU.

Figure 2. TG curves of materials: (a) B1, B2, and B3; (b) B2/PU; and (c) B3/PU.
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on diisocyanate, and finally, B3 is introduced into polyurethane
by bonding.
The thermal stabilities of B1, B2, B3, B2/PU, and B3/PU

were studied by thermogravimetric analysis at a heating rate of
10 °C/min in a N2 atmosphere. It can be seen from Figure 2
that the epitaxial initial thermal decomposition temperatures of
B1, B2, and B3 are 345, 313, and 291 °C, respectively. The
thermal stability of the B2 compound is slightly higher than
that of B3. The epitaxial initial thermal decomposition
temperature of B2/PU and B3/PU is about 315 °C, and the
thermal decomposition temperature of a polyurethane plate
doped with a small amount of small molecules is basically the
same, which shows that the thermal stability of both doped and
bonded polyurethane composites depends on the thermal
stability of the pure polyurethane plate; thus, improving the
thermal decomposition temperature of the matrix plate is the
key for its use as optical devices. In short, polyurethane
composites have good thermal stability and processability and
are expected to become optical device materials, which greatly
expands the application of B2 and B3 in the optical field.

3.2. Transmittance of Polyurethane Composites. An
image of the polyurethane composite is shown in Figure 3. The
pure polyurethane plate is colorless and transparent, and the
doped polyurethane plate is light yellow; with increases in the
doping concentration, the color becomes darker. However, the
doped plates have good optical transmittance and can be used
as optical materials. The pure polyurethane material has the
highest transmittance of 91.7%. The transmittances of B2/PU
doped with 0.05%, 0.07%, and 0.1% are 86.7%, 82.1%, and
80.2%, respectively. The transmittances of B3/PU bonded
with 0.05%, 0.07%, and 0.1% are 85.1%, 82.3%, and 80.8%,
respectively.
It can be seen from the comparison of the data in the figure

that the transmittance of the doped polyurethane plate and
bonded polyurethane plate gradually decreases with increases
in the mixing concentration, which is due to the red shift of the

UV absorption of the polyurethane composite toward the long-
wave direction because of the addition of B2 and B3. B2/PU
and B3/PU composites have high light transmittance, which
will have good prospects in the field of optical devices.

3.3. Quantum Chemistry Calculation. For the sake of
investigating the connection between the structures of B2 and
B3 compounds and their nonlinear properties, the quantum
chemistry of B2 and B3 has been calculated by density
functional theory (DFT) at the B3LYP/6-31G(d) theoretical
level in the Gaussian 09 program.43,44 Frontier molecular
orbitals (HOMO orbitals and LUMO orbitals) of the two
compounds are shown in Figure 4. Table 1 shows the

occupancy of each component in the frontier molecular orbital.
In Figure 4, the B2 and B3 compounds can be approximated as
D-π−A structures, consisting of receptors, donors, and π
conjugated bridges (alkynes, imines, and benzene rings). The
possession proportion of the pyrene group in B2 changed from
57% to 88%, the possession proportion of the long conjugated
bridge (alkyne, imine, and benzene ring) from 29% to 11%,
and the possession proportion of the diethylamino group from
14% to 1%. The possession proportion of the pyrene group in
B3 changed from 59% to 85%, the possession proportion of
the long conjugated bridge (alkyne, imine and benzene ring)

Figure 3. Pictures and transmittances of (a, c) B2/PU and (b, d) B3/PU composite materials with different contents of B2 or B3.

