
Introduction

Many organic materials have been found to have

greater non-linear optoelectrical properties than inor-

ganic substances [1–3]. Organic single crystals pos-

sess unique optoelectronic properties because organic

molecules have delocalized electrons, namely, conju-

gated electron systems exhibit various photo re-

sponses such as photoconductive, photo voltaic,

photo catalytic behavior and so on. Benzophenone is

a well-known example of organic material, which ex-

hibits NLO property. This can be grown from melt

[4–6]. There are several reports available in the litera-

ture for the growth of benzophenone by various meth-

ods viz. Czochralski technique [4], under-cooled

method [7], solution method [8], and Bridgman Tech-

nique [9]. The non-linear optical property of benzo-

phenone and its derivatives have been studied using

powder second harmonic generation (SHG) method.

Their results show several of these compounds gener-

ate SHG signals stronger than that of urea [10, 11].

There are several reports available in literature on the

growth of benzophenone by adopting above methods.

Many authors investigated organic and organo-

metallic compounds due to their chemical, biological

and environmental importants and examined their

various properties [12–37]. In our previous papers,

we described the thermoanalytical properties of

various organic and organometallic compounds

[38–65]. In the present study, investigations have

been made to evaluate the interfacial tension (�)

between benzophenone and CHCl3 based solution by

measuring the induction period and hence to calculate

the critical radius (r*), number of molecules in the

critical nucleus (i*) and Gibb’s free energy (�G*) for

the formation of a critical nucleus of benzophenone

grown from CHCl3 solution. The similar investi-

gations have also been carried out between benzo-

phenone and CCl4. Recently Arivanandhan et al. [66]

reported the growth of benzophenone using vertical

Bridgman– Stockbarger system.

Experimental

Growth of benzophenone

The analar benzophenone was re-crystallized from

CHCl3 for several times. The solubility of benzophe-

none in CHCl3 and CCl4 were determined in various

temperatures. Solubility determination shows that the

solubility increases with temperature. Figures 1 and 2

show that the solubility increases with temperature

increase.
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Metastable zone width determination

After solubility determination, the metastable zone

width of benzophenone in CHCl3 and CCl4 were

determined. Saturated solutions of benzophenone in

CHCl3 at different temperatures were allowed for

systematic slow cooling. The temperature at which

the first nucleation was observed corresponds to their

width of metastable zone. The metastable zone width

of benzophenone in CHCl3 has been shown in Fig. 3

and given in Table 1. The metastable zone width of

benzophenone in CCl4 was also determined by the

same procedure and has been shown in Fig. 4 and the

data have been given in Table 2. The metastable zone

width of benzophenone depends on solvent nature.

Benzophenone, a ketone compound has higher

solubility in CHCl3 and CCl4 than the solubility of

anthracene, a polynuclear aromatic hydrocarbon.

A higher metastable zone width is observed in CHCl3

solvent than CCl4. The re-crystallized sample of

benzophenone was dissolved in CHCl3 and CCl4 and

the solutions were allowed for slow evaporation. The

grown crystals were subjected to various charac-

terization studies, such as UV, FTIR, 1HNMR, TG

and DTA. Thermal studies show the purity of benzo-

phenone. FTIR and 1HNMR studies show the pre-

sence of functional groups.

Determination of induction period, interfacial
energies and nucleation parameters

There are several methods of measuring the induction

period depending upon the solubility of the materials.

Here, the visual observation method has been fol-

lowed. Solutions of benzophenone in CHCl3 at differ-

ent super saturation values were prepared and sub-

jected to systematic slow evaporation. The time

period that elapses between the achievement of super

saturation and appearance of visible nuclei is taken as

the induction period (�). Several trial runs were per-

formed to minimize the error. Experiments were re-

peated for super saturations, such as 1.10, 1.15 and

1.20 at two different temperatures.
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Fig. 1 Solubility of benzophenone in CHCl3
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Fig. 2 Solubility of benzophenone in CCl4

Table 1 Nucleation temperature and metastable zone width
of benzophenone in CHCl3

Saturation
temperature/°C

Nucleation
temperature/°C

Meta-stable zone
width/°C

30 5.5 24.5

32 8.2 23.8

35 12.6 22.4

37 16.8 20.2

40 21.2 18.8

Table 2 Nucleation temperature and metastable zone width
of benzophenone in CCl4

Saturation
temperature/°C

Nucleation
temperature/°C

Metastable zone
width/°C

30 15.5 14.5

32 21.3 10.7

35 25.4 9.6

37 28.2 8.8

40 32.3 7.7
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Fig. 3 Metastable zone width of benzophenone in CHCl3
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Fig. 4 Metastable zone width of benzophenone in CCl4



From the results obtained, a plot of ln� vs.
1/(lnS)2 is drawn and shown in Fig. 5. The interfacial

tension was calculated from the slope of the curves

using the equation

ln�=lnA+16��
3V2N/3RT(lnS)2 (1)

where A is a constant related to the pre-exponential

factor of the nucleation rate expression, V is the molar

volume, N is the Avagadro number and R is the gas

constant. The factor 16�/3 in the above equation

refers to the spherical nuclei. The interfacial tension

between the benzophenone and CHCl3 is calculated

by measuring the slope value of the curve obtained at

two temperatures. The similar experiment was also

carried out in CCl4 solvent. From the results obtained,

a plot of ln� vs. 1/(lnS)2 is drawn and shown in Fig. 6.

