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a  b  s  t  r  a  c  t

In  the  present  study,  single  crystals  of  �-glycine  possessing  excellent  non-linear  optical  properties  were
successfully  grown  at  room  temperature  in the  presence  of magnesium  chloride  (MgCl2) for the  first
time  by  using  the slow  solvent  evaporation  method.  The  second  harmonic  conversion  efficiency  of �-
glycine  crystal  was  determined  using  Kurtz  powder  technique  with  Nd:YAG  laser  and  was  found  to be
6  times  greater  than  that  of  the  standard  inorganic  sample  potassium  dihydrogen  phosphate  (KDP).  The
crystalline  perfection  of the  grown  crystal  was  analyzed  using  high-resolution  X-ray  diffraction  (HRXRD)
rocking  curve  measurements.  The  grown  crystal  was  subjected  to  single  crystal  XRD  and  powder  XRD,
which  confirmed  that  the  crystal  has  hexagonal  structure  and  belongs  to  space  group  P31.  Inductively
coupled  plasma  optical  emission  spectrometry  (ICP-OES)  was  carried  out  to  quantify  the  concentration  of
Mg  element  in  the  grown  �-glycine  single  crystal.  Fourier  transform  infrared  (FTIR)  spectral  studies  were
made  to identify  the  functional  groups.  The  optical  band  gap  was  likewise  estimated  for  �-glycine  crystal
using  UV–vis–NIR  study.  The  optical  measurements  of  �-glycine  crystal  helped  to  calculate  the optical
constants  such  as  refractive  index  (n),  the  extinction  coefficient  (K),  electric  susceptibility  (�c) and  both
the real  (∈r) and  imaginary  (∈i) components  of  the  dielectric  permittivity  functions  of photon  energy,
which  is essentially  required  to develop  optoelectronic  devices.  Thermogravimetric  analysis  (TGA) and
differential thermal  analysis  (DTA)  were  used  to study  thermal  stability  and  decomposition  point  of  the
grown crystal.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The potential applications of non-linear optical materials in the
emerging fields of photonic, fiber optic communications, frequency
doubling and optical signal processing areas has attracted the atten-
tion of scientists [1,2]. The efficient optical frequency conversion
of NLO crystals is the key step in the development of laser sys-
tems. These systems are of great importance as wide range tunable
sources of coherent illumination in UV, vis and NIR spectral regions.
Recent investigations focus on the design of a novel material that
can reach second order optical processes, and have strong inter-
action with the oscillating electric field of light [3].  Till now in
the fields of non-linear optical materials much attention has been
devoted towards the preparation and optimization of novel optical
materials and also they have become more significant because of
their function in various photonic devices. In order to identify new
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optical devices for specific utility, or devices with enhanced perfor-
mance, active research is being carried out by choosing appropriate
non-linear optical materials [4,5].

Organic materials are optically more non-linear than inorganic
materials because these are formed by weak Van der walls and
hydrogen bonds that result in poor mechanical strength and pos-
sess a high degree of delocalization. The amino acids are the
best-known organic materials that play a vital role in the field of
non-linear optical crystal growth. The natural amino acids exhibit
individual non-linear optical properties as they have a donor NH2
and acceptor COOH. The �-glycine shows NLO activity because of
the presence of an additional COOH group in the first and another
NH2 group in the second.

