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HIGHLIGHTS

® CYHAD crystal possesses centro-symmetric space group P21/c.

® CYHAD has high transparency and low absorption which is essential for NLO applications.
® The CYHAD crystal thermally stable up to 168.01 °C and completely decomposed at 330 °C.
® Nonlinear optical studies revealed that the material is suitable for optoelectronic applications.
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Single crystal of cyclohexylammonium hydrogen adipate (CYHAD) was grown from slow evaporation solution
growth technique. The crystal structure and lattice parameters were determined by single crystal X-ray dif-
fraction analysis. The material crystallized in monoclinic crystal system (P21/c). The FT-IR and CHN analysis
were used to conform the functional group present in CYHAD. The material has high transparency with negli-
gible absorption in the entire visible region and the optical band gap was found to be 4.90 eV. The PL spectrum

shows the blue emission of CYHAD. The CYHAD crystal was stable up to 168.01 °C and the laser damage
threshold of CYHAD was 9.74 GW/cm?. Electrical properties were studied using LCR impedance analyzer. The
third order nonlinear properties (ny_-5.124 x 10" 8cm?/W, B =0.024 x 10 *cm/W and x> = 2.443
x 1076 esu) were calculated using 532 nm diode pumped CW Nd:YAG Laser and optical limiting behavior
endorse that the CYHAD material is favorable for optoelectronic applications.

1. Introduction

Organic materials have obtain recent attention due to their high
nonlinear optical response, high thermal stability and chemical versa-
tility for the applications of optical data storage, frequency doubling,
wave guide fabrications and optical communications etc. [1-6]. The
high value of nonlinear optical property can be attained by increasing x
conjugation length and additionally introducing the electron donor and
electron acceptor into the molecules [7]. Functional groups play an
influencing role on the molecular assembly to form the larger single
crystals in different dimensions. The hydrogen bond (X-H-A, where A is
an acceptor molecule) has wide research interest due to its importance
in organic chemistry, inorganic chemistry, bio chemistry, supramole-
cular chemistry and several other fields. Dimensionality of the supra-
molecular assembly, such as one-dimensional (1D), two-dimensional
(2D) or three-dimensional (3-D) hydrogen-bonded assembly of
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molecules is a vital stepping stone to create efficient functional mate-
rials for different applications such as resonant cavity LEDs, resonant-
cavity enhanced photo-detectors, vertical cavity surface emitting lasers,
photonics and optoelectronics [40-43]. Carboxylic acid can form
stronger hydrogen bond due to their stronger dipoles than other organic
compounds such as amines, alcohols, phenols, aldehydes, ketones, es-
ters, amides and isosteric compounds [10,11]. Cyclohexylamine is a
strong alicyclic amine base which forms salts with all acids and the
nitrogen atom present in cyclohexylamine is extremely reactive with
organic compounds holding an active halogen atom and acid anhy-
drides [7-9]. Adipic acid was chosen as building block to construct
organic crystal with cyclohexylamine base through hydrogen bond
networks. In the recent years researchers are focusing a novel third
order nonlinear optical material for photonic applications such as op-
tical switching and optical limiting properties [12]. Most highly po-
larized nonlinear molecules have a tendency to pack centro
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Table 1

Structural data of CYHAD crystal.
Formula C12H23NO,
Wavelength 0.71073
Crystal system, Space group Monoclinic, P21/c
Formula weight 240.65

6.7231 (16) A

Fig. 1. As grown crystal of CYHAD.

symmetrically into a crystal lattice. The title compound with general
formula (R-NH3*). (R’COO™) has been investigated with cyclohex-
ylamine and adipic acid. In the present work, we have analyzed the
synthesis growth and characterization of CYHAD crystal.

