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Diamond anvil cells combined with Raman spectroscopy and angle-dispersive x-ray diffraction (ADXRD) were used
to investigate the compression behavior of cinchomeronic acid (C7HsNOg4, CA), a hydrogen-bonded polymorphs. The
compression of form-I at approximately 6.5 GPa caused an irreversible phase transition that produced the new polymorph
form-III. Lattice and internal modes in the Raman spectra were analyzed to determine the modifications in the local envi-
ronment of CA form-I molecules. The form-III was indexed and refined to a low-symmetry triclinic structure with space
group P1. The mechanism for the phase transition involved the reconstructions in the hydrogen-bonded networks in CA

form-I.

Keywords: phase transformations, pressure, vibrational spectroscopy, x-ray diffraction

PACS: 61.50.Ks, 82.80.Gk, 61.05.cp, 64.70.K

1. Introduction

Polymorphism is the phenomenon of the existence of
more than one crystal structure for a given compound.!]
It was first found in arsenates and phosphates in 1822 by
Mitscherlich. [?! Subsequently, Liebig and Wohler studied ben-
zamide as the earliest example of a polymorphic organic
compound.® Thus far, the importance of polymorphism in
the crystallization of organic compounds is widely recognized
within the academic and industrial communities.*-6! Different
properties, such as hardness, density, solubility, and melting

sI781 are particularly important for their behavior during

point
processing and storage, as various manufacturing processes
will be conducted before reaching the commercial available
forms.[°! Therefore, the screening of polymorphs of a com-
pound is of great interest and importance. Furthermore, the
exploration of new polymorphs has become an issue for the
industries in developing and marketing new products. The ex-
ploration of new polymorphs is not only an academic chal-
lenge but is also one of the most important goals in industry.
The use of high pressure for the compression of al-
ready known forms or high-pressure crystallization techniques
has already been found to provide a new way of obtain-
ing new polymorphs. !
tant and intensively studied noncovalent interaction, plays a

I Hydrogen bonding, as an impor-

crucial role in the crystal structures of organic crystals be-

cause of its specificity, directionality, and saturability.[!!=13]

DOI: 10.1088/1674-1056/28/1/016104

Pressure can efficiently change the stabilities of crystal struc-
tures by modifying the geometry of the hydrogen bond, which

[14-16] Copse-

can generate new structures and new properties.
quently, high-pressure technique can serve as a powerful tool
to explore new polymorphs of hydrogen-bonded organic com-
pounds. Numerous studies have been performed over the years

to analyze high-pressure polymorphism in amino acid,!7-!8]

(192211 and energetic materials.[*>?3 These

pharmaceuticals,
studies indicate that the crystal structure can be modified, as
well as completely changed, by adjusting the intermolecular
hydrogen bonds at high pressures. Studies on high-pressure
hydrogen-bonded organic polymorphic compounds can there-
fore clarify the nature of hydrogen bonds, as well as probe the
polymorphism and pressure-induced phase transitions.
Cinchomeronic acid (CA; pyridine-3,4-dicarboxylic
acid; C7H5NOQO4) continues to attract the attention of
chemists and biologists because of its special structures and
properties.[>*281 CA is widely used in the construction of
coordination networks, because its metal coordination modes

5.[29301 The presence of two

allow for different architecture
polymorphs of CA has been reported in the PDF-2 since 1971.
Forms-I and II can be prepared concomitantly from the re-
crystallization of form-II in ethanol/water solution at ambient
conditions. Form-II transforms to form-I via a slurry conver-
sion experiment. Both forms will decompose before melting

form-I at 263 °C and form-II at 259 °C.
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In the present study, we selected form-I as the model.
Our approach has been to explore whether a new polymorph
or a transformation between the two forms might occur at
high pressures. Single-crystal x-ray diffraction analysis shows
that form-I crystals at ambient pressures exhibit orthorhom-
bic symmetry with space group P2;2;2;.?8) The unit cell
parameters are a = 5.2864(4) A, b = 11.1966(8) A, ¢ =
11.2293(8) A, V = 664.66(8) A3, and Z = 4. As shown in
Fig. 1, the molecule takes the form of the zwitterion in the
crystal with one acid hydrogen on the ring nitrogen. The car-
boxylic acid donates the hydrogen to the neighboring carboxy-
late forming an O;—H;; O3 hydrogen bond. This carboxylic
group [Cg(0O2)-01-Hjg1] is involved in two quite short C;—
H;0; and Cs5-Hs O, hydrogen bonding interactions. The
nitrogen atom in a pyridine ring participates in the formation
of N1-Hjgp"O4 hydrogen bond. Thus, each molecule forms
four hydrogen bonds in a sort of tetrahedral coordination ar-
rangement to give a three-dimensional complex network.

(b)

;R

2 | b

al .
Fig. 1. Ambient pressure crystal structure (a) and hydrogen-bonded
networks (b) of CA form-I.

