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Abstract. Bis(cyclohexylammonium) terephthalate (BCT) and cyclohexylammonium 4-methoxy benzoate
(C4MB) single crystals were successfully grown by the slow evaporation solution growth technique. The
harvested crystals were subjected to single-crystal X-ray diffraction, spectral, optical, thermal and mechani-
cal studies in order to evaluate physiochemical properties. The Kurtz and Perry technique for second
harmonic generation (SHG) study revealed that the powdered materials of BCT and C4MB exhibit SHG effi-
ciency 0.2 times less and 1.3 times greater than that of standard reference material potassium dihydrogen
phosphate. C4MB crystal exhibits high efficiency than BCT, because of methoxy group substituted in the para
position of phenyl ring. With high SHG efficiency and thermal stability para substituted C4MB crystal will be

a potential candidate for optical device fabrication.
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1. Introduction

Organic nonlinear optical (NLO) materials have attracted
much attention due to their potential applications in
telecommunication, optical switching, optical frequency
conversion, THz generation, electro-optical and inte-
grated optics."” In recent times, polar aromatic organic
molecules have received great attention for NLO applica-
tions. However, NLO properties of several inorganic
crystals such as LiNbO;, GaP have been widely investi-
gated. The NLO property in organic molecules mainly
associates with polar functional group and large molecu-
lar hyperpolarizability, which are facilitated to electron
delocalization. In addition to that the molecules should
form noncentrosymmetrical crystal structure that provides
nonvanishing second-order nonlinear coefficients.” By
this way, hydrogen bonding, steric substitution and
chirality molecules have also been proposed to crystallize
into a noncentrosymmetric structure.’

Donor/acceptor benzene derivatives are demonstrated
to produce high molecular nonlinearity. Till date many
organic donor-m—acceptor (D-m—A) type compounds
have been studied theoretically and also experimentally.
Cyclohexylammonium 4-methoxy benzoate (C4MB)
crystal is D-n—A type in organic molecules and expected
to be a promising candidate for second harmonic genera-
tion (SHG).”® The cyclohexylamine is new to crystal
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growth researchers and an interesting base material for
different organic systems. It is a strong base and can
easily react with all acids to form salts. Consequently the
nitrogen atom in cyclohexylamine is extremely reactive
on the organic compounds containing acid anhydrides.
Hence, cyclohexylamine is selected to react with two
different acids, i.e., terephthalic acid and para-methoxy
benzoic acid. Both acids are having aromatic molecules
and directional hydrogen bonds. Further, the numbers of
carboxylic groups are placed at different positions of
aromatic ring.” Here, methoxy (-OMe) group is substi-
tuted in a para position of phenyl ring which predicts an
electron donating system and plays an important role in
the crystal structure and SHG activity of the title com-
pound.'**?

The present investigation gives the detailed results of
growth, structural, optical, mechanical, thermal and NLO
behaviour of the title compounds. It is interesting to study
the new base—acid complex, bis(cyclohexylammonium)
terephthalate (BCT) and cyclohexylammonium para-
methoxy benzoate, which have been grown by the slow
evaporation solution technique.

2. Experimental

2.1 Synthesis and crystal growth of BCT and C4MB

Cyclohexylamine, terephthalic acid and para-methoxy
benzoic acid reagents were the starting materials used to
synthesise the title compounds. BCT crystal was grown by
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reacting terephthalic acid and cyclohexylamine in the
ratio of 1: 2 in water solvent. Two protons are transferred
from terephthalic acid to cyclohexylamine resulting in the
formation of ions as depicted in figure 1. Similarly,
C4MB was grown by mixing the cyclohexylamine and
para-methoxy benzoic acid in equimolar ratio. Here a
mixed solvent of water and ethanol were used to grow
good quality crystals. The possible growth mechanism of
C4MB is depicted in figure 2. The filtered solution was
kept at 32°C and allowed for slow evaporation of sol-
vents. Good quality transparent single crystals were
harvested after a period of 4 weeks followed by recrystal-
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Figurel. Reaction scheme of BCT.
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lization process. The grown crystals are shown in
figure 3.

