
© 2018. This is an open access article distributed under the Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.

(http://creativecommons.org/licenses/by-nc-nd/4.0/)

Materials Science-Poland, 36(4), 2018, pp. 537-546
http://www.materialsscience.pwr.wroc.pl/
DOI: 10.2478/msp-2018-0098

Structural, spectral, electrical, Z-scan and HOMO LUMO
studies on new 2-amino-6-methylpyridinium

2-hydroxybenzoate crystal
B. PUNITHAVENI1,∗, K. THILAGAVATHY2 , N. MUTHUKUMARASAMY2 , D. NITHYAPRAKASH3 ,

M. SARAVANABHAVAN4

1Department of Physics, Tamilnadu College of Engineering, Coimbatore-641 659, Tamilnadu, India
2Department of Physics, Coimbatore Institute of Technology, Coimbatore-641 014, Tamilnadu, India

3Department of Physics, PPG Institute of Technology, Coimbatore-641 035, Tamilnadu, India
4Department of Chemistry, Dr. N.G.P. Institute of Technology, Coimbatore-641048, Tamilnadu, India

New organic single crystals of 2-amino-6-methylpyridinium 2-hydroxybenzoate (2A6M2H) were grown by slow evap-
oration solution growth technique at room temperature. The grown crystal structure was studied using single crystal XRD.
Crystalline nature and phases were confirmed by powder XRD analysis. FT-IR study was used to identify the functional groups
present in the compound. UV-Vis study revealed that the lower cut off wavelength of the crystal is at 350 nm. The dielectric
studies indicated the low value of dielectric loss at high frequency. Mechanical properties of the crystals were studied using
Vickers microhardness test. The Z-Scan studies were conducted for the crystal using He–Ne laser.
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1. Introduction

After invention of laser in 1940 there has been
a steady development in the frequency doubling
process, nearly for the last five decades. Materials
with high NLO characteristics are of great interest
in view of their vital applications, such as second
and third harmonic generation, electro-optical am-
plitude modulation, high density optical data stor-
age, ultra-compact lasers, optical switching, opti-
cal limiting, optical logics, THz wave generation,
frequency shifting, optical parametric generation,
medical diagnosis and bio photonics [1–3]. In this
regard, a great number of inorganic, organic and
semi organic crystals have already been grown and
their NLO properties reported. But still the quest
for more efficient nonlinear optical materials is
on the increase for the future development of the
optoelectronics and photonics technology. Organic
materials are considered to be promising NLO
candidates since they have several advantages,
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such as high crystalline nature, flexibility of molec-
ular design, high laser damage threshold and large
second order hyperpolarizability β, when com-
pared to inorganic counterparts. Particularly charge
transfer complexes CT of organic materials are
considered for the reason that the special type of in-
teraction is accompanied by the transfer of an elec-
tron from the donor to the acceptor. Also this CT
complex is based on π-π interaction which leads to
high electron density thus providing a fast response
to electro-optic effect [4–7]. Pyridinium deriva-
tives have optical, pharmaceutical and biological
applications and also they easily form hydrogen
bonding with carboxylic acids [8–10]. Previously,
many pyridine-acid derivatives were synthesized
and their properties were analyzed. Salicylic acid
is one of the organic biomolecules subjected to
demanding research as it possesses a great poten-
tial for a wide range of applications in medicine,
agriculture and photosynthesis [11].

Based on these facts, pyridine-acid
based (donor-acceptor) crystal: 2-amino-6-
methylpyridinium was grown and the third order
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Fig. 1. As-grown crystal of 2A6M2H.

nonlinear optical parameters, such as nonlinear re-
fractive index and nonlinear absorption coefficient
have been calculated and discussed in detail.