2. Experimental setup

Commercially available pure monoclinic form-II of CA
produced by Aldrich Company was used. The orthorhombic
form-I with a rod-like habit was obtained from the recrystal-
lization of form-II from ethanol/water solution. As shown in
Fig. 2, the identity and crystallinity of form-I were confirmed
by the conventional powder XRD because no diffraction signal

was found from impurities in the pattern. The flawless crys-
tals were selected and ground to powder with a grain size of
approximately a few micrometers. The high-pressure exper-
iments were performed with a polycrystalline form. A sym-
metric diamond anvil cell equipped with 400 pm culet dia-
monds was used to generate high pressure. A type 301 stain-
less steel gasket was preindented to 40 um in thickness, and
then a hole with a diameter of 130 um was used as the sam-
ple chamber. A small ruby ball along with the polycrystalline
sample was loaded into the chamber. Nitrogen was used as
the pressure-transmitting medium to ensure hydrostatic pres-
sure conditions,*!! and the pressure was determined by the
ruby luminescence method.3?! All of the experiments were
conducted at room temperature.

XRD
Form II

simulated For}n 11
J
wuw

simulated Form I
A o ﬂi N L_M_M..Au

5 10 15 20 25 30 35 40
Diffraction angle/(°)

Intensity

Fig. 2. The experimental and simulated powder XRD patterns of form-I
and form-II.

High-pressure Raman spectra were recorded using an Ac-
ton SpectraPro 2500i spectrometer with a 532 nm laser ex-
citation. Raman scattering was collected with backscattering
configuration, and notch filters were utilized to get rid of the
Rayleigh scattering. The resolution of the Raman system was

~1cm L

High-pressure ADXRD experiments were con-
ducted at the 4W2 high-pressure station of the Beijing Syn-
chrotron Radiation Facility. Further analysis was performed
with commercial Materials Studio 7.0 to gain accurate lattice
parameters and possible space groups.

Ab initio calculations were performed with the norm-
conserving pseudopotential plane-wave method implemented
in the CASTEP code combined in the Materials Studio
7.0 program. The local density approximation exchange-
correlation functional was used in the calculations. The ge-
ometry optimizations were performed by the BFGS algorithm.
The k point has fine quality with 0.05 A~! separation.

3. Results and discussion

The point group symmetry of the CA form-1 (Z =4) is
222. The mechanical representation of this symmetry is

M =51A+51B1 +51B; +51B;3,
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of which three acoustic modes and 201 optic modes are found

Ecoustic =B;+B> —I—B3,
E)ptic =51A+50B; +50B;, + 50B3.

Group theoretical classification of the 201 optical modes
shows that the Raman-active modes belong to the 51A +
50B; + 50B; + 50B3 symmetry. Meanwhile, the 50B; +
50B; + 50B3 modes have infrared activity. Some Raman
modes cannot be observed in our experiments probably be-
cause of particularly weak intensities.
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Fig. 3. (a) Raman spectra of CA form-I ranging from 30 cm~! to 300 cm™!
as a function of pressure at room temperature; (b) corresponding frequency
shifts. Nonlinear fits using a quadratic equation are performed for clarity.

The Raman modes of CA form-I were assigned based
on the reported literature.'”’! The evolution of Raman spectra
ranging from 30 cm ™! to 300 cm ™! is shown in Fig. 3(a). The
spectrum collected at ambient conditions includes 10 lattice
Raman bands at 56, 70, 83, 89, 104, 120, 130, 139, 156, and
175 cm™! (with the symbols vi—Vyg). Lattice modes in Raman
scattering were correlated with collective motions of atoms in
unit cell and widely adopted as evidence for crystal symmet-
rical change. Intermolecular hydrogen bonds (O-H~O, N-
H0, and C-HO) play a key role in crystalline CA form-I;
hence most of the lattice modes are involved in the hydrogen-
bond vibrations. With increasing pressure, modes v3 and V4
overlap and cross each other by virtue of different shift rates.
Then mode v3 loses its intensity and vanishes into the scatter-
ing background. Modes vg and Vvig become too weak to be
detected above 1.2 and 2.2 GPa, respectively. Mode v, shifts
to the margin of mode v, and modes Vs and V¢ merge together
at 4.3 GPa. The spectral shape of the lattice modes noticeably
changes at 6.5 GPa, indicating the transition from form-I to
form-III. Moreover, there is no considerable broadening for
the Raman peaks under compression. The FWHM (full width
at half maximum) of the peaks support the phase transition.
The original 10 vibrational modes absolutely lose their inten-
sities with the appearance of nine new Raman peaks. The nine

lattice modes in form-III keep their initial distribution in po-
sition and intensity without any discontinuous change up to
10.3 GPa, implying the stability of form-III up to the highest
pressure of our experiment.

The pressure-induced frequency shifts of the lattice
modes are depicted in Fig. 3(b). All the Raman peaks exhibit
a substantial blue shift. The blue shift is caused by the reduced
distances of adjacent molecules and increased intermolecular
interactions.33**1 An obvious discontinuity in shift rates is ob-
served at 6.5 GPa, indicating the phase transition to form-III.
The changes in the lattice Raman modes directly reveal the
existence of new polymorph form-IIT at 6.5 GPa.

Raman spectra of CA form-I ranging from 300 cm™! to
1800 cm~! are illustrated in Fig. 4. The Raman peaks in this
region were assigned to the internal framework modes. Com-
pared with lattice modes, internal modes are more sensitive to
pressure and can provide information on the chemical environ-
ment that surrounds a specific group. The simultaneous vari-
ations in internal modes confirm the occurrence of pressure-
induced phase transition. At 6.5 GPa, some original modes
disappear and new Raman modes emerge. The modes related
to the pyridine ring skeleton, including CCCN torsion, CCCC
torsion, CCN in-plane