
Growth and characterization of organic 2,20,4,40-

tetrahydroxybenzophenone single crystals

for nonlinear optical applications

M. L. Lima Rose1,2, T. Suthan3,* , S. Goma3, C. Gnanasambandam1, and T. C. Sabari Girisun4

1Department of Physics & Research Centre, S.T. Hindu College, Nagercoil 629002, India
2Department of Physics, Malankara Catholic College, Mariagiri 629153, India
3Department of Physics, Lekshmipuram College of Arts and Science, Neyyoor, Tamil Nadu 629802, India
4Nanophotonics Laboratory, School of Physics, Bharathidasan University, Tiruchirappalli 620024, India

Received: 13 May 2023

Accepted: 18 July 2023

Published online:

17 August 2023

� The Author(s), under

exclusive licence to Springer

Science+Business Media, LLC,

part of Springer Nature 2023

ABSTRACT

The organic 2,20,4,40-tetrahydroxybenzophenone single crystal was grown by

slow evaporation solution growth technique. The single crystal X-ray diffraction

studies show that the grown 2,20,4,40-tetrahydroxybenzophenone crystal belongs

to the monoclinic crystal system with the centrosymmetric space group of C2/c.

The grown crystals’ functional groups have been identified by the FTIR and FT-

Raman spectral studies. The UV–Visible studies show that the cut-off wave-

length was observed around 401 nm and the grown crystal has good trans-

mittance in the visible regions. The optical parameters such as optical band gap

(Eg), extinction coefficient (K), Urbach energy (EU), and skin depth (d) were

calculated. The TG/DTA analyses were used to find the thermal stability of the

grown crystal. The dielectric properties of the grown 2,20,4,40-tetrahydroxyben-

zophenone single crystal were analyzed by using the parallel plate capacitor

method. The nonlinear optical properties of the grown 2,20,4,40-tetrahydroxy-

benzophenone crystal was measured using the Z-scan technique. The grown

2,20,4,40-tetrahydroxybenzophenone single crystals optical limiting threshold

values were analyzed.

1 Introduction

Nowadays, optoelectronics is a developing field that

uses the unique properties of organic materials to

increase new applications due to their low cost,

lightweight, and processing ability [1]. The

microelectronics industries are persistently endeav-

ouring to revive themselves to identify new technical

solutions to keep up with the drift of expanding

gadget strength in ultra-large scale integrated (ULSI)

circuits. The new low dielectric constant (er) materials

are widely used in multi-level interconnects. The
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interconnect networks are surrounded and insulated

using interlayer dielectrics. Lowering the interlayer

dielectric (ILD) value reduces the RC detain, power

consumption, and crosstalk between nearby inter-

connects [2–5]. The materials have good biological

properties are used for medical applications [6–8].

Organic Nonlinear Optical (NLO) materials play a

crucial role in the frequency conversion of high-

power lasers, optical data storage, and high-speed

optical communication systems [9]. Organic NLO

crystals have more significant advantages than inor-

ganic equivalents because of their wide range of

transparency. The defect-free organic NLO single

crystals are helpful in frequency-tunable laser radia-

tion for photonics in the ultraviolet, blue, and green

wavelength regions [10]. Many organic benzophe-

none derivative single crystals have good nonlinear

optical properties. The various benzophenone

derivative single crystals were grown in numerous

ways, and their structural and optical properties were

studied [11]. The benzophenone derivatives are

mainly used for UV screens to save industrial goods

from light induce damage [5]. The benzophenone

derivatives are also used in optoelectronics to act as a

photoresist in microelectronic circuits. In 2,20,4,40-te-

trahydroxybenzophenone has two symmetry-inde-

pendent molecules with strong intramolecular

hydrogen bonds between the keto O atom and ortho

hydroxyl groups. The O…O distances of intramolec-

ular hydrogen bonds are varied due to the changes in

crystallographic nature (intermolecular hydrogen

bonding). All hydroxyl group acts as a donor to an

intramolecular or intermolecular hydrogen bond to

another hydroxyl O atom or a carbonyl O atom. The

hydroxyl groups present in ortho with the largest

intramolecular O…O distance is the donor for the

bifurcated hydrogen bond [12]. The 2,20,4,40-tetrahy-

droxybenzophenone was called Uvinul D50. It was

figured out to do as a weak competitive inhibitor. It

was found in products like soaps, shampoos, cos-

metics, and sunscreen agents [13]. In the present

study, 2,20,4,40-tetrahydroxybenzophenone single

crystals were grown by the slow evaporation solution

growth method. The grown crystal was analyzed by

single crystal XRD, FTIR, FT-Raman, UV–Vis, TG/

DTA, dielectric, and NLO studies.

