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Abstract A semi-organic nonlinear optical (NLO) mate-

rial, lithium-p-nitrophenolate trihydrate (LPNP) was syn-

thesized. Single crystals of dimensions 20 9 7 9 3 mm3

were harvested following the solvent evaporation technique.

The functional groups present in the compound were iden-

tified from FT-IR and FT-Raman spectral analyses, and its

molecular structure was confirmed. Identification of the

compound was accomplished by X-ray diffraction technique

(powder and single crystal XRD). The unit-cell dimensions

and the morphology of the grown crystals were identified

from single crystal XRD measurements. The thermal trans-

port properties, thermal effusivity (e), thermal diffusivity

(a), thermal conductivity (k) and heat capacity (Cp) were

measured by the photopyroelectric technique at room tem-

perature. Dielectric constant and dielectric loss were also

measured as a function of frequency between 42 Hz and

5 MHz, and temperature between 32 and 100 �C. From

optical transmittance measurements, the direct optical band

gap of the LPNP crystal was estimated to be 2.47 eV. Laser

damage threshold is 60.91 GW cm-2. Powder second har-

monic generation (SHG) measurement was carried out using

a modified Kurtz–Perry technique. Third order nonlinear

response was studied using Z-scan technique with a He–Ne

laser (632.8 nm, 35 mW). The magnitude and the sign of the

nonlinear absorption and nonlinear refraction are derived

from a transmittance curve. The NLO parameters Intensity

dependent refractive index n2, nonlinear absorption coeffi-

cient b and third order susceptibility v(3) were estimated.

Introduction

Organic materials are emerging as alternatives to inorganic

materials for nonlinear optical (NLO) applications because

of their efficient molecular nonlinearity over a broad fre-

quency range, low cost, low dielectric constants, inherent

flexibility for synthesis, high optical damage threshold

([10 GW cm-2), ultra-fast optical response coupled with

efficient processing, and ease of fabrication and integration

into devices. The molecular nonlinearity observed with the

delocalized p electrons connected with donor–acceptor

groups belonging to the organic ligand results in wide

optical transmittance and high nonlinear electro-optic

coefficients [1–3]. However, these crystals have certain

limitations such as increased optical absorption and poor

mechanical and thermal stability [4]. Metal complexes of

thiourea, such as tristhiourea zinc sulphate (ZTS),

bis(thiourea) cadmium chloride (BTCC) and bis(thiourea)

zinc chloride (BTZC), L-arginine phosphate (LAP),

L-arginine tetrafluoroborate, L-histidine tetrafluoroborate,

etc., are some of the well-known semiorganic materials

[5–7]. The organic ligand is ionically bonded to metal ion

(or an inorganic host) to impart improved mechanical and

thermal properties, which otherwise are lacking in organic

materials. Lithium-p-nitrophenolate trihydrate (LPNP) is a

semi-organic NLO material possessing large value for

hyperpolarizability due to the presence of the organic
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entity, p-nitrophenol. The organic ligand (nitrophenoxy),

ionically bonded to the metal ion (lithium), along with

intramolecular hydrogen bonding imparts high structural

stability for this material. The crystal structure of the

sodium analogue sodium-p-nitrophenolate (SPNP) was

solved by Minemoto [8]. Crystal growth, topology and

chemical etching properties of SPNP have been reported by

Brahadeeswaran et al. [9]. The growth and characterization

of the new semi-organic LPNP single crystal have been

reported earlier [10]. The structural, microhardness and

thermal properties of LPNP were reported by Milton Boaz

et al. [11]. Dinakaran et al. [12] investigated the uniaxial

growth of LPNP single crystal by Sankaranarayanan–Ra-

masamy [SR] method. In this work, we report the synthesis

and characterization of LPNP, variation of its dielectric

properties with frequency (range between 42 Hz and

5 MHz) and temperature (between 32 and 100 �C) as well

as optical (linear and nonlinear) and thermal transport

properties.

Experimental

Synthesis and crystal growth

LPNP was synthesized by dissolving p-nitrophenol and

LiOH in the equimolar ratio in double distilled water at

32 �C. A yellow crystalline powder was obtained and it

was further purified by re-crystallization process. LPNP

possesses moderate solubility in water and hence it is a

suitable solvent for the growth of good quality crystals.

