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Pyrene is considered as one of the most promising nonlinear functional building blocks. The nonlinear optical properties of 

materials can be improved by modifying main nonlinear group possession ratio occupied in frontier molecular orbitals. 

Accordingly, we designed and synthesized two isomeric molecules based on pyrene for ultrafast broadband optical 

limiters. Different pyrene possession ratios occupied in frontier molecular orbitals were calculated through quantum 

chemical methods between two molecules. Higher average pyrene possession ratio occupied in frontier molecular orbitals 

exhibited better nonlinear properties in such structures, which was consistent with the experimental data. Excellent 

optical limiting behaviors were observed under femtosecond laser excitations at multi-wavelengths (range from 515 to 

900 nm), which resulted from two-photon absorption (TPA) and TPA induced excited-state absorption (ESA). Moreover, 

the sample was extremely high transmittance (> 91%) from visible to infrared regions (500 to 900 nm). Our results show 

that pyrene-based derivatives can be considered as a promising candidate for broadband ultrafast optical limiters.

1. Introduction 

Great efforts have been devoted to graphitic systems such as 

carbon black suspensions (CBS)
1, 2

, graphene families,
3-5

 single-

walled and multi-walled carbon nanotubes(CNT)
6-8

 and π-electron 

conjugation systems such as fullerenes,
9
 porphyrins and 

phthalocyanines
10-13

 as optical limiting materials for protecting 

human eyes and sensitive optical sensors from laser damage. To 

gain ideal optical limiting apparatus, three factors should be taken 

into consideration: (i) high transmittance in low intensities and low 

transmittance in high intensities; (ii) fast response speed; (iii) broad 

spectral and temporal response characteristics. For graphene, CBS 

and CNT suspensions, their optical limiting properties are mainly 

caused by nonlinear scattering when solvent microbubbles and/or 

microplasmas are formed at high fluences as a consequence of 

energy transfer from the solute to the solvent.
14-16

 However, the 

formation timescale of the microbubbles and microplasmas is about 

a few nanoseconds, which restrict the application in ultrafast laser 

field. Due to the large ratio of excited-state to ground-state 

absorption cross-section, the classical benchmark materials of 

fullerenes, porphyrins and phthalocyanines can also provide 

prominent optical limiting properties. However, their poor optical 

transparent characteristics and narrow excited-state absorption 

(ESA) spectral regions hinder practical application in broadband 

optical limiter. So far, considerable papers have reported some 

materials possessed broad spectral optical limiting under 

nanosecond photoexcitation.
3,17-26

 Especially, metal-based 

compounds are considered as new generation optical power 

limiting materials exhibiting highly transparent characteristic in the 

visible spectral region.
27-30

 However, to our best of knowledge, only 

few papers reported the broad spectral nonlinear responses and 

broadband optical limiting behaviors under ultrafast 

photoexcitation.
31-35

 Accompanied with the rapid development of 

ultrafast laser, it is essential to develop a broad spectral optical 

limiter for protecting eye and sensor from damage on ultrafast 

timescale.  

Pyrene is considered as one of the most promising nonlinear 

functional building blocks. Some literatures have reported pyrene-

based derivatives possessed large two-photon absorption cross 

section.
36, 37

 Moreover, pyrene-based derivatives possess abundant 

π electrons that are of extraordinary admirable optical transparent 

characteristics for visible and infrared regions. On the other hand, 

their nonlinear optical (NLO) properties can be improved by 

modifying main nonlinear group possession ratio occupied in 

frontier molecular orbitals. Accordingly, in this work, we designed 

and synthesized two isomeric pyrene derivatives P1 and P2 

(Scheme 1) for ultrafast broadband optical limiters. Both of them 

are composed of pyrene, carbonyl, ethylene and thiophene groups. 

Apparently, the difference is the position of carbonyl group in these 

two molecules. Theoretically, the frontier molecular orbitals of P1 

and P2 were calculated by quantum chemical methods. 
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Experimentally, we systematically investigated the broad spectrum 

nonlinear optical properties of P1 and P2 by performing broadband 

Z-scan measurements and transient absorption spectrum with 190 

fs laser pulses. 