2 Experimental

The organic material 2,20,4,40-tetrahydroxybenzophe-

none was purchased from Sigma Aldrich. The mate-

rial was not soluble in water. Ethanol was found as

an excellent solvent for growing 2,20,4,40-tetrahy-

droxybenzophenone single crystals. The solubility

was analyzed by the gravimetric method using vari-

ous temperatures from 30 to 50 �C. The solubility

graph is shown in Fig. 1. For single crystal growth,

the homogeneous mixture was prepared by dissolv-

ing 2,20,4,40-tetrahydroxybenzophenone in ethanol

solvent continuously for about 5 h using the mag-

netic stirrer. It was filtered by Whatman filter paper

to separate the entire impurities. Then the container

was closed with a perforated polythene sheet, and the

mixture was kept to crystallize at normal room tem-

perature. The transparent good quality 2,20,4,40-te-

trahydroxybenzophenone single crystal was

harvested. The grown 2,20,4,40-tetrahydroxyben-

zophenone single crystal is shown in Fig. 2.

3 Results and discussion

3.1 X-ray diffraction studies

The crystallographic parameters of the grown

2,20,4,40-tetrahydroxybenzophenone single crystal

were analyzed by using Enraf Nonius CAD4MV31

single crystal X-ray diffractometer with the MoKa
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Fig. 1 Solubility graph of 2,20,4,40-tetrahydroxybenzophenone
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radiation (k = 0.71073 Å). It is directly connected to

the single crystal refinement module system, where

the data was generated from X-ray analysis and is

interpreted and refined to define the crystal structure.

The crystal structure was found by the direct method

of 15,663 reflections, and using the SHELXL97 pack-

age, the refinements were determined using the full-

matrix least-squares technique. The results show that

the grown 2,20,4,40-tetrahydroxybenzophenone single

crystal belongs to a monoclinic crystal system with

the centrosymmetric space group C2/c. In this crystal

structure, the molecule sits on the two-fold axis. The

technical information, such as data acquirement, cell

parameters, and selected processing results, are

shown in Table 1. The molecular structure with

crystallographic numbering scheme of the grown

2,20,4,40-tetrahydroxybenzophenone single crystal is

shown in Fig. 3a. Here the C7=O3 carbonyl group

resides on the symmetry element and the molecule

sits on a twofold axis at (1/2, y, 1/4). The grown

crystal’s packing diagram is shown in Fig. 3b.

3.2 FTIR and FT-Raman analyses

The grown crystal’s functional groups were analyzed

by using the FTIR and FT-Raman spectroscopic

techniques. The grown 2,20,4,40-tetrahydroxyben-

zophenone single crystal FTIR spectrum was ana-

lyzed by Perkin-Elmer FTIR spectrum RIX

spectrometer with the KBr pellet technique, on a

region of 4000 to 400 cm-1. The FT-Raman spectrum

was recorded by BRUKER-RFS27: FT-Raman spec-

trometer in the region of 3500 to 50 cm-1. The

recorded FTIR spectrum of the grown 2,20,4,40-te-

trahydroxybenzophenone is shown in Fig. 4. The FT-

Raman spectrum of the grown 2,20,4,40-

tetrahydroxybenzophenone is shown in Fig. 5. The

peaks observed at 3507 and 3412 cm-1 in the FTIR

spectrum have been attributed to hydroxy group

H-bonded OH stretching vibration. The peak

observed at FTIR in 1600 cm-1, and the FT-Raman

peak at 1628 cm-1 were due to the C=C stretching

vibrations. The peak observed at 1511 cm-1 in the

FTIR spectrum, and 1501 cm-1 in FT-Raman are

owing to C=C–C aromatic ring stretching vibrations.

The FTIR peak observed at 1338 cm-1 and the FT-

Raman peak at 1378 cm-1 reveal the O–H in plane

bending vibration. The FTIR peaks observed at

1173 cm-1, 1133 cm-1, 978 cm-1 and the FT-Raman

peak observed at 1111 cm-1 are due to C–H aromatic

in plane bending vibrations. The peak observed at

634 cm-1 in FTIR and 675 cm-1 in FT-Raman are due

to C–H bending vibration [14–18]. The observed

peaks in both FTIR and FT-Raman spectra with their

specified assignments are shown in Table 2.

