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ABSTRACT

Zero linear compressibility (ZLC) energetic materials can be used as anti-shock materials to maintain stability in at high-

pressure environments up to tens of gigapascals under shock conditions. Achieving an energetic material with ZLC properties and

clarifying its structure-activity relationship should meet the urgent safety demands. In this study, the first ZLC organic molecular

crystal, trimethylamine borane (TMAB), which can be utilized as a propellant component, was discovered. TMAB underwent an

isostructural phase transition at 9.2 GPa, as evidenced by the combination of Raman, infrared, and UV-vis absorption spectra

and in situ synchrotron x-ray diffraction patterns. Note that the c axis exhibited intriguing ZLC in the pressure range from 9.2 to

14.0 GPa, indicating the superior stability of TMAB under extreme high pressure. The dihydrogen-bonding cooperativity effect

under high pressure was responsible for the observed ZLC in TMAB, unlike that observed for previously reported ZLC materials.
This study developed a ZLC energetic organic molecular crystal and revealed its underlying mechanism, which facilitates the

design of anti-shock propellants.

1 | Introduction

The fundamental thermodynamic principle states that materials
generally shrink in all directions under the loading of hydro-
static pressure, that is, materials naturally exhibit positive linear
compressibility (PLC) [1, 2]. Nevertheless, some substances even
expand in one or two directions within a certain pressure range,
known as negative linear or area compressibility (NLC/NAC) [3-
10]. More rarely, very few materials neither contract nor expand
along a specific direction but exhibit zero linear compressibility
(ZLC) [11]. Such materials, which maintain the length in a
certain direction upon compression, can be applied in unique
systems, such as anti-pressure and anti-shock materials, precise
instruments, and telecommunication optical fibers in the deep
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sea [12]. Organic molecular crystals exhibiting NLC have been
in porous organic salts [13], energetic materials [14], and organic
minerals [15], after the first report on NLC observation in
methanol monohydrate by Fortes et al. (2011) [16]. However, only
fewer than a dozen single-component ZLC materials have been
discovered to date. ZLC materials can be divided into two types, as
shown in Figure 1a, including superhard materials (e. g., diamond
and elemental Os) [17-20] and materials with a specific structural
configuration (e. g., MIL-122(In) [11] and [C(NH,);][Cd(HCOO);]
[21] with a wine-rack structure, SrB,0, and CaB,0, with a
Lu-Ban stool structure [22], LiBO, with a corrugated-graphite
structure [23], RbBe,BO;F,, and CsBe,BO;F, with a Lifshitz
structure [24], Li,Ti(I05), with a gear-spring structure [25] and
Cu,GeO, with a microscopic orthogonal-braiding structure [26]).
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FIGURE 1 | (a)Previous ZLC works of inorganic compounds. (b) This ZLC work by weak intermolecular in TMAB.

Diamond and osmuim resist compression in all directions owing
to their strong covalent bonds. Compounds with specific struc-
tures can maintain ZLC in a certain direction but display normal
PLC in other directions. The strength and formation of covalent
bonds in specific structures play key roles in the development
of ZLC materials. However, the ZLC behavior of organic crystals
dominated by weak interactions has not yet been elucidated.
Finding a ZLC organic material constructed by weak interactions
and establishing its structure-property relationship will promote
the fabrication of materials with abnormal compressibility and
provide a strategy to design new functional ZLC materials.

Energetic materials are a class of specialized functional materials
that rapidly release large amounts of energy under certain stimuli
[27-30]. Energetic materials, including explosives, pyrotechnics,
and propellants, have widespread applications in mining, blast-
ing, petroleum drilling, space exploration, and the military
[31-36]. As the energy source of missiles and rockets, propel-
lants are possibly exposed to an environment of up to tens of

gigapascals under shock conditions [37]. Therefore, large-scale
compressibility, phase transitions, and even direct decomposition
occur, resulting in the structural destruction of devices [38,
39]. In this regard, developing an energetic material with ZLC
properties and clarifying its structure-activity relationship will
greatly meet the urgent safety demands of weapons and launch
vehicles. Nonetheless, energetic materials with ZLC property
remain elusive.