The effect of solvent and temperature on interfacial

tension is presented in Table 3.

According to the classical homogenous nucle-

ation theory, the free energy required to form

anthracene nucleus is given by

�G=(4/3)�r3
�Gv+4�r2

� (2)

where �Gv is the energy change per unit volume, r is

radius of the nucleus. At the critical state, the free en-

ergy of formation obeys the condition that

d(�G)/dr=0. Hence the radius of the critical nucleus

is expressed as

r*=–2�/�Gv

where

�Gv=–KTlnS/V (3)

where V in the molar volume, and S=C/C*, C – actual

concentration and C* – equilibrium concentration.

Hence

r*=2V�/KTlnS (4)

The critical free energy is given by

�G*=16 ��
3V2/�Gv

2 (5)

The number of molecules in the critical nucleus

is expressed as

i*=4�(�*)3/3V (6)

Therefore, using the interfacial tension value,

the radius of the critical nuclei (r*), the free energy

change for the formation of a critical nucleus (�G*)

and the number of molecules in the critical nucleus

(i*) were calculated at two different temperatures for

benzophenone in CHCl3, and presented in Table 4.

It was noted that with the increase in super

saturation, the free energy change for the formation of

a critical nucleus (�G*) decreases with radius (r*).

This favors the easy formation of nucleation in CHCl3

solutions at higher super saturations.

Similar type of calculations used to calculate the

nucleation parameters of benzophenone in CCl4 and

the values are given in Table 5.
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Fig. 5 A plot of lnt vs. 1/(lns)2 for benzophenone in CHCl3

308

303

10 20 30 40 50 60

4.1-

4.0-

3.9-

3.8-

3.7-

3.6-

3.5-

3.4-

ln
t

1/(lns)
2

Fig. 6 A plot of lnt vs. 1/(lns)2 for benzophenone in CCl4

Table 3 Effect of temperature and solvent on interfacial
tension

Solvent
Temperature/

°C
Slope
value

Interfacial
tension/mJ m–2

CHCl3
30
35

8.33·10–3

8.57·10–3
1.218
1.237

CCl4
30
35

9.23·10–3

9.33·10–3
1.261
1.272

Table 4 Nucleation parameters of benzophenone crystal in CHCl3

Super saturation ratio
S=C/C*

30°C 35°C

r* (�G*) i* r* (�G*) i*

1011 m 1013 kJ 1038 1011 m 1013 kJ 1038

1.10 13.68 4.806 4.788 13.67 4.866 4.778

1.15 9.34 2.239 1.524 9.33 2.268 1.519

1.20 7.15 1.313 0.683 7.14 1.329 0.680



The effect of surface tension of solvents on inter-

facial tension of benzophenone is given in Table 6. It

can be concluded from the results that as the surface

tension decreases, the interfacial tension increases.

The effect of viscosity of solvents on interfacial ten-

sion is given in Table 7. As viscosity increases the in-

terfacial tension also increases. The effect of density

of solvents on interfacial tension is given in Table 8.

As density of solvent increases, the interfacial tension

also increases.

Measurements

The FTIR spectrum of solution grown benzophenone

was recorded between 400–4000 cm–1 using KBr pel-

let technique.

The SHG efficiency of benzophenone was tested

by using Nd:YAG laser source.

The 1HNMR spectrum recorded for the benzo-

phenone in CDCl3 at 400 MHz in JEOL instrument.

UV visible spectrophotometer (Version 02.00)

was used to record the UV visible spectrum of the

grown crystals.

The high resolution GUINIER powder X-ray

diffractometer (CSEIFERT, Germany) with CuK� ra-

diation has been used for X-ray diffraction studies.

Results and discussion

FTIR spectral analysis

The characteristic FTIR spectral peak of solution grown

benzophenone at 1650 cm–1 is assigned to C=O. The

aromatic skeletal vibrations are assigned to peak at

1447 cm–1. The C–H deformation vibration is assigned

to 935 cm–1. Thus the FTIR spectrum of harvested

crystals is in good agreement with the standard values.

UV-Visible spectral analysis

The UV spectrum provides information recording the

functional groups and transparency of the grown ben-

zophenone. The UV spectrum of benzophenone is

shown in Fig. 7. Since it is a colourless crystal no ab-

sorption is found between 400–800 nm. The maxi-

mum absorption bands at 347 and 248 nm are charac-

teristic peaks of C=O and aromatic ring. It is

transparent between 600–1000 nm, which is an im-

portant requirement to a material for NLO properties.