3.3 UV–Vis studies

The organic benzophenone derivative single crystals

have good optical properties. The grown organic

2,20,4,40-tetrahydroxybenzophenone single crystal

was analyzed by using Perkin-Elmer Lambda 35 UV

spectrophotometer at the wavelength region 200 to

800 nm. The recorded transmittance spectrum is

shown in Fig. 6a. The result reveals that the grown

crystal’s cut-off wavelength was observed around

401 nm and the crystal has good transmittance in the

visible region. The grown 2,20,4,40-tetrahydroxyben-

zophenone crystal may have potential applications in

UV-tunable lasers. The electronic transition r ? r*

falls into the far-UV region, p ? p*, n ? r* transi-

tions appear on the borderline of the near-UV and

far-UV regions, n ? p* transition falls into the near-

UV and visible regions [19]. The grown 2,20,4,40-te-

trahydroxybenzophenone single crystal may have

n ? p* transition. The optical-absorption coefficient

(a) can be estimated by the transmittance data using

the relation [20, 21]

a ¼
2:3026 log 1

T

� �

t
ð1Þ

In the above relation, T denotes the transmittance

and t denotes the thickness of the grown crystal. By

plotting the Tauc plot as (ahm)2 versus hm and

extending the linear portion to the incident energy,

the optical band gap was obtained. The experimental

Fig. 2 Photograph of 2,20,4,40-tetrahydroxybenzophenone single

crystals
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band gap value is 2.5 eV. It is shown in Fig. 6b. Due

to this forbidden band gap, the grown crystal is

suitable for photonic and optical applications [22, 23].

The amount of absorption produced by the

electromagnetic wave transmissions on the medium

is defined by the term extinction coefficient (K),

which is connected to an absorption coefficient (a)

and wavelength (k), by the relation [24–26]

Table 1 2,20,4,40-tetrahydroxybenzophenone single crystal XRD data and structure refinement parameters

Empirical formula C13 H14 O7

Formula weight 282.24

Temperature 296(2) K

Wavelength 0.71073 Å

Crystal system Monoclinic

Space group C2/c

Unit cell dimensions a = 15.175(3) Å a = 90�
b = 7.7791(15) Å b = 100.664(8)�
c = 11.087(2) Å c = 90�

Volume 1286.2(5) Å3

Z 4

Density (calculated) 1.458 Mg/m3

Absorption coefficient 0.120 mm-1

F (000) 592

Crystal size 0.284 9 0.199 9 0.038 mm3

Theta range for data collection 3.358 to 26.993�
Index ranges - 19\ = h\ = 19, - 9\ = k\ = 9, - 14\ = l\ = 14

Reflections collected 15,663

Independent reflections 1395 [R(int) = 0.0516]

Completeness to theta = 25.242� 99.7%

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 0.983 and 0.953

Refinement method Full-matrix least-squares on F2

Data/restraints/parameters 1395/0/108

Goodness-of-fit on F2 1.069

Final R indices [I[ 2sigma(I)] R1 = 0.0398, wR2 = 0.1093

R indices (all data) R1 = 0.0500, wR2 = 0.1172

Extinction coefficient n/a

Largest diff. peak and hole 0.217 and - 0.186 e.Å-3

Fig. 3 a Crystallographic

numbering scheme of grown

2,20,4,40-

tetrahydroxybenzophenone

single crystal. b Packing

diagram of 2,20,4,40-

tetrahydroxybenzophenone

single crystal
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K ¼ ka
4p

ð2Þ

The plot drawn between the extinction coefficient

and the wavelength is shown in Fig. 6c. The obtained

extinction coefficient value is low, it may be due to

the least absorption of incident radiation of the

grown crystal. The Urbach energy (EU) is computed

by the exponential formula [27, 28]

a ¼ a0 exp
hm
EU

� �
ð3Þ

where EU is the Urbach energy, a0 is constant, and a
is the optical-absorption coefficient. Taking log on

both sides of the above relation as

ln að Þ ¼ ln a0ð Þ þ hm
EU

ð4Þ

The graph plot between ln(a) and the incident

photon energy (hm) is shown in Fig. 6d. The calcu-

lated Urbach energy value is 0.182 eV. It was

obtained from the inverse slope. The result shows

that the 2,20,4,40-tetrahydroxybenzophenone single

crystal has an good crystalline nature. The steepness

parameter (r) can be calculated by using the relation

[29].

r ¼ kBT

EU

� �
ð5Þ

The calculated steepness parameter value is 0.129.