A survey of literature shows that the six distinct polymorphic
forms of glycine can be formed under different solution conditions:
�-, �- and �-forms in ambient environment and �-, ∈- and �1-
forms under high pressure conditions [6–8]. Both � and �-glycine
polymorphs crystallize in centrosymmetric space group P21/m and
hence they do not exhibit second harmonic generation, while �-
form of glycine crystallizes in the trigonal–hexagonal system with
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non-centrosymmetric space group of P31 structure making it a
suitable candidate for piezoelectric, electro optic and non-linear
optical applications [9–11]. �-Glycine can be formed from sponta-
neous nucleation of pure aqueous glycine. The least stable �-form
of glycine can be formed using mixed solvents such as methanol or
ethanol and water. �-Glycine is the thermodynamically most sta-
ble form at room temperature. It is produced from acidic (pH 3.40)
and basic (pH 10.10) solutions. Moreover, it can be crystallized with
additives in neutral aqueous solutions. At 1.9 GPa �-glycine begins
to undergo a transition to form high-pressure phase ∈-glycine. The
transition from ∈-glycine to a new phase of glycine (�-glycine)
begins to occur at 2.74 GPa and the �1-form at 0.76 GPa. In solid
state, �-glycine exists as a dipolar ion in which carboxylic group is
present as carboxylate ion and amino group are present as ammo-
nium ion. Due to this dipolar nature, glycine has a high melting
point. In addition to this, the presence of chromophores namely
amino group and carboxyl group make the �-glycine crystal trans-
parent in the UV–vis region. Thus, the investigation in the suitable
environment in which glycine crystallizes into �-form gains impor-
tance. The growth of �-glycine crystals with (i) sodium chloride
(ii) sodium hydroxide (iii) sodium fluoride (iv) phosphoric acid (v)
lithium acetate and (vi) lithium bromide from the aqueous solu-
tions of glycine has been reported and the effect of these additives
on its various physical characteristics analyzed [12–15].  In this
paper, we report the effect of magnesium chloride on the growth
of �-glycine for the first time, as some of the physical properties of
the reported �-glycine crystals get enhanced by this solvent. The
characterization studies such as HRXRD, single crystal XRD, powder
XRD, Fourier transform infrared (FTIR) analysis, UV–vis–NIR spec-
troscopic analysis, TGA/DTA, ICP-OES analysis and NLO studies have
been carried out.

2. Material synthesis

Single crystals were obtained at room temperature from satu-
rated solutions containing molar ratios that are the same as those of
their components by using the slow evaporation method. The ana-
lytical grade (AR) �-glycine and magnesium chloride supplied by
MERCK, India were taken in 2:1 stoichiometric ratio as the starting
materials for synthesis of the title compound. Firstly, the calculated
amounts of these materials were dissolved at room temperature in
double distilled water and then to attain homogenous mixture the
solution stirred well by using magnetic stirrer. It was  afterwards
filtered twice with Whatmann filter paper to remove impurities.
This supersaturated solution was tightly covered with plastic paper
to keep out dust before it was slowly allowed to evaporate at
room temperature. After a period of 25 days, colorless, transpar-
ent crystals up to several millimeters in size were harvested from
the mother solution. The grown crystals are shown in Fig. 1.

3. Results and discussion

3.1. HRXRD studies

High resolution X-ray diffraction studies employing a multicrys-
tal X-ray diffractometer developed at NPL [16] were carried out
to examine the crystalline perfection of the grown single crystals.
The well-collimated and monochromated MoK�1 beam obtained
from the three monochromatic Si crystals set in dispersive (+,−,−)
configuration was used as the exploring X-ray beam. The specimen
crystal was aligned in the (+,−,−,+) configuration. Due to dispersive
configuration, though the lattice constant of the monochromator
crystal(s) and the specimen are different, the unwanted dispersion
broadening in the diffraction curve (DC) of the specimen crystal is
insignificant. The specimen can be rotated with minimum angular

Fig. 1. The grown �-glycine crystal from magnesium chloride.

interval of 0.4 arc S about the vertical axis, which is perpendicular
to the plane of diffraction. The rocking curve was recorded by the
so-called � scan wherein the detector was  kept at the same angular
position (2�B) with a wide opening for its slit [17].