2. Experimental

2.1. Crystal growth

In the present work, 2A6M2H crystals were
grown by slow evaporation solution growth tech-
nique at room temperature. Commercially accessi-
ble 2-amino-6-methylpyridine (C6H8N2) (Aldrich)
and 2-hydroxybenzoic acid (C7H6O3) (Hi-media)
were taken in the molar ratio of 1:1 and dissolved in
methanol, and the solution was thoroughly stirred
for 2 h using a magnetic stirrer to yield a homo-
geneous mixture solution. Then the homogeneous
solution was filtered using Whatman filter paper
(No. 42) and transferred into a crystallizing ves-
sel. In order to control the evaporation rate, the top
of the beaker was covered with a thin plastic sheet
and the content was subjected to a slow evaporation
process at room temperature. After six days, crys-
tals were harvested from the mother solution. The
grown crystal is shown in Fig. 1.

2.2. Characterization techniques

2.2.1. Spectroscopic studies

Single crystal X-ray diffraction (SXRD) is an
analytical technique to determine the arrangement
of atoms in a crystal. The unit cell parameters and
the crystal structure of the synthesized compound
were obtained on a Bruker AXS Kappa APEX
IICCD diffractometer using graphite monochro-
mated MoKα radiation (λ = 0.71073 Å) at 273 K.
The structure was solved by a direct method us-
ing the SHELXS 97 [12] program and refined with
SHELXL 97 by full matrix least-square proce-
dure. The molecule graphics were prepared using
the ORTEP [13]. The final refinement converged
to R-values of R1 = 0.045 and w R2 = 0.125.
The grown crystals of 2A6M2H were subjected to
UV-Vis-NIR spectral analysis using Perkin Elmer
Lambda 35 spectrometer with the wavelength
range of 200 nm to 1100 nm, to study linear optical
characteristics of the sample. The presence of char-
acteristic absorption bands in the grown 2A6M2H
were recorded at room temperature in the range
of 400 cm−1 to 4000 cm−1 using a Bruker FT-IR
4100 spectrometer. Dielectric studies were carried
out by using Hioki 3532-50 LCR meter. Mechan-
ical studies of the 2A6M2H crystals were carried
out at room temperature by using a Leitz-Wetzlar
microhardness tester fitted with a Vickers diamond
pyramidal indenter attached to an incident light mi-
croscope. A He-Ne laser with a fundamental wave-
length of 632.8 nm, a repetition rate of 1 kHz
and a pulse width of 8 ns was used as an opti-
cal source for third nonlinear optical susceptibility
measurements.

2.2.2. Quantum chemical studies

The theoretical quantum chemical studies were
performed by DFT (B3LYP Becke three-parameter
B3 exchange in conjunction with the Lee-Yang-
Parr LYP correlation functional) method with
B3LYP/6-31G basis set using Gaussian 09 pro-
gram [14]. Gauss View 5.0 visualization pro-
gram [15] has been employed to shape HOMO,
LUMO orbitals.



Structural, spectral, electrical, Z-scan and HOMO LUMO studies. . . 539

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

The single crystal XRD studies clearly show
that the grown crystals of 2A6M2H belong to
tetragonal crystal system (space group I41/a)
with unit cell parameters a = 14.1410 (50) Å,
b = 14.1410 (50) Å, c = 24.6890 (50) Å,
α = 90°, β = 90°, γ = 90°. The unit cell vol-
ume is 4937.01 Å3. The number of molecules
per unit cell Z is eight. The crystal data and
collected parameters are given in Table 1. The
molecular graphics have been prepared by us-
ing the results obtained by DFT [13]. The OR-
TEP representation of the compound is shown in
Fig. 2. The crystal data confirm that the protona-
tion occurs in the 2-amino-6-methyl-pyridinium-2-
hydroxy-benzoate molecules. The hydrogen from
the carboxylic acid group in 2-hydroxybenzoic acid
is transferred to the nitrogen atom in the pyri-
dine ring. Fig. 3 shows the crystal packing diagram
along the c axis. The hydrogen bonds in the crystal
stabilize the crystal structure.

Fig. 2. ORTEP diagram of 2A6M2H.