 

 Scheme 1. Chemical structures of P1 and P2 

2. Theoretical calculation and experimental 

methods 
2.1  Synthetic procedures 

Synthesis of 3-(pyren-1-yl)-1-(thiophen-2-yl)prop-2-en-1-one (P1):  

The mixture of 1-pyrenecarboxaldehyde (230 mg, 1 mmol) and 

40mL dioxane was stirred until dissolved at room temperature. 2-

acetyl thiophene (0.11 mL, 1 mmol) and 4 mL 10% of aqueous 

sodium hydroxide were sequentially added and the reaction system 

was heated at 50~60 °C. For 2 hours, the mixture was poured into 

ice water. The crude product was obtained by filtration and the final 

product (P1) was purified by recrystallization with acetone to afford 

compound P1 (270 mg, 79%). M.P.: 170.0-172.0 °C. 
1
H NMR (600 

MHz, 298 K, DMSO-d6): δ = 8.89-8.84 (m, 2H), 8.66 (d, J = 9.6 Hz, 1H), 

8.49 (d, J = 3.6 Hz, 1H), 8.42-8.37 (m, 4H), 8.32-8.26 (m, 2H), 8.23 (d, 

J = 15 Hz, 1H), 8.16-8.12 (m, 2H), 7.38 (t, J = 4.2 Hz, 1H). 
13

C NMR 

(150 MHz, 298 K, DMSO-d6): δ = 181.53, 145.67, 138.81, 135.78, 

133.94, 132.57, 130.87, 130.22, 129.74, 129.07, 128.98, 128.81, 

128.02, 127.44, 126.74, 126.33, 126.09, 125.31, 125.07, 124.14, 

123.97, 123.78, 122.36. MALDI-TOF (MS): Calc. for C23H14NaOS
+
: 

[m/z + Na]
+
 361.06576, found: [m/z+Na]

+
 361.06591. 

Synthesis of 1-(pyren-1-yl)-3-(thiophen-2-yl)prop-2-en-1-one (P2): 

To a mixture of acetylpyrene (560 mg, 2 mmol) and 2-thiophene 

carboxaldehyde (2 mmol, 0.186 mL) in THF (50 mL), 10% of aqueous 

sodium hydroxide (3 mL) was added. The mixture was stirred and 

refluxed for 80 min, and yellow solid was formed. After filtration, 

the obtained power was washed with THF: H2O (v/v, 2:1) for three 

times to afford P2 (510 mg, 75%). M.P. 148.0-149.0 °C. 
1
H NMR (600 

MHz, 298 K, DMSO-d6): δ = 8.57 (d, J = 9.0 Hz, 1H), 8.43-8.39 (m, 4H), 

8.35-8.29 (m, 3H), 8.18 (t, 
1
J = 7.8 Hz, 

2
J = 7.2 Hz, 1H), 7.83-7.80 (m, 

2H), 7.654 (d, J = 3.0 Hz, 1H), 7.37 (d, J = 9.6 Hz, 1H), 7.20 (t, 
1
J = 4.8 

Hz, 
2
J = 3.6 Hz, 1H). 

13
C NMR (150 MHz, 298 K, DMSO-d6): δ = 194.22, 

139.44, 138.26, 133.35, 133.32, 132.73, 130.94, 130.70, 130.10, 

129.16, 129.04, 128.87, 128.50, 127.28, 126.80, 126.47, 126.37, 

126.05, 125.51, 124.52, 124.33, 123.99, 123.58. MALDI-TOF (MS): 

Calc. for C23H14NaOS
+
: [m/z + Na]

+
 361.06576, found: [m/z+Na]

+
 

361.06581. 

