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Abstract: Single crystals of melaminium phthalate (MPH) were grown from aqueous
solution by slow solvent evaporation method at room temperature. X-ray powder
diffraction analysis confirmed that the MPH crystal crystallises in orthorhombic system
with space group Pbcn and the calculated lattice parameters were a = 33.559 + 0.066 A,
b=10.517+0.057 A4, ¢=7117+0.025 4, a = 90°, f = 90°, y = 90° and V = 2511.94
(A).> The vibrational frequencies of various functional groups present in the MPH
crystals have been derived from FIIR and FT-Raman analyses. The chemical structure of
MPH was established by proton NMR and carbon NMR spectrum. The thermal
decomposition behaviour of MPH has been studied by means of themogravimetric
analysis at three different heating rates 10, 15 and 20°C min"'. The values of effective
activation energy (E,) and pre exponential factor (In A) of each stage were calculated by
model free methods: Arrhenius, Flynn-Wall, Kissinger and Kim-Park method. A
significant variation of effective activation energy (E,) with conversion (a) indicates that
the process is kinetically complex. The linear relationship between the InA and E, values
was well established (compensation effect). No detectable signal was observed during
second harmonic generation test.

Keywords: Crystal growth, X-ray powder diffraction, FT-IR spectrum, FT-Raman
spectrum, thermal analysis
1. INTRODUCTION

Melamine (2,4,6-triamino-1,3,5-triazine) has a wide range of applications

in the industry. The use of melamine resin in automobile paints was examined by
Zieba-Palus.' It is used as a fire retardant additive for polymeric materials and
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readily forms insoluble adducts with many organic and inorganic acids.”
Melamine is an industrial chemical mainly used in the production of melamine
formaldehyde resins for surface coatings, laminates and adhesives and in the
production of flame retardants resins to improve the flame resistance.’
Melaminium phthalate crystal comprises mono-protonated melaminium (17)
residues and single dissociated hydrogen phthalate (17) anions.

Generally, the solid-state complexation of melamine with different
organic and inorganic (mineral) acids has an interesting aspect concerning the
hydrogen bond system formed. Such a system comprises most frequently weak
hydrogen bonds of N-H...O and O-H...O types.* Vibrational studies have been
carried out by Marchewka.” Arenas and Marcos also published the infrared and
Raman spectra of phthalic, isophthalic and tetraphthalic acids.® Additionally,
several researchers have already examined the thermal behaviour of melamine.””
Phase transformation of melamine at high pressure and temperature was studied
by Yu et al.,'” whereas Nagaishi et al.'" analysed the thermal decomposition of
the addition compound of melamine with hydrogen peroxide. Thermal and flame
retardation properties of melamine phosphate-modified epoxy resins have been
studied by Chen et al.'* The presence of triazine ring in their structure gives
improved hydrolytic and thermal stability."

Kanagathara et al. reported the thermal decomposition behaviour of
melaminium perchlorate monohydrate'* and p-nitrophenol with melamine
complex."” In the present work, we report the growth of melaminium phthlate
(MPH) single crystal. The characterisations of the grown crystal were then made
by XRD, Fourier transform infrared (FTIR) and FT-Raman studies. Thermal
behaviour of kinetics has been carried out by thermogravimetric analysis at three
different heating rates of 10, 15 and 20°C min™" and the results are discussed in
later section.

2. EXPERIMENTAL
2.1 Materials and Methods

AR grade samples of melamine and phthalic acid were taken in 1:1 ratio.
To the hot solution of melamine, the dissolved phthalic acid was added slowly
and the solution was stirred well for about 6 h. Then the solution was filtered and
allowed to evaporate at room temperature. The transparent single crystals were
grown over a period of 30 days.
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2.2 Characterisation

The grown crystals were characterised by X-ray powder diffraction
technique using Rich Seifert X-ray powder diffractometer with CuK, radiation of
2 = 1.5406 A. The sample was scanned over the range of (20) 10°-80° by
employing the reflection mode. The detector used was a scintillation counter.
Perkin Elmer Spectrum One FTIR spectrometer was employed to record the
infrared spectrum to analyse the functional groups present in the crystals.