2. Experimental work

All the reagents are purchased from Sigma Aldrich with 99% pur-
ification and used without further purification. To grow CYHAD single
crystal (Fig. 1) cyclohexylamine (3.44 mL, 30 m mol) and adipic acid
(4.3842 g, 30 m mol) in 20 mL of water was continuously stirred 12 h to
attain homogeneous solution. The solution was filtered and kept in
undisturbed place to evaporate slowly at room temperature and CYHAD
crystal was harvested from the solution after a period of 17 days
(10 x 7 x 4mm>) using slow evaporation technique. The reaction
scheme of the compound is given below.

a
b 20.423 (6) A
c 10.384 (3) A
a 90 °

B 96.024 (9) °
y 90 °

v 1417.9 (7) A®
T/K 293 (2)

Z 4

Density 1.127 g/cm?
Goodness of fit 1.025
Extinction coefficient 0.038 (9)
R_(all) 0.1321

R_(gt) 0.0862
wR_ref 0.2983
wR_gt 0.2460
Apmax 0.575

Apmin —-0.329
(A/0)max 0.072

CCDC No 1551082

that the cyclic amine contains a positively charged protonated amino
group and a negatively charged deprotonated carboxyl group. The cy-
clohexylammonium cation interacts through N-H-O hydrogen bond to
neighboring carboxylate anion. It is very interesting to noted that the C-
O bond length recorded for hydrogen adipate is very similar (C8-
03 =1.2054, C8-04 =1.2994, C13-01 =1.235 (4) A and Cl13-
02 =1.261 (4) 10\) [45]. The nitrogen atom bound to carbon was op-
timized with N1-C1 = 1.483 (5) A. The H atoms bound to N atom were
geometrically optimized with N-H (N1-H1 = 0.92 A, N1-H2 = 0.73 A
and N1-H3 = 0.86 A). Similarly the hydrogen atom in CYHAD was also
geometrically optimized with O-H (0.82 A) which confirms the for-
mation of cyclohexylammonium hydrogen adipate crystal. In CYHAD
the hydrogen adipate anion alone form a one dimensional hydrogen

HO
(o)
n H,N Water 0] -
—_— (0]
( j 303K, HOJ\/\/\H/ H3NO
Slow evaporation (0}
Cyclohexyl
o amine Cyclohexylammonium
OH Hydrogenadipate

Adipic acid

3. Results and discussion
3.1. Single crystal X-ray diffraction analysis

The structure and lattice parameters of CYHAD were determined
using single crystal X ray diffractometer (ENRAF BRUKER NONIUS
CAD4 with MoKa radiation). The dimension of 0.20 X 0.25 X 0.30 mm
(CYHAD) is used and the total reflections (2721) were collected at 293
(2) K in the range of 2.21 °-23.35° with the limiting indices range (h,k,1)
—8—8, —24 — 24, —12 — 12 respectively. The structure of the crystal
was solved by direct method and refined by full matrix least-square
method using SHELXS-14 program. The CYHAD crystal belongs to
monoclinic crystal system with centro-symmetric space group (P21/c)
and the estimated cell parameters are tabulated in Table 1. The asym-
metric unit of the title material consists of one cyclohexylammonium
cation and one hydrogen adipate anion and the crystal structure shows
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bonded chain running parallel to (001) direction. The O4-H4---O3 hy-
drogen bond links (symmetry code: x,-y +1, z+1/2) the anions by glide
plane perpendicular to (0,1,0) and the glide component is (0,0,1/2)
ending with an anionic structure [44-46]. Fig. 2 shows the ORTEP
diagram and packing diagram of CYHAD. From Fig. 2 b the blue color
represented the intermolecular interaction between N-H-O atoms. The
bond length and bond angles are presented in Table 2.
Symmetry transformations used to generate equivalent atoms:

%, Y, 25 "X, y+1/2, -z+1/2'; 'x, -y, -2’} 'x, -y-1/2, z-1/2’

3.2. FT-IR and CHN analysis

FT-IR spectrum of CYHAD recorded in the range of 400-4000 cm ~*
using SHMADZU IR Affinity-1s spectrometer with KBr pellet technique.
Fig. 3 shows the FT-IR spectrum of CYHAD. The bands observed at
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Fig. 2. a. ORTEP diagram and b. Packing diagram of CYHAD.

Table 2
Bond length and bond angles of CYHAD crystal.