Powder X-ray diffraction patterns of the
grown crystals were obtained by using a Rich
Seifert diffractometer. Diffraction pattern data were
collected on the diffractometer equipped with
monochromated CuKα radiation (1.540598 Å) and
detected by a scintillation counter. The grown crys-
tals were finely crushed into powder and sub-
jected to analysis. The sample was scanned over

Fig. 3. Packing diagram of 2A6M2H.

Fig. 4. Comparison of experimental and stimulated
powder XRD patterns of 2A6M2H.

a 2θ range of 5° to 60° at a scan rate of 1/min.
Fig. 4 depicts the powder X-ray pattern for the
2A6M2H crystal. The sharp and well defined
Bragg peaks at specific 2θ angle confirm the
crystalline nature of the sample. The experimen-
tal XRD pattern was compared with the simu-
lated one, generated from crystallographic infor-
mation file (CIF) and both are in good agreement
with each other.



540 B. PUNITHAVENI et al.

Table 1. Crystal data and structure refinement for 2A6M2H.

Empirical formula C26H28N4O6

Formula weight 492.5

Temperature 273(2) K

Wavelength 0.71073 Å

Crystal system, space group Tetragonal I41/a

Unit cell dimensions
a = 14.1410 (50) Å
b = 14.1410(50)(5) Å
c = 24.6890 (50)(4) Å

Volume 4937.01 Å3

Z, Calculated density 8, 1.33 M·gm−3

Limiting indices
−16 6 h 6 18
−16 6 k 6 18
−31 6 l 6 32

Final R indices [I > 2σ(I)] R1 = 0.045
wR2 = 0.125

R indices (all data) R1 = 0.085
wR2 = 0.147

CCDC No. 1501662

3.2. FT-IR analysis

The presence of characteristic absorption bands
in the grown single crystal has been studied by
FT-IR analysis. The FT-IR spectrum of 2A6M2H
crystal is shown in the Fig. 5. The band at
3665 cm−1 is due to the O–H stretching vibra-
tion. The peak at 3288 cm−1 is attributed to NH
stretching frequency in the protonated nitrogen of
the pyridinium moiety. The amine NH2 stretch-
ing vibration is observed at 3023 cm−1. The broad
peaks at 2800 cm−1 and 2703 cm−1 are also as-
signed to the H–C=O vibration. The CH stretch-
ing vibration is observed at 2617 cm−1. The ab-
sorptions at 1923 cm−1 and 1685 cm−1 are due to
C=O and C–C stretching vibrations. The NH bend-
ing vibration is observed at 1640 cm−1. The COO−

stretching vibration is observed at 1578 cm−1

and 1456 cm−1. The CH rocking vibration is at-
tributed to the peak at 1386 cm−1. The C=C
stretching vibration is observed at 1345 cm−1.
The absorptions at 1302 cm−1 and 1247 cm−1

are due to CN stretching vibrations. The OH in-
plane and out-plane bending vibrations are ob-
served at 1172 cm−1 and 949 cm−1, respectively.
The absorption at 1142 cm−1 is due to C–O stretch-
ing vibration. The absorptions at 1031 cm−1 and
992 cm−1 are due to CH in- and out-plane bending
vibrations respectively. The sharp absorption band
at 842 cm−1 is attributed to NH out-plane bend-
ing vibration. The absorption at 783 cm−1 is due
to NH wagging vibration. The absorption band at
742 cm−1 is attributed to COO− scissoring vibra-
tion. The OH out-plane bending vibration is ob-
served at 663 cm−1. Hence, the functional groups
are present in the title compound.