Figure 4. Frontier molecular orbital distribution of B2 and B3
extracted from DFT calculations.
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from 27% to 13%, and the possession proportion of the
diethylamino group from 14% to 2%. It is obvious that the
electrons of B2 and B3 are transferred from the diethylamino
group to the pyrene group through the conjugated bridge,
demonstrating intramolecular charge transfer (ICT), and the
charge transfer in B2 is slightly greater than that in B3.
Finally, it is concluded that ICT and the π conjugation

system together affect the HOMO−LUMO transition of the
two compounds. As can be seen from Table 1, the proportion
of pyrene groups in the B2 system increases from 57% to 88%,
and that in the B3 system increases from 59% to 85%,
indicating that diethylamino acts as an electron donor and the
pyrene group as an electron acceptor when HOMO transitions
to LUMO. In Figure 4, the HOMO−LUMO energy gaps of
B2 and B3 are 3.06 and 3.05 eV, respectively. Compared with
B2, B3 has a smaller HOMO−LUMO energy gap. This is
because, in B2 and B3 compounds, charge transfer plays a
leading role, and the pyrene groups of the two molecules have
obvious π−π* transitions. The hydroxyl group on the B3
molecule is connected with the benzene ring, and part of the
π−π* transition is converted to the n−π* transition; the
transition energy is reduced. The presence of a benzene ring
and conjugate bridge increases the π conjugate plane and
reduces the energy of electron transition. The results of the
quantum chemistry calculation are consistent with the UV−vis
absorption spectra.

3.4. NLO Properties of B2 and B3. Second harmonic
generation (SHG) and third harmonic generation (THG) are
two kinds of nonlinear optical phenomena. The anisotropy of
the material may result in high second-order nonlinear
polarizability (χ(2)), third-order nonlinear polarizability (χ(3)),

and harmonic signals.45,46 In Figure 5, two fundamental
incident photons are converted into a new frequency-doubling
photon in the nonlinear material, which is the generation
process of the second harmonic. The third harmonic
generation process is similar. Three fundamental incident
photons are converted into a new frequency multiplier photon
in the nonlinear material, which is the generation process of
the third harmonic. The second and third harmonics are
generated without energy conversion, which will not affect the
test compounds.
The nonlinear optical signals of B2 and B3 were tested by a

1550 nm laser, with potassium dihydrogen phosphate (KDP)
and silicon dioxide (SiO2) as standard samples to collect
signals of 300−900 nm.16,47,48 In Figure 5, B2 has a sharp peak
at 517 nm, corresponding to one-third of the incident light at
1550 nm, presenting THG characteristics. B3 has sharp peaks
at 517 and 775 nm and has the characteristics of SHG and
THG. Compared with B2, B3 shows THG and SHG signals at
the same time, because B3 has the hydroxyl group in its
structure, which destroys the central symmetry of the system.47

The overall signal intensity is weaker than B2, which may be
because B3 has SHG and THG at the same time, and the SHG
signal affects the THG signal intensity of B3. B3 has the
characteristics of SHG and THG, while B2 only has the
characteristics of THG. It can be inferred that B3 is more
inclined to noncentrosymmetric crystals than B2.47,49 Under
the same test conditions, the THG intensities of B2 and B3
are, respectively, 188 times and 64 times that of SiO2, and the
SHG intensity of B3 is 1.3 times that of KDP. Therefore, both
B2 and B3 compounds have good SHG and THG properties.

Table 1. Possession Percentage That Each Component Occupied in the Frontier Molecular Orbitals of B2 and B3

pyrene (%) acetylene (%) benzene (%) imine (%) N,N-diethylaniline (terminal group %)

B2 HOMO 57 10 13 6 14
LUMO 88 6 4 1 1

B3 HOMO 59 9 13 5 14
LUMO 85 6 5 2 2

Figure 5. (a, b) Nonlinear spectra of SiO2, KDP, B2, and B3 at a 1550 nm excitation wavelength. SHG and THG intensity mapping of (c) B2 and
(d) B3 with the 1550 nm laser light source. Schematic diagram of the (e) SHG and (f) THG generation process.
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The SHG and THG properties of the two compounds can be
used in optical communication and signal processing fields.
A schematic diagram of the Z-scan test is shown in Figure 6.

