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A B S T R A C T

Incorporation of functional nanoparticles into liquid crystals has emerged as a promising approach to create 
liquid crystal nanocomposites with superior opto-electronic properties. The properties of self-assembled supra-
molecular structures change remarkably upon the dispersion of a minute amount of metal nanoparticles in them. 
The effect of dispersing alkyl thiol-functionalized silver nanoparticles (Ag NP) in Naphthophenanthridine dis-
cotic liquid crystals on the nonlinear optical (NLO) properties is discussed in this work. Discotic liquid crystals 
(DLC) are synthesized via N-annulation of hexabutoxytriphenylene-1-amine with heptanaldehyde through the 
Pictet–Spengler reaction. A uniform dispersion of about 1–3 wt% Ag NPs in the columnar matrix enhances the 
nonlinear optical absorption, when measured under excitation by nanosecond laser pulses at 532 nm. By 
changing the amount of Ag NP loading, the nonlinear response of the hybrid can be tuned. These results indicate 
that the Ag-DLC hybrids are potential candidates for applications in NLO devices such as tunable optical limiters.

1. Introduction

Optical limiting (OL) is a nonlinear phenomenon in which an optical 
system having high transmission attenuates light considerably when the 
input intensity exceeds a certain threshold [1]. Thus, an optical limiter 
can protect eyes and sensors from the damage caused by intense laser 
radiation or other bright light sources. Numerous studies done on optical 
limiting materials have posited that no single material or mechanism 
can fully meet the stringent requirements for practical applications [1]. 
Hence there is a need for hybrid structures which can go beyond the 
capabilities of conventional materials. In this regard nanoparticle-liquid 
crystal hybrids are emerging to be a promising candidate as they possess 
excellent nonlinear optical (NLO) properties [2]. Integration of nano-
particles (NP) into liquid crystal matrices gives rise to enhanced optical, 
electrical, and mechanical characteristics [3–8]. The interplay between 
nanoparticles and liquid crystals induces synergistic effects, offering 
avenues for exploitation in diverse technological applications [2,9]. 
Among nanoparticles, metal nanoparticles such as silver (Ag) and gold, 
are particularly interesting for NLO applications because of their 

plasmonic effects, which enhance the local electric field and thereby the 
nonlinear response [10]. Previously NLO studies done on Ag nano-
clusters and oxide-protected Ag NPs showed strong third order 
nonlinear absorption in the femtosecond and nanosecond (ns) excitation 
regimes, which is ideal for OL applications [11,12]. Depending on the 
excitation conditions, the mechanism of NLO behaviour is attributed to 
nonlinear processes such as two-photon absorption, free carrier ab-
sorption, induced thermal scattering etc. Since the optical nonlinearity 
in Ag NPs depends on various factors such as the size, shape, composi-
tion, and local environment of the nanoparticles, controlling these pa-
rameters can lead to tunable optical limiting performance [13].

Liquid crystals exhibit versatile optical nonlinearities that render 
them suitable for photonic applications across a broad temporal and 
spectral range [14]. These nonlinearities stem from the pronounced 
anisotropy and highly correlated molecular reorientation of liquid 
crystals when subjected to external fields [15]. Among various classes of 
liquid crystals, discotic liquid crystals (DLC) stand out due to their 
distinctive molecular structure and remarkable properties. Here, disk- 
shaped molecules stack on top of each other in columns. The extended 
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π-electron conjugation along the column axis leads to high polariz-
ability, which is ideal for NLO applications [16]. The electronic struc-
ture of DLCs supports robust nonlinear absorption in both the visible and 
infrared regions [17,18].

Naphthophenanthridine (Nph) is triphenylene-based discotic liquid 
crystal which forms stable columnar structures via intense π–π in-
teractions between the polyaromatic cores. They possess superior charge 
mobility and optical properties which make them attractive for opto- 
electronic applications such as organic solar cells, light-emitting di-
odes, and field-effect transistors [19,20]. The physical properties of 
discotic triphenylene are highly tunable, as it has been shown that, 
modifying even one of the peripheral chains on the aromatic core results 
in drastic changes in the phase behaviour [21,22]. Triphenylene based 
DLCs have also been widely explored for NLO applications. Gowda et al. 
synthesized symmetrical phenazine-fused-triphenylene derivatives of 
DLC. The extensive delocalization of π–electrons within discotic meso-
gens resulted in strong NLO response due to excited state absorption 
when assessed with nanosecond laser pulses [22]. The present study 
explores the NLO properties of Naphthophenanthridine discotic liquid 
crystals (Nph DLC) using open aperture Z-scan technique. Nph DLC 
shows strong nonlinear absorption in the nanosecond excitation regime 
due to the extended π-electron conjugation, which results in OL. In an 
attempt to improve the nonlinear response, hybrid liquid crystal struc-
tures are developed by incorporating Ag NPs into the DLC matrix. 
Strength of nonlinear absorption is found to increase systematically with 
Ag loading, rendering tunable OL performance.