Here, we firstly discovered a ZLC energetic organic molecular
crystal, trimethylamine borane (TMAB), which crystallizes via
weak intermolecular interactions (Figure 1b) and could be uti-
lized as a propellant component because of its high hydrogen
content (16.45% by weight) [40, 41]. The ZLC behavior of TMAB
was investigated using in situ high-pressure angle-dispersive
x-ray diffraction (ADXRD), Raman spectra, infrared (IR) spec-
tra, UV-vis absorption spectra, and first-principles calculations.
TMAB did not undergo a structural phase transition, but expe-
rienced an isostructural phase transition upon compression
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FIGURE 2 | (a)Molecular structure of TMAB. (b and c¢) Molecular packing in different directions. (d) Transparent Hirshfeld surface of TMAB. (e)
Hirshfeld surface of TMAB. (f) IMGH isosurface of TMAB at ambient pressure with isovalue = 0.007. The green represented for van der Waals’ forces.

at approximately 20 GPa (close to the detonation pressure of
TNT), highlighting its excellent high-pressure structural stability.
Furthermore, the c axis exhibited intriguing ZLC in the pressure
range from 9.2 to 14.0 GPa, indicating the superior stability
of TMAB against extremely high pressure. Different from the
inorganic crystals or metal-organic frameworks with ZLC proper-
ties, TMAB only exhibited a simple structure, which is different
from that of other ZLC materials. The dihydrogen bonding
cooperativity effect under high pressure was highly responsible
for the observed ZLC in TMAB. Basic guidelines for the structural
design of ZLC molecular crystals with the bonding cooperativity
effect were reasonably proposed. Our findings establish a funda-
mental relationship between the structural evolution and weak
intermolecular interactions of TMAB, and highlight the potential
of a ZLC energetic organic molecular crystal as a promising
component in hydrogen-rich propellants.

2 | Results and Discussion

TMAB crystallized in the space group of R3m with lattice
parameters a = b = 9.1065(14) A, ¢ = 5.9068(10) A under ambi-
ent conditions. The molecular and crystal structures of TMAB
exhibit high symmetry, as depicted in Figure 2a-c, respectively.
Both the BH; group and three CH; groups are distributed
equally along the B—N bond, therefore, the TMAB molecule
has a three-fold rotational symmetry. The TMAB molecules are
connected via normal van der Waals’ forces in the a/b axis
over a long distance between molecules. Along the c axis, the
ternary weak C—H---H—B intermolecular interactions link the
adjacent molecules to generate a one-dimensional TMAB tape,
as displayed in Figure 2c. We further performed Hirshfeld surface
analysis to analyze the weak ternary intermolecular interactions,
as shown in Figure2d,e. The color changed from blue to white
and finally to red, indicating the gradual increase in the intensity
of the weak intermolecular interactions. Only three small red

points are present in the Hirshfeld surface, illustrating that the
intensity of C—H---H—B interactions is comparatively weak [42].
The IMGH isosurface was also used to ascertain the type of
these weak interactions and confirmed that the C—H---H—B
interactions at ambient pressure are characterized as van der
Waals’ forces (Figure 2f). As the H atom almost covered the
B, C, and N atoms, the fingerprint plots were all attributed to
H---H interactions (Figure S1). The plots nearer to the origin are
representative of relatively strong C—H:.-H—B interactions, and
the plots farther from the origin are representative of relatively
weak van der Waals’ forces. These plots are farther from the
origin compared with those of other B—N—H compounds, which
also manifested the low intensity of the C—H---H—B interactions.
Owing to its high hydrogen capacity, TMAB can be used as a
component of propellants, which may face high-pressures under
shock conditions. The most widely used explosive, TNT, can
produce a high-pressure of approximately 20 GPa. Therefore,
the propellants in missiles or rockets may experience pressures
up to 20 GPa under the attack of TNT-filled weapons. We
performed in situ synchrotron ADXRD measurements of TMAB
up to 20 GPa to directly provide information about the pressure-
induced structural variations, as shown in Figure 3a. All XRD
patterns obtained in our experiment and the original XRD images
are depicted in Figures S2-S8, respectively. The diffraction peaks
evolved continuously upon compression and no other peaks were
generated during compression to 20.1 GPa. The intensities of
the peaks decreased gradually, indicating that the crystallinity
decreased. After pressure quenching, the intensity and location of
diffraction patterns were recovered (Figure S9), manifesting that
the high-pressure structural variation of TMAB was reversible.
High-pressure single-crystal XRD was also performed at 0.7 and
19.0 GPa, the patterns shown in Figures S10 and S11 provide more
information about the pressure-induced structural evolvement.
We did not observe any other diffraction patterns that did
not belong to the initial space group of R3m, indicating that
TMAB did not undergo a structural phase transition. To obtain
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FIGURE 3 | (a) In situ high-pressure synchrotron ADXRD spectra of TMAB. (b) Rietveld refinement of ADXRD patterns. (c) Pressure-volume
relationship fitted by third order Birch-Murnaghan equation of state. (d) Relative lattice parameters at pressures.

