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flexibility, easier fabrication, high resistance to optical 
damage and quick optical response time [11, 12]. Further 
the physical properties not only depend on the molecu-
lar structure but also have an influence on the supramo-
lecular structure of the crystal. Supramolecular assembly 
of carboxylic acids is very important because they form 
hydrogen bond on their own and many other compounds 
[13–15]. In the field of crystal engineering, some of non-
covalent interactions have been extensively used such as 
hydrogen bonding, coordination interaction, halogen bond-
ing, π–π interaction and van der Waals weak interactions. 
These are the fundamental forces for molecular recogni-
tion ability through intermolecular interaction to form 
the supramolecular assembly, which leads to the crystal 
structure. Hydrogen bond played a major role in preparing 
the organic crystal and some hydrogen bonds are stronger 
than the weakest covalent bonds [16]. Hydrogen bonding 
predominates in crystal engineering strategies due to their 
high strength and directionality. Strong hydrogen bonds 
in particular like, O–H…O, O–H…N and N–H…O interac-
tions create one, two and three dimensional networks in 
the crystals [17–19]. One dimensional organic single crys-
tal was most appealing due to the light weight, compact 
size, easy fabrication, highly ordered molecule packing, 
eliminated grain boundaries, long range carrier diffusion 
and minimized defects which offer substantial potential for 
constructing high efficient photonic, electronic and optoe-
lectronic systems [20]. Organic materials which have high 
π–electron delocalization with large third order nonlin-
ear susceptibilities can be used for applications in optical 
switching [21]. Growth of single crystals has great atten-
tion in the field of electronic industry, photonic industry 
and fiber optic communication due to the absence of grain 
boundaries, anisotropy and the uniformity of the composi-
tion. The single crystals and their characterization towards 

Abstract Organic bulk single crystal of cyclohexylamin-
ium hydrogen phthalate hemihydrate (CYHPH) was grown 
by slow cooling method using methanol as a solvent. The 
grown crystal belongs to orthorhombic system with Pbcn 
space group and it has various functional groups such as 
 NH3

+, phthalate and a water molecule. The cut off wave-
length of CYHPH was found at 307  nm. Thermal analy-
sis affirmed that the CYHPH compound was stable up to 
146 °C and completely decomposed at 263 °C. The activa-
tion energy at 100 Hz, 1 and 10 KHz was found to be 0.31, 
0.141 and 0.142 eV respectively. The grown CYHPH crys-
tal exhibits third order nonlinear optical behavior.

1 Introduction

Primary amines are strong bases which can easily make 
bonds with carboxylic acid groups such as, succinic 
acid, phthalic acid, para-methoxybenzoic acid, phospho-
enolpyruvic acid, 4-carboxybenzeneboronic acid [1–5] 
etc. Recently many phthalate groups have been found to 
exhibit ferroelectricity, piezoelectricity and nonlinear opti-
cal (NLO) properties [6–8]. Organic nonlinear optical 
crystals have garnered much attention due to their poten-
tial applications in second order, third order harmonic 
generation and electro-optic modulators [9, 10]. When 
compared to inorganic NLO materials, organic NLO mate-
rials have a higher nonlinear coefficient, inherent synthetic 
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device fabrication are important for both academic as well 
as applied research. Among the various methods, the slow 
evaporation technique occupies a prominent place due to 
its versatility and simplicity which yields good quality 
single crystals. The cyclohexylaminium hydrogen phtha-
late hemihydrate (CYHPH) crystal structure was solved 
by Jagan and Sivakumar et  al. [22] and they form one 
dimensional supramolecular network. In this present paper 
we have grown a cyclohexylaminium hydrogen phthalate 
hemihydrate single crystal using slow evaporation tech-
nique. The grown crystals were characterized by FT-IR 
analysis, UV-Vis-NIR spectrum, thermo gravimetric and 
differential scanning calorimetry analysis (TG-DSC), die-
lectric constant and nonlinear optical studies. The formula 
of the title compound is  C6H14N

+•  C8H5O4
−• 0.5H2O.

2  Experiments

2.1  Synthesis and bulk growth

The cyclohexylaminium hydrogen phthalate hemi hydrate 
single crystal (CYHPH) was synthesized by slow evapo-
ration technique. Stoichiometric ratio (1:1) of cyclohexy-
lamine (5.7  mL, 50  mmol) and phthalic acid (8.3065  g, 
50  mmol) purchased from Sigma–Aldrich was dissolved 
in 50  mL of methanol. The mixed solution was stirred 
well for 4  h continuously to attain a homogeneous solu-
tion. Then the solution was filtered and kept undisturbed. 
The seed crystals were obtained from the mother solu-
tion after a period of 3 days. The purity of the crys-
tal was improved by the recrystallization using metha-
nol (Fig.  1a). The reaction scheme for the synthesis of 
CYHPH is as follows.