2.2 Characterization techniques

Crystal structure was confirmed by single-crystal X-ray
diffraction (XRD) using ENRAF(BRUKER) NONIUS
CAD 4 Kappa APEX II X-ray diffractometer equipped
with MoK & radiation (1= 0.71073 A). The Fourier trans-
form infrared (FT-IR) spectrum was recorded in the range
400-4000 cm ™' using KBr pellet on Bruker Alpha spec-
trometer. The number of protons and carbons present in

NH, coo-

NH3

@ .

Figure2. Reaction scheme of C4MB.

Figure 3. Single crystals of bis(cyclohexylammonium) terephthalate (crystal a) and cyclohexylammo-
nium para-methoxy benzoate (crystal b).
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the compounds were confirmed by FT-NMR 500 mHz
analysis. Optical absorption spectral analysis was carried
out using CARY 5E UV-vis spectrophotometer in the
range of 200-800 nm. The fluorescence property of
crystal was obtained using Fluorescence Spectrometer
Perkin Elmer LS 45. The microhardness was tested by
MATSUZAWA microhardness tester fitted with Vickers
diamond pyramidal indenter attached to an incident
light microscope. The thermogravimetric (TG) and dif-
ferential thermal analyses (DTA) were made by
NETZSCH STA 409°C analyser in the temperature range
between 25 and 1000°C under nitrogen atmosphere with a
heating rate of 10 K min~'. The Kurtz and Perry powder
technique was performed in order to obtain the SHG
efficiency.

3. Resultsand discussion

3.1 Single-crystal XRD analysis

From single-crystal XRD data, it can be observed that
BCT and C4MB crystals belong to monoclinic system
with noncentrosymmetric space group (table 1). In the
title compounds, cations and anions are linked by
N-H...O hydrogen bonds between the H atoms of the
ammonium group and the O atoms of the carboxylate
group, which also make a great contribution to the stability
of the crystal structure.'™'* Both space groups of the
title crystals reveal no inversion symmetry (noncentro-
symmetry), hence they may exhibit SHG.

3.2 FT-IR analysis

FT-IR is a non-destructive microanalytical spectroscopy
technique that involves understanding of molecular vibra-
tion and chemical bonding of the title compound. The
beam of infrared radiation is passed through compounds.
Molecular bonds and group of bonds vibrate by absorbing
infrared energy at particular wavelengths.”” BCT and
C4MB are subjected to FT-IR studies. The resulting FT-
IR spectrum is shown in figure 4. The results of BCT and

Tablel. Cell parameter values of BCT and C4MB.
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C4MB are interpreted and presented in table 2. Para-
methoxy group has been clearly observed at 847 cm™ in
the FT-IR spectrum of C4MB. In the C4MB crystal, the
C=0 stretching vibration occurs at 1741 cm™ owing to
the intramolecular hydrogen bonding and the presence of
strong electronegative atom causing large degree of
molecular, n-electron delocalization and redistribution of
electrons, which weakens C=0 bond.'® Observed FT-IR
spectra strongly confirm BCT and para-substituted C4AMB
crystals.

3.3 Nuclear magnetic resonance (NMR) studies

To confirm the molecular structure of BCT and C4MB
crystal, the "H and >C NMR spectra were recorded using
deuterated methanol as a solvent. BCT and C4MB crys-
tals were crushed and dissolved in CD;OD. Figure 5a
and b, respectively, shows the '"H NMR spectrum of BCT
and C4MB. The multiplet peaks at 1.8, 1.4 ppm for BCT
and 1.7, 1.4 ppm for C4MB are due to cyclic aliphatic
proton in the cyclohexylamine. The sharp intense peak at
3.8 ppm is due to the protons in the methyl substituted
benzoate. A sharp singlet peak at 5.1 ppm in both com-
pounds is assigned for amine group (NHj;). Both the
materials show the aromatic proton peak at 7.9 ppm
(BCT) and 8.1, 7.1 ppm (C4MB). The strong intense peak
at 3.8 ppm corresponds to the methoxy (—~OMe) proton
that either has relatively low electron density around it
(electron donor groups) or that is attached to a carbon
atom taking part in a t-bond.