2.2 Quantum chemical calculation 

To improve the performance of materials for photonic applications, 

a fundamental knowledge of the relationship among chemical 

structure, electronic structure and NLO properties is required. It has 

been shown that the NLO properties of π-conjugated organic 

materials originated from the delocalization of the π-electron 

cloud.
38, 39

 Hou et al.
40

 investigated the effect of metal ions on the 

third-order nonlinear optical properties of metal-organic clusters by 

molecular orbital theory. Similarly, to investigate the contribution 

of substituent groups to NLO properties of P1 and P2, we calculated 

its components of the frontier molecular orbital which 

corresponded to the delocalization of the π-electron cloud. The 

input structure data as for quantum chemical calculations of two 

molecules were provided in supplementary information file. The 

frontier molecular orbital distributions and energy levels were 

estimated by density functional theory (DFT) at the level of 

B3LYP/6-31+G**//CPCM (DMSO) using the Gaussian 09 program 

package,
41

 shown in Fig. 1. The possession percentage of each 

component occupied in frontier molecular orbitals was obtained by 

GaussSum
42

 and summarized in Table 1. In general, the electron in 

HOMO or HOMO-1 is excited to LUMO or LUMO+1 after 

photoexcitation. When two-photon absorption (TPA) effect occurs, 

molecules absorb two photons, promoting electrons from HOMO-1, 

HOMO to LUMO, LUMO+1. These transition processes mainly occur 

at pyrene group because pyrene acts as the main electron donor in 

two molecules. Therefore, the main contribution to NLO properties 

should attribute to pyrene group. In molecule P1, the carbonyl 

group is close to thiophene and the conjugation system is mainly 

composed of pyrene and ethylene. As for P2 molecule, the carbonyl 

group is close to pyrene group and thus the carbonyl group 

corresponds to electron withdrawing group. Different position of 

carbonyl group can give rise to different distribution of π-electron in 

pyrene group. Due to the presence of conterminous carbonyl for 

P2, π-electron can transfer from pyrene group to carbonyl and 

ethylene group, which makes the average pyrene possession ratio 

of P2 lower than that of P1. Compared with P2, P1 has higher 

average pyrene possession ratio ((51%+41%+90%+95%)/4=69.25% 

for P1 and (81%+18%+97%+2%)/4=49.5% for P2) occupied in 

frontier molecular orbitals, which indicates that P1 possesses larger 

NLO responses than that of P2. 

2.3 Z scan technique and optical limiting measurements 

In femtosecond Z-scan measurements, the light source was used an 

optical parametric amplifier (OPA, Light Conversion ORPHEUS, 190 

fs, 20 Hz) with the tunable wavelength ranging from 515 nm to 900 

nm. The experimental apparatus was similar to that in Ref.
43

. The 

laser source used for fs-pulsed optical limiting measurements was 

the same as those used for open-aperture Z-scan technique and the 

sample was placed at the focus position in our Z-scan system. The 

repetition rate was also 20 Hz to eliminate spurious cumulative 

effects originated from thermally-induced nonlinearities. In the Z-

scan measurement, the length of the sample is 2 mm, while in the 

optical limiting measurements, the length of the sample is 5 mm.  

2.4 Transient absorption spectrum 

The broadband transient absorption measurement was performed 

by use of femtosecond pulses generated by a regenerative 

amplified Yb: KGW fiber laser system (Light Conversion, PHAROS-

SP) that produces 1mJ pulses centered at 1030 nm with a repetition 

rate of 6 kHz and 190 fs (FWHM). The main part of fundamental 

output was delivered to pump an optical parametric amplifier (OPA, 

ORPHEUS, Light Conversion). The OPA output was tuned to 425 nm 
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wavelength as the pump beam, which were then modulated at 137 

Hz using a chopper. The excitation pulses were attenuated to the 

desired intensity using a gradual neutral density optical filter for 

minimizing cross-phase modulation effects. Probe pulses for 

spectroscopic characterization were produced by passing a small 

portion of 1030 nm through a computer-controlled optical delay 

stage (with the maximum delay line of 1700 ps) and focusing into a 

2 mm thick Ti: sapphire plate to produce a white-light continuum 

spanning the 478-780 nm window. The polarization of pump and 

probe pulses at the sample location was at magic angle to avoid 

anisotropic effect. The angle between pump and probe beams was 

5° and the beam waist of pump and probe beam were nearly 1 mm 

and 100 µm in the sample solution, respectively. 