The Z-scan is performed by translating the sample along the Z

axis from one side of the focus to the other. The light spot area
of the incident sample changes with the change of the sample Z
position. When the incident pulse energy is constant, the
change in the light spot area is equivalent to the change in the
incident light intensity. By detecting the energy change
through the sample under different light intensities, the
absorption strength of the sample under different light
intensities can be obtained. The nonlinear absorption of B2
and B3 compounds was studied by Z-scan. The same Z-scan
test was performed for pure DMF, but no absorption signal
was observed, ruling out the effect of DMF on compound
absorption. The two compound solutions with the concen-
tration of 1 mg/mL were placed in a 2 mm thick quartz dish
for the Z-scan test. In Figure 7, the Z-scan curves of B2 and B3

compound solutions show antisaturation; furthermore, the
points are the experimental data, and the real lines are the
theoretical fitting result. The absorption of B2 and B3
compounds is enhanced near the focal point, indicating
positive nonlinear absorption, also known as antisaturation
absorption (RSA).50 The antisaturation absorption of the
compound also increased when the test laser was intensified.
Under the same test conditions, the absorption of B2 and B3
compounds is roughly the same, but the B3 compound has a
wider broadband RSA, which is more suitable for the field of
light limiting.
The nonlinear absorption coefficient (β) was obtained by

fitting the experimental results.51 In Table 2, β increases with

increasing laser energy, which is the excited state absorption
induced by two-photon absorption (TPA-ESA).52,53 At the
same energy, the β value of B3 is higher than that of B2,
because B3 has a hydroxyl group in its structure. In B2 and B3,

Figure 6. Schematic diagram of the Z-scan test.

Figure 7. Z-scan curves of (a, b) B2 for ns and ps and (c, d) B3 for ns and ps. The points are the test result, and the real curve is the theoretical
fitting results.

Table 2. Nonlinear Absorption Coefficients (β) of B2 and
B3 Extracted in Z-Scan Experiments

ns ps

β (10−11 m/W) β (10−11 m/W)

E (μJ) B2 B3 E (μJ) B2 B3

10.2 3.3 4.1 0.8 0.37 0.73
20.2 4.5 4.9 1.0 0.43 0.84
30.3 4.8 5.8 1.2 0.70 0.92
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charge transfer plays a leading role in transition, but pyrene
groups of both molecules have a π−π* transition. When the
benzene ring on compound B3 is connected to the hydroxyl
group, the intramolecular electron transfer mode partially
changes from π−π* transition to n−π* transition, and the
energy required for the electron transition decreases, which
makes the molecule have stronger RSA. Although electron
transfer and π conjugation enhance the nonlinear absorption of
molecules, electron transfer plays a decisive role in the
nonlinear absorption of materials. In addition, B2 and B3
have a greater RSA coefficient than similar pyrene deriva-
tives.30 This is because the carbon−nitrogen double bond and
alkyne bond as the conjugate bridge not only improve the
conjugation length of the molecule but also keep the π
conjugated surface of pyrene and other groups as much as
possible in the same plane and greatly increase intramolecular
charge transfer, effectively improving RSA. Finally, B2 and B3
have good nonlinear absorption and broadband RSA, which
can be used as potential optical limiting materials. The
hydroxyl active group in B3 greatly expands the application
range.

3.5. NLO Properties of Polyurethane Composites. The
nonlinear optical absorption of B2/PU and B3/PU was
studied by an Nd:YAG laser (532 nm, 15 ps, 10 Hz) and
Nd:YAG laser (532 nm, 4 ns, 10 Hz). The ps laser energy is 1
μJ and the ns laser energy 20 μJ. In Figure 8, B2/PU and B3/
PU show a good RSA capability under ns and ps conditions,
and the RSA strength gradually increases with the increase of
B2 and B3 content, indicating that the RSA capability of the
polyurethane composite mainly comes from B2 and B3.
Therefore, it is of practical significance to adjust the nonlinear
optical properties of the composites by changing the amount of
B2 and B3 in polyurethane materials. For the sake of
comparing the nonlinear optical properties of polyurethane
composites with different concentrations of B2 and B3, the
experimental results were fitted, and the β values of

polyurethane composites were obtained. It can be seen from
Figure 8 and Table 3 that the nonlinear absorption of