3.3. Optical studies

The grown crystals of 2A6M2H were subjected
to UV-Vis-NIR spectral analysis in the wavelength
range from 200 nm to 1100 nm, to study linear op-
tical characteristics of the sample. The electronic
absorption spectrum of 2A6M2H was compared
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Fig. 5. FT-IR spectrum of 2A6M2H.

with the parent compounds and is depicted in
Fig. 6. For pure 2-amino 6-methylpyridine, two ab-
sorption bands are observed at 235 nm and 300 nm
(π→ π* and n→ π*). Also for 2-hydroxybenzoic
acid, the bands are noted at 210 nm, 229 nm
and 300 nm. Fascinatingly, the mixed compound
exhibits two absorptions: one is around 238 nm
(π → π*) which merely coincides with the pure
pyridine and the acid wavelengths. However, a new
peak at 269 nm (n → π*) confirms the charge
transfer between the donor and acceptor. The trans-
mittance spectrum is depicted in Fig. 7. The im-
proved optical transmittance is one of the most
important properties in the NLO crystalline com-
pounds. From the spectrum, it is clear that UV
cut-off wavelength of the grown 2A6M2H crys-
tal is noted around 350 nm. The crystal is en-
tirely transparent beyond the cut-off wavelength
up to 1100 nm. The band structure and type of
transition of electrons was studied by means of
the dependence of optical absorption coefficient
on the photon energy [16].

The optical absorption coefficient α of the
grown crystal was obtained from the following
relation:

α =
2.303log (1/ T )

d
(1)

where d is the thickness of the crystal and T is the
transmittance.

The absorption coefficient α of 2A6M2H was
determined using the following relation:

(αhν) = A(hν−Eg)
n (2)

where A is a constant, h is the Planck constant
and ν is frequency of incident photons. The above
equation is well suitable for allowable direct tran-
sition between simple parabolic bands. The opti-
cal energy gap Eg of 2A6M2H calculated using the
plot of (αhν)1/n versus hν, by extrapolating the lin-
ear portion of the curve [17] is shown in Fig. 8. The
band gap value of 2A6M2H crystal is estimated at
3.358 eV. The wide band gap of this crystal sug-
gests large transmittance of visible region.

Fig. 6. Absorption spectrum of 2A6M2H.

3.4. Dielectric studies
The grown crystal was subjected to dielectric

measurement. Two opposite surfaces across the
width of the sample were coated with a good qual-
ity silver paste in order to obtain good ohmic con-
tact. The capacitance of the crystal was measured
in the frequency range of 50 Hz to 200 kHz at vari-
ous temperatures. Fig. 9 shows the plot of dielec-
tric constant εr versus frequency at temperatures
of 303 K, 313 K, 323 K and 333 K. The dielec-
tric constant of the crystal was calculated using the
relation εr = Ccrysd/ε0A, where Ccrys is the capac-
itance of the crystal, d is the thickness, ε0 is free
space permittivity and A is the area of the sam-
ple. The dielectric constant has higher values
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Fig. 7. Transmittance spectrum of 2A6M2H.

Fig. 8. Optical bandgap of 2A6M2H.

in the low frequency region and then it decreases
with increasing frequency. The dielectric constant
increases also with the raise of temperature. The
very high values of dielectric constant at low fre-
quencies may be due to the presence of space
charge, orientation, electronic and ionic polariza-
tions. In these polarizations, space charge polariza-
tion depends on the perfection and purity of the
sample. Thus, in the present system space charge
polarization is active at the low frequency region
and high temperature [18, 19]. The variation of di-
electric loss with log frequency is shown in Fig. 10.
The dielectric loss is very low at a high frequency.

Fig. 9. Dielectric constant vs. logf.

Fig. 10. Dielectric loss vs. logf.

Materials with a high dielectric constant are char-
acterized by higher power dissipation [20].

Since the dielectric constant and loss val-
ues of 2A6M2H crystals were found to be
low, the crystals are suitable for electro-optical
applications [21, 22].