 

 

Fig. 1 The frontier molecular orbital distributions of P1 and P2 involved in the vertical excitation 

Table 1 The possession percentage of each component occupied in frontier molecular orbitals of P1 and P2 

   P1      P2   

 Energy 

/eV 

thiophene 

/% 

pyrene 

/% 

ethylene 

/% 

carbonyl 

/% 

 Energy 

/eV 

thiophene 

/% 

pyrene 

/% 

ethylene 

/% 

carbonyl 

/% 

LUMO+1 -1.98 29 51 5 15  -2.11 10 81 8 1 

LUMO -2.72 13 41 21 25  -2.68 28 18 26 28 

HOMO -5.81 1 90 7 2  -5.89 0 97 1 2 

HOMO-1 -6.76 1 95 3 1  -6.79 61 2 27 10 

3. Results and discussion 

3.1 Synthesis 

 

The synthetic route to compounds P1 and P2 is outlined in Scheme 

2. 1-Pyrenecarboxaldehyde (1) was treated with 2-acetylthiophene 

(2) in the presence of sodium hydroxide to produce compound P1 

in 79% yield. In the similar condition, compound P2 was obtained as 

a yellow solid in 75% yield by condensation reaction between 1-

acetylpyrene (3) and 2-thenaldehyde (4). These two new 

compounds were characterized by 
1
H NMR, 

13
C NMR and MALDI-

TOF mass spectroscopes (See the supporting information Fig. S1 

for 
1
H NMR, Fig. S2 for 

13
C NMR, Fig. S3 for MALDI-TOF mass 

spectroscopes). P1 and P2 were soluble in common polar solvents 

such as DMF and DMSO. 

 

 

 

 

 

 

 

 

 
Scheme 2. Synthetic route to compounds P1 and P2. 
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3.2 UV-visible absorption and fluorescence spectra 

 

 
Fig. 2 UV-vis absorption and emission spectra of compounds P1 and 

P2 in diluted dichloromethane solution. 

The UV-Vis and emission spectra of compounds P1 and P2 were 

recorded in diluted dichloromethane at room temperature as 

shown in Fig. 2. P1 and P2 displayed the maximum absorption 

bands at 391 nm, 425 nm and 345 nm, respectively, which was 

assigned to the n-π* and π-π* transition. It should be noted that P1 

featured red-shift absorption compared with P2. This is because 3-

(pyren-1-yl)acrylaldehyde part in P1 presented larger 

conjugation length than pyrene or 3-(thiophen-2-

yl)acrylaldehyde moieties in P2. When excited at the maximum 

absorption, P1 performed strong fluorescent signal centered at 

523 nm, while the fluorescent signal of P2 is quenched by π-

electron transfer from pyrene unit to conterminous carbonyl 

group. 

3.3 open aperture Z-scan and transient absorption spectrum 

To evaluate the nonlinear coefficients and have a good knowledge 

of the underlying mechanism for the observed optical 

nonlinearities, open-aperture Z-scan measurements were carried 

out at different levels of laser intensities I under different 

wavelengths femtosecond laser pulses. We conducted Z-scan 

experiments on the pure DMSO to exclude the optical nonlinearity 

originating from the solvent under identical experimental 

conditions. The concentration of both samples solution was 0.0137 

mol/L. To study the NLO properties of two solutions, we first 

assumed that titled solution possessed only pure third-order optical 

nonlinearities and selected 600 nm open-aperture Z-scan 

measurements of P1 solution as an example. All the Z-scan curves 

under different input intensities for 600 nm were shown in Fig. 3(b). 

Due to no peak or valley was observed for pure DMSO, the 

nonlinearity was only attributed to solute. By fitting to Z-scan 

theory,
43

 we extracted the effective nonlinear absorption βeff, at 

different levels of I. From the Fig. 3(a), the measured βeff was nearly 

proportional increasing function of input intensity I, suggesting that 

TPA was not the only mechanism and the occurrence of higher-

order nonlinear absorption.  

