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A reversible pressure-induced structural phase transition of 4-aminobenzonitrile was found at about
0.3 GPa by conducting in situ high-pressure synchrotron angle-dispersive X-ray diffraction (ADXRD)
experiments. The discontinuous changes of Raman modes at 0.2 GPa confirmed the occurrence of
phase transition. In situ high-pressure Raman spectra indicated that the molecular arrangement and
intermolecular interactions changed abruptly. The process of this phase transition continued up to about
1.0 GPa. When the pressure reached 1.1 GPa, the initial N-H---N interaction transformed into a new
weak hydrogen bond, which was enhanced by further compression. The ab initio calculations and
Hirshfeld surfaces were used to illustrate the above views. This study gives an example that
demonstrates that the pressure can induce the formation of hydrogen bonds, which contributes to the
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1 Introduction

The hydrogen bond is a common and important intermolecular
interaction in biomolecules, inorganic materials, organic
materials and hybrid compounds.'” As a typical non-covalent
interaction, the hydrogen bond can maintain the structural
stability of supramolecular assembly and improve the func-
tionality of materials.®*** According to the literature, hydrogen
bonds are sensitive to pressure because the intermolecular
distance can be reduced dramatically during contraction of the
volume.”® High pressure can make the hydrogen-bonded
networks become distorted or rearranged.”** Usually,
combined with m-stacking, van der Waals force, electrostatic
interactions and other effects, pressure-induced changes in
hydrogen bonds can lead to changes in the arrangement of
molecules, which can change the symmetry of the crystal
structure.?*?” Moreover, when the intermolecular interactions
are altered by the pressure, several new properties of the
material can be discovered.?®3*> Therefore, the formation and
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development of supramolecular chemistry.

various changes of hydrogen bonds play a key role in studying
the structures and properties of materials under high pressure.

At ambient conditions, 4-aminobenzonitrile (C;HgN,) crys-
tals are of monoclinic P2,/c symmetry (phase I).*® The amino
group and the benzene ring of 4-aminobenzonitrile are almost
co-planar with the dihedral angle of about 13°. Since the length
of C-NH, bond is short, the amino group is substantially in
a triangular conformation. As shown in Fig. 1, 4-amino-
benzonitrile molecules are attached by N-H---N interactions
almost along the c-axis. Due to the geometrical characteristics of
the molecular arrangement, only one hydrogen atom on the
amino group of 4-aminobenzonitrile is possible to form the
N-H---N hydrogen bond with the nitrogen atom on the cyano
group. The distance of H---N in this N-H---N interaction is
2.527 A, which is just a little longer than that of regular weak
hydrogen bonds.' Since the packing of molecules can be
enhanced by accelerating pressure, it is very possible for 4-
aminobenzonitrile to form N-H---N hydrogen bonds under
high pressure. Sometimes, new hydrogen bonds may form after
the original ones being broken by external pressure,***** but it
is rare to observe the formation of hydrogen bonds from other
weak non-covalent interactions.

Fig. 1 Crystal structure of 4-aminobenzonitrile under ambient
conditions. The dash lines represent the N-H---N interactions
between adjacent molecules.

This journal is © The Royal Society of Chemistry 2018
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Moreover, the crystal structure will change with the forma-
tion of new hydrogen bonds. Furthermore, the continuous
increase of the pressure can enhance the intensity of the weak
and medium D-H---A hydrogen bonds (D and A denote the
donor and acceptor of the hydrogen bond respectively), result-
ing in an extension of the D-H distance.***® Therefore, we took
4-aminobenzonitrile as an example to investigate its potential
various changes of the N-H---N hydrogen bond and crystal
structure by using in situ high-pressure Raman spectroscopy
and synchrotron ADXRD combining with ab initio calculations
in this study. As N-H---N hydrogen bonds widely exist in
supramolecular materials,"** the results of this study can
provide some new ideas to understand the formation and
enhancement of weak hydrogen bonds in the supramolecular
assembly at high pressure.

2 Experimental section

The sample chamber with a diameter of 130 pm was pre-drilled
in the center of a T301 steel sheet, which was placed in
a symmetric diamond anvil cell (DAC). The commercial 4-ami-
nobenzonitrile powder crystals (purity > 99%) were placed in the
sample chamber for high-pressure Raman and ADXRD experi-
ments. We measured the pressure through the ruby fluores-
cence measurement method* and used silicone oil as the
pressure transmitting medium (PTM). A little silicone oil as
PTM does not affect the sample's signal (Fig. S1f). The
temperature conditions of the high-pressure experiments are
maintained at room temperature.