the accurate lattice parameters of TMAB at different pressures,
Rietveld refinement was performed, as in other well-established
reports. [43-45] Selected refinements of the ADXRD patterns are
depicted in Figure 2b, the low values of R,, and R, illustrate
that the lattice parameters obtained from the experimental data
were convincing. Peak shifts of XRD patterns were recorded. The
(110) peak determined by the a/b axis shifted faster than other
patterns above 9.2 GPa indicating that the c axis exhibited a lower
compression rate than the a/b axis (Figure S12).

The volumes of TMAB at different pressures were achieved by
the refinement and a discontinuity was observed at 9.2 GPa,
indicating that an isostructural phase transition may occur at
this pressure. To further analyze the structural evolution, the
experimental pressure-volume data were fitted (Figure 3c) in two
pressure ranges from 0.1 to 9.2 GPa and from 9.2 to 20.1 GPa via
the third order Birch—-Murnaghan equation of state. The equation
is as follows:

5

By | /(Vo\: [Vo)® , Vo\®
P(V)=3—2° (7()) _<VO) 1+§(B0—4) (7()) -1

where V|, is the zero-pressure volume, B is the bulk modulus
at ambient pressure, and B,’ is a parameter for the pressure
derivative. The B’ is fitted with an original value of 4. The bulk
modulus (B,) was 2.8(4) GPa and 7.5(0) GPa before and after
9.2 GPa. Judging from the low value of B, TMAB can be readily
compressed. This can be explained by the low intensity of inter-
molecular interactions. The compression is highly anisotropic
with the a/b axis direction being more compressible than the c
axis direction during the entire compression process. The c axis
underwent three notable regions with different compressibilities
from ambient pressure to 20.1 GPa. In region I from ambient
pressure to 9.2 GPa, the c axis was significantly compressed. While

it exhibited a high stability in region II from 9.2 to 14.0 GPa, and
finally shrank moderately from 14.0 to 20.1 GPa.

Goodwin et al. developed an online PASCal program [46], which
has been widely utilized to analyze compressibility and thermal
expansion [13, 45, 47]. For systems of orthorhombic symmetry
or higher, the principal and (conventional) crystallographic axes
coincide, the variation in lattice parameters € with pressure (P) is
related directly to compressibilities K¢.

1 [d¢
Ke=-% (a?)

To get the exact compressibility of each axis in the three pressure
ranges, we calculated the linear compressibility of the unit cell
using the PASCal program, as depicted in Figure 4a-f and Table
S1. The c axis has the same direction as the X; axis, and the plane
constructed by a and b axis is the same as the X;-X, plane. The
a/b axis can create an angle of any degree with the X, or X, axis
(Figure S13). Within the pressure range from the ambient pressure
to 9.2 GPa, the X,/X, axis rarely presented a larger PLC value
(11.8663 TPa™') than that (9.0715 TPa™') of the X; axis (c axis),
indicating that a/b axis has a larger compressibility. In addition,
the value of Ky;, Kx,, and Ky; decreased sharply at pressures,
indicating that compressibility was significantly reduced during
the initial pressure loading process. The compressibility indicator
is presented as a red ellipsoid, with X;/X, as the long axis and
X; (c) as the short axis (Figure 4b). In the pressure range from
9.2 to 14.0 GPa, X, /X, also exhibited a PLC value of 9.4356 TPa™'.
Note that the c axis or X; axis rarely presented a very low linear
compressibility value of 0.155 TPa™!. Based on the definition, the
linear compressibility value shows that the X; axis (c axis) of
TMAB exhibits typical ZLC behavior, which is also the first ZLC
phenomenon in organic molecular crystal structure. The com-
pressibility indicator showed a doughnut shape for the zero com-
pressibility value on c axis. Upon further compression to 20.1 GPa,
both the X;/X, and X; axes recovered to PLC (Figure 4e, f)
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from 9.2 to 14.0 GPa. (e) Linear compressibility of the unit cell from 14.0 to 20.1 GPa. (f) Compressibility indicatrix from 14.0 to 20.1 GPa. The red portion

represents PLC effect.

with small compression values of 4.3749 and 1.9682 TPa~! (lower
than the initial compression values of the X;/X, and X; axes),
respectively. Therefore, the compressibility indicator exhibits a
smaller tabular red ellipsoid.