The electron–phonon interaction was calculated by

using the formula [29]

Ee�p ¼
2

3r
ð6Þ

The strength of the electron–phonon interaction

(Ee–p) is 5.1679. The skin depth (d) depends on the

amount of electromagnetic radiation penetrating the

material. The skin depth was calculated by using the

formula [30]

d ¼ 1

a
ð7Þ

The relation between skin depth and photon

energy is shown in Fig. 6e. The result reveals that

skin depth (d) decreases with an increase in photon

energy, which tells that the grown 2,20,4,40-tetrahy-

droxybenzophenone single crystal is suitable for

optoelectronic applications. The calculated optical

parameter values are shown in Table 3.

3.4 Thermal analysis

The thermal properties of the grown 2,20,4,40-te-

trahydroxybenzophenone crystal were studied using

Thermogravimetric (TG) and Differential Thermal

Analyses (DTA). The TG and DTA techniques play a

crucial role in investigating the thermal behaviour of

grown crystals under a gradual increase in temper-

ature. Thermogravimetry (TG) is defined as the
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change in mass of a sample as a function of temper-

ature when subjected to a controlled temperature.

The observed TG/DTA graph is shown in Fig. 7a. In

DTA, the peak observed around 208 �C is assigned as

the melting point of the grown crystal. In DTA peak

observed around 397 �C is attributed to the decom-

position point of the grown crystal. The various non-

isothermal methods are developed to determine the

kinetic and thermodynamic parameters. The

obtained TGA data can be used to study the kinetic

parameters. Coats & Redfern (1997) developed a

method to determine the kinetic parameters. The

Coats & Redfern equation is [31–33].

ln
1 � 1 � að Þ1�n

T2 1 � nð Þ

" #

¼ ln
AR

bEa

� �
1 � 2RT

Ea

� �� �

� Ea

RT
for n

6¼ 1 ð8Þ

Fractional weight loss (a) can be calculated using

the formula.

a ¼ W0 �W

W0 �Wf
ð9Þ

In the above equation, W0 is the starting weight, W

is the instantaneous weight, and Wf is the final weight

of the thermal-deterioration process, respectively.

Here n denote the order of reaction, T indicate the

absolute temperature, A represents the frequency

factor, R denotes the gas constant (R = 8.317

Jmol-1 K-1), b denotes the rate of heat per second,

and Ea denotes the activation energy. The Coats &

Redfern equation for the first-order reaction (n = 1) is

given by

ln
�lnð1 � aÞ

T2

� �
¼ ln

AR

bEa

� �
1 � 2RT

Ea

� �� �
� Ea

RT
for n

¼ 1

ð10Þ

By plotting the graph in-between ln �lnð1�aÞ
T2

h i
and

1000/T is shown in Fig. 7b. The results show a

straight line, from the slope activation energy (Ea) is

calculated, and the point of intersection is used to

calculate the frequency factor (A). The thermody-

namic parameters, such as enthalpy of activation

(DH*), the entropy of activation (DS*), and Gibb’s free

energy (DG*) were calculated by the equation.

DH� ¼ Ea � RTm ð11Þ

DS� ¼ Rln
Ah

kBTm

� �
ð12Þ

where h = Planck’s constant (6�626 9 10-34 J s) and

kB denotes the Boltzmann constant

Z ¼ kBTm

h
exp

DS�

R

� �
ð13Þ

DG� ¼ DH� � TmDS
� ð14Þ

The calculated kinetic and thermodynamic

parameters are shown in Table. 4. The positive value

of enthalpy indicates that the process was endother-

mic. The activation entropy has negative values,

which shows that the decomposition reactions pro-

ceed with a lower rate than normal ones. The nega-

tive value of the entropy of activation indicates that

the activated complex is more ordered than the

reactant and the decomposition reaction is slow. It

may be due to the chemisorption of oxygen and the

Table 2 Molecular vibrational assignments of 2,20,4,40-tetrahydroxybenzophenone

Wave number (cm-1) reference range FTIR (cm-1) FT-Raman (cm-1) Functional group Assignment

3570–3200 3507

3412

Hydroxy group Assignment

1615–1580 1600 1628 C=C Stretching vibration

1510–1450 1511 1501 C=C–C Aromatic ring stretching

1350–1260 1338 1378 O–H In plane bending vibrations

1225–950 1173

1133

978

1111 C–H Aromatic in plane bending vibration

810–750 781 752 Aromatic 1,3(Meta) disubstituted

680–610 634 675 C–H bending
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other decomposition products [34]. The positive

value of Gibb’s free energy indicates that the

decomposition of the grown crystal is non-

spontaneous.