The *C NMR spectra of BCT and C4MB are shown in
figure 5c¢ and d, respectively. The peaks at 24.52 and
30.65 ppm for both BCT and C4MB are due to aliphatic
carbon. The resonance peak at 50.06 ppm in both the
crystals is attributed to C atom in cyclohexane. The peak
at 0=54.37 ppm for C4MB is mainly due to the methyl
group. The NMR signals at 128.26 ppm (BCT) and 130.71,
112.53 ppm (C4MB) correspond to benzene ring carbon
atoms. The resonance at 173.6 ppm in both compounds is
due to carbonyl atom in acid functional group. Table 3
shows the '"H and *C NMR spectra result of BCT and
C4MB.

BCT C4MB
Crystal data Obtained values Reported values Obtained values Reported values
System Monoclinic Monoclinic Monoclinic Monoclinic
Space group Cc Cc P2, P2,
a(A) 11.5839(3) 11.572(2) 8.91(18) A 8.9076(18)
b (A) 22.8008(5) 22.820(5) 6.62(12) A 6.6025(13)
c(A) 8.5272(16) 8.5426(17) 11.78Q2) A 11.778(2)
a, By a, y=90°, f=117.0881°(3)  [=117.03°(3) a, y=90°, f=102.70(4)° p=102.85(3)°
\% 2005.1587 A® 2009.5(7) A’ 678 A® V=6753(2) A®
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Table2. Assignment of vibrational frequencies of BCT and C4MB.

BCT
wavenumber (cm ')

C4MB

wavenumber (cm ')

Assignment

3445 3900, 3851, 3741
2938, 2854 2937, 2853
2191 2219
- 1741
1634 1639
1578 1521, 1587
1443 1449
1367, 1080 1372, 1098
- 1310
1135 1161
1024 1028
847
746 781
- 611
- 533

NH; asymmetrical stretching
C—H stretching

C=N stretching

C=0 stretching

C=C stretching

Asymmetry COO stretching
C—C stretching in aromatic ring
C—N stretching in aromatic ring
C—OCHjs stretching

C—C-O stretching

C-H in plan bending

C—H out of plan bending, para substituted
NH3 rocking

C-C-0 rocking

C—-OCHj; out of plan bending

C=0 stretching (L
2

C4MB

Transmittance (%)

2038
3000

4000 3500 2500 2000

Wavenumber (cm-')
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Figure4. FT-IR spectrum of BCT and C4MB.

3.4 UV-visible absorption spectrum

In general UV-visible absorption in organic materials
involves promotion of electrons between o and 7 orbital
from ground state to higher energy states.'” Optical
window width is an important property for NLO materi-
als. Hence UV—visible absorption range of the title com-
pound is necessary for optical applications. The BCT and
C4MB crystals were well polished and subjected to UV—
visible spectral analysis in the wavelength range 200-
800 nm. Figure 6a and ¢ shows the absorption spectrum
of BCT and C4MB crystals. The cutoff wavelength was
found to be 295 nm for BCT and 325 nm for C4MB ow-
ing to strong 7— 7* electronic transition.'® This band

may be occurring in the aromatic ring C=0 group.'® The
absence of energy absorption in the UV—visible absorp-
tion spectrum in entire visible region indicates the title
crystals are desirable for NLO applications.

The optical absorption coefficient («) of a crystal with
different thicknesses can be calculated using the relation

()
a= x In| — |,
d,—d T

where d; and d, are the two different thicknesses of the
crystals and T, and T, are the transmittance of the crystal
thickness d; and d,, respectively.

The transmittance spectra of BCT crystals of thickness
3 and 2 mm were recorded, whereas for C4AMB crystal, 3
and 1 mm thicknesses were used.

The optical bandgap energy is calculated from absorp-
tion spectra using the relation

ahv=Ahv-E)",

where exponent n=1/2 for direct allowed transition,
n=3/2 for direct forbidden transition, n=2 for indirect
allowed transition and for indirect forbidden transition
n=3; Ais a constant, E, is the optical bandgap, hv the
photon energy (v=c/A). The optical bandgaps of the
BCT and C4MB crystals were estimated by plotting
(@hv)"? with hv as shown in figure 6b and d. The indirect
optical bandgap of grown BCT and C4MB crystals are
found to be 3.8 and 3.7 eV, respectively. The values are
obtained by extrapolating linear part of the absorption
edge to the energy axis.