Raman measurements were made by a micro Raman system
assembled with a thermo-electrically cooled CCD (Synbority,
Horiba Jobin Yvon), a spectrometer (iHR 550, Horiba Jobin
Yvon) and a 671 nm excitation laser. The beamline with a 0.6199
A wavelength beam of BL15U1 in Shanghai Synchrotron Radi-
ation Facility (SSRF) was used for in situ high-pressure ADXRD
experiments.*® The CeO, standard was used for calibration. The
Fit2D software was used to process the ADXRD patterns
collected by the Mar345 detector.* The ADXRD patterns were
further analyzed by using Materials Studio 5.0 to obtain detailed
information on the crystal structure of 4-aminobenzonitrile at
high pressure. Ab initio calculations of the high-pressure crystal
structure were performed by using the pseudopotential plane
wave method in the CASTEP package. The generalized gradient
approximation of Perdew-Burke-Ernzerhof exchange correla-
tion*>** was used in the geometric optimization with a plane
wave cutoff energy of 700 eV.

3 Results and discussion

In order to analyze the changes in the structure of 4-amino-
benzonitrile crystals under high pressure, we performed in situ
high-pressure synchrotron radiation ADXRD experiments.
Fig. 2a depicts the ADXRD patterns of 4-aminobenzonitrile
powder crystals at different pressures up to 2.0 GPa. All the
diffraction peaks moved to higher angles as the pressure
increased, indicating that the lattice spacing was decreased and
the intermolecular distance was compressed. As shown in
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Fig. 3a, the compression ratio of the b-axis is largest during the
compression of the unit cell below 0.2 GPa, while the
compression ratio of the c-axis is significantly smaller than
those of the a, b-axes, because the N-H---N interaction almost
along the c-axis. When the pressure reached 0.3 GPa, three new
diffraction peaks (marked by blue arrows in Fig. 2a) emerged,
which were enhanced as the pressure increased continuously.
This phenomenon indicates that the structural phase transition
occurred at 0.3 GPa. When the pressure exceeded 0.9 GPa, the
intensity of these new peaks was maintained, which means the
phase transition was complete. As the pressure was elevated up
to 6.2 GPa continuously, all the diffraction peaks moved to
higher angles regularly, indicating the phase II was stable in
this range of pressure (Fig. 2b). In Fig. S2 and Table S1,1 the
Pawley refinement of the diffraction pattern of 1.6 GPa shows
that the possible structure of the new high-pressure phase
(phase II) belongs to the P2 space group of monoclinic
symmetry. At the beginning of this phase transition, these three
new diffraction peaks were weak.">'® When the original crystal
structure was destroyed, the crystal symmetry was lowered and
the initial molecular arrangement was also changed.

After further analysis, we obtained the evolution of the unit cell
volume of 4-aminobenzonitrile crystals below 2 GPa (Fig. 3b). The
results of the second-order Birch-Murnaghan equation fitting on
the unit cell volume with compression were calculated by the free
online program PASCal from http://pascal.chem.ox.ac.uk/:** V, =
638.19(5) A%, B, = 9.25(8) GPa, B, = 4 (fixed) in the initial phase
(phase I); V, = 567.74(6) A%, B, = 12.79(9) GPa, B, = 4 (fixed) in
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Fig. 2 Representative synchrotron XRD patterns of 4-amino-
benzonitrile at high pressures: (a) from 1 atm to 2.0 GPa; (b) from
3.0 GPa to 6.2 GPa. The new peaks are marked by blue arrows.
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the high-pressure phase (phase II). These parameters indicate
that the compressibility of 4-aminobenzonitrile crystals is
reduced after high-pressure phase transition.

For further studying the mechanism of this high-pressure
phase transition, we investigated the high-pressure Raman
spectra of 4-aminobenzonitrile powder crystals. The point
group symmetry of the 4-aminobenzonitrile crystal is Cyy, (2/m).
The mechanical representation of this symmetry is

M = 45A, + 45A, + 45B, + 45B,

showing 3 acoustic modes

Facoustic = Au + 2Bu

and 177 optic modes

Topiic = 45A, + 44A, + 45B, + 43B,

Group-theoretical analysis of the vibrations shows that,
among the 177 optical modes, the Raman-active modes belong
to the 45A, + 45B, symmetry and the infrared-active modes
belong to the 44A, + 43B, symmetry. Some of the Raman modes
could not be observed in our experiments because of the weak
intensities and limited splitting. The assignments for the
Raman modes of 4-aminobenzonitrile are based on the reported
literature (Table S27).*

Fig. 4a depicts the changes in the external modes of the
Raman spectra (40 to 200 cm ™) in the pressure range from 0 to
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1.0 GPa. At the ambient condition, the external modes consist of
six peaks (54, 64, 82, 120, 169 and 98 cm ™). As shown in Fig. 5a,
the blue shifts of all the external modes during the compression
indicate that the intermolecular interactions were enhanced,
which was derived from the reduction of intermolecular
distance.'®"” When the pressure reached 0.2 GPa, the original
six external modes changed to seven. This phenomenon indi-
cates that the intermolecular interactions were changed.
Meanwhile the crystal structure was likely to transform into in
a lower symmetry phase.” Additionally, the external modes
showed regular blue shifts after the phase transition below
1.0 GPa without abrupt changes.