polyurethane composites gradually increases with the increase
of B2 and B3 amount, and β increases proportionally. When
the amount of added B2 and B3 is 0.05%, the β fitted by B3/
PU under the ns and ps laser is greater than that of B2/PU.
Also, with a gradual increase in the amount added, when it is
0.07% and 0.1%, the β of B2/PU and B3/PU improves greatly,
but the β of B3/PU is also greater than that of B2/PU. The
nonlinear performances of B2/PU and B3/PU is better than
those of B2 and B3. The improvement of optical nonlinear
properties of B2/PU and B3/PU may be due to the cross-
linked grid in the polyurethane matrix providing better
dispersion space for B2 and B3, which makes them difficult
to agglomerate or aggregate and makes the properties of
materials more stable. Thus, the polyurethane composites with
nonlinear small molecules not only retain the nonlinear optical
properties of small molecules but also have good thermal
stability and processing properties of polyurethane, which
effectively promotes its application in optoelectronic and
optical limiting fields.
The optical limiting performances of B2, B3, B2/PU, and

B3/PU are studied using a 532 nm laser source. Figure 9
shows the optical limiting curve. The optical limiting threshold
(Fth) is defined as the incident energy flow when the nonlinear

Figure 8. Z-scan curves of (a, b) B2/PU for ns and ps and (c, d) B3/PU for ns and ps. The points are the test result, and the solid curves are the
theoretical fitting results.

Table 3. Nonlinear Absorption Coefficients (β) of B2/PU
and B3/PU Extracted in Z-Scan Experiments

ns ps

β (10−11 m/W) β (10−11 m/W)

mass fraction (%) B2/PU B3/PU mass fraction (%) B2/PU B3/PU

0.05 8 13 0.05 0.75 0.74
0.07 22 20 0.07 0.92 0.80
0.1 38 26 0.1 1.00 0.88
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transmittance of the material is reduced to half of the original
value.54 In Figure 9, when the laser energy increases, the
transmittances of B2, B3, B2/PU, and B3/PU decrease by
varying degrees, indicating that B2, B3, and polyurethane
composites have a certain optical limiting ability. The optical
limiting thresholds of B2 and B3 are 1.57 and 0.87 J/cm2,
respectively. Compared with B2, B3 has a lower optical
limiting threshold, which indicates that its optical limiting
ability is better. The optical limiting thresholds of B2/PU and
B3/PU are 0.97 and 0.46 J/cm2, respectively, when the
amount added is 0.05%. The optical limiting thresholds of B2/
PU and B3/PU decrease with increases in B2 and B3. When
the content of B2 and B3 is 0.1%, the optical limiting
thresholds of B2/PU and B3/PU are 0.35 and 0.4 J/cm2,
respectively. The optical limiting threshold decreases, and the
optical limiting ability increases. The smaller optical limiting
threshold is attributed to the stronger RSA, which is consistent
with the Z-scan results. Compared with that of B2/PU, the
reduction range of the optical limiting threshold of B3/PU is
very uniform; because B3 is bonded with polyurethane, B3 is
more evenly dispersed in polyurethane, and polyurethane with
a small amount of B3 has a good optical limiting performance.
The overall results show that B2, B3, B2/PU, and B3/PU all
have good optical limiting abilities. The polyurethane
composites not only have the original properties of polyur-
ethane but also have better optical limiting properties.

4. CONCLUSION
B2 and B3 show good nonlinear optical properties and a good
optical limiting ability under different pulse widths (ns and ps).
The composites composed of B2, B3, and polyurethane not
only retain the original properties of polyurethane but also
have small molecular nonlinear optical properties. In general,
B2/PU and B3/PU have good nonlinear properties; B3 is
more evenly dispersed in polyurethane by bonding, and the
nonlinear properties are more stable. It is more suitable to be
used as an optical limiting material. Small molecules with
nonlinear optical properties are introduced into polyurethane,
which makes possible small molecules with nonlinear proper-

ties from experiment to applications. This series of polyur-
ethane composites will have a good prospect in the application
of nonlinear optical devices.
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