In situ high-pressure Raman, IR, UV-vis absorption spectra
and first-principles calculation were carried out to obtain more
information on this abnormal high-pressure structural evolution
in TMAB, Raman and IR spectra can reflect the vibrational modes
of chemical bonds, thus indirectly giving more information on
the structural evolvement of TMAB at different pressures. The
Raman and IR modes were assigned according to previous studies
in Table S2 [42]. In the Raman spectra, the patterns evolved
continuously before 9.9 GPa, while some abrupt changes were
generated upon further compression to 9.9 GPa (Figure S14).
Three new modes assigned to BH; deformation, formed at 1018,
1089, and 1232 cm™! (marked with an up-ward arrow), and the CN
stretching mode at 970 cm™ (marked with a down-ward arrow)
vanished gradually. In the CH; distortion modes region, a mode
was generated at 1425 cm™! and the peak at 1510 cm™! reduced
in intensity. Both BH and CH stretching modes also exhibited
some remarkable changes, for instance the occurrence of new
BH and CH stretching modes at 2460 and 3096 cm™. In addition,
the Raman shifts of TMAB evolved discontinuously at 9.9 GPa
(Figure S15). Moreover, in the IR spectra, a new CH; distortion
mode (marked with an upward arrow in Figure S16) was gen-
erated at 1474 cm™'. After the pressure was released, the Raman
and IR spectra were recovered as ADXRD measurement (Figures
S17 and S18). Based on the ADXRD, Raman, and IR spectroscopy

results, an isostructural phase transition was confirmed [48-50].
As isostructural phase transitions often occur with variations in
the electronic structure, further UV-vis absorption spectra were
performed to help understand the electron structural variation
of TMAB at different pressures as shown in Figure S19. The
absorption peak at approximately 238 nm disappeared at 10.1 GPa,
indicating the structural changes in electrons. Generally, once
a structural phase transition happened, single crystal breaks
because of molecular twisting or rearrangement. The optical
photographs in Figure S20 indicate that the TMAB crystal was
transparent during the entire compression process, and no cracks
were observed, indicating that this transformation was associated
with an isostructural phase transition. The isostructural phase
discovered was in accordance with that described in the previous
report, which also suggested an impalpable phase transition of
TMARB at 9.15 GPa [438].

Notably, BH stretching modes in the range from 2250 to 2600 cm™
and CH stretching modes in the range from 2800 to 3230 cm™
in Raman spectra shifted faster than the other vibration modes.
We concluded that the covalent bonds related to CH---H-B inter-
actions distinctly reduced their bond length and increased their
intensity significantly under pressure. At 9.9 GPa, CH and BH
related vibration modes exhibited significant changes, indicating
that the C—H---H—B interactions would possibly convert from
van der Waals forces to dihydrogen bonds. Raman and IR spectra
gave the solid evidence that the covalent bonds were enhanced
upon compression, accompanied by the strengthening of weak
intermolecular interactions. Considering the high intensity of
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intermolecular interaction in TMAB upon compression.

covalent bonds, which cannot be significantly influenced by weak
intermolecular interactions, the compression behavior of TMAB
was dominated by the synergistic effect of van der Waals’ forces
and the possibly newly generated dihydrogen bonds under high
pressure. Therefore, we performed pressure-dependent Hirshfeld
surface and IMGH analyses to elucidate the mechanism underly-
ing the abnormal compressibility of TMAB. The small differences
in lattice parameters between the structures achieved from first-
principles calculations and those observed experimentally, as
listed in Table S3, indicate that the weak intermolecular simula-
tions were reliable. For the highly symmetric crystal structure of
TMAB, the compressibility of X; and X, axes showed a positive
correlation with that of the a and b axes, whereas the X; and ¢
axes were in the same direction. Therefore, we can analyze the
weak intermolecular interactions at various pressures along the
crystal axis to understand ZLC behavior. As shown in Figure 2c,
TMAB molecules are connected from head to tail via ternary
C—H---H—B interactions along the c axis to generate a 1-D tape.
The C—H---H—B interactions exhibit a small angle with the a/b
axis, both of which are in almost the same direction. The TMAB
molecules are located in a zigzag arrangement along the a/b axis.