3.5 Fluorescence studies

Fluorescence property is used to determine the crystal-
line quality as well as its exciton fine structure. The
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Figure5. 'H NMR spectrum of (a) BCT and (b) C4MB; and '*C NMR spectrum of (c) BCT and (d) C4MB.
Table3. 'Hand 'C NMR spectra result of BCT and C4MB.
BCT C4MB
Spectrum Signal at o ppm Signal at o ppm Group identification
'H 7.9 8.1,7.1 Benzene ring (C-H, C-H, C—H, C-H) in acid (s)
5.1 5.1 Amine (NH3)
3.2 33 Solvent
2 2 Cyclohexane, aliphatic H atom 1 alpha N-form methane
1.8,1.4,1.2 1.7,1.4,1.2 Aliphatic-H atom (multiplet)
3.8 3 H atom on the methyl group of para-methoxy benzoic acid
Bc 173.6 173.8 Carbonyl, C atom in acid
128.2 130.7, 112.5 C atom in the benzene ring
50.0 50.3, 30 C atom in the cyclohexane
139.3 129.6 Benzoate, C atom in the benzene ring
23.9,30.65 24.0, 30.7 Alpha, beta, gamma C from aliphatic, gamma N from aliphatic (C-C)
54.37 Methyl group

fluorescence emission spectra for BCT and C4MB crystal
samples were recorded in the range from 400 to 600 nm
at excitation wavelength 400 and 520 nm, respectively.
The fluorescence spectra of both crystals are given in
figure 7. The emission was assigned to the electronic

transition from 7z* antibonding molecular orbital to 7
bonding molecular orbital of both crystals. The higher
intensity ratio indicates purity and perfect crystallinity of
the title compounds. Hence, both crystals are suitable for
optoelectronic laser devices.
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Figure 6. (a, b) Plot of UV-visible absorption spectrum and

bandgap of BCT crystal and (c, d) C4AMB crystal.

3.6 Hardness test

Mechanical stability of organic single crystal is very
important for device fabrication. Vickers microhardness
tests were performed on the grown crystals with flat and
smooth faces for applied loads 5, 10, 25 and 50 g. The
indentation time was kept constant as 5 s for each load.
Vickers microhardness Hy was computed using the rela-
tion Hy = 1.8544P/d* kg mm~, where P is applied load in
kg and d is indentation diagonal length in mm. A graph
was plotted between hardness number (Hy) and applied
load (P) as shown in figure 8a. The hardness of BCT and
C4MB crystals increases with increasing load, which indi-
cates the reverse indentation size effect (RISE). Above
50 g crakes were observed owing to release of internal
stresses generated locally by indentation. The RISE
occurs in crystals which undergo plastic deformation. The
RISE can be caused in two ways (i) the relative predomi-
nance of nucleation and multiplication of dislocations
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Figure7. Fluorescence spectrum of BCT and C4MB.

and (ii) the relative predominance of activity either two
sets of slip planes of a particular slip system or two slip
systems below and above a particular load.*

Meyer’s index number (N) can be calculated from the
Meyer’s law

P =kd",
log P =1logk+ nlogd.

From the careful observations, Onitsch?! and Hanneman?>
pointed out that n lies between 1 and 1.6 for moderately
hard materials and it is more than 1.6 for soft materials.
The slope of the graph plotted between logP vs logd
(figure 8b) gives Meyer’s index number (n). The value of
n obtained for BCT is 2.6 and C4MB is 2.4. Hence both
crystals belong to soft material category.

Elastic stiffness constant gives the idea of tightness of
bonding between neighbouring atoms.”> The stiffness
constant (C;;) is calculated from Wooster’s empirical
relation®* given by

—_ 7/4
C11 = HV .

The variation of stiffness constant (C,;) with various
loads is shown in figure 8c.

The yield strength (oy) was calculated from hardness
values. The yield strength depends on Meyer’s index num-
ber n. For N> 2, oy can be calculated using the relation

_3-n([2.5(n-2)]\"
o= 2.9( 3-n ) Hv-

For n<2, the yield strength is calculated using the
expression

From figure 8d, it is observed that yield strength increases
with increasing load.
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Figure9. Thermal analysis curves of (a) BCT and (b) C4MB.

3.7 Thermal analysis

Thermograms provide information about decomposition
patterns and weight loss of the materials. Differential
thermal analysis (DTA) curve gives information regard-
ing the phase transformations, water of crystallization
and melting point of the compound.?