Atoms Length Atoms Angels

C1-C2 1.449 (7) C2-C1-Co6 113.7 (49
C1-Co6 1.461 (7) C2-C1-N1 1111 4
C1-N1 1.483 (5) C6-C1-N1 110.8 (4)
C2-C3 1.536 (9) C1-C2-C3 110.5 (5)
C3-C4 1.475 (9) C4-C3-C2 110.1 (6)
C4-C5 1.441 (9) C5-C4-C3 114.4 (6)
C5-C6 1.556 (8) C4-C5-Co6 109.4 (6)
C8-03 1.205 (5) C1-C6-C5 111.3 (5)
C8-04 1.299 (5) 03-C8-04 123.1 (3)
C8-C9 1.496 (5) 03-C8-C9 124.7 (3)
C9-C10 1.495 (5) 04-C8-C9 112.2 (3)
C10-C11 1.512 (5) C8-C9-C10 114.5 (3)
Cl1-C12 1.497 (5) C9-C10-C11 113.1 (3)
C12-C13 1.504 (5) C12-C11-C10 112.8 (3)
C13-01 1.235 (4) C11-C12-C13 116.8 (3)
C13-02 1.261 (4) 01-C13-02 122.9 (3)
N1-H1 0.92 (4 01-C13-C12 120.8 (3)
N1-H2 0.73 (4 02-C13-C12 116.2 (3)
N1-H3 0.86 (4) H1-C1-N1 106.9

0O4-H4 0.82 (4) C8-04-H4 109.5
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2937, 2540 cm ™! and 2848 cm ™! represents the NH; ™ plane in sym-

Table 3
Vibrational assignments of CYHAD.
Wave number (cm ™) Assignment
2937 NH;* in plane symmetric stretching
2848 CH symmetric stretching
2540 NH; " symmetric stretching
1716 C=0 stretching
1624 COO~ stretching
1537 NH; " symmetric deformation
1406 C-N stretching
1294 C-O stretching vibration
1234, 1182 CH bending and wagging vibration
896 NH wagging
707 COOH rocking
513 C-C=0 wagging
Table 4
CHN analysis data of CYHAD.
CYHAD C (%) H (%) N (%)
Theoretical 5.71 58.75 9.45
Experimental 5.57 58.29 9.308
1.0 sxig’
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Fig. 4. a. UV-Vis-NIR spectrum and c. Tauc's plot of CYHAD.

identified at 1537 cm ™' [14]. The peaks at 707 cm ™! and 513 cm™!
assigned to COOH rocking and C-C=0 wagging respectively. The C-N

metric stretching and CH symmetric stretching respectively [13]. The
indicates C=0 stretching and the peak at 1294
represents C-O stretching of the acid. The NH; ™ symmetric deformation

peak at 1716 cm™

1

stretching and COO~ stretching was identified at 1406 cm™

I and

1624 cm ™! respectively. The bending and wagging vibrations of CH
group represented at 1234 cm ™! and 1182 cm ™! respectively. The peak

| 1

gl g
: FpRE Yy
40 .
20~
0~ ]
4000 3500 3000 2500 2000 1500 1000 500
CYHAd 1/cm

Fig. 3. FT-IR spectrum of CYHAD crystal.
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at 896 cm ™' and 588 cm ™! were due to the N-H wagging and NH3™*
torsional oscillation [39]. This confirms the CYHAD compound forma-
tion and the corresponding functional groups are tabulated in Table 3.

The CHN elemental analysis of CYHAD was carried out using
Perkin-Elmer Series II 2400 CHNS/O Elemental Analyzer and the cor-
responding data are given in Table 4. The data shows the good agree-
ment with the theoretical value within the limits of permissible error
and confirms the formation of CYHAD.

3.3. UV-Vis—NIR analysis

The linear optical properties (transmittance, reflectance and re-
fractive index) of CYHAD (1 mm thickness) were calculated using
JUASCO-V-650 in the range of 200-850 nm. Fig. 4 a shows the trans-
mittance and absorption spectrum of CYHAD and the cut off wave-
length of CYHAD is 252 nm. It is due to the n-* electronic transition
[38]. The transparency of CYHAD is = 90% and the absorption is
negligible in the entire visible region. This is the essential property for
nonlinear optical applications. The absorption coefficient (o) and op-
tical band gap were calculated using the following relation [31,32],

2.302610g(1/T)
- t m

a

ah$ = A(hS — Ep)z @

where, t is the thickness of the sample, A is a constant, h is plank
constant, § is the frequency of incident photons, E, is optical band gap
and T is transmittance of the sample. The band gap was calculated using
Tauc's plot and it is found to be 4.90 eV (Fig. 4 b). The extinction
coefficient (K) explains the quantity of absorption when an electro-
magnetic wave propagate through the material and it has direct relation
with the absorption of the material. The extinction coefficient, re-
flectance and refractive index of CYHAD was calculated using the re-
lations [33-35].

