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Abstract: The thermal expansion of nitroguanidine (NQ) crystal was investigated by means of in situ powder X-ray diffraction method and in situ FT-
IR spectra method. Results show that the average thermal expansion coefficients of the a-, b-, c-axis at 30-160 °C for NQ are 12.9x107°°C™",
~-10.1x107°°C~" and 145.5x107°°C™", respectively, revealing that the thermal expansion of NQ is obviously anisotropic and thermal expansion
along the b -axis is negative. The anisotropic thermal expansion of NQ is caused by the anisotropic intermolecular interaction. The intermolecular hy-
drogen bond decreases with the increase of temperature, and the intermolecular distance increases, and the space hindrance of the molecules along

the b axis is reduced, which leads to a negative expansion along the b axis.
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1 Introduction

The investigation of structure-function relationships is cru-
cial to the development of materials science and applications.
Especially, the newly emerged concept of inducing mechani-
cal responses at the molecular level has attracted a great deal
of interesting''’. Thermal expansion in crystalline materials is
a typical example of the impact of external stimuli on material
properties and can be considered as responses occurring at the
molecular level”™!. Generally, most solid-state materials ex-
pand to larger dimension with increasing temperature, and this
phenomenon is known as positive thermal expansion (PTE),
resulting from the increasing inharmonic vibration amplitudes
of the ingredient atoms"’. Normally, small PTE occurs along
all three crystallographic axes for most of the materials. How-
ever, for a small number of materials, peculiar structure may
cause anomalously large PTE or negative thermal expansion
(NTE) 7). The thermal expansion is strongly correlated to
the crystal structures and intermolecular interactions'® . Wei et
al™ investigated the influence of the host-guest intermolecular
interactions on temperature dependent thermal expansion of
two host-guest molecules, 3-Ni - DMF and 3-Ni - MeOH.
Das et al'"”’ reported extremely large positive and negative
thermal expansion for a dumbbell-shaped organic molecule in-
duced by a helical pattern of strong hydrogen bond. To satisfy
different application requirements, materials with structural pe-
culiarities have been designed to possess different thermal ex-
pansions. However, the effect of molecule packing and intra-
molecular interactions on crystal thermal expansion, especially
on the NTE has not being clear yet.

Nitroguanidine (NQ), as one of the newly developing
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insensitive high explosives (IHE), can be used as a compo-
nent of solid rocket propellants. With two amino group and
one nitro group in a molecule, NQ crystallizes in the ortho-
rhombic space-group Fdd2, under the intermolecular hydro-
gen bonds network'"'!. The thermal expansion of NQ can pro-
vide a better understanding of the influence of molecules pack-
ing and intramolecular interactions on physical properties of
energetic materials. Furthermore, the thermal expansion prop-
erty plays an important role in the storage, transportation and
application of energetic materials'">™"*’. However, to the best
of our knowledge, no investigation about thermal expansion of
NQ crystal has been reported yet.

In this paper, we used X-ray powder diffraction and Ri-
etveld refinement''*""*/ to investigate the thermal expansion of
NQ in the temperature range of 30 °C to 160 “C. Rietveld re-
finement was applied in the program TOPAS 3.0 to get the lat-
tice parameters of NQ.

2 Experimental

2.1 Materials

NQ ( purity, 99% ) was provided by the Institute of
Chemical Materials, China Academy of Engineering Physics.
The mean particle size was about 20 um.

2.2 Variable Temperature X-Ray Powder Diffraction

Powder X-ray diffraction experiments were performed by
using a Bruker D8 Advance X-ray diffractometer equipped with
a Cu tube and Ni-filter, yielding Cu Ka, and Cu Ke, radiation
(A, =1.5406 A, 1, =1.5444 A, respectively). The diffractome-
ter was operated in Bragg-Brentano geometry with the data col-
lected using a Vantec linear position-sensitive detector (PSD).
A variable temperature sample environment of 30-160 °C
was achieved by using a TTK450 temperature chamber. The
X-ray tube operating conditions were 40 kV and 40 mA. Data
collection were performed from 10° to 60° in 26 by using a
step size of A26=0.01° and a counting time of 0.5 s/step.
The scanning data were collected during heating from 30 °C to
160 °C in intervals of 10 °C at a constant heating rate of
0.1°C -s™".
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2.3 Rietveld Refinement