In fact, organic molecules such as charge-transfer salts may 

simultaneously exhibit both TPA and TPA induced ESA processes 

under photoexcitation.
44, 45

 We supposed that the higher-order 

nonlinear absorption was the TPA induced ESA. To further confirm 

the assumption, femtosecond transient absorption spectrum was 

performed with 190 fs, pumped at 425 nm wavelength [see Fig. 4]. 

 

 

Fig. 3 (a) Example of intensity dependence of nonlinear absorption 

coefficient for P1 and (b) open-aperture Z-scan of P1 at different 

energies of 25nj, 36nj, 45nj and 63nj under 600 nm, respectively. 

The different colour circles are the experimental data and the 

corresponding colour solid lines represent the theoretical fitting.  

 

Fig. 4 Transient absorption spectrum of P1 pumped at 425 nm with 

190 fs laser pulses 

 

As can be seen, positive signal range from 550 to 780 nm 

appeared, which can be assigned to excited-state absorption (ESA). 
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The negative signal occurred within 9 picosecond centered at 520 

nm wavelength correspond to stimulated emission from 

fluorescence spectra [Fig. 2(b)]. Under photoexcitation, molecules 

from the ground state S0 are excited to higher lying vibronic levels 

of S1, then relax to the lowest vibronic level of S1 through vibrate 

cooling relaxation (VCR). Molecules undergoing ESA get excited to 

S2 instantaneously and decay back to S1.  

As for spectra regions between 495 nm and 540 nm, the 

absorption of this band is not accurately determined because of the 

contribution of stimulated emission (negative absorbance), which 

underlie the excited-state absorption signal (positive absorbance). 

To exclude the factor of fluorescence disturbance, we performed a 

degenerate pump-probe experiment at 532 nm (shown in Fig. S4, 

Supporting Information). The apparatus of pump-probe 

measurement was similar to reference.
46

 From the Fig. S4, it was 

concluded that the sample experienced TPA firstly and then ESA. 

We also carried out a degenerate pump-probe experiment at 800 

nm for limitation detection windows from 478nm to 780 nm in 

transient absorption spectra (shown in Fig. S5, Supporting 

Information). It was implied that the nonlinear absorption was 

originated from TPA and TPA-assisted ESA at 800 nm. All the 

experiments were demonstrated the nonlinear absorption 

mechanism was TPA and TPA induced ESA.  

Generally, TPA induced ESA can be considered as a fifth-order 

nonlinear absorption or effective three-photon absorption 

process.
44, 47

 In the fitting procedures, we set the expression of 

absorption coefficient as α=α0+βI+γI
2
, where α0, β and γ are the 

linear absorption, TPA and fifth-order nonlinear absorption 

coefficients, respectively. It should be noted that β and γ are 

independent of I. Both β and γ can be determined by the best 

fittings between the open-aperture Z-scans and the Z-scan theory 

of TPA induced ESA.
47

 Through numerical simulation, we obtained 

the values of β and γ at multi-wavelengths. Using the value of TPA 

coefficient β, the TPA cross section σTPA was achieved by the 

definition of /
TPA

Nσ ωβ= h . All the open-aperture broadband Z-scan 

measurements of P1 were shown in Fig. S6 (Supporting 

Information) and the values of β, γ and σTPA at experimental 

wavelengths for P1 were summarized in Table 2.  

The similar analysis was applied to P2 and Z-scan measurements 

of P2 at multi-wavelengths were shown in Fig. S7 (Supporting 

Information). The values of β, γ and σTPA at experimental 

wavelengths for P2 were also summarized in Table 2. 

From the Table 2, under every wavelength photoexcitation, 

both P1 and P2 experience both TPA and TPA induced ESA effect, 

demonstrating that they have broad spectral optical limiting 

characteristic. The measured σTPA values are comparable to the 

ones reported by Albota et al. for large TPA cross section of organic 

molecules.
48

 According to our experimental results, due to higher 

average pyrene possession ratio occupied in frontier molecular 

orbitals, the parameters of TPA and TPA induced ESA of P1 are 

larger than that of P2. 