al
K= @)
R =exp(—at) + \/exp(—ott)T — exp(=3at)T + exp(—2at)T?
exp(—at) + exp(—2at)T (€))
_—-R-1D=+2yR
S R-D (5)

From Fig. 5 a, and b, it is clear that the extinction coefficient, re-
flectance and refractive index are strongly depends on photon energy
and the low value of K indicates the less absorption of the material
which is suitable for device applications in computing and information
processing [34]. The refractive index at 850 nm is 1.7842.

3.4. Thermal studies

The thermal stability of the sample was determined using

an
1.8
Rl e
354 Reflectance (a) |’ % T 164 (b)
F Extinction coefficient o e
= . gt L2
5] €34
5 -8 s
E” . "2 242
@ y £ 3
% - 4 - B 104
o 2o O el ] S
_’_’——/ £ © oeq
154 f.oo uj
T 0.6

: H : 2 3 4
Photon energy (eV) Photon energy (eV)
Fig. 5. a Variation of extinction coefficient and reflectance with photon energy

and b. Variation of refractive index with photon energy.
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Fig. 6. TGA-DSC spectrum CYHAD.

thermogravimetric analysis (TGA) and differential scanning colori-
metry (DSC). The TGA-DSC analyses of CYHAD were carried out at a
heating rate of 20°C min~' in nitrogen atmosphere in the range of
30-400°C. The total amount of salt used for the analysis was
5.2510 mg. From Fig. 6 we have concluded that there is a single stage
consecutive weight loss (99.33%) occurred at about 168-330 °C. The
absence of weight loss near 100 °C represented that there is no water
molecule present in CYHAD and the decomposition takes place in a
single stage into volatile gaseous products such as CO, NH; and CO
[36]. The DSC curve indicates similar changes as shown in TGA curve.
The sharp endothermic peak at 168.01 °C indicates the melting point of
CYHAD and this value is comparable with other cyclohexylammonium
carboxylate crystals [37,38] like CYHPH (146 °C) and CYHAC (161 °C).
As it is stable up to 168.01 °C, it is suitable candidate for nonlinear
optical applications up-to this range [15]. The specific heat capacity of
CYHAD (265.12 J/g/K) was determined from DSC analysis using the

dH dT dH .
S = meE. Here, o s heat flow J/g), m is sample mass (g),

Cp is specific heat capacity and ‘Z—f is program rate (K/s).

formula.

3.5. Dielectric studies

Dielectric properties of CYHAD were analyzed using LCR impedance
analyzer in the range of 100 Hz-5MHzat various temperatures

018
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Fig. 7. a. Dielectric constant, b. Dielectric loss of CYHAD crystal, c. AC con-
ductivity and d. 1000/T Vs Ino,. of CYHAD crystal.
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(30°C-100°C). A well transparent crystal with area of 22 mm? and
thickness of 1.37 mm was coated using silver paste on both side and
placed between two nickel electrodes, which form a parallel plate ca-
pacitor. Fig. 7a and b shows similar variation that is dielectric constant
(er) and loss (tand) were decreasing with increase in frequency. The
high value of ¢, and tan$ at low frequency is due to the presence of four
types of polarization (electronic, ionic, orientation and space charge
polarization) present in the material [16]. Hence, the high frequency
region where we have less dielectric permittivity and low loss of
CYHAD is suitable for the applications of electro-optic modulator,
photonics, microelectronics and field detector device [17,18].