The growth kinetics of the crystal depends on the sol-
ubility and the temperature. Solubility of CYHPH was 
determined by gravimetrical method using methanol at 
different temperatures ranging from 30 to 50 °C (Fig. 2a). 
Initially the capacity of the 200 mL beaker with 100 mL 
of methanol was kept in a constant temperature bath hav-
ing accuracy of 0.01 °C and CYHPH salt was added into 
the solvent at 30 °C and stirred using motorized stirrer 
to attain saturation. This procedure was repeated for the 
remaining temperatures (35–50 °C). From the solubility 
data it was observed that the material had a positive tem-
perature coefficient. The solution was then cooled slowly 
to grow a bulk crystal of CYHPH. Based on the solubility 
data, 18.054 g of salt was dissolved in 150 mL of methanol 
solvent for the bath temperature at 40 °C and the saturated 
solution was stirred for 4  h continuously. The suitable 
tiny crystal (seed crystal) obtained from slow evaporation 
technique was used to grow a bulk crystal of CYHPH. The 
seed crystal was tied with a nylon thread and it was placed 
in the saturated solution. The temperature was gradually 
reduced at the rate of 0.1 °C per day. The colorless crystal 
with dimension up to 19 × 15 ×   10 mm3 was harvested in 
a period of 20 days (Fig. 1b). 

2.2  Characterization studies

Cyclohexylaminium hydrogen phthalate hemihydrate crys-
tal was subjected to single crystal XRD analysis using 

Fig. 1  a As grown CYHPH 
crystal from slow evaporation. b 
Bulk single crystal of CYHPH
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Enraf Norius CAD4 diffractometer with MoKα radiation 
(λ = 0.71073 Å) to identify the cell parameters. A fine pow-
der sample of CYHPH was also analyzed using BRUKER 
X-ray diffractometer with CuKα (1.5406 Å) radiation at the 
scan rate of 0.02 s−1. The diffraction peak (h, k, l) values 
were indexed using powder-X software package. The FT-IR 
spectrum was employed in the range of 400–4000  cm−1 
using SHMADZU IR Affinity-1s spectrometer with KBr 
pellet technique to confirm the presence of functional 
groups. Thermal analysis [TGA and DSC] were measured 
using SDT Q600 V20.9 Build 20 instrument in a nitrogen 
atmosphere with a heating rate of 20 °C min−1 from 30 to 
600 °C. Optical absorption studies were carried out using 
Jasco-V-670 spectrometer in the range of 200–700 nm. The 
dielectric study was carried out as a function of frequency 
(100 Hz–5 MHz) using a Numetric Q impedance analyzer. 
Nonlinear optical properties were studied by Z-scan tech-
nique using He–Ne laser of wavelength 632.8 nm.

3  Results and discussion

3.1  X‑ray diffraction analysis

The grown single crystal was subjected to an XRD analy-
sis at 293  K. The cell parameters of CYHPH were cal-
culated and it was found to belong to centro-symmetric 
Pbcn space group of orthorhombic system. The estimated 
cell parameters are agreed well with previous report [22] 
and presented in Table  1. The functional group decides 

the crystal structure. Hydrogen phthalate anion with 
donor group was stabilized by delocalization of � elec-
trons over the benzene ring. This delocalization enhances 
the nonlinear optical response in the material. As men-
tioned in the previous report by Jagan and Sivakumar 
et  al. [22] cyclohexylaminium hydrogen phthalate hemi 
hydrate forms self-assembled supramolecular one dimen-
sional network by the combination of N–H–O hydrogen 
bonds and C–H–O interactions. This hydrogen bonding 
induces the high molecular hyperpolarizability in the 
CYHPH crystal which ultimately enhances charge trans-
fer properties and nonlinear optical absorption [23]. A 
powder sample of CYHPH was subjected to BRUKER 
X-ray diffractometer with CuKα (1.5406  Å) radiation 
and scanned from 5° to 60° at a scan rate of 0.02  s− 1. 
The diffraction peak (h, k, l) values were indexed using 
powder-X software package. The PXRD pattern is shown 

Fig. 2  a Solubility curve of CYHPH. b Powder XRD spectrum of CYHPH

Table 1  Cell parameters of CYHPH single crystal

Cell parameters Calculated values Reported values

a (Å) 11.662 (3) 11.6407 (2)
b (Å) 14.152 (5) 14.1463 (3)
c (Å) 16.932 (4) 16.9402 (4)
Alpha (degree) 90.00 (9) 90.00
Beta (degree) 90.00 (9) 90.00
Gamma (degree) 90.00 (0) 90.00
Volume (Å3) 2794.8 (5) 2789.59 (10)
Space group Orthorhombic (Pbcn) Orthorhombic (Pbcn)
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in Fig. 2b. The sharp peak appeared in PXRD spectrum 
which confirms the good crystalline nature of the grown 
crystal.