The internal Raman modes can reflect the changes of
molecular vibrations, which help to study the chemical envi-
ronment around the molecular groups. From 1 atm to 1.0 GPa,
the high-pressure Raman spectra of the 4-aminobenzonitrile
powder crystals in the range of 200 to 1300 cm ', 1500 to
2300 cm ™" and 2900 to 3600 cm™' are shown in Fig. 4b-d,
respectively. The evolutions of Raman shifts of 4-amino-
benzonitrile from 1 atm to 1.0 GPa in these regions are shown in
Fig. 5b-e. From 1 atm to 0.2 GPa, most internal modes moved to
the high frequency regions, indicating that the vibrations of
most chemical groups on 4-aminobenzonitrile molecules were
enhanced under high pressure.**** The blue shifts of C-H and
N-H stretching modes indicate the initial N-H---N interactions
are even weaker than normal weak hydrogen bonds, which
usually show red shifts under compression.*® When the pres-
sure reached 0.2 GPa, the ph-N in-plane bending, ring CC in-
plane def., ring CH out-plane bending, ring breathing, ring
CH in-plane bending, »s(ph-CN), C=N stretching, NH, scis-
soring, ring C=C stretching, C-H stretching and N-H
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stretching modes showed slightly discontinuous shifts. This
phenomenon indicates phase I and phase II have similar
molecular arrangement and conformation. Thus, the changes
of internal modes were weak at the beginning of this phase
transition.**'® However, the blue shifts of these Raman modes
indicate that each chemical group especially the benzene ring
suddenly shrank. The increase of the vibrational frequency of
CH in-plane bending mode reflects the reduction of dihedral
angle between the amino group and benzene ring,* resulting
from the planarity of molecular conformation under high
pressure. The red shift of NH, scissoring mode and the blue
shifts of C-H stretching and N-H stretching modes indicate
that the C-H and N-H bonds were shortened and distorted in
the process of phase transition.*"*

As the pressure was continuously increased up to 6.1 GPa,
the new C-H and N-H stretching modes started separating at
1.1 GPa (Fig. 6a and b). Meanwhile several new external modes
also emerged beyond 1.1 GPa (Fig. 8a), but the ADXRD patterns
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moved regularly to higher angles without abrupt changes in this
pressure range (Fig. 2b). These results indicate the phase tran-
sition was completed at 1.1 GPa and the crystal structure was
just contracted in the same symmetry as phase II at higher
pressures up to 6.1 GPa. The newly generated C-H stretching
modes indicate that the chemical environment surrounding the
benzene ring changed. The blue shifts of these two new C-H
stretching modes indicates that the C-H bonds on the benzene
ring became shorter as the pressure was increased. The vibra-
tional frequency of the C-H bonds was enhanced when the
benzene ring shrank. It is noteworthy that three new N-H
stretching modes emerged near the original N-H stretching
modes, and the two of these new peaks showed red shifts as the
pressure rose (Fig. 6¢). According to reported literatures, these
results indicate that new weak N-H---N hydrogen bonds formed
in the high-pressure phase transition, and then these new
hydrogen bonds were enhanced by further compression.**?%%
Meanwhile the splitting of N-H stretching modes is attributed
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Fig. 8 (a) Molecular structure of 4-aminobenzonitrile. (

b) Hirshfeld surface for the structure of 4-aminobenzonitrile at 1 atm mapped with dnorm:

(c) Hirshfeld surface for the calculated structure of 4- ammobenzonltrlle at 0.9 GPa mapped with dnorm; (d) Hirshfeld surface for the calculated

structure of 4-aminobenzonitrile at 6.0 GPa mapped with dpnorm.

to the lower symmetry in phase II, which is derived from
distortion of amino groups in the formation of N-H---N
hydrogen bonds. The formation of these new weak N-H---N
hydrogen bonds also corresponds to the presence of several new
external Raman modes in Fig. 7a. Since the red shifts of N-H
stretching modes with the pressure was observed only after the
phase transition (Fig. 6¢) and the initial distance of H---N was
longer than the empirical value of H---A of weak hydrogen
bonds,* the N-H---N interaction at the ambient condition was
weaker than the weak hydrogen bond. In addition, Raman
spectra of 4-aminobenzonitrile at 1 atm and the released
samples in Fig. S31 indicate this high-pressure phase transition
is reversible. The diffraction peaks released from 20.3 GPa
broadened but were substantially the same as the initial ones
(Fig. S47). This also demonstrates that this high-pressure phase
transition is reversible in the 20.3 GPa pressure range.