3.5. Hardness studies

Hardness is the resistance offered by a ma-
terial to localized plastic deformation caused by
scratching or indentation. The indentation hard-
ness is measured as a ratio of applied load to the
surface of the indentation. Microhardness studies
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Fig. 11. Hardness vs. applied load.

were carried out on 2A6M2H crystal using a Leitz-
Wetzlar microhardness tester fitted with a Vickers
diamond pyramidal indenter attached to an inci-
dent light microscope. The static indentations were
made at room temperature with a constant indenta-
tion time of 10 s for all indentations. The indenta-
tion marks were made on the surfaces by varying
the load from 25 g to 100 g. As microcracks de-
veloped at higher loads, the maximum applied load
was restricted to 100 g only. The Vickers micro-
hardness number HV of the crystal was calculated
using the relation HV = 1.8544 P/d2 Pa, where P
is the applied load and d is the average diagonal
length of the indented impressions in meter. Vick-
ers microhardness profile as a function of the ap-
plied test load is illustrated in Fig. 11. It is evi-
dent from the plot that the change in microhard-
ness values of 2A6M2H with increasing load is in
good agreement with the normal indentation size
effect (ISE). The value of the work hardening co-
efficient n was estimated from the plot (Fig. 12)
of logP versus logd drawn using the least square
fit method. It is observed that the Vickers hard-
ness number and the work hardening coefficients of
the crystal decrease with increasing load. Accord-
ing to Onitsch [23], the relation: 1.0 6 n 6 1.6 is
valid for hard materials and n > 1.6 is applicable
for soft materials.

The calculated n value is found to be greater
than 1.6. Hence, 2A6M2H crystal belongs to soft
material category.

Fig. 12. XRD of CuO NWs on Ti-coated glass sub-
strates oxidized at 400 °C (a), and at 500 °C
(b) for 4 h in the air.

3.6. Z-scan studies
The Z-scan is a well-known experimental tech-

nique used to measure the third order nonlinear
susceptibility of the materials [24, 25]. The non-
linear optical parameters were measured by using
single beam Z-scan technique with He–Ne laser
source. The sample was moved across a focal re-
gion (–Z to +Z) along the axial direction, which
was the direction of propagation of the laser beam.
The Gaussian beam was focused by a convex lens
to produce the beam waist of 12.22 µm and the
focal spot size was measured by using the knife-
edge scan method [26]. The open and closed aper-
ture Z-scan configurations were used to investigate
the nonlinear absorption coefficient β and nonlin-
ear refractive index n2, respectively. Fig. 13 shows
the normalized transmittance T with open aperture
as a function of the distance z along the lens axis
in the far field and Fig. 14 shows the normalized
transmittance T with closed aperture as a function
of the distance z along the lens axis in the far field.

The nonlinear refractive index n2 of the crys-
tal was calculated using the standard relation
given below:

∆ϕ0 =
∆Tp− v

0.406 (1− s)0.25 (3)

where ∆Tp− v is the difference between the normal-
ized peak and valley transmittance and S is the lin-
ear transmittance of the aperture.
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The nonlinear refractive index n2 and nonlinear
absorption coefficient β are given by:

n2 =
∆ϕ0

kLe f f Io
n2 =

∆ϕ

kI0Le f f
and β =

2
√

2∆T
I0Le f f

(4)

where k is the wave number k = 2π/λ and:

Lef f =
1− e(−αL)

α
(5)

with Io =
P
πω2

0
defined as the peak intensity within

the sample, where L is the thickness of the sample,
and α is the linear absorption coefficient.

The real and imaginary parts of the third order
nonlinear susceptibility χ3 are defined as:

Reχ
(3) = 10−4 (εoC2n2

on2)

π
(esu) (6)

Imχ
(3) = 10−2 (εoC2n2

oλβ )

4π
2 (esu) (7)

where ε0 is the vacuum permittivity, n0 is the linear
refractive index of the sample and c is the velocity
of light in vacuum.

The absolute value of χ3 is obtained using the
following formula:

|χ(3)|= [(Reχ
(3))

2
+(Imχ

(3))
2
]

1
2

(8)

As seen from the closed aperture Z scan curve,
the pre-focal transmittance valley is followed
by the post focal peak which exhibits positive
nonlinearity [27].