3.2  FT‑IR analysis

The powder sample of CYHPH was analyzed using FT-IR 
analyzer with KBr pellet technique. The spectrum was 
recorded in the wave number range of 400–4000  cm−1 
(Fig. 3). The presence of functional groups and their cor-
responding wavenumber are assigned in Table 2. There is a 
broad band nearly 3442 cm−1 representing the asymmetric 
stretching of  NH3

+ ion. The peak at 2858.5, 3093.82 and 
2933.73 cm−1 represent the OH stretching and C–H stretch-
ing of CYHPH respectively [24]. Asymmetric stretching of 

 COO− is presented in the range of 1593.20  cm−1. Wave-
number at 1606.70  cm−1 confirms hydrogen bonding of 
water molecule [25]. Observation of above said functional 
groups confirms the formation of compound of CYHPH.

3.3  UV‑Vis‑NIR analysis

UV-Vis-NIR studies are essential to understand the elec-
tronic transition and to provide an idea about the band 
structure of the material. The UV-Vis-NIR absorption spec-
trum of CYHPH was taken in the range of 200–700 nm as 
shown in Fig.  4a. The cut off wavelength of the CYHPH 
compound is around 307  nm which is attributed to the 
transition of electron from non-bonding (n) orbital to anti-
bonding π* (n–π*) due to the bonding of hydrogen phtha-
late anion with cyclohexylaminium cation. There was no 
other further absorption in the visible and near IR region 
(307–700 nm) which indicates that the crystal has a good 
transparency window resulting to suitable nonlinear optical 
applications. The optical absorption coefficient (�) was cal-
culated using Tauc’s relation [26].

  

where, h is Plank’s constant,  Eg is energy gap, A is a con-
stant, v is frequency of the incident photon and n is index 
(n = 1/2, 3/2, 2, 3) depends on the nature of electronic tran-
sition responsible for absorption.

Figure 4b shows the plot of hv versus �hv2. Extrapolat-
ing of the linear portion of curve to the energy axis gives 
the value of the energy band gap  (Eg). High value of  Eg 
(4.08  eV) indicates very low defect concentration in the 
grown crystal which is typical of dielectric materials that 
possess inducing polarization when powerful radiation is 
incident on the material [27].

3.4  Thermal studies

Thermal analysis provides the information about the stabil-
ity of the compound. Figure  5 shows the thermal behav-
ior of the CYHPH crystal. Initially 6.3470 mg of CYHPH 
powder sample was taken for the analysis. The weight loss 
was occurred in three steps between 30 to 600 °C. The 
first weight loss (5.362%, 0.3403 mg) occurred from 70 to 
170 °C, which specifies that the water molecule was pre-
sent in the compound and the second step of weight loss 
(14.38%, 0.9128  mg) occurred from 190 to 210 °C which 
was due to the decomposition of ammonia [28, 29]. In third 
stage there was a major weight loss (80.25%, 5.093  mg) 
from 210 to 263 °C due to the decomposition of CO and 
 CO2 [30]. The DSC curve of CYHPH indicates that the 

(1)(�hv)1∕n = A(hv − Eg)

Fig. 3  FT-IR spectrum of CYHPH

Table 2  Assignment of vibrational frequency of CYHPH

Wave number  (cm− 1) Assignments

3442.93 –NH3
+ stretching

3093.82 –OH stretching
2933.73, 2858.51 –C–H stretching
2196.92 –C≡N stretching
1606.70 H–O–H stretching
1593.20 Asymmetry  COO− stretching
1570.06 –N–H bending
1448.54 –C–C stretching
1122.57 –C–C–O stretching
1014.55 –C–H in plan bending
779.24 –NH3

+ rocking
713.66 –C–C plane bending
682.80 –COOH rocking
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crystal had three sharp endothermic peaks at 103, 146 and 
192 °C, confirming the presence of the water molecule, 
melting and decomposition points respectively. At 263 °C 
the crystal was completely decomposed. The melting point 
of the crystal was 146 °C, which was also confirmed by the 
melting point apparatus.