2. Experimental procedure

2.1. Synthesis

2.1.1. Synthesis of hexanethiol-capped silver nanoparticles
Hexanethiol-capped Ag NPs are synthesized following the literature 

procedure [23,24]. About 0.2 g of AgNO3 is dissolved in 20 ml of ethanol 
using a magnetic stirrer. When 0.138 g of 1-hexanethiol is added to the 
stirring solution at room temperature, a light-yellow cloudy solution 
appeared, which indicates the formation of silver thiolates. The stirring 
is continued for one hour at room temperature. A freshly prepared so-
lution of sodium borohydride (0.312 g) in 5 mL of absolute ethanol is 
added dropwise using a micropipette to the reaction mixture under 
vigorous stirring. The colour of the solution changes to reddish-brown, 
indicating the reduction of Ag+ to metallic silver (Ag (0)). The reac-
tion mixture is stirred for 3 h at room temperature. The mixture is 
refrigerated overnight and then washed with acetone and water to 
remove impurities. The NPs are finally filtered, and dried for two days.

2.1.2. Synthesis of Naphthophenanthridine discotic liquid crystals
Hexabutoxytriphenylene (HAT4) is prepared using Scholl reaction 

following the literature procedure [25,26]. The purified HAT4 is mon-
onitrated by using HNO3. Then the nitro group is reduced to amine using 
H2 in the presence of Raney Nickel. The isolated amine as such is used 
for the next step. The Pictet-Spengler reaction is carried out with 
appropriate aldehyde and amine with triflic acid as catalyst in dime-
thylformamide [27–29]. The final product (Nph DLC) is purified using 
column chromatography and analysed for its chemical purity before 
further characterization. The purity and structure of the isolated prod-
ucts are confirmed by 1H NMR,13C NMR, HRMS, and elemental analysis 
[19,28,29]. The chemical structure of Naphthophenanthridine [29] is 
given in Fig. 1. The details of synthesis and mesomorphic character-
izations are given in the Supplementary information.

2.1.3. Preparation of Ag NP-DLC hybrids
Nanocomposites having weight percentage 1 %, 2 % and 3 % of Ag 

NPs in Nph DLC are prepared by mixing them in chloroform. Ag NPs are 
first dissolved in chloroform and the solution is sonicated for 30 min at 
room temperature. Nph DLC is added to this solution and the sonication 

continued for another 30 min to achieve homogenous dispersion.

2.2. Characterization

Optical absorption studies are carried out by PerkinElmer Lambda 35 
double-beam spectrophotometer. HRTEM imaging of Ag NPS is done 
using JEOL JEM-2100 transmission electron microscope. The presence 
of nanoparticles on the DLC is characterized by FE-SEM (Ultra Plus, Carl 
Zeiss).

2.3. Open aperture Z-scan

In order to measure nonlinear absorption in the samples, open 
aperture Z-scan measurements are carried out using 5 nanosecond (ns) 
Gaussian pulses of 532 nm from a frequency-doubled Nd:YAG laser. 
Samples dispersed in chloroform are transferred to a 1 mm thick quartz 
cuvette. Their concentrations are adjusted such that the linear trans-
mittance at the excitation wavelength is 84 % for the Nph DLC, 80 % for 
Ag NPs and 75 % for the Ag-DLC hybrids. The cuvette is mounted on a 
translation stage and the laser pulses are focused on to it using a 
converging lens, as shown in Fig. 2 (In closed-aperture Z-scan, an 
additional aperture is positioned in front of the detector D1, which 
makes it sensitive to changes in beam divergence due to nonlinear 
refraction). By moving the translation stage along the propagation di-
rection (taken as z-axis), the sample is subjected to an intensity gradient. 
The intensity dependent transmittance of the sample, recorded using a 
photodiode, is plotted as a function of the sample position (z). By fitting 
this Z-scan curve using various pulse propagation equations, relevant 
NLO parameters are extracted and the underlying mechanism is delin-
eated. Open-aperture Z-scan technique is typically used to study 
nonlinear absorption, providing information about the imaginary part of 
susceptibility. On the other hand, closed-aperture Z-scan technique en-
ables the measurement of nonlinear refractive index corresponding to 
the real part of susceptibility.

3. Results and discussion

3.1. Electron microscopy

Fig. 3a shows the TEM image of hexanethiol-capped Ag NPs. The size 
distribution of the nanoparticles is shown in the inset. From the Gaussian 

Fig. 1. Chemical structure of Naphthophenanthridine.
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fit, the average diameter of the distribution is found to be 20.5 nm with a 
standard deviation of ±5 nm. The FE-SEM image of the Ag-DLC hybrids 
shown in Fig. 3b confirms a uniform distribution of the nanoparticles on 
the surface of the DLC.