Obtained diffraction patterns were refined by Rietveld
method as implement within the program TOPAS 3.0 to get
the lattice parameters changes varying with temperature. The
observed line profile fitting was performed by using fundamen-
tal parameters approach (FPA). The information about setting
instrument parameters has been mentioned in a previous
work!"®". The lattice parameters of NQ used as initial values
for Rietveld refinement are listed in Table 1.

Table 1 lattice parameters of NQ in ICCD databases

space group al/A b/A c/A V/A3 PDF number

Fdd2 17.615 24.850 3.588 1570.616 01-073-1862

3 Results and Discussion

3.1 Thermal Expansion of NQ

The XRD patterns of NQ at elevated temperature are pres-
ented in Fig. 1. It is clear that there were some Bragg reflec-
tions shifted toward lower or higher diffraction angles, but no
phase transformation taken place. The diffraction peak (26) of
(31 1) plane shifted from 29.26° to 28.77°, overlapped into
the (0 8 0) peak gradually as the temperature increasing from
30 °C to 160 °C. The same situation could be observed on the
(151) and (35 1) peaks, which shifted to lower angles and
overlapped with the (2 8 0) and (6 4 0) peaks at last, re-
spectively. It could be concluded that the (h k 0) peaks shif-
ted to higher angles while the other peaks shifted to lower an-
gles. According to the Bragg equation, the inter-planar spac-
ing was inversely proportional to 26. So, the inter-planar spac-
ing for (h k0) planes were decreasing with the increasing
temperature, which indicated the NTE displayed on the
(h k0) planes, that means the a- and b- axes shrank with
temperature increasing, while the other crystal planes took
place positive thermal expansion. For further understanding of
the NTE, lattice parameters of NQ crystal were refined by
Rietveld method, and the parameters changing with tempera-
ture were shown in Fig.2.

40

160°C

30C

intensity

Fig.1 XRD patterns of NQ at elevated temperature

In the course of variable temperature experiments, there
was a gradual decrease in the dimension of the b-axis with
the temperature increasing from 30 °C to 160 °C, and for com-
parison, the a-axis increased slowly and the c-axis increased
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Fig.2 Lattice parameters of NQ as the function of temperature

rapidly (see Fig.2), which could be interpreted as uniaxial
negative thermal expansion. The degree of linear thermal ex-
pansion was quantified by using a coefficient defined as
a=(1l,-1,)/l,(T-T,) , where [, was the axis length at the final
temperature T and [, was the axis length at the initial tempera-
ture T,""77.

crystallographic axes in the temperature range from 30 °C to

The average thermal expansion coefficients of the
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160 °C along the b axis was —=10.1x107° °C™", and that for a
and ¢ axes were 12.9x107°°C™" and 145.5x10™°°C™", re-
spectively. The unit cell volume showed a normal PTE with
the thermal expansion coefficient 148x107° °C™'. The thermal
expansion of NQ crystal was markedly anisotropic, which
should result from the anisotropic intermolecular interactions
and molecules arrangement.

To investigate the mechanism of highly anisotropic ther-
mal expansion and uniaxial NTE in NQ, we discussed the
packing of molecules in crystal. The structure of NQ was con-
structed by intermolecular hydrogen bonds network (Fig.3),
there are five kinds of hydrogen bonds in the structure!"’ | and
the hydrogen bonds of N(1)—H(2)--N(3) and N(2)—
H(3)-:--O(2) linked the molecules of A and B (Fig.3a) into
the same plane. View the structure perpendicular to the a-c
plane (Fig.3b), the molecules with same color were parallel
to each other, while the molecules with different color crossed
with each other, which were linked by the weak intermolecu-
lar hydrogen bonds of N(1)—H (1) O (1) and N(2)—
H(4):--O(1). The interaction between the layers were weak
van der Waals interactions, indicating that the direction per-
pendicular to the layers was the softest direction of the crystal,
therefore, the distance between the layers would increase sig-
nificantly as the temperature increased. The increase of the
layer spacing contributed to the thermal expansion of a- and
c-axis, but a different phenomenon takes place to the b-axis.