3.5  Dielectric studies

A study of the dielectric properties (dielectric constant 
and dielectric loss) of materials gives an understanding of 
the electrical field distribution within the material, vari-
ous polarization mechanisms and structural transition. The 
dielectric studies of material are contributed by four types 

of polarizations such as electronic, ionic, orientational and 
space charge polarization. These types of polarizations are 
more effective at low frequency range and decreased with 
increasing frequency. Opposite sides of suitable CYHPH 
crystal was coated with silver paste and inserted between 
the two nickel electrodes, resulting in the formation of a 
parallel plate capacitor. The dielectric constant and dielec-
tric loss were measured as a function of frequency at vari-
ous temperatures (30 to 100 °C) using the relation

where �
r
 is the dielectric constant of the material, �

o
 the 

permittivity of free space (8.854 × 10−12
F∕m), A the area 

of the crystal, d the thickness of the sample,�′′ the imagi-
nary part of the dielectric constant and �′ the real part of 
the dielectric constant. Figure 6a shows the dielectric con-
stant of the sample versus applied frequency at different 
temperatures. The dielectric constant has maximum value 
in lower frequency region due to the presence of all types 
of polarizations. At higher frequency, the minimum value 
of the dielectric constant is attributed to the loss of substan-
tial of these polarizations gradually [31]. Figure 6b shows 
the dielectric loss versus applied frequency over the tem-
perature range of 30–100 °C. At high frequency, the mini-
mum value of dielectric loss reveals that the crystal pos-
sesses enhanced optical quality with lesser defects.

From the dielectric data AC conductivity was also calcu-
lated using the relation,

(2)�
r
=

Cd

�
o
A

(3)Loss factor =
�
��

�
�

Fig. 4  a UV-Vis-NIR spectrum of CYHPH. b Tauc’s plot of CYHPH

Fig. 5  TG-DSC studies of CYHPH
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where, f frequency of the applied field and tan� is dielec-
tric loss of the crystal. Figure 6c shows the ac conductiv-
ity versus log frequency at different temperatures. AC con-
ductivity depends on dielectric constant, loss factor and 
frequency. The conductivity increases with the increase in 
frequencies and decreases with temperature which is due 
to the reducing density of the crystal by thermal expansion 
[32]. The plot of ln�

ac
 versus 1000/T (shown in Fig.  6d) 

obeys the Arrhenius relationship�
ac
= �0 exp(

−E
a

KT
), where 

K is the Boltzmann constant,  Ea is the activation energy. 
The value of activation energy is at 100  Hz, 1  KHz and 
10 KHz is 0.31, 0.141 and 0.142 eV respectively. The low 
value of activation energy indicates that less energy is 
required to take charge carriers in the conductivity process 
[33].

�ac = 2�f �
0
�r tan �

3.6  Z‑scan technique

The Z-scan technique is a familiar technique used to deter-
mine both nonlinear refractive index and nonlinear absorp-
tion coefficient simultaneously by closed and open aperture 
respectively [34]. A He–Ne laser having a wavelength of 
632.8  nm was used as an excitation source with the inten-
sity of 5 mW. The sample of 0.56 mm thickness was scanned 
along the Z direction through a tightly focused beam which 
was filtered to attain Gaussian intensity profile. The focus of 
the polarized beam was passed through the converging lens 
of 30 mm focal length to offer the beam waist, �

0
=11.41 µm. 

Figure 7a and b show the closed and open aperture spectrum 
of the CYHPH crystal. In the closed aperture spectrum, the 
pre focal valley followed by pre focal peak evidences a posi-
tive sign of nonlinear refractive index, attributed to the self-
focusing effect which is the result of non-uniform spatial 

Fig. 6  a Dielectric constant as a function of frequency at different temperatures. b Dielectric loss as a function of frequency at different tem-
peratures. c Ac conductivity at different temperatures. d Plot of 1000/T versus ln �

ac
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Gaussian beam profile. In the open aperture curve the mini-
mum gained transmittance value at the focus (Z = 0) reveals 
that the absorption is reverse saturable in CYHPH crys-
tal (i.e., increasing of absorption coefficient resulting in the 
transmittance decrease with the increase in the input inten-
sity). On-axis phase shift (ΔФ) can be calculated from the 
peak and valley transmittance using the following equation 
[35].