3.2. Linear absorption studies

The UV–Visible absorption spectrum of the Ag NPs suspended in 
chloroform given in Fig. 4a shows characteristic surface plasmon peak at 
419 nm. Plasmon peak of nanoparticles is sensitive to the surface 
properties, size of the particle and nature of the capping layer. The ab-
sorption spectra of Nph DLC and Ag-DLC hybrids (Fig. 4b) show peaks 
ranging from 263 nm to 383 nm, with the strongest peak located at 263 

nm. The absorption between 260 nm and 285 nm is assigned to π–π* 
transition from the π-electrons of central naphthophenanthridine core, 
and the peak at 383 nm corresponds to n-π* transitions from the lone- 
pair of electrons of the heteroatom in the system. All the hybrids show 
the characteristic absorption peaks of DLC. No additional peaks or shift 
in existing peaks is observed upon the incorporation of Ag nanoparticles 
into the DLC matrix. This is probably due to the low weight percentage 
of the nanoparticles [23].

3.3. Nonlinear optical studies

Open aperture Z-scan measurements carried out on Nph DLC and its 
metal hybrids show strong nonlinear absorption in the ns excitation 

Fig. 2. Schematic of the open-aperture Z-scan setup used for nonlinear absorption measurements.

Fig. 3. (a) TEM image of Ag nanoparticles. Inset shows the size distribution with a Gaussian fit. (b) FE-SEM image of Ag-DLC hybrids.
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regime (Fig. 5b). The intensity gradient generated during the Z-scan 
experiment peaks near the laser focus (denoted as z = 0) and decreases 
on either side as z increases. Reduction in sample transmittance near the 
focus seen in Fig. 5b indicates an increase in light absorption due to 
increase in intensity. Such a reverse saturable absorption (RSA) behav-
iour is important for NLO applications such as OL [30]. To understand 
the mechanism of nonlinear absorption, Z-scan data is numerically fitted 
with different pulse propagation equations. For theoretically simulating 
the sample transmission, intensity of the Gaussian beam is calculated 
using the laser pulse energy, pulse width and irradiation area. The in-
tensity is then integrated over time to calculate the corresponding flu-
ence. Nonlinear transmittance of a given sample is obtained by dividing 
the output fluence with the input fluence. For comparing the trans-
mission characteristics of different samples, the transmittance is 
normalized with the linear transmittance, thereby yielding the 
normalized transmittance.

For Nph DLC, the best fit is obtained with a two-photon absorption 
(2PA) model, as shown in Fig. 6a, wherein the intensity dependent ab-
sorption coefficient α is given as α(I) = αo +βI [31]. Here I is the laser 
intensity, αo is the linear absorption coefficient and β is the 2PA coef-
ficient. Transmission characteristics are simulated by numerically solv-
ing the 2PA propagation equation dI

dzʹ = − αoI − βI2, where z’ is the 
propagation distance within the sample. Value of 2PA coefficient β 

obtained from the best fit is 1 × 10− 10 m/W for a pulse energy of 90 μJ. 
This is comparable to the nonlinear absorption measured under similar 
ns laser excitation conditions in materials such as Se and Te nanowires, 
Bi nanorods, PbS microtowers, etc. [32].

Nonlinear absorption measured in Ag NPs arises due to two 
competing processes: saturable absorption (SA) and reverse saturable 
absorption. SA occurs when the material’s absorption decreases with 
increasing intensity near the laser focus (z = 0), which appears as a peak 
(increase in transmittance) in the open-aperture Z-scan graph. Whereas, 
RSA appears as a valley (decrease in transmittance), as mentioned 
before. At high pulse energies (>60 μJ), transmission behaviour of Ag 
NPs is dictated by reverse saturable absorption, as shown in Fig. 5a 
(small humps on either side of the focus indicate a weak saturation 
behaviour). Since there is an interplay between two different nonlinear 
processes, the best fit is obtained with a 2PA + SA model (Fig. 6b) 
described by the propagation equation dI

dź = − αoI
1+I/Is − βI2 where Is is the 

saturation intensity (at which the linear absorption coefficient drops to 
half its original value). Correspondingly, the absorption coefficient gets 
modified as α(I) = αo

1+I/Is +βI [31]. It is well known that the plasmon band 
of metal nanoparticles arises from the collective oscillations of the free 
electrons near the Fermi level. SA observed at lower pulse energies in Ag 
nanoparticles arises due to the bleaching of this ground-state plasmon 

Fig. 4. UV–Vis absorption spectra of (a) Ag nanoparticles and, (b) naphthophenanthridine DLC and Ag-DLC nanocomposites.