Fig. 2 shows the high-resolution X-ray diffraction curve
recorded for a typical �-glycine single crystal specimen using (1 1 0)
diffraction planes with MoK�1 radiation. On careful observation,
the curve does not seem to be a single peak. The solid line (convo-
luted curve) is fitted well with the experimental points represented
by the filled circles. On deconvolution of the diffraction curve, it is
clear that the curve contains two  additional peaks, 60 and 24 arc S
that are away from the central peak (the highest intensity peak).
These two additional peaks correspond to two internal, structural
by very low-angle boundaries whose tilt angles (the misorienta-
tion angle between the two crystalline regions on both sides of the
structural grain boundary) from their adjoining regions are 60 and
24 arc S. The FWHM (full width at half maximum) of the main peak
and the very low angle boundaries are 72, 74 and 550 arc S, respec-
tively. The broadest and low intensity peak shows that the small
grain corresponding to this peak contain sub-micron size mosaic
blocks misoriented to each other by a few arc minutes. These types
of structural defects are probably generated in the crystal due to
mechanical/thermal fluctuations occurred during the growth pro-
cess and/or also due to fast growth [18]. The affect of such very
low angle boundaries may  not be very significant in many appli-
cations, but for applications like phase matching, it is essential to
know these minute details with quantitative data of misorientation

Fig. 2. Rocking curve recorded for �-glycine single crystal for (1 1 0) diffracting
planes by employing the multicrystal diffractometer with MoK�1 radiation.
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Table 1
Comparison of lattice parameters of �-glycine single crystals grown with various
additives.

Sample Lattice parameters References

a = b (Å) c (Å)

�-Glycine with H3PO4 7.028 5.447 [14]
�-Glycine with LiBr 7.026 5.475 [15]
�-Glycine with MgCl2 7.037 5.489 Present work

of the structural grains as a part of the assessment of crystalline per-
fection. It may  be mentioned here that the detection of such very
low angle grain boundaries with well-resolved peaks in the diffrac-
tion curve in the present study was possible only because of the use
of the high-resolution multicrystal X-ray.

3.2. Single crystal XRD and ICP-OES studies

In order to identify the crystal structure and to determine the
unit cell parameter values, the grown crystal was  subjected to sin-
gle crystal X-ray diffraction study using Oxford Diffraction Xcalibur
Eos Gemini diffractometer with graphite-monochromated Mo  K˛
radiation of the wavelength of 0.71073 Å. Data were analyzed with
“CrysAlis PRO” software and the collected data was  reduced by
using the “CrysAlis PRO” program. An empirical absorption cor-
rection using spherical harmonics was implemented in “SCALE3
ABSPACK” scaling algorithm. The crystal structure was  solved by
direct methods that use SHELXS-97 and the refinement was carried
out against F2 using SHELXL-97 [19,20]. The cell parameter val-
ues of �-glycine crystal were found to be a = b = 7.037 Å, c = 5.489 Å,

 ̨ =  ̌ = 90◦ and � = 120◦ and the volume of the unit cell is 235.46 Å3.
Table 1 represents the comparison of lattice parameters of �-
glycine single crystals with various additives and these are in good
agreement with the reported values. This indicates that the �-
glycine crystallizes in hexagonal system with P31 space group,
which is recognized as non-centrosymmetric. Thus, it is satisfies
one of the basic and essential material requirements for the SHG
activity of the crystal [21]. Further, it is evident from this study
that the inorganic compound is not incorporated into the lattice
cites of the organic host. To determine the concentration of Mg
element present in the grown crystal, the authors are carried out
the inductively coupled plasma optical emission spectrometry (ICP-
OES) analysis of �-glycine using Perkin Elmer Optima 5300 DV
ICP-OES spectrometry. For this analysis, the grown crystal was
crushed in pieces and finely grounded in an agate mortar. This
powdered sample weighing about 73.86 mg  was transferred into a
25 ml  volumetric flask with the help of funnel and was  brought up
to volume with deionized water. This diluted sample was  analyzed
by ICP-OES. The ICP-OES analysis gave a characteristic wavelength
at 285.213 nm which is the fingerprint for magnesium element.
Further, these results indicates that the low concentration of mag-
nesium (0.898 mg  L−1) present in the grown crystal [22].