3.4 Optical limiting behavior 

In Fig. 5(a), the variations of the normalized transmittance of P1 in 

DMSO solution as a function of the laser input irradiance through a 

5 mm spectroscopic quartz cuvette for 900 nm, 850 nm, 800 nm, 

750 nm, 650 nm, 600 nm, 532 nm and 515 nm are shown. As can be 

seen, the normalized transmittance of P1 solution decreases with

 

Table 2. The parameters of TPA and TPA induced ESA under different wavelengths achieved from open-aperture Z-scan measurements 

  P1    P2  

Wavelength 

[nm] 

β 

[10
-2
 cm/GW] 

σTPA 

[10
-50
cm

4
sphoton

-1
] 

γ 

[10
-4 
cm

3
/GW

2
] 

 β 

[10
-2
 cm/GW] 

σTPA 

[10
-50
cm

4
sphoton

-1
] 

γ 

[10
-4
 cm

3
/GW

2
] 

900 0.40±0.05 10.7±1.3 6.0±0.4  - - - 

850 0.50±0.01 14.2±0.3 4.5±0.2  - - - 

800 0.45±0.07 13.6±2.1 3.8±0.5  0.16±0.02 4.8±0.6 1.5±0.4 

750 0.43±0.03 13.8±1.0 3.1±0.5  0.20±0.04 6.4±0.9 3.0±0.2 

650 1.2±0.1 44.5±3.7 9.7±1.5  0.50±0.10 18.5±1.7 2.0±0.5 

600 2.0±0.2 80.3±8.0 21.2±1.9  0.60±0.10 24.1±2.2 3.8±0.3 

532 3.8±0.6 172±27 43.8±2.2  1.0±0.1 45.3±2.4 9.2±1.2 

515 8.5±0.8 394±18 56.5±6.5  - - - 
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Fig. 5 (a)Ultrafast optical limiting of P1 as a function of the input irradiance at 900 nm, 850 nm, 800 nm, 750 nm, 650 nm, 600 nm, 532 nm 

and 515 nm with 190 fs excitation.(b)comparison of optical limiting for P1 and P2 at 532 nm, 600 nm, 650 nm and 800 nm

increasing input irradiance under multi-wavelengths excitation, 

exhibiting excellent broadband optical limiting performance range 

from 515 nm to 900 nm for femtosecond laser pulses. Through 

previous meticulous analysis, the mechanism for optical limiting 

under multi-wavelengths is attributed to TPA and TPA induced ESA. 

Due to larger parameters of TPA and TPA induced ESA, the optical 

limiting behavior of P1 is obvious better than that of P2 at multi-

wavelengths, shown in Fig. 5(b). As Fig. 5(a) is shown, P1 exhibit 

nearly 40% modulation in the normalized transmittance at 100 

GW/cm
2
 under multi-wavelengths. Optical limiting performances of 

P1 with femtosecond laser pulses is comparable or better than 

previous reported Fe3O4 nanocomposite,
49, 50

 organic molecular 

nano/microcrystals,
51

 calixarenes
52

 and Coumarin-120,
31

 indicating 

pyrene-based materials as potential ultrafast broadband optical 

limiters. 

4. Conclusions 
In summary, we have prepared two novel isomeric molecules based 

on pyrene for ultrafast broadband optical limiters. The NLO 

properties of materials can be improved by modifying main 

nonlinear group possession ratio occupied in frontier molecular 

orbitals. Due to higher average pyrene possession ratio occupied in 

frontier molecular orbitals, P1 performed better NLO properties 

than P2, which was consistent with the experimental results. 

Excellent optical limiting behaviors were observed under 

femtosecond laser excitations at multi-wavelengths (range from 

515 to 900 nm), which resulted from TPA and TPA induced ESA. 

Moreover, P1 was extremely high transmittance (> 91%) from 

visible to infrared regions (500 to 900 nm). The fascinating 

properties of pyrene-based derivative such as low cost, simple 

synthesis procedure and excellent broadband NLO properties make 

it a promising candidate for broadband ultrafast optical limiters. 
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