3.6. AC conductivity study

The AC conductivity of grown crystal was calculated using the re-
lation [28],

Oac = 27fe €0 tand

(6)

here, ¢, is relative dielectric constant, ¢, is vacuum dielectric constant, f
is frequency of applied electric field and tand is loss tangent. Fig. 7 ¢
shows the variation of alternating current conductivity with frequency
at different temperatures (30-100 °C). At low frequencies, the accu-
mulation of charge occurs and drops in conductivity. In the plateau
region (intermediate frequency region), the conductivity is frequency
independent and it is obtained due to the transport of mobile ions in
response to the electric field. At high frequency region, conductivity
increases with frequency which is due to the long range movement of
charge carriers [29]. Fig. 7 d represents the plot between In o,. and

1000/T. The activation energy was calculated using the relation [30],

— _Ell
Gac = 0o €Xp( 7

Boltzmann constant (1.380 x 10~ 2%) and T is the absolute temperature.
The activation energy was calculated to be 0.25 eV, 0.22 eV, 0.20 eV
and 0.23 eV at 1 KHz, 10 KHz, 100 KHz and 500 KHz respectively.

where, oy is constant, E, is activation energy, K is

3.7. Photoluminescence spectroscopy

PL (Photoluminescence) analysis is a reliable and non-destructive
tool to understand the luminescence property of the material. The PL
emission spectrum of CYHAD was recorded in the range between 430
and 750 nm using Cary Eclips fluorescence spectrometer with an input
excitation wavelength of 235 nm and the corresponding emission (Anax)
was observed at 474 nm which is due to the n-t* transition between the
donor primary amine and acceptor COOH group [31] depicting blue
emission. Further the weaker emission in the higher wavelength region

10000 4
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500 550 600
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Fig. 8. PL spectrum of CYHAD.
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Fig. 9. a. Closed aperture, b. Open aperture, c. Ratio of closed to open aperture
curve and d. Optical limiting spectrum.

affirms the large hydrogen bond associated in the crystal lattice [24].
The PL signal mainly depends on density of photo-excited electrons, the
incident beam intensity, wavelength and also change with excitation
energy [50]. From Fig. 8, it is shown that the emission peak largely
shifts towards the higher wavelength region. It can be explained that
the excitation states controls the photo-excited electrons and holes
density and each electron-hole pair recombination mechanism was
depends on carrier density [51]. In the case of 235 nm (excitation wa-
velength), the emission peak was identified at 478 nm. Hence it can be
considered for optoelectronic device application particularly in the blue
emission regime.

3.8. Nonlinear optical studies

The nonlinear optical properties of CYHAD (1 mm thickness) were
characterized by Z - scan technique using 532 nm diode pumped CW
Nd:YAG Laser (Coherent CompassTM215M — 50 and focal length
f = 3.5cm). The change in transmittance with sample position were
shown in Fig. 9a, and b which indicates the self-defocusing and satur-
able absorption present in the compound and Fig. 9c represents the
ratio of closed to open aperture spectrum. On-axis phase shift (A®) can
be calculated from the difference between peak and valley transmit-
tance using the following equation [19],

ATp_y = 0.406(1 — S)°B1AD )

here, S is aperture linear transmittance which is obtained from the re-
lation S = 1-exp (-2r,%/w,?), where r, is radius of the aperture and w, is
the beam radius at the aperture. The nonlinear absorption coefficient
(B) and third order nonlinear refractive index related to A® are given
by Refs. [20,21],

_ 24/24T
IoLegy 8
ny = AD
kIo Loy Q)

where, AT is the valley value at the open aperture curve, L, is an
effective thickness of the crystal (Lyy = w ) and k is the wave
number (k = 25/\). I, is the intensity of the laser beam, « is linear
absorption and L is thickness of the sample.

The third order nonlinear optical susceptibility (x>) was calculated
using [22],
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Table 5

Comparison of M.P, >, LDT of CYHAD with other organic crystal.
Crystal Melting point %> (esu) LDT Reference

Q) (GW/cm?)
KDP 213 4.02x 107 0.20 [24,25]
Benzimidazole (by SEST) - - 1.71 [25]
Benzimidazole (by VBT) - - 2.86
QN 174 —4.07 x 1072 15.54 [26]
VMST - 9.6963 x 1072 1.59 [27]
P2HP - 5.8032 x 107°  3.22
CYHAD 168.01 2.443 x 107° 9.74 Present
1
O] = [RG)) + U r®))) 10)

The real and imaginary part of third order susceptibility were found
from the formula,