Fig. 5. Open aperture Z-scan curves of (a) Ag nanoparticles, and (b) naphthophenanthridine DLC and Ag-DLC hybrids measured with 5 ns laser pulses of 90 μJ pulse 
energy at the excitation wavelength of 532 nm.
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band [33]. In brief, when subjected to a laser pulse, metal nanoparticles 
can undergo interband or intraband electron transitions depending on 
the excitation wavelength and intensity. This process results in the 
diminishment of the ground-state plasmon band, referred to as ‘bleach’. 
The electrons excited in this manner are called free carriers as they 
possess a wide spectrum of energies immediately after the absorption. At 
high pulse energies or intensities, these free carriers absorb additional 
photons and make transitions to even higher energy states. Absorption 
of multiple photons through free carrier absorption results in RSA.

Depth of the open-aperture Z-scan curve is a measure of the strength 
of nonlinear absorption. Therefore, it is clear from Fig. 5b that nonlinear 
absorption of Nph DLC enhances upon Ag loading. This is primarily due 
to the strong nonlinear absorption in Ag nanoparticles. Consequently, 
the Z-scan data of Ag-DLC hybrids are best fitted to a 2PA + SA model 
(Fig. 6c), rather than a 2PA model. Absorption spectrum of Ag NPs given 
in Fig. 4a show sufficient absorption at the excitation wavelength of 532 
nm. At low pulse energies (<30 μJ), the energy levels corresponding to 
532 nm (2.33 eV) gets filled easily. The SA component of nonlinear 
absorption in the hybrids arises due to the saturation of absorption 
transition at 532 nm. When pulse energy or intensity increases (>60 μJ), 
higher order processes like excited state absorption and free carrier 
absorption become more and more likely. Here, an electron which is 
already in the first excited state (2.33 eV) absorbs another photon of 
wavelength 532 nm and gets excited to the second excited state (4.66 

eV). This results in an ‘effective’ 2PA behaviour [34]. In pure 2PA, two 
photons are absorbed simultaneously; whereas in the case of ‘effective’ 
2PA, both the photons are absorbed sequentially. NLO parameter listed 
in Table 1 reveal that the strength of nonlinear absorption (indicated by 
the value of β) in the hybrids increases as a function of Ag loading. Due 
to the broadband nature of free carrier absorption, Ag-DLC hybrids hold 
great promise for the development of fast, broadband optical limiters. By 
controlling the amount of Ag loading, the OL performance can be tuned. 
Additionally, the rapid recovery of the ground-state plasmon band 
bleach, typically occurring within picoseconds, positions them as 
promising candidates for optical switching applications [32].

Fig. 6. Open aperture Z-scan curves of (a) Nph DLC fitted with 2PA model, (b) Ag NPs fitted with 2PA + SA model, and (c) Ag-DLC hybrids fitted with 2PA + SA 
model. The symbols represent experimental data measured with 5 ns laser pulses of 90 μJ pulse energy at the excitation wavelength of 532 nm and the red solid line 
represents the theoretical fit.

Table 1 
NLO parameters extracted from the best fit curves for various samples. Strength 
of nonlinear absorption increases with Ag loading.

Sample 
Name

Laser pulse 
energy

2PA coefficient (β) Saturation intensity 
(Is)

Nph DLC 90 μJ 1 × 10− 10 m/W 
Ag NPs 90 μJ 4 × 10− 11 m/W 1 × 1012 W/m2

1 % Ag-DLC 90 μJ 6 × 10− 11 m/W 6 × 1012 W/m2

2 % Ag-DLC 90 μJ 1.1 × 10− 10 m/W 1.5 × 1012 W/m2

3 % Ag-DLC 90 μJ 1.5 × 10− 10 m/W 9 × 1011 W/m2

M. Joseph et al.                                                                                                                                                                                                                                 Journal of Molecular Liquids 416 (2024) 126503 

5 



4. Conclusions

Silver hybrids of naphthophenanthridine discotic liquid crystals have 
been prepared by incorporating 1–3 wt% of Ag nanoparticles. The 
presence of NPs on the surface of DLCs is verified using FE-SEM. Upon 
excitation with 5 ns laser pulses of 532 nm, Nph DLC exhibits robust 
nonlinear absorption. Through theoretical modelling, the mechanism of 
nonlinear absorption process is attributed to two-photon absorption. 
The strength of nonlinear absorption demonstrates a systematic increase 
with the loading of Ag NPs, owing to the pronounced free carrier ab-
sorption within the Ag component. Theoretical analysis reveals that the 
mechanism involves an interplay between two-photon absorption and 
saturable absorption, rendering these hybrids as promising candidates 
for applications like optical limiting and optical switching. Thus, our 
study demonstrates that tailoring of liquid crystal properties using metal 
nanoparticles is a successful approach for the development of tunable 
NLO devices.
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