3.5 Dielectric studies

The dielectric properties are the fundamental studies

of solids. The frequency dependence of these prop-

erties gives excellent insight into material applica-

tions. Electro-optic materials remain expanding for

many applications, such as electro-optical modula-

tors, where electric fields are applied to such crystals

to modulate polarization. They are correlated with

the dielectric properties of the crystals [35]. The

defect-free, good, quality transparent crystals were

used for the dielectric studies. The cut and polished

crystals were coated with perfect graphite on both

sides were used for the dielectric measurements. The

grown 2,20,4,40-tetrahydroxybenzophenone single

crystal dielectric measurements were carried out by

an Agilent 4284A LCR meter with a conventional

parallel plate capacitor method [36–39]. The capaci-

tance (Ccrys) and dielectric loss (tand) were analyzed

in the temperature range from 333 to 423 K versus the

frequency range 100 Hz to 1 MHz. The dielectric

constant value was calculated by using the relation

[40, 41]

er ¼
Aair

Acrys

� � Ccrys � Cair 1 � Acrys

Aair

� 	

Cair

0

@

1

A ð15Þ

In the above relation, Acrys represent the area of the

crystal, Aair is the area of the electrode, Ccrys is the

capacitance of the crystal, and Cair is the capacitance

of the air of the same dimension as the crystal. The

AC conductivity is calculated by using the relation,

rac ¼ e0erxtand ð16Þ

where e0 is the permittivity of free space, er is the

dielectric constant, x is the angular frequency

(x = 2pf, where f is the ac frequency), tand is the

dielectric loss, and rac is the ac conductivity. The

dielectric constants versus temperature at different

frequencies are shown in Fig. 8a. The degree of

polarization and the charge displacement in the

crystal determine the magnitude of the dielectric

constant. The absence of space charge polarization

bFig. 6 a UV–Vis transmission spectrum of 2,20,4,40-

tetrahydroxybenzophenone. b Tauc plot of (ahm)2 versus Photon

energy (hm) of 2,20,4,40-tetrahydroxybenzophenone. c Plot of

extinction coefficient versus wavelength of grown 2,20,4,40-

tetrahydroxybenzophenone single crystal. d Plot of ln(a) versus
photon energy of grown 2,20,4,40-tetrahydroxybenzophenone

single crystal. e Plot of skin depth versus photon energy of

grown 2,20,4,40-tetrahydroxybenzophenone single crystal

Table 3 Optical parameters of 2,20,4,40-tetrahydroxybenzophe-

none single crystal

Optical parameters Calculated values

Optical band gap (Eg) 2.5 eV

Urbach energy (EU) 0.182 eV

Steepness parameter (a) 0.129

Electron–phonon interaction (Ee–p) 5.1679
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near the grain boundary is attributed to decreased

dielectric constants at higher frequencies. At low

frequencies, the ionic, electronic, orientation, and

space charge polarizations occur. The plot of dielec-

tric loss (tand) versus temperature with different

frequencies is shown in Fig. 8b. The low dielectric

loss at high frequencies can be used for NLO appli-

cations. The variation of ac electrical conductivity

with temperature is shown in Fig. 8c. Low dielectric

constant materials use the least power and have a

shorter RC delay, making them ideal for engineering

microelectronics, electro-optic modulators, THz wave

generators, optoelectronics, and photonic devices.

The activation energy is calculated using the Arrhe-

nius equation [29, 30]

rac ¼ r0exp
�Ea

kT

� �
ð17Þ

where rac is the electrical conductivity, r0 is the pre-

exponential parameter, Ea is the activation energy,

T is the absolute temperature and k is Boltzmann’s

constant. Connecting the Arrhenius plot between

ln(rac) and 1000/T is shown in Fig. 8d. It can be

evaluated by using the formula [30, 33].