_ 107, C?ngn, c

3) 21
R, (x®))esu - m*W an
1072, C?ni A8
3) — -2 0 PP | oyl
I, (x®)esu o cm*W a2)

where, g is the vacuum permittivity (8.854 x 10712 Fm™), c is the
velocity of light and n- (3.79) is the linear refractive index of the crystal.
The values of n,, p and > are found to be —5.124 x 10~ 8 cm?/W,
0.024 x 10~ *cm/W and 2.443 x 10~ ®esu respectively. Optical lim-
iting (OL) properties of materials have important application because
that consumes potentially damaging light of intense irradiation for the
protection of photo sensors and human eyes [23]. OL behavior was
tested using Nd:YAG laser source at 532 nm. The sample was employed
at valley position of Z scan pattern and the corresponding limiting trace
was measured (Fig. 9d). It is clear that two typical regions were ob-
served, in the first regime the output power varied linearly with the
input power according to beer- Lambert law and it goes through a
plateau at second region. The optical limiting threshold and the cor-
responding output clamping were found to be 24.3 mW and 0.73 mW
respectively.

3.9. Laser damage threshold studies

Nonlinear optical device involves the exposure of the NLO material
to high power laser source. Hence, the material should tolerate high
laser intensity for the laser power related applications. In order to
measure the optical surface damage tolorence of CYHAD we have
analyzed the laser damaged threshold measurement (LDT). LDT mea-
surement plays a major role in improving the quality of military optics.
A flat surface of CYHAD crystal with 3.22mm thickness was used to
perform LDT measurement using Q-switched high energy Nd:YAG Laser
(QUANTA RAY model) at 1064 nm with the focal length of biconvex
lens 15 cm. The energy range was 1.5mJ-3 J and the repetition rate
was 10 Hz. The energy density (I) was calculated using the relation
[471,

I==—

TA (13)

where, E is input laser beam energy density (mJ), t is pulse width (6 ns)
and A is the area of the circular spot (mm). Hence the incident intensity
can be increased either by focusing the power into smaller cross-sec-
tional area or by increasing the laser beam power. There is a limit to
increase the laser strength as it may lead to the damage of the crystal
called damage threshold. Generally two main mechanism (thermal
absorption and electron avalanche) causes laser damage in materials.
Thermal absorption arises from the deposition of laser energy in the
material. Electron avalanche arises due to the energy delivered at a
high intensity or the electric field density is high enough to strip
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electrons from the lattice [52]. The avalanche ionization also takes
place when the pulse length is short enough and the avalanche
threshold to be below the thermal threshold (thermal absorption is low
enough). Laser damage may be produced by single mechanism or both
these mechanisms in concert. When a laser beam passes through the
material, absorption can occur which produce heat inside the material
leads to the appearance of inhomogeneous wave mismatch and tem-
perature instability, result in the generation of cracks. The thermal
absorption observed during radiation of continuous wave, long pulse
lengths, and high pulse-repetition-frequency pulse trains. Here the da-
mage mechanism arising due to the thermal absorption. If the specific
heat of the crystal high (265.12 J/g/K), then the temperature gradient
will be small which will minimize the formation of cracks in the crystal
[49]. The damage threshold depends on the laser parameters such as
wavelength, pulse duration, transverse and longitudinal mode struc-
ture, energy, beam size and location of beam [48]. The calculated LDT,
melting point (M.P) and > were compared with other known materials
and are tabulated in Table 5.

4. Conclusion

In summary, a novel organic monoclinic (P21/c) CYHAD crystal
with dimensions of 10 x 7 x 4mm® was grown by slow evaporation
technique. The functional group was confirmed using FT-IR analysis
and CHN analysis. The cut off wavelength and band gap energy were
found to be 252nm and 4.90 eV respectively. The thermal analysis
shows the melting point (168.01°C) of CYHAD crystal and the PL
spectrum shows that the material has blue emission. The low value of
dielectric constant and loss suggest that the material is suitable for
photonic and microelectronic device applications. The activation en-
ergy at 1 KHz, 10 KHz, 100 KHZ and 500 KHz are found to be 0.25 eV,
0.22 eV, 0.20 eV and 0.23 eV respectively. The laser damage threshold
study reveals that the material has high laser power tolerance, suitable
in high power frequency applications. Z-scan analysis and optical lim-
iting behavior reveals that the CYHAD possess large nonlinear response.
Hence it may be concluded that the material is favorable candidate for
photonic, microelectronic and optical limiting applications.
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