Raman spectral measurements were made with an FT-Raman Bruker
RFS 27: S Raman module with a resolution of 2 cm™'. An air cooled diode
pumped Nd:YAG laser, operated at 1064 nm and a power output of 100 mW was
used as source. The spectrum was recorded over the range of 3500-50 cm.
Proton NMR and carbon NMR spectra of title crystal were recorded using D,O as
solvent on a Bruker Avance III 500 MHz spectrometer at 22°C to confirm the
molecular structure of the grown crystal.

The thermal behaviour of the crystal was determined by thermo
gravimetric analysis and differential thermal analysis using SDT Q 6000 V 8.2
Built 100 thermal analyser at a heating rate of 10, 15 and 20°C min' under
nitrogen atmosphere in the temperature range of 30°C-1000°C. The grown
crystal in its powder form was subjected to Kurtz second harmonic generation
test by using Nd:YAG Q switched laser beam with input pulse of 0.68J for the
non-linear optical property.

3. RESULTS AND DISCUSSION
3.1 X-ray Powder Diffraction Analysis

Figure 1 shows the indexed X-ray powder diffraction pattern of MPH
crystal. X-ray powder diffraction analysis reveals that MPH crystallises in
orthorhombic system with space group Pbcn. The calculated lattice parameters
are a = 33.559 £ 0.066 A, b =10.517 £ 0.057 A, c = 7.117 £ 0.025 A, & = 90°,
£ =90°y=90°and V'=2511.94 (A).? The data reveal a close agreement with the
reported values.*
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Figure 1: Powder X-ray diffraction pattern of MPH.

3.2 FTIR Studies

The FTIR spectrum of MPH is shown in Figure 2. The characteristic
frequency of the functional groups present in the MPH crystal were assigned and
tabulated in Table 1. The bands observed in the measured region arise from
internal vibrations of melaminium cations and phthalate anions. Melaminium
residues often form hydrogen bonds of N-H...N and N-H...O types. The NH,
groups interact with the acid residue through weak N-H...O hydrogen bonds.
The frequency of the band originating from this type of coupling rises from
3328 cm in the melamine crystal to 3393 cm™.

In the present study, on addition of phthalic acid (ie) due to complex
formation of MPH, an intense sharp peak at 3363 cm ' was observed. It might
have occurred due to NH, asymmetric stretching vibration of three symmetric
triazine NH, groups.'® The peak at 2672 cm ' was due to side chain out of plane
C-N bending vibration.'® Bands appearing in the region of
1700-1540 cm™' was generally due to NH, group of melamine molecule as well
as from C=0 and COO™ groups present in the compound. MPH consists of both
non-dissociated (COOH) and ionised (COO") carboxylic groups.*
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Table 1: Vibrational band assignments for MPH crystal.

Wavenumber (cm™)

Band assignments

Infrared Raman
3363 NH, asymmetric stretching
3115 N-H...O and N-H...N stretching
3072 C—H stretch
3063 C—H stretch
2672 Side chain out of plane C—N bend
1710 1695 C=0 stretch
1670 1673 NH, bend or/and COO™ stretch
1599 1599 Ring: Quadrant stretch and phthalate ring
1559 1575 COO™ asymmetric stretch
1520 Side chain C-N asymmetric stretch
1361 O-H in plane bend
1349 Ring: Semi-circle stretch
1309 Benzene CH deformation
1286 Carbonyl C-O stretch
1147 1148 Benzene C—H deformation
1080 Benzene C—C deformation
1051 1041 Ring breath and Benzene C=C stretch
989 983 Triazine ring N, in phase radial
810 807 C—C stretch
786 Ring-sextant out of plane bend
767 Ring-sextant out of plane bend
739 C=O0 in plane deformation
654 651 C=0 out of plane bending

596, 576 572 Ring: Bend
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Figure 2: FTIR spectrum of MPH.