Yellow coloured single crystals were grown by slow

evaporation technique, and crystals with the dimensions

20 9 7 9 3 mm3 were obtained over a period of 2 weeks.

The photograph of a grown crystal and the morphology are

shown in Fig. 1a and b for demonstration.

X-Ray diffraction techniques

The grown crystal was analyzed in a Four-circle Nonius

CAD 4 MACH 3 single crystal X-ray diffractometer. Mo

Ka radiation (k = 0.7071 Å), made monochromatic with a

graphite crystal, was used to identify the morphology and

unit-cell parameters at 293 K.

The crystalline perfection of the grown single crystals

was assessed by HRXRD by employing a multicrystal

X-ray diffractometer developed at National Physical Lab-

oratory, New Delhi. The well-collimated and monochro-

mated MoKa1 beam obtained from the three

monochromator Si crystals set in dispersive (?,-,-)

configuration has been used as the exploring X-ray beam.

The specimen crystal is aligned in the (?,-,-,?)

configuration.

FT-IR and FT-NMR techniques

The molecular structure of the synthesized compound was

confirmed by FT-IR and FT-NMR analyses. FT-IR spectra

of p-nitrophenol (PNP), SPNP and LPNP were recorded in

the wavenumber range between 400 and 4000 cm-1 using

a JASCO 460 PLUS FT-IR spectrometer at 25 �C follow-

ing the KBr-pellet technique. FT-NMR spectra were

recorded using a JEOL Model GSX 400, Bruker FT-NMR

spectrometer 300 MHz with deuterated water used as the

solvent.

Dielectric studies

Dielectric measurements on LPNP single crystal along the

prominent (001) plane was carried out using a HIOKI

3532-50 LCR meter as a function of frequency between

Fig. 1 a As grown single crystal of LPNP. b Morphology of LPNP

crystal
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42 Hz and 5 MHz and temperature between 32 and

100 �C. The two opposite flat faces of the crystal were

coated with conductive silver paint to act as a capacitor

with the crystal acting as the dielectric medium.

Photopyroelectric measurement

The photopyroelectric (PPE) technique has been employed

to measure the thermal properties such as thermal effu-

sivity, thermal diffusivity, thermal conductivity and spe-

cific heat capacity of this crystal [13]. A He–Cd laser beam

(442 nm, 120 mW) modulated by a mechanical chopper is

used as the optical heating source. A 28 lm thick film of

polyvinylidene difluoride (PVDF) is used as the pyroelec-

tric detector with pyroelectric coefficient P = 0.25 9

10-8 V cm-1 K-1 at room temperature. Measurements

have been carried out for a crystal of thickness 1 mm

normal to the prominent (001) plane. The generated ther-

mal waves propagate through the sample and are detected

by a pyroelectric detector. The output signal from the

detector is measured with a lock-in amplifier.

Linear optical studies

The optical properties of a material are important as they

provide information about the electronic structure, local-

ized states and types of optical transitions [14]. Optical

transmittance spectrum of LPNP crystal of thickness 1 mm

has been recorded in the wavelength between 200

and 1380 nm using a Varian Cary 5E UV–Vis–NIR

Spectrophotometer.

Laser induced surface damage threshold studies were

performed using Q-switched Nd:YAG laser (1064 nm,

10 ns, 10 Hz). The laser beam was focused using a lens of

focal length 20 cm and the measured focal spot size is

32.5 lm. The energy required to cause damage in the

surface of the crystals of prominent plane (001) was

measured using the power meter.

NLO studies

The second harmonic generation (SHG) efficiency of

LPNP was measured by the modified Kurtz and Perry

powder technique [15] using a Q-switched Nd:YAG laser

(k = 1064 nm, FWHM = 10 ns, PRF = 10 Hz and peak

power = 3.3 mJ). All the crystalline samples were graded

using standard sieves with the particle size ranges

\106 lm, 106–125 lm, 125–150 lm and [150 lm for

SHG measurements.