TG/DTA curves of BCT and C4MB are shown in
figure 9. In DTA curve both the compounds exhibit sharp
exothermic peak at 214.6 and 217.6°C which are attrib-
uted to meting point of the BCT and C4MB, respectively.
The second exothermic peak in DTA curve at 326°C
indicates that the material is fully decomposed. The
sharpness of exothermic peaks infers the good degree of
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Table4. SHG output for BCT and C4MB.

Input energy KDP BCT C4MB

680 mJ 2.5mV 2.2mV 3.8 mV

crystallinity of grown samples. The DTA curve of BCT
crystal has two exothermic peaks, which are due to two
carboxylate ester that decomposed at two different tempe-
ratures, whereas for C4MB crystal one carboxylate ester
completely decomposed at 217°C. From TGA curves, it is
observed that BCT is thermally stable up to 189.65°C and
C4MB up to 154.26°C. There is no phase transition till
the title materials decompose.

3.8 NLO studies

The SHG conversion efficiency of the compound was
measured by the Kurtz and Perry*® powder technique.
The efficiency of the energy (frequency) conversion is
confirmed by the emission of green light from the powder
sample. Input power of laser is 680 mJ and pulse width of
8 ns and repetition rate of 10 Hz. The input laser beam
was passed through an IR reflector to the sample. Photo-
diode and oscilloscope were assembled to detect the light
emitted by samples. The output power is measured as
2.5 mV for potassium dihydrogen phosphate (KDP) crys-
tal. For the same input, BCT and C4MB samples emitted
the green light with the output power of 2.2 and 3.8 mV,
respectively (table 4). It is inferred that the C4MB com-
pound exhibits a reasonable SHG output, where methoxy
(—-OMe) group substitutes in the para position of phenyl
ring, when compared to BCT crystal which exhibits less
SHG efficiency.

4. Structural relationship

Crystal structure of the both materials suggests the inter-
molecular charge transfer from the carboxyl hydrogen to
the nitrogen atom of the bases through hydrogen bond
interactions. The hydrogen bond conjugated path can
induce large molecular dipole moment and molecular
polarizability of the title compounds, which yield NLO
efficiency. In the C4MB crystal, very week intramolecu-
lar hydrogen bonds between C—H (methyl) groups as pro-
ton donors, and the N, O atoms and the & electrons of the
aromatic ring as the proton acceptors promote the high
SHG signal. And also, methyl groups substituted in para
position of phenyl ring are non-planar, which predicts
maximum conjugation of molecule with donor and accep-
tor groups. But in the case of BCT crystal, only the
N-H...O intermolecular interaction takes place, which
emphasize its lessor SHG efficiency than C4MB. The
main reasons to get high SHG efficiency in C4MB crystal

P Sathya et al

is both inter- and intramolecular hydrogen bonds in the
molecules.”” Hence C4MB crystalline powder exhibits
high SHG efficiency compared to BCT compound.

5. Conclusion

BCT and C4MB crystals were grown by the slow evapo-
ration solution technique for the present investigation.
The unit cell parameters were confirmed by single-crystal
XRD analysis. FT-IR spectrum clearly confirmed the
presence of various functional groups present in both the
crystals. NMR studies confirmed the placing of proton
and carbon in the BCT and C4MB molecules. From UV—
vis spectral analysis, it is observed that crystals have
good transparency in the entire visible region. Fluores-
cence spectrum shows the broad emission peaks at 422
and 558 nm, respectively, for BCT and C4MB crystals.
From the Vickers microhardness test, hardness number
(Hv), yield strength (oy) and elastic stiffness constant
(Cy,) were calculated. The Vickers microhardness studies
show the RISE and both crystals are categorized under
soft materials. The crystals are thermally stable up to 190
and 154°C for BCT and C4MB, respectively. Cyclohexyl-
ammonium p-methoxy benzoate molecule has a methyl
group as proton donor, and the N, O atoms and the =«
electrons of the aromatic ring as the proton acceptors to
induce SHG character. The Kurtz and Perry powder tech-
nique reveals the CAMB crystalline powder exhibits high
nonlinearity due to strong intermolecular hydrogen bond.
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