When the sample was subjected to high pressure, the lattice
was compressed. Meanwhile the molecular packing was
enhanced, leading to the gradual increase of the free energy. As
the pressure shortened the distance between molecules, the
abrupt changes of the molecular conformation and molecular
arrangement of 4-aminobenzonitrile occurred to release the
increasing free energy, leading to the phase transition of the
crystal structure. When the phase transition occurred, the
symmetry of the crystal was abruptly lowered, and the collapse
of the volume was about 9.18% (Fig. 3b). At the same time, the
amino group, the benzene ring and the cyano group on the 4-
aminobenzonitrile molecules were suddenly contracted to
adapt the tighter volume. The amino groups were slightly

twisted with the distortion of N-H---N interactions. The new
molecular arrangement shortened the distance of H:--N
between adjacent amino and cyano moieties, which led to the
formation of new N-H---N weak hydrogen bonds. Then, as the
pressure was increased continuously, N-H bonds of the new
weak hydrogen bonds elongated, resulting in the red shifts of
N-H stretching modes. This phenomenon confirms the
previous analysis of the formation and enhancement of weak
hydrogen bonds under high pressure.’>*¢

To understand the changes of the intermolecular interac-
tions in 4-aminobenzonitrile crystals under high pressures, ab
initio calculations were performed by using pseudopotential
plane wave methods. The calculated crystal constants in
Fig. S5at have the similar compressibility with the ADXRD
results. Although it is difficult to calculate the phase transition
by geometric optimization, the second-order Birch-Murnaghan
equation of the calculated results before and after 0.9 GPa are
different (Fig. S5bt). This phenomenon is corresponding to the
result that the phase transition was complete at about 1.0 GPa.
Fig. 8b-d depict the Hirshfeld surfaces for 4-aminobenzonitrile
at ambient pressure, 0.9 GPa and 6.0 GPa, respectively. The blue
regions on the Hirshfeld surfaces reflect long contacts, whereas
the red regions are corresponding to short contacts.*® Finger-
print plots are also utilized to compare the changes in molec-
ular packing in Fig. 9. The decreased maximum values of d.
between ambient pressure (2.435 A) and 6.0 GPa (2.063 A)
indicate the long contacts are shortened under high pressure.
The two “spikes” in these three plots represent N-H:--N
hydrogen bonds. The distance of N-H---N hydrogen bond was
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Fig. 9 Fingerprint plots for 4-aminobenzonitrile at (a) ambient pressure, (b) 0.9 GPa and (c) 6.0 GPa.
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reduced quickly at 0.9 GPa, which is consistent with the
formation of N-H:--N hydrogen bond and the finish of the
phase transition. In Fig. 9b, the single N-H---N hydrogen bond
extends down to (d;, d.)=(0.88 A, 1.28 A), corresponding to
a hydrogen-bonded distance of 2.16 A. From 0.9 to 6.0 GPa, the
decrease of the blue regions and increase of the red regions
indicate the intermolecular contacts were shortened at high
pressure. The region marked by the red arrow as shown in
Fig. 8b is corresponding to the amino group. The obvious
increase of red colour in this region from 0.9 GPa to 6.0 GPa
(Fig. 9¢ and d) indicates the enhancement of the N-H:--N
hydrogen bond.

4 Conclusions

In summary, we studied the crystal structure and hydrogen
bonds of 4-aminobenzonitrile under high pressure by using
DAC combined with in situ Raman and ADXRD experimental
apparatuses. The crystal and molecular structure of 4-amino-
benzonitrile was contracted as the pressure increased. When
the pressure exceeded 0.2 GPa, a reversible phase transition of
4-aminobenzonitrile crystals occurred, which finished at about
1.1 GPa. The crystal symmetry was lowered and the molecular
arrangement was abruptly changed, which led to the formation
of new weak N-H---N hydrogen bonds. Moreover, these weak
N-H---N hydrogen bonds were enhanced during further
compression, which was confirmed by the calculated results.
This study gives an example that the formation and enhance-
ment of hydrogen-bonded interactions can be induced by
external pressure, which is helpful in the field of supramolec-
ular chemistry.
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