The third order NLO properties were estimated by

Z-scan technique with a He–Ne laser (35 mW, 632.8 nm)

with the sample thickness 1 mm. In this method the sample

is translated in the Z-direction along the axis of a focussed

Gaussian beam and the far field intensity is measured as a

function of the sample position. A spatial distribution of

the temperature in the crystal surface is produced due to the

localized absorption of a tightly focused beam propagating

through the absorbing crystal. Hence the spatial variation

of the refractive index is produced, which acts as a thermal

lens resulting in the phase distortion of the propagating

beam. The difference between the peak and valley trans-

mission (DTp–v) is written in terms of the on-axis phase

shift |D/o| at the focus. The experimental data were theo-

retically fitted with an equation described by Sheik-Bahae

et al. [16]. The normalized transmission for the closed

aperture condition is given by

TðxÞ ¼ 1� 4xD/0

x2 þ 9ð Þ x2 þ 1ð Þ; ð1Þ

where

D/0 ¼
DTp�v

0:406 1� Sð Þ0:25
; ð2Þ

and the normalized transmission for the open aperture

condition is

T zð Þ ¼ 1� q0=2
ffiffiffi

2
p

for q0\ 1; ð3Þ

where

q0 zð Þ ¼ bI0Leff= 1þ z=z0ð Þ½ �2: ð4Þ

Here b is the nonlinear absorption coefficient, I0 is

the irradiance at the focus, Leff is the effective length of the

sample, z is the position of the sample and z0 is the

Rayleigh range of the lens.

Results and discussion

Structural analyses

LPNP crystallizes into the monoclinic system with space

group Pa. The crystal has a total eight faces, among which

four are unique and the other four have their friedal par-

allels. Among the eight faces, the crystal has one prominent

flat face indexed as (001) and the other flat faces are

(0-11), (1-11) and (111). Since b = 90.604�, c and c*

directions are almost coincident with each other. The

shortest growth direction is along c, which is the largest

unit-cell axis. The unit-cell parameters of LPNP single

crystal are found to be, a = 10.838(8) Å, b = 7.519(4) Å,

c = 11.361(4) Å and V = 925.7(9) Å3. The density q of

the crystal was theoretically calculated using crystallo-

graphic data as 1.379 gm cm-3 and verified by floatation

method as 1.378 gm cm-3. Figure 2 shows the high-reso-

lution diffraction curve (DC) recorded for the grown LPNP

single crystal using (001) diffracting planes in symmetrical
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Bragg geometry by employing the multicrystal X-ray dif-

fractometer with MoKa1 radiation. The DC contains a

single peak and indicates that the specimen is free from

structural grain boundaries.

The FWHM of the curve is 68 arcs, which is somewhat

more than that expected from the plane-wave theory of

dynamical X-ray diffraction, for an ideally perfect crystal

but close to that expected for nearly perfect real-life

crystals. This much broadness with good scattered intensity

along the wings/tails of the DC indicates that the crystal

contains both vacancy and interstitial type of defects with

considerable density. Such defects are very common to

observe in almost all real crystals including nature gifted

crystals and are many times unavoidable due to thermo-

dynamical conditions.

A weak absorption in the IR spectrum in the region

1584–1664 cm-1 confirms the presence of phenolic ring

[17]. The absorptions in the lower frequency region

(400–500 cm-1) are due to the overtones of the funda-

mental vibrations of p-nitrophenolates. A broad intermo-

lecular H-bonded O–H symmetric stretching at 3331 cm-1

of p-nitrophenol is shifted to high frequencies 3406 and

3366 cm-1, respectively, for LPNP and SPNP. This shift

increases the polarizability of p-nitrophenol to a higher

order and it easily forms a metal coordination (Li/Na)

compound and hence confirms the molecular structure.

The proton–carbon configurations of the synthesized

compound have been elucidated by 1H and 13C NMR

spectroscopy. From the spectra it is observed that the sig-

nals at d = 6.457 ppm and d = 7.994 ppm (doublet of

doublet) confirm the presence of chemically equivalent

protons attached to the aromatic ring. A singlet at

d = 4.668 ppm indicates the presence of two protons in the

water molecule. The carbon present in the phenolic ring

was confirmed from the 13C NMR spectrum. The absorp-

tion peaks at d = 119.24 ppm and d = 128.13 ppm show

the chemically equivalent aromatic carbons (C=C). The

chemical shift at d = 177.88 ppm is due to the nitro carbon

of LPNP. The shift at 134 ppm identifies the protonation

site of LPNP.