3.3. Powder X-ray diffraction analysis

Finely crushed powder of �-glycine crystal was subjected to
powder X-ray diffraction analysis employing a SIEFERT 3003 TT
diffractometer with a characteristic CuK� (� = 1.540598 Å) radia-
tion for structural analysis. The sample was scanned in the 2� values
from 10◦ to 60◦ at a rate of 2◦ min−1. Fig. 3 shows the XRD profile
of the grown crystal. The positions of the peaks were found to be
in agreement with the literature available in JCPDS file no: 06-230.
The characteristic peak has appeared at around 25.36◦ (2�). This
study confirms that the existence of glycine in �-phase.

Fig. 3. Powder XRD pattern of �-glycine crystal.

3.4. FTIR analysis

Fourier transform infrared (FTIR) spectrum was  recorded using
Perkin-Elmer spectrophotometer in the range 450–4000 cm−1 to
quantitatively analyze the presence of functional groups in �-
glycine. For this analysis, the sample was taken in pellet form in
the KBr phase. The characteristic transmission peaks of infrared
spectrum are shown in Fig. 4.

The peaks observed at 686, 607 and 503 cm−1 indicated the pres-
ence of carboxylate group. The NH3

+ group is revealed by the peaks
observed at 2619, 1497 and 1126 cm−1. These observations con-
firmed that the glycine molecule exists as zwitterionic form inside
the crystal, in which the carboxyl group is present as a carboxy-
late ion and the amino group is present as an ammonium ion. Thus,
the present study evidences the existence of glycine in �-phase.
The peaks at 889, 1391 and 2919 cm−1 are attributed to CCN, COO−

and CH2 stretching groups, respectively. The assignment of vibra-
tions of �-glycine crystal is shown in Table 2 and these are in good
agreement with those in literature [23].

Fig. 4. FTIR spectrum of �-glycine crystal.
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Table 2
Comparion of fundamental vibrations of �-glycine with �-glycine.

Frequency in wavenumber (cm−1)

�-Glycine �-Glycine Assignment of vibrations

504 503 –COO− rock
607 607 –COO− wag
694 686 –COO− bend
893 889 CCN symmetric stretch
910 929 CH2 rock

1033 1042 CCN asymmetric stretch
1133 1126 NH3

+ rock
1333 1334 CH2 twist
1413 1391 COO− symmetric stretch
1445 1436 CH2 bend
1507 1497 NH3

+

1605 1597 Strong asymmetric CO2 stretching
2122 2169 Combinational bond
2614 2619 NH3

+ stretching
3175 3109 NH3

+ stretching

3.5. Optical absorption study and optical constants calculation

The UV–vis–NIR absorption spectrum of the grown crystal was
recorded in the wavelength range 200–1200 nm using Perkin Elmer
Lambda 935 UV–vis–NIR spectrometer. The spectrum is shown in
Fig. 5. The low absorption in the entire UV and visible region is
a potential requirement for NLO applications. The characteristic
absorption band that is observed at 238 nm may  be attributed to
the electronic transitions in the �-glycine molecule and there is no
absorption band between 238 and 1200 nm.  The good transmis-
sion property of the crystal in the entire visible region suggests
its suitability for second harmonic generation. The band gap of the
grown crystal was calculated with the help of the optical absorption
coefficient of the photon energy [24].

The optical absorption coefficient (˛) was calculated from the
absorbance (A) using the following relation

˛ = 2.3026 × A

t

where t is the thickness of the sample
The relation between the optical band gap (Eg), absorption coef-

ficient and energy (h�) of the incident photon is given by

˛hv = B(hv − Eg)r

where Eg is optical energy gap of the crystal, B is a constant, h is the
Planck’s constant, � is the frequency of incident photons and r is
an index which can be assumed to have values of 1/2, 3/2, 2 and 3

Fig. 5. UV–vis–NIR spectrum of �-glycine crystal.