The band at 1710 cm™' was attributed to COO™ asymmetric stretching,
whereas the bands at 1670 cm™ and 1560 cm™ were due to NH, bend or COO™
stretch and C=O stretching, respectively.'”'® The IR band at 1361 cm' was
assigned to O—H in plane bending type of vibration. Similar peak was observed at
1365 cm™' by Tarcan et al."’ The strong peak at 1599 cm' was due to ring
quadrant stretch and phthalate ring.'” The band at 1051 cm™' was assigned to
triazine ring breathing mode of vibration,'® while the band at 989 cm™ was
attributed to triazine ring N, in-plane radial type of vibration.'” This peak
appeared for all melamine complexes. The IR peaks at 739 cm ™' and 654 cm™
were attributed to C=0O in plane deformation and C=0 out of plane bending
respectively.” Ring bending type of vibration occurs at 586 cm™' in the case of
pure melamine. This peak was shifted to lower wave number 574 cm™' because of
the addition of phthalic acid.

3.3 FT-Raman Studies

Figure 3 shows FT-Raman spectrum of MPH with the vibrational band
assignments given in Table 1. The theoretical stretching frequencies of neutral
melamine molecule were already reported by Fernandez et al.** and Meier et
al.”'** C—H stretching vibrations were observed at 3073 cm™' and 3063 cm™'. The
weak Raman band at 983 cm™' was due to triazine ring N in plane radial type of
vibration.” This peak usually occurs between region of 969 cm™' and 992 cm ™' for
all melamine complexes.

In the case of melamine with trichloroacetic anion, this peak shifted to a
lower wavenumber 969 cm ', due to strong intermolecular interaction in between
complex.** Similarly, the most intense band occurring at 686 cm™' was assigned
to symmetric vibration of triazine ring. This band is the characteristic one for all
melamine complexes.” Ring breathing and ring bending mode of vibrations were
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observed at 1041 cm™ and 572 cm™ respectively.'® Also, C—H deformation of
benzene ring occurs at 1148 cm . The peak at 1673 cm™' was due to either NH,
bending vibration of melamine or COO™ structures. The band at 651 cm™' was
due to C=0 out of plane bending vibration.>**
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Figure 3: FT-Raman spectrum of MPH.

34 FT-NMR Studies

The "H NMR and C NMR spectral analysis are the important analytical
techniques used to study the structure of organic compounds. The '"H NMR and
“C NMR spectra of MPH crystal are presented in Figure 4 and Figure 5
respectively. The signals due to N-H and COOH protons did not show up
because of fast deuterium exchange taking place in these two groups with D,O
being used as the solvent.® Due to hygroscopic nature of the title crystal, strong
intense water signal appeared at 4.680 ppm. The two different proton
environments showed peaks at 7.456 and 7.600 ppm. From the C NMR
spectrum, the signal at 128.57 ppm is due to 3 carbon atoms present in the
triazine ring. The presence of phthalic acid is confirmed by the presence of peak
at 130.61 ppm.
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Figure 4: Proton NMR spectrum of MPH.
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Figure 5: Carbon NMR spectrum of MPH.
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3.5 SHG Studies

Second harmonic generation test was performed to find the NLO
property of the grown crystal by using Kurtz-Perry technique.”” Kurtz technique
is used as a screening technique to identify materials with the capability for phase
matching in addition to identifying materials with non centrosymmetric crystal
structure. Crystals were grounded into powder and densely packed in between
two glass slides. Nd:YAG laser using the first harmonics output of 1064 nm with
pulse width of 8 ns and repetition rate 10 Hz was passed through the sample.
KDP was taken as a reference material. When a laser input of 0.68J was passed
through the sample, there was no emission of green signal. Usually
centrosymmetric crystals do not show second harmonic generation effect.”®

3.6 Thermal Analysis

Thermogravimetric analysis (TG) is an effective tool to characterise
thermal stability of a variety of products.””*° TG-DTG curves of MPH at three
different heating rates of 10°C min', 15°C min"' and 20°C min' in the
temperature range of 30°C-1000°C are shown in Figure 6. It is seen from the
figure that the decomposition of MPH occurred in two stages. There was no mass
loss observed around 100°C which indicated the absence of water molecule in
MPH. For heating rate 20°C min ', the initial mass taken was 1.6300 mg.