Dielectric analysis

From the dielectric measurement, the capacitance of par-

allel plate capacitor as a function of frequency and tem-

perature was measured. The dielectric constant e0 and

dielectric loss e00 were calculated. Plots of e0 and e00 against

log (frequency) at different temperatures are shown in

Fig. 3a and b.

From the dielectric constant profiles, shown in Fig. 3a

and b, it is evident that the dielectric constant decreases

with increasing frequency and increases with increasing

temperature. The increase in dielectric constant at low

frequencies are attributed to the dependance of space

charge polarization and the increase in dielectric constant
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with increasing temperature leads to the conclusion that

thermal excitations of atoms about their lattice points

results in disordering the lattice [18]. Here the space charge

contribution to polarization is due to the purity of the

material. Dielectric constants at low frequency are com-

parable to optical frequencies, which lead to minimization

of the phase mismatch between optical and electrical pulses

in high-speed travelling wave devices. In accordance with

the Miller Rule, the lower value of dielectric constant at

high frequencies is a suitable parameter for the enhance-

ment of SHG coefficient [19]. The variation of dielectric

loss as a function of frequency and temperature follows the

same trend as that of the dielectric constant. From the

profile, it is observed that the higher loss at higher tem-

peratures and at lower frequencies may be due to space

charge and macroscopic distortion [20]. Also the hopping

of the charge carriers in the lattice sites is thermally acti-

vated by an increase in the temperature.

Thermal properties

Measurement of the PPE phase and amplitude enables one

to determine the thermal diffusivity (a) and thermal effu-

sivity (e). From the measured values of a and e, thermal

conductivity (k) and heat capacity (Cp) are calculated.

Table 1 presents the comparison of thermal parameters of

some of the other well-known NLO crystals [21]. The

thermal conductivity and heat capacity of LPNP is found to

be high (comparable to KDP and KN) among the reported

NLO crystals. Since these factors have an impact on con-

version efficiencies, it is necessary to find the structural

relationship between them. It means that, higher the heat

capacity larger the SHG efficiency. This accounts the

possibility of occurrence of larger laser induced surface

damage threshold in the crystals.

Optical properties

The lower cutoff wavelength is 450 nm and a transparency

around 80% in the wavelength range 450–1380 nm sug-

gests its suitability for the generation of second harmonics

with IR radiation from an Nd:YAG laser. The dependence

of optical absorption coefficient on photon energy helps to

understand the band structure and type of transitions that

electrons undergo [22]. The optical energy gap is deter-

mined from the spectral dependence of the absorption

coefficient (a), which is written as a function of photon

energy hm as [23]

Table 1 Comparison of thermal parameters of some of the nonlinear optical crystals [21]

System Thermal diffusivity (a)

(10-7 m2 s-1)

Thermal effusivity

(e) (J m-2 K-1 s-1/2)

Heat capacity (Cp)

(J Kg-1 K-1)

Thermal conductivity

(k) (W m-1 K-1)

*LPNP 90.02 308.02 790.2 9.24

PPNP 22.5 682 276 1.02

2A5NPFB 98.2 171 30 0.53

EDMP�3H2O 17.44 661.4 716.1 0.873

MDMP�3H2O 18.04 663.6 706.4 0.891

KDP 857 (298 K) 1.21 (302 K)
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ahm2 ¼ A Eg � hm
� �

ð5Þ

where Eg is the optical band gap and A is a constant. The

variation of (ahm)2 with photon energy has been plotted, as

shown in Fig. 4a, from which the value of direct energy

band gap Eg is estimated as 2.47 eV. By Brewster’s

Method, using He–Ne laser (k = 632.8 nm, 10 mW) the

linear refractive index was found to be 1.38 ± 0.13.

Graph was plotted SHG output (mV) against input

energy (mJ) of the beam (Fig. 4b). It is inferred that, the

SHG output is increased on increasing the input energy and

reaches maximum until damage occurs and decreases with

further increase of input energy. Here the maximum energy

was taken for the calculation. Thus the surface damage

threshold of the LPNP crystal is calculated using the

relation,

Power density Pð Þ ¼ E

spx2
ð6Þ

where E is the input energy (mJ), s is the pulse width (ns)

and x is the radius of the spot (lm). The surface damage

threshold of the LPNP crystal is found to be

60.91 GW cm-2. The dispersion of heat induced by the

absorption of the laser radiation in the material strongly

depends on the thermal diffusivity which leads to the

occurrence of damage in crystals. As expected that, higher

the heat capacity and larger is the laser induced surface

damage threshold.