Fig. 6. Plot of (˛h�)2 versus photon energy (h�) of �-glycine crystal.

depending on the nature of the electronic transition responsible for
the absorption. r = 1/2 for allowed direct transition, r = 3/2 for for-
bidden direct transition and r = 3 for forbidden indirect transition,
while r = 2 refer to indirect allowed transitions [25].

Owing to the direct band gap, the crystal under study has an
absorption coefficient (˛) obeying the following relation for high
photon energies (h�)

˛ = (hv − Eg)1/2

hv

The plot of variation of (˛hv)2 versus h� was used to estimate
the band gap of the �-glycine crystal as shown in Fig. 6 and extrap-
olating the edge to the energy axis from Fig. 6, the value of band
gap is obtained as 5.30 eV.

The absorption coefficient (˛) is related to the extinction coeffi-
cient (K) by

 ̨ = 4�K

�

The extinction coefficient (K) can be calculated from the above
relation,

K = ˛�

4�

where � is the wavelength.
The absorption coefficient (˛) and the extinction coefficient (K)

were obtained from the transmittance (T) and reflectance (R) using
approximate formula [26],

T = (1 − R)2 exp(−˛t)
1 − R2 exp(−2˛t)

where t is the thickness of the sample.
The refractive index (n) can be determined from the reflectance

(R) data using [27],

R = (n − 1)2

(n + 1)2

The reflectance in terms of absorption coefficient can be
obtained from the above relation [28]. Hence,

R = 1 ±
√

1 − exp(−˛t) + exp(˛t)
1 + exp(−˛t)
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Fig. 7. Plot of reflectance (R) versus photon energy (h�).

Fig. 8. Plot of extinction coefficient (K) versus photon energy (h�).

Fig. 9. Plot of refractive index (n) versus photon energy (h�).

From the above equation, the refractive index (n) can also be
derived as

n = − (R + 1) ±
√

3R2 + 10R − 3
2(R  − 1)

Figs. 7–9 show the variation of reflectance (R), extinction coeffi-
cient (K) and refractive index (n) as a function of photon energy (h�),
respectively. From the above graphs, it is clear that the reflectance,
extinction coefficient and refractive index depend on the photon
energies. Since the internal efficiency of the device also depends on
the photon energy, by tailoring the photon energy one can achieve
the desired material to fabricate the optoelectronic devices.

The calculated refractive index (n) is 1.274 at 1000 nm for �-
glycine crystal.

The electric susceptibility (�c) can be estimated with the help
of optical constants, according to the following relation [29]

∈ r = ∈ 0 + 4��c = n2 − K2

�c = n2 − K2 − ∈ 0

4�

where (∈0) is the dielectric constant in the absence of any contribu-
tion from free carriers. The calculated value of electric susceptibility
�c is 0.1292 at � = 1000 nm.

The real (∈r) and imaginary (∈i) parts of the dielectric constant
can be calculated from the following relations

∈ = (n + iK)2

∈ = n2 − K2 + 2ink = ∈ r + i ∈ i

where ∈r = n2 − K2 and ∈i = 2nk
The value of real (∈r) and imaginary (∈i) dielectric constants at

� = 1000 nm are 1.62 and 1.05 × 10−4, respectively. The estimated
values are in good agreement with the reported values [30,31].

3.6. Thermal studies

The thermo gravimetric analysis (TGA) and differential thermal
analysis (DTA) were used to study the chemical decomposition,
phase transition temperature, melting point and the weight loss
of the grown crystals. The grown �-glycine in the medium of mag-
nesium chloride was subjected to thermal analysis using SDT  Q 600
thermal analyzer. For this study, a crystal in powder form weigh-
ing about 2.5370 mg  was  taken in a platinum crucible and analyses
were carried out in an atmosphere of nitrogen at a heating rate
of 20 ◦C min−1 in the temperature range 20–800 ◦C. The obtained
TGA/DTA curves are illustrated in Fig. 10.