100 4 TG
5
80 DIG —10°C min”
_ 4 | 15°C min*
‘D 5 “ 20°C min™
< 3
60 < ) ‘|
S : \‘\
2 40 ER M
= | —wemn' |\ &0 )L
——15°C min N —
20 20°C min™ 0 200 400 600 800 1000
fmn Temperature(°C)
04
-20

— T T T T T T '~ T "~ T~ T * T T T °
0 100 200 300 400 500 600 700 800 900 1000
Temperature (°C)

Figure 6: TG-DTG curves of MPH in nitrogen atmosphere, at different heating rates of

10°C min "', 15°C min "' and 20°C min™".
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The first stage of decomposition was accompanied by a rapid weight loss
that took place in the temperature range of between 245.98°C and 255.73°C, with
a weight loss of 63.40%. This weight loss was due to the decomposition of
phthalate molecule from the compound structure. It exactly matches an
exothermic peak at 253.6°C in DTG curve which is assigned as the melting point
of MPH. The remaining 33.60% of weight loss occurring in the 285.56°C—
303.22°C range was due to the decomposition of melamine with a final residue of
0.002921 mg. This was accompanied by an exothermic peak at 296.5°C.

Generally, thermal decomposition of melamine happens in stages and is
accompanied by the detachment of ammonia. Melamine first decomposes into
melam and then melon. The NH, groups in melam can be replaced by other
atoms and groups.’' In the experiment, the melting point was found to be high
indicating that MPH has better thermal stability which makes it suitable for
thermal applications. Figure 6 above shows the TG-DTG curves of MPH in
nitrogen atmosphere at three different heating rates. Heating rate is one of the
most important parameters affecting the chemical reactions. Reaction kinetics can
be substantially altered by changing the heating rate over a wide range.

It is seen from Figure 6 that TG curves shifted to higher temperatures as
the heating rate was increased. This shows that definite heating rate influences
the thermal decomposition.”> Polymer molecules did not have enough time to
absorb the heat and reach thermal equilibrium. As the heating rate was increased,
the degradation rate slowed down. Since the experiment was carried out under
nitrogen atmosphere, DTG curve showed a single peak implying that the thermal
decomposition process occurred in a single step. When the heating rate was
increased from 10°C min™' to 20°C min ', the phthalate thermal decomposition
temperatures shifted to higher temperature from 245°C to 252°C respectively.
Similarly, melaminium thermal decomposition temperature shifted from 280°C to
296°C respectively. Thus, as the heating rate was increased, the temperature at
initial thermal decomposition and the maximum decomposition rate shifted
towards a higher temperature.

3.7 TG Kinetics Method of Thermal Degradation

A large number of mathematical models have been proposed and used for
studying kinetics and mechanism of such reactions using the TG data. Multiple
heating rate data have been recommended for non-isothermal studies.”® Here, we
studied the kinetics of the thermal decomposition of MPH at three different
heating rates by three different multiple heating methods, i.e., Flynn-Wall,
Kissinger and Kim-Park.**°
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The rate of degradation 6(170! can be expressed as the product of the
t

function of temperature and the function of conversion. Typical graphs depicting
fraction reacted, o versus temperature for two stages are shown in Figure 7.
Flynn-Wall plots for three different heating rates against the temperature for
stages I and II are shown in Figure 8. The straight lines obtained were nearly
parallel to each other. At each heating rate, the temperatures were determined
corresponding to extents of overall conversion of 0.05-0.65 in intervals of 0.05.
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Figure 7:  Fraction reacted, o versus temperature for stages I and II at three different
heating rates.