The calculated values of the nonlinear refractive
index n2, nonlinear absorption coefficient β and
third order susceptibility are given in Table 2 and
the obtained results are compared with the other
materials and listed in Table 3 [28, 29]. The ob-
tained positive refractive index is ascribed to the
thermo-optic process [30].

3.7. HOMO-LUMO analysis
The highest occupied molecular orbitals

HOMOs and the lowest-lying unoccupied molec-
ular orbitals LUMOs are termed as frontier

Fig. 13. Normalized transmittance with open aperture
as a function of Z position.

Fig. 14. Normalized transmittance with closed aperture
as a function of Z position.

molecular orbitals FMOs. The FMOs play a vital
role in the optical and electric properties, as well
as in quantum chemistry and UV-Vis spectra [31].
The HOMO exemplifies the ability to donate
an electron, LUMO, as an electron acceptor,
embodies the ability to acquire an electron. The
energy gap between HOMO and LUMO regulates
the kinetic stability, chemical reactivity, optical
polarizability and chemical hardness-softness
of a molecule [32, 33].

The highest occupied MOs (HOMO), the low-
est unoccupied MOs (LUMO) were calculated us-
ing B3LYP/6-31G.
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Table 2. Parameters measured in Z-scan experiment for2A6M2H.

Laser beam wave length λ = 632.8 nm
Beam radius of the apertureωa = 1 mm
Aperture radius ra = 4 mm
Beam radiusωo = 12.22 µm
Incident intensity at the focus Z = 0 = 1 MW/cm2

Effective thickness Leff = 1.32 mm
Nonlinear refractive index n2 = 4.68 × 10−8 cm2/W
Nonlinear absorption coefficient β = 0.179 × 10−3 cm/W
Real part of the third-order nonlinear susceptibility Re χ(3) = 1.47 × 10−7 esu
Imaginary part of the third- order nonlinear susceptibility Im χ(3) = 2.84 × 10−9 esu
The third-order nonlinear susceptibility χ(3) = 1.48 × 10−7 esu

Table 3. Comparative analysis of 2A6M2H crystal and other crystals reported in the literature.

χ(3) Material Literature

1.48 × 10−7 esu 2A6M2H Present work

4.343 × 10−7 esu Ammonium 3-carboxy-4-hydroxy benzenesulfonate monohydrate [27]

2.863 × 10−4 esu γ-glycine [29]

Fig. 15. The molecular orbitals and energies for the
HOMO and LUMO of 2A6M2H.

The HOMO and LUMO values are
–0.11401 and –0.02764, respectively. The 3D
plots of the HOMO, LUMO orbitals computed
at the B3LYP/6-31G level for 2A6M2H molecule
are shown in Fig. 15. The positive phase is red

and the negative one is green. It is clear from
the figure that, while the HOMO is localized on
almost the whole molecule, LUMO is localized
on the pyridine benzene ring. Both the HOMO
and the LUMO are mostly π anti-bonding type
orbitals. The value of energy separation between
the HOMO and the LUMO is 0.08637 eV. The en-
ergy gap of HOMO-LUMO displays the biological
activity of the molecule.

4. Conclusions

Optically good quality 2A6M2H crystals were
grown by slow evaporation solution growth tech-
nique at room temperature. Single crystal XRD
pattern revealed that the 2A6M2H crystal belongs
to a tetragonal system with the space group of
I41/a. Functional groups present in the crystals
were confirmed by FT-IR technique. Optical trans-
mittance and absorption study exhibited that the
crystal is transparent in the entire visible region.
Dielectric study showed a low value of dielec-
tric loss at high frequencies. Microhardness stud-
ies confirmed the soft nature of the 2A6M2H crys-
tal. Z-scan study revealed the thermo-optic effect
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in the crystal. HOMO-LUMO analysis con-
firmed the charge transfer interaction between the
molecules. All the results suggest that the grown
2A6M2H crystal is suitable for optoelectronic ap-
plications.
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