a.view from c-axis b. view from b-axis

c. lamelar molecular packing of NQ crystal cell

Fig.3 Molecular packing of NQ ( Different colors were used to distin-
guish different paralleled layers. Hydrogen bonds represented as dash
lines)

With the temperature increasing, the distance between
the molecules of C and D would become larger ( Fig. 3c),
with the hydrogen-bond between the molecules of A and B re-
ducing gradually. To further investigate the strength and chan-
ging of hydrogen bonds varying with temperature, the infrared
(IR) spectroscopy is employed. As the IR bands of NH, and
NO, group will shift with the formation of hydrogen bond, and
the transfer varying with hydrogen bond strength''*™*7_ If the
hydrogen bonds change with temperature, the IR absorption
spectrum will change correspondingly. Herein, the in-situ
Fourier transform IR spectra of NQ are used to verify the
change of hydrogen bonds, as shown in Fig. 4.
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Fig.4 IR spectra of NQ during the temperature increasing from 50 °C
to 160 °C

3.2 Relationship betweenThermal Expansion and Crystal
structure

In the NQ crystal, the NH, groups connected with
C = N—NO, groups under hydrogen bond networks. As the
H atoms are exposed to different hydrogen bonds, the vibra-
tion absorption band of NH, groups will spilt up to at least five
bands in the range from 3500 cm™ to 3000 cm™' (Fig.4a). As
temperature increasing, the vibration bands shift to high wave-
number gradually, which means the effect of hydrogen bond
on NH, groups weaken gradually. Moreover, the changes of
IR bands of C = N—NO, groups also reflected the weakening
of hydrogen bonds, seen as the v, ( asymmetric stretching
vibration of NQ, ), v, ( stretching vibration of C = N), v,,
(symmetric stretching vibration of NQ, ) all take place a red
shift. As to other IR bands, which are seldom influenced by
the hydrogen bond, the shift is very slight. So, we can con-
firm that the hydrogen bonds between NQ molecules relax
gradually as temperature increase.

Combined with the hydrogen bond relaxing, the intermo-
lecular distances enlarge slowly. As aconsequence, the space
hindrance between layers with molecule A and B and that with
molecule C and D will decrease. Therefore the hydrogen bond
existed between the two layers can drawn them approach to
each other. Because of the increasing an harmonic vibration
amplitudes of the ingredient atoms or molecules, NQ should
take place a slight positive thermal expansion along the b-axis,
just as that take place along the a- and c- axis. But the influ-
ence of the layers nearing is much stronger than the thermal
expansion. Finally, the lattice dimension along the b-axis will
shrink with temperature increasing, which means a negative
thermal expansion takes place in the NQ crystals along the
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b-axis. The intermolecular hydrogen bonds of N(1)—H(1) -
O(1) and N(2)—H(4)---O(1) would pull the molecules of
A and B closer to the molecules of C and D by sliding. A simi-
lar mechanism had been reported by Bhattacharya et al, slid-
ing of layers caused the NTE in crystals of BTA - DMA - H,O
organic complex'™’. There are many crystal structures are
made of stacked 2D layers, but few of them display NTE,
therefore, the study of NTE of NQ crystals would be very
meaningful to better understand the influence of molecules
packing on physical properties.

4 Conclusions

By means of X-ray powder diffraction and Rietveld refine-
ment, the thermal expansion coefficient of NQ crystal was ob-
tained, especially an anisotropic and negative thermal expan-
sion of NQ was revealed. Highly anisotropic thermal expan-
sions are caused by the anisotropic intermolecular interac-
tions. The intermolecular hydrogen bond weakening as the
temperature increase should result into NTE, with a shrink of
crystal along the b axis takes place by the enlargement of inter-
molecular distances and decrease of space hindrance.

These results can provide a better consult to understand
the influence of molecular structure on the physical properties
of crystals.
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