Activation energy (E,) was calculated from the slope of the plot /n S
against //T for a fixed mass loss and the values are tabulated in Table 2. The
linear Arrhenius plots of /n k versus 1/T for the thermal decomposition of MPH at
three different heating are shown in Figure 9. From the slope of the Arrhenius
plots, the E, for both stages have been calculated and are listed in Table 3. Also,
activation energies have been calculated using Kissinger and Kim-Park methods
and the results are compared in the Table 3.
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Flynn-Wall plot for stage I and II in nitrogen atmosphere for non-isothermal

decomposition of MPH using TG data.

Table 2: Kinetic parameters of non-isothermal decomposition of MPH by Flynn-Wall

method.
Flynn-Wall method
o Stage [ Stage 11
E, (k] mol™) InA(s™) E, (k] mol™) InA(s™)

0.05 118.83 28.61 70.22 15.99
0.1 133.89 31.64 73.51 16.62
0.15 140.41 32.82 76.56 17.2
0.2 156.69 36.33 79.08 17.67
0.25 152.79 35.29 81.45 18.12
0.3 156.55 36.04 83.57 18.51
0.35 159.86 36.71 85.93 18.95
0.4 160.77 36.86 87.63 19.25
0.45 163.24 35.05 89.62 19.62
0.5 166.57 38.05 91.56 19.98
0.55 170.69 38.93 93.58 20.35
0.6 175.19 39.89 95.2 20.64
0.65 178.65 40.6 96.72 2091
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Figure 9: Arrhenius plot for stage I and II for non-isothermal decomposition of MPH.
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Table 3: Activation energies for the thermal degradation of MPH by Arrhenius, Kissinger
and Kim-Park methods.

Method Hfatin{:’ {a}te Stage | Stage 11
(°C min") E.(kImol")  InA(s") E,kIimol") InA(s")
Arrhenius 10 111.63 28.65 79.52 19.96
15 128.49 32.49 83.10 2071
20 112.89 28.74 74.54 18.94
Kissinger 130.59 20.15 104.37 12.29
Kim-Park 139.29 34.67 113.72 26.96

All the three methods yielded similar calculation results. The values of E,
are within the range < 60 kJ mol™ as expected for removal of weakly bound
water of crystallisation from such compounds.’”*® Therefore, it can be assumed
that the water of crystallisation was not present in MPH. E, of MPH was found to
be higher than that of melamine with other complexes.'*"* The effective E, can
vary strongly with the temperature and the extent of conversion.”’ If the effective
E, is roughly constant over the entire conversion range, then it is said to be
dominated by a single step mechanism.
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In the present case, it can be seen from Figure 10(a) that during both
stages of decomposition, a significant variation in effective E, with conversion
(o) indicates that the process is kinetically complex, i.e., multi-step reaction
mechanism.”™ Polymers and other complex organic materials tend to have
increase in /mA and E, as conversion increases. This is consistent with the
residual material becoming increasingly refractory.*
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Figure 10: Illustration of (a) plot of pre-exponential factor (In A) versus effective E,; and
(b) variation of effective E, versus fraction reacted (o) by Flynn-Wall method
for stages I and II.

In the present study, there was a steady increase in In A and E, as the
conversion increased. This suggests that MPH can be a good polymeric material.
Dependence of effective E, on a was used to identify its kinetic scheme, i.c.,
these values were used for input to multi-step for model fitting purposes.*®
Kinetic compensation effect was observed in many isothermal processes. The
value of E, bears a linear relationship with In A:

InA=aE,+b (1

where a and b are compensation parameters. For stage I, the calculated
compensation parameters are a = 5.3858, b =0.1951 and for stage 11, a = 3.0611
and b = 0.1847. The compensation effect is well established for the thermal
decomposition of MPH and it is shown in Figure 10(b). Kinetic analysis of TG
data based on the rate equation:
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Bda/dt = A exp (—E/RT) f(a) 2)

which states that the rate of the reaction is proportional to the rate coefficient
with Arrhenius temperature dependence and a function of the degree of
conversion. The integral form of equation is given by the expression

In [g(a)/T*] = In [(AR/BE,)(1-2RT/E,)] ~-E/RT (3)

where A is the pre-exponential factor, E, is the effective activation energy and R
is the gas constant. Several researchers'*'**** reported the kinetic analysis by
model fitting methods and dissociation mechanisms. In the present study, all
kinetic models (P4, P3, P2, P2/3, D1, F1, A4, A3, A2, D3, R3, R2 and D2) have
been tested for all the two stages. A plot of In [g (a))/T°] versus 1000/T gives a
straight line when the correct g(a) function is used in the equation is shown in
Figure 11. This g(a) function gives the mechanism of the reaction. Straight line
with high correlation coefficient and low standard deviation values are selected to
represent the possible controlling mechanism.
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Figure 11: Plot of ln[g(a)/Tz] versus 1000/T for stages I and II using TG data.

The non isothermal kinetic data of MPH crystal between the limit of «
from 0 to 0.65 have been fitted to all reaction models. More than one model (A2,
A4) gave a very good coefficient of linear equation lines with high correlation
coefficient and low standard deviation value. However, by comparing the E,



Melaminium Phthalate Single Crystals 108

values with the model-free method, it is found that stage I is accepted by Avrami-
Erofeev's model (A2) and the stage II was accepted by Avrami-Erofeev's (A4)
model. The values of E,, pre-exponential factor (In A), coefficient of correlation
R and standard deviation at three different heating rates for two stages are
presented in Table 4.

Table 4: Kinetic parameters and possible rate controlling processes of decomposition of

MPH.
Kinetic model Iifét:ifn?;e E, (kJ mol™) InAs™) gggﬂiiﬁ, R Std. Deviation
10 105.09 11.63 0.99077 0.03009
A2 15 109.47 12.21 0.99809 0.0166
20 85.73 6.65 0.99815 0.00968
10 71.97 3.07 0.99810 0.01014
A4 15 74.30 3.22 0.99672 0.01476
20 103.88 9.21 0.99854 0.07447

The Arrhenius parameters (E,, InA) of decomposition are highly variable,
exhibiting a strong dependence on the reaction model chosen. Similarly, pre-
exponential values also change with the heating rate. The real activation energy
for each stage of decomposition can be obtained only at lowest heating rate.

4. CONCLUSION

Single crystals of melaminium phthalate were grown by slow solvent
evaporation technique. The grown crystals were characterised by X-ray
diffraction and it was found that it crystallised in the space group Pbcn with
orthorhombic geometry. The calculated lattice parameter values were comparable
with the reported value. The various infrared and Raman bands derived from
internal vibrations of melaminium cations and phthalate anions were assigned for
the grown crystal. Several stretching and deformation modes confirm the
presence of extensive intermolecular hydrogen bonding in the crystal. FT-NMR
spectroscopic analysis confirms the molecular structure of the grown compound.

No detectable signal was observed during second harmonic generation
test. Thermo gravimetric measurements were carried out at three different heating
rates 10°C min', 15°C min™' and 20°C min"'. Multiple heating rate methods, i.c.,
Flynn-Wall, Kissinger and Kim-Park were used for kinetic calculations. The
effective activation energies obtained by these methods were comparable. The
activation energy obtained from Kim-Park method was higher than those from



Journal of Physical Science, Vol. 25(1), 93—-111, 2014 109

other methods. A significant variation between E, versus In A indicates that the
system follows multistep mechanism. Compensation effect was well established.
From the results, it is concluded that Avrami Erofeev's model (A2) is the most
probable kinetic model for thermal decomposition of MPH for the stage I and
Avrami Erofee's model (A4) for stage II.
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