Ea ¼ �k� slope ð18Þ

The activation energy of 2,20,4,40-tetrahydroxyben-

zophenone single crystal is calculated for various

frequencies 100 Hz, 1 kHz, 10 kHz, 100 kHz, and

1 MHz. The calculated values are found to be 0.155,

0.122, 0.107, 0.086, and 0.0798 eV, respectively. The

results show that the activation energy decreases

with an increase in frequency, which may be due to

an increase in field frequency, which is responsible

for the electronic transition between the confined

states. The grown single crystal dielectric constant

value is used to find the electronic polarizability. The

high-frequency dielectric constant explicitly depends

on the valence electron plasma energy, the Penn gap,

and Fermi energy. The valence electron plasma

energy is [42–46].

h�xP ¼ 28:8
Zq
M

� �1=2

ð19Þ

The above relation gives the total number of

valence electrons as Z, its density as q, and the

molecular weight of the 2,20,4,40-tetrahydroxyben-

zophenone as M. The Fermi energy is calculated by

using the relation,

EF ¼ 0:2948 h�xPð Þ
4
3 ð20Þ

By substituting the dielectric constant with the

Plasma energy, the Penn gap is determined using the

relation

EP ¼ ðh�xPÞ
ðer � 1Þ1=2

ð21Þ

The polarizability (a) is obtained from,

a ¼ h�xPð Þ2S0

h�xPð Þ2S0 þ 3E2
P

 !

�M

q
� 0:396 � 10�24cm3;

ð22Þ

where the Penn gap (EP) and the constant S0 are

calculated by using the relation

S0 ¼ 1 � EP

4EF

� �
þ 1

3

EP

4EF

� �2

ð23Þ

Using the Clausius–Mossotti equation, the value of

a is obtained by,

a ¼ 3M

4pNaq

� �
er � 1

er þ 2

� �
; ð24Þ

where the Avogadro Number is Na (6.023 9 10-23).

The Penn gap, Fermi energy, and electronic polariz-

ability are obtained from the valence electron plasma

energy and the Clausius–Mossotti equation is shown

in Table 5.

3.6 Nonlinear optical studies

The nonlinear properties of the grown 2,20,4,40-te-

trahydroxybenzophenone single crystal was ana-

lyzed by an effective Z-scan technique. The setup

without an aperture is an open-aperture Z-scan

technique. The Q-switched Nd:YAG laser with a

Table 4 Kinetic and thermodynamic parameters of 2,20,4,40-

tetrahydroxybenzophenone

Parameters Calculated values

Activation energy (Ea) kJ mol-1 87.57

Frequency factor (A) s-1 1.39E ? 6

Entropy (DS*) J K-1 mol-1 - 130.235

Enthalpy (DH*) kJ mol-1 84.041

Gibb’s free energy (DG*) k J mol-1 139.39
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wavelength of 532 nm, a pulse energy of 100 lJ, and a

pulse rate of 9 ns was used for the analysis. Here, the

laser beam was focused using a plano-convex lens

with a focal length of 15 cm. The laser beam was

propagated along the Z-axis. The sample was taken

in a 1 mm cuvette, and it was mounted on a stepper

motor controlled linear translational stage between

the lens and the focal point. The transmitted intensity

was measured at the different positions by moving

the sample along the Z-axis away from the focal

point. The schematic diagram of the open-aperture Z-

scan technique is shown in Fig. 9a. Using the

obtained data; the graph was plotted between the

position and normalized transmittance [47–50]. The
plot shows a valley-like pattern with a maximum

absorption intensity at the focus (Z = 0). It
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Fig. 8 a Plot of dielectric constant variation of 2,20,4,40-

tetrahydroxybenzophenone. b Plot of dielectric loss variation of

2,20,4,40-tetrahydroxybenzophenone. c Plot of Ac conductivity of

grown 2,20,4,40-tetrahydroxybenzophenone. d Variation of

activation energy of grown 2,20,4,40-tetrahydroxybenzophenone

single crystal

Table 5 Electrical properties of 2,20,4,40-tetrahydroxybenzophe-

none crystal

Parameters Calculated values

Plasma energy (�hxp) 18.511 eV

Fermi energy (EF) 14.43 eV

Penn gap (EP) 5.71 eV

Electronic polarizability (a)
Using Penn gap 5.813 9 10–23 cm3

Using Clausius Mossotti relation 5.971 9 10–23 cm3
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demonstrates that the 2,20,4,40-tetrahydroxyben-

zophenone single crystal exhibits reverse saturated

absorption. So, the grown crystal can be used for laser

safety devices. The obtained Z-scan data were

numerically connected with the nonlinear transmis-

sion equation given by Sheik-Bahae,

T ¼ 1
ffiffiffi
p

p
q0ðz; 0Þ

� �Z 1

�1
ln 1 þ q0ðz; 0Þe

�s2
h i

ds; ð25Þ

where T is the normalized transmittance of the given

sample and its pulse width is s.