NLO property

The SHG signal of benzophenone was found to be 96.

It indicates that the SHG efficiency of benzophenone
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Table 5 Nucleation parameters of benzophenone crystal in CCl4

Super saturation ratio
S=C/C*

30°C 35°C

r* (�G*) i* r* (�G*) i*

1011 m 1013 kJ 1038 1011 m 1013 kJ 1038

1.10 14.16 5.323 5.310 14.06 5.295 5.199

1.15 9.67 2.480 1.691 9.60 2.468 1.654

1.20 7.40 1.454 0.757 7.35 1.446 0.742

Table 6 Effect of surface tension of solvents on interfacial
tension

Solvent
Surface tension at

20°C/mJ m–2
Interfacial tension

at 30°C/mJ m–2

CHCl3 27.14 1.218

CCl4 27.0 1.261

Table 7 Effect of viscosity of solvents on interfacial tension

Solvent Viscosity Interfacial tension at 30°C/mJ m–2

CHCl3 0.518 1.218

CCl4 0.845 1.261

Table 8 Effect of density of solvents on interfacial tension

Solvent Density/g mL–1 Interfacial tension
at 30°C/mJ m–2

CHCl3 1.4985 1.218

CCl4 1.6320 1.261

Fig. 7 UV absorbance spectrum of benzophenone



is 96/149.5=0.64, which means benzophenone is

0.64 times SHG efficient than KDP crystals. Nd:YAG

laser of fundamental wavelength 1064 nm, was al-

lowed to focused on capillary densely packed with the

sample. The signal was collected at 90 deg to the inci-

dent beam using aczerny turner monochromator and a

visible photomultiplier tube (Hamamatsu R2059) and

recorded in a digital storage oscilloscope (Tektronix

TDS 3000B).

1HNMR spectral analysis

The 1HNMR spectrum of the benzophenone in CDCl3

showed multiplet of 14 peaks in the aromatic region.

All the ten protons of two phenyl rings are present in

the deshielding region of both the carbonyl group and

the benzene ring, which is shown in Fig. 8. Here the

two phenyl rings and the carbonyl group are in a same

plane and hence all the protons are neighbouring.

Radio frequency in the down field region is observed

between 7.2476 and 7.8448. If there is any deviation

from the planarity, a few protons of one phenyl ring

may go to the shielding region of other benzene ring

and vice versa and show low delta value [67].

Powder XRD studies

Powder X-ray diffraction patterns of benzophenone

are shown in Fig. 9. Most of the lattice parameters

evaluated by powder XRD studies of solution grown

benzophenone are in good agreement with the litera-

ture data. The photograph of solution grown benzo-

phenone also indicates the hexagonal structure. Fur-

ther, the narrow and strongest peak along the (021)

direction confirms the single crystalline nature of the

solution grown benzophenone.

Thermal studies

Differential thermal analysis (DTA) and thermo-

gravimetric analysis (TG) were carried out on the

crystal samples for qualitative analysis. These studies

were conducted for solution grown benzophenone

crystals. Both TG and DTA were carried out

simultaneously. The mass change in the sample with

temperature was studied by TG and the energy change

in the sample on temperature was studied by DTA.

The analysis was performed in nitrogen atmosphere at

heating rate of 10°C min–1.

The TG and DTA curves for the decomposition

of benzophenone are shown in Fig. 10. The TG curve

indicates that it is thermally stable up to 160°C. After-

wards, the TG curve shows an intense single step

mass loss at 160–273°C corresponding to the decom-

position of benzophenone. The DTA curve for benzo-

phenone (Fig. 10) shows an intensive exothermic

peak at 49°C due to the melting of benzophenone and

an intensive endothermic peak at 225°C ascribed to

the decomposition of benzophenone.

Conclusions

Benzophenone was grown by simple solution

technique adopting slow evaporation method from

CHCl3 and CCl4. Induction period and interfacial

tension of benzophenone in CHCl3 and CCl4 were

determined at different super saturation ratios such as

1.10, 1.15, 1.20 and 1.25 at 303 and 308 K. Using

induction period and interfacial tension, nucleation

parameters were calculated, interfacial tension was
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Fig. 8
1HNMR spectrum of solution grown benzophenone

Fig. 9 XRD pattern of benzophenone
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correlated with surface tension, viscosity, density of

the solvents.

UV absorbance spectrum provides information

about the transparency of the grown crystals. It is trans-

parent between 400–1200 nm with about 99% trans-

mission. FTIR spectrum provides information about

the presence of C=O functional group in benzophe-

none. 1HNMR confirms the structure of the benzophe-

none and shows there is no solvent inclusion in the

grown crystals. In the X-ray diffraction pattern of

grown benzophenone crystals, there is a strong, narrow

peak along the (021) direction, which shows the single

crystalline nature of the grown crystals. NLO studies

show that the grown benzophenone crystal is found to

be 0.64 times SHG efficient than KDP crystals.
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