  

here, S is aperture linear transmittance and it can be 
obtained from the relation S = 1−exp (−2ra 

2/ωa 
2), where  ra 

is the radius of the aperture and ωa is the beam radius at the 
aperture. Third order nonlinear refractive index was calcu-
lated using closed aperture data and is given by [36]

where Leff  is the effective thickness of the crystal which was 
calculated using the following relation Leff =

1−exp(−�L)

�

 and 
K is the wave number (K = 2π/λ). I

o
 is the intensity of the 

laser beam, � and L is the linear absorption and thickness 
of the sample respectively. From the open aperture data 
nonlinear absorption coefficient (β) was determined using 
the formula,

(4)ΔT
P−V

= 0.406(1 − S)0.25|Δϕ|

(5)n
2
=

Δϕ

KIoLeff

(6)� =

2
√

2ΔT

I
0
Leff

where ΔT  is the valley value at the open aperture curve. 
The nonlinear refractive index and nonlinear absorp-
tion coefficient were obtained and the values are 3.4855× 
10

11 cm2 W−1, and 1.5681 × 10−4 cm2 W−1 respectively.
The third order nonlinear optical susceptibility was calcu-

lated using the expression,

The real and imaginary part of third order susceptibility 
was obtained from the formula,

(7)�
(3) = [(R

e

(

�
(3)
)

)2 + (I
m

(

�
(3)
)

)2]1∕2

(8)R
e

(

�
(3)
)

esu =
10

−4
�

0
c

2
n

2

0
n

2

�
cm

2
W

-1

Fig. 7   a Closed aperture spectrum of CYHPH. b Open aperture spectrum of CYHPH

Table 3  Nonlinear optical parameters for the CYHPH crystal

Laser beam wavelength (λ) 632.8 nm

Lens focal length (f) 30 mm
Optical path length 85 cm
Beam radius of the aperture (ωa) 3.3 mm
Aperture radius  (ra) 2 mm
Sample thickness (L) 0.56 mm
Effective thickness  (Leff) 0.5599 mm
Linear transmittance (s) 0.5203
Linear refractive index  (n0) 1.359
Nonlinear refractive index  (n2)  3.4855 × 1011cm2 W

−1 
Nonlinear absorption coefficient (β)  1.5681 × 10−4cm W

−1 
Third order nonlinear susceptibility (χ)  3.6412 × 10

−8
esu 
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where n
o
 is the linear refractive index of the crystal. The 

third order nonlinear optical parameters of CYHPH crystal 
are tabulated in Table 3.

Third order nonlinear susceptibility of some organic 
crystals are compared and specified in Table 4. The large 
value of third order nonlinear susceptibility (χ3) can be 
attributed to the electron density transfer between donor 
and acceptor, resulting in the strong polarization within the 
molecular structure. Hence the results suggest that the crys-
tal is an effective candidate for third order NLO applica-
tions [37].

4  Conclusion

An organic nonlinear optical cyclohexylaminium hydrogen 
phthalate hemi hydrate single crystal (CYHPH) was grown 
by slow evaporation technique and bulk crystal of CYHPH 
was grown by slow cooling method. The harvested size is 
19 × 15 × 10 mm3. The lattice parameters were obtained 
(a =11.662  Å, b = 14.152  Å, c = 16.932  Å, α = ß = γ = 90° 
and volume V = 2794.8  Å3) using single crystal XRD 
analysis. The sharp peaks of powder XRD pattern indicate 
the good crystallinity nature. The presences of functional 
group were confirmed by FT-IR analysis. The decomposi-
tion temperature of CYHPH was found at 263 °C through 
thermal studies. Cut off wavelength was found to be 307 nm 
and optical band gap (4.08 eV) was calculated using Tauc’s 
plot. The dielectric studies, carried out as a function of 
frequency which clearly showed the decrease in dielectric 
constant and dielectric loss with respect to the increased 
frequency. Low dielectric loss tells about the quality of 
the crystal with less defects. The AC conductivity was 
increased with frequency and the activation energy values 
were calculated at 100 Hz, 1 KHz and 10 KHz (0.31, 0.141 
and 0.142 eV respectively) and it is low for this crystal. The 

(9)I
m

(

� (3)
)

esu =
10

−2�
0
c

2
n

2

0
��

4�2
cm

2
W

-1

Z scan technique gives the value of the nonlinear absorp-
tion coefficient (1.5681×10

−4  cmW−1), the nonlinear 
refractive index (3.4855 × 1011cm2 W

−1) and third order 
nonlinear optical susceptibility (3.6412 × 10

−8
esu). It is 

clear that the crystal has positive nonlinear refractive index 
due to the self-focusing effect and reverse saturable absorp-
tion. The above studies conclude that the CYHPH crystal is 
suitable for third order nonlinear optical applications.
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