The variation of SHG output with particle size is shown

in Fig. 5. The relative powder SHG efficiency for the

average particles size is found to be 9.25 times of KDP. It

is noted that the SHG output initially increases and then

decreases with further increase of particle size. This con-

firms the non phase matchable behaviour of the material.

The higher is the SHG efficiency of the material the better

it is for NLO applications.

A theoretical fit of Eqs. 3 and 4 to the closed and open

aperture yields values for the nonlinear refraction (n2) and

nonlinear absorption (b) (Table 2). Figure 6a and b shows

the normalized transmission (normalized to the linear

transmittance of the sample) of the closed and open aper-

ture Z-scan of LPNP single crystal. The enhanced trans-

mission near the focus is suggestive of the saturation of the

absorption at high intensity. The self defocusing effect is

due to thermal nonlinearity results in the absorption of

radiation at 632.8 nm [24, 25]. The results of Z-scan for

LPNP single crystal are given below.

The typical peak–valley transmittance curve is obtained

when the nonlinear refractive index of the medium is

negative. The nonlinear absorption can be ascribed to sat-

urable absorption and the nonlinear refraction leads to the

self defocusing in the crystal. The peak–valley pattern of

the transmittance curve obtained under the closed aperture

configuration shows the characteristic self defocusing

behaviour of the propagation of the laser beam in the

sample. The value of (v3) under same condition is com-

parable to that of well-known NLO materials like ZTS

[26], organic dye [24] and triphenylmethane [27] are

3.5 ± 0.17 9 10-4 esu, 7.24 9 10-6 esu and 8.37 9

10-6 esu, respectively.

Conclusions

A semi-organic NLO material, LPNP was synthesized and

single crystals were grown by slow evaporation technique.

The molecular structure was confirmed by the FT-IR and

FT-Raman techniques and the unit-cell dimensions were

determined by powder and single crystal X-ray diffraction
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Fig. 5 Variation of SHG output with particle size

Table 2 The results of Z-scan

for LPNP single crystal
Linear refractive index n (Brewster’s method) 1.38 ± 0.13

Nonlinear refractive index (n2) (-3.44 ± 0.17) 9 10-12 cm2 W-1

Nonlinear absorption coefficient (b) (-2.17 ± 0.11) 9 10-4 cm W-1

Real part of the third order susceptibility

[Re(v3)]

(-1.66 ± 0.08) 9 10-10 esu [-2.32 9 10-18 (m/s)-2]

Imaginary part of the third order susceptibility

[Im(v3)]

(-5.3 ± 0.26) 9 10-8 esu [-7.4 9 10-16 (m/s)-2]

Third order nonlinear susceptibility (v3) (5.3 ± 0.26) 9 10-8 esu [7.4 9 10-16 (m/s)-2]
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analyses. The proton and carbon configurations were elu-

cidated from the FT-NMR spectra. The thermal parameters

a, e, k, Cp were determined by photopyroelectric mea-

surements at room temperature. It is found that the values

of k and Cp are comparable to inorganic KNbO3 and

organic 1-ethyl-2,6-dimethyl-4(1H)-pyridinone trihydrate

(EDMP). It shows the powder SHG efficiency for the

average particle size of about 9.25 times higher than KDP.

The dielectric constant of the crystal at room temperature is

18, which remains invariant at higher frequencies. From

the optical transmittance measurements, the lower cutoff

wavelength is obtained as 450 nm and the optical trans-

mittance window as 450–1380 nm. Transparency is

obtained as 80% and the optical direct band gap as

2.47 eV. Laser damage threshold of LPNP crystal is found

to be 60.91 GW cm-2. The nonlinear absorption is due to

the saturable absorption while the nonlinear refraction

leads to self defocusing. Thus the LPNP crystal is a

promising candidate to make efficient light emitting diodes

working in the visible region.
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