The dominant weak interactions along the a/b and c axes were
van der Waals’ forces at ambient pressure. Based on the crystal
structure simulated using VASP, we performed Hirshfeld surface
and IMGH isosurface analyses to clarify the weak interactions
along the a/b and c axes at 10 and 20 GPa (Figures 5a,b, S21
and S22), respectively. The proportion of red region on Hirshfeld
surface distinctly increased at 10 GPa, in relation to those
under ambient conditions, indicating the strengthened weak
interactions. The IMGH isosurface of TMAB further manifested
that the C—H..-H—B interactions along the c axis changed from
van der Waals’ forces to dihydrogen bonds, as evidenced by
the color change in isosurface (Figure 5a). In contrast, the
C—H---H—B interactions along the a/b axis were retained as van
der Waals’ forces. When the pressure increased to 20 GPa, both
the C—H---H—B interactions along the a/b and c¢ axes changed
to dihydrogen bonds (Figure 5b). Therefore, the ZLC of ¢ axis
in TMAB was attributed to the pressure-enhanced dihydrogen
bonding cooperativity effect, and the dihydrogen bonding could
be regarded as a lock, as depicted in Figure 5c. In the low-pressure
region from ambient pressure to 9.2 GPa, both the a/b and c
axes exhibited normal PLC. The compressibility rate reduced
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and the bonding lock was prepared to freeze the compression
of ¢ axis. When compressed to approximately 10 GPa, the weak
interactions along the c axis were enhanced to satisfy the intensity
of dihydrogen bonds, and the weak interactions along the a/b
axis were still van der Waals’ forces. The bonding lock eventually
resulted in the ZLC of ¢ axis. Upon further compression, the weak
interactions along a/b and c axes changed to dihydrogen bonds,
which were difficult to compress. The bonding lock along the
¢ axis was invalid, and all the axes of TMAB recovered to PLC.
Considering the relationship between the structural character-
istics and abnormal compressibility of TMAB, we suggest that
ZLC in organic molecules by weak interactions should meet the
following rules. First, a relatively stronger weak intermolecular
interaction should be located in a certain direction, such as the
pressure-enhanced dihydrogen bonds in the c axis of TMAB.
Second, the weak intermolecular interactions along the other
directions were not very strong, so the other axes would be readily
compressed. Finally, the weak interactions should be stable to
keep the structure unchanged upon compression. In the present
TMAB, the ternary dihydrogen bonds formed an extremely stable
shape, thereby avoiding the rearrangement of weak interactions
during the pressure-enhanced process.

Repeated in situ Raman spectroscopy was performed to deter-
mine structural reversibility, as depicted in Figure S23. The
Raman bands recovered their original positions even after five
compression cycles at 20 GPa, indicating the reversibility of the
high-pressure variation of TMAB. Although, the intensity of
Raman spectral bands decreased with increasing compression
time, no other Raman patterns belonging to the decomposition
products of TMAB were observed. The decreased intensity of
Raman bands was caused by the poor crystallinity due to com-
pression, not by the decomposition of TMAB. During the first
compression to 20 GPa, the quenched sample maintained 80%
of the original Raman bands intensity. The propellant material,
TMAB, exhibited excellent stability, did not undergo an apparent
structural phase transition, and even displayed ZLC behavior in
the pressure range from 9.2 to 14.0 GPa, indicating that TMAB can
be utilized as an anti-shock energetic material.

3 | Conclusion

The compressibility of TMAB was systematically explored via
in situ high-pressure ADXRD, high-pressure single crystal XRD,
Raman, IR, UV-vis absorption spectroscopy and first-principles
calculations. ZLC in organic molecular crystal constructed by
weak interactions was firstly discovered experimentally. In con-
trast to that of the previously reported ZLC materials, the
ZLC of TMAB did not result by strong covalent bonds or
specific structures. By combining the Raman spectra, IR spectra,
Hirshfeld surfaces and IMGH isosurfaces, we propose a new
dihydrogen bonding cooperativity strategy that is responsible for
the abnormal ZLC of ¢ axis in TMAB. Three basic rules were
put forward for the future design of molecular functional mate-
rials with ZLC property, according to the relationship between
compressibility and the characteristics of weak intermolecular
interactions in TMAB. Our research provides deep insights into
the ZLC phenomenon observed in organic molecular crystals and
reveals an anti-shock energetic material, which can be utilized as
a component of hydrogen-rich propellants.
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