q0ðz; 0Þ ¼
bI0Leff

1 þ z2

z2
o

� 	 ; ð26Þ

where b is the effective nonlinear absorption coeffi-

cient and Io is the laser beam intensity at the focal

point. The effective thickness of the sample is calcu-

lated using the formula

Leff ¼
1 � eð�alÞ

a

� �
ð27Þ

Let the linear absorption coefficient is a, and the

thickness of the sample cell is l. The Rayleigh length

Z0 is given by,

Z0 ¼ px2
0

k
ð28Þ

The theoretical plots (solid line) match well with

the experimental fits (solid circle) for two-photon

absorption. It was shown in Fig. 9b. The estimated

two-photon absorption coefficient value is

1.25 9 10–10 m W-1.

3.7 Optical limiting threshold

The optical limiting threshold measurements can be

used to determine the critical power of the laser beam

at which nonlinearity begins to impact the transmis-

sion. From the open-aperture Z-scan data, the optical

limiting values were evaluated. The curve was
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Fig. 9 a Schematic diagram of open-aperture Z-scan technique. b Open-aperture Z-scan pattern of 2,20,4,40-tetrahydroxybenzophenone.

c Optical limiting cure of 2,20,4,40-tetrahydroxybenzophenone
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plotted between the normalized transmittance and

input intensity (W m-2). The position-dependent

fluence equation [51–53]

F zð Þ ¼ 4
ffiffiffiffiffiffiffi
ln2

p Ein

p3=2xðzÞ2

 !

; ð29Þ

where F(z) is the fluence, Ein is the incident laser

energy. The graph shows the nonlinear pattern of the

material, in which the output transmittance changes

nonlinearly with input fluence. The nonlinearity

input where the deviation begins is known as the

onset optical limiting threshold. Thus, the grown

2,20,4,40-tetrahydroxybenzophenone single crystal can

work as an optical limiter; it can block the high

intensity and transmit the low intensity. The experi-

mental optical limiting threshold value is 1.76 9 1012

W m-2, and the graph between normalized trans-

mittance and input fluence is shown in Fig. 9c. The

grown 2,20,4,40-tetrahydroxybenzophenone single

crystal may used as a safeguard for optical compo-

nents from high intense laser. The calculated NLO

coefficients are shown in Table 6.

4 Conclusion

The organic 2,20,4,40-tetrahydroxybenzophenone sin-

gle crystal was grown by a slow evaporation tech-

nique using ethanol as the solvent. The XRD studies

reveal that the grown crystal belongs to a monoclinic

crystal system with centrosymmetric space group

C2/c. The functional groups present in the grown

2,20,4,40-tetrahydroxybenzophenone crystal was veri-

fied using FTIR and FT-Raman analyses. In UV–Vis,

studies show that the grown crystal cut-off wave-

length was observed near 401 nm, and the calculated

band gap is 2.5 eV which shows the grown crystal has

photonic and optical applications. The grown crystal

melting and decomposition points are confirmed

using TG/DTA analyses. The kinetic and thermody-

namic parameters such as order of reaction, activa-

tion energy, entropy, enthalpy, and Gibbs free energy

were calculated from the TGA data. The dielectric

property of the grown crystal was observed using the

conventional parallel plate capacitor method, and the

electrical parameters such as plasma energy, Penn

gap, Fermi energy, and polarizability were calcu-

lated. The open-aperture Z-scan studies reveal that

the grown 2,20,4,40-tetrahydroxybenzophenone exhi-

bits reverse saturable absorption owing to two-pho-

ton absorption. The optical limiting threshold studies

show that the grown 2,20,4,40-tetrahydroxyben-

zophenone single crystal may be used as a safeguard

for optical components from the high intense laser.
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