TGA curve shows that there is no weight loss up to 221.34 ◦C.
Hence, the crystal is devoid of any physically adsorbed water on

Fig. 10. TGA/DTA profile.
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Table 3
Comparison of SHG efficiency of �-glycine grown from various solvents.

Solvent SHG efficiency with
relative to KDP

Reference

Water and NaNO3 1.60 [12]
Water and lithium acetate 3.40 [13]
Phosphoric acid 1.30 [14]
Water and lithium bromide 3.00 [15]
Water and strontium chloride 1.06 [21]
Water and MgCl2 6.00 Present work

it. From the analysis of DTA curve, it is observed that there is a
sudden weight loss occurring at temperature 259.58 ◦C, which indi-
cates that rapid decomposition takes place at that temperature.
�-Glycine is thermodynamically most stable polymorphic form at
ambient temperature. From TGA thermogram, it is also observed
that the reduced weight percentage of about 97.64% observed
at 221.34 ◦C may  be attributed to the loss of lattice water. The
major weight loss occurs between 221.34 and 259.22 ◦C. The result-
ing residue gives a weight loss for a wide range of temperatures
between 259.22 ◦C and 695.28 ◦C. The weight loss corresponds to
6.170% and 0.1565 mg  of residue remains [32]. Thus, from the above
analyses, it is concluded that the material can be exploited for NLO
application up to 213.08 ◦C.

3.7. SHG measurements

The classical powder method developed by Kurtz and Perry [33]
was performed to estimate the NLO relative conversion efficiency of
grown crystal in the fine powder form. It is a popular and powerful
tool for the initial screening made to evaluate the conversion effi-
ciency of NLO material. For this, a Q-switched Nd:YAG laser (DRC11)
was used as light source. A laser beam of fundamental wavelength
1064 nm,  pulse width of 10 ns with a repetition rate of 10 Hz was
made to fall normally on the sample. The crystal of �-glycine was
made into a fine powder containing particles of uniform size and
then packed in a micro capillary tube of uniform bore and exposed
to laser radiation. The emission of green radiation (� = 532 nm)  from
the crystal confirmed the second harmonic signal generated of the
crystalline sample. The �-glycine second harmonic signal of 150 mV
was obtained, while the KDP gave an SHG signal of 25 mV  for the
same input laser energy incident on the powder sample. Thus, the
SHG relative efficiency of �-glycine crystal was found to be 6 times
higher than that of KDP. The SHG efficiency of �-glycine grown in
the present study is in Table 3, which shows that it is higher than
the reported values. The main contributions to the higher non-
linear optical properties of �-glycine are the hydrogen bond and
its vibrational part due to the very intense infrared bands of the
hydrogen bond vibrations [34]. The high polarizing power of mag-
nesium chloride plays an important role in the enhancement of SHG
efficiency of the �-glycine crystal grown in the present study.

4. Conclusions

Single crystals of �-glycine in the presence of magnesium chlo-
ride aqueous solution was grown at room temperature by using
slow evaporation technique. The high resolution X-ray rocking
curve measurements substantiate the good quality of the grown
crystal. Single crystal XRD, powder XRD and FTIR spectra analy-
ses confirm the fact that the existence of glycine in the �-phase.
The concentration of Mg  element present in the single crystal on
�-glycine can be determined by ICP-OES analysis. The UV–vis–NIR

absorption spectrum reveals that the �-glycine crystals are highly
transparent in the region of 238–1200 nm. This study helped to
calculate the optical constants such as absorption coefficient (˛),
extinction coefficient (K), refractive index (n), electric susceptibil-
ity (�c) and dielectric constant as a function of photon energy (h�).
The thermal behavior of the grown crystal was studied by TGA/DTA.
Kurtz–Perry powder SHG test confirmed the frequency doubling of
the grown crystal and it efficiency was  6 times higher than that
of KDP. Hence, �-glycine grown in the presence of magnesium
chloride becomes a promising material for laser application and
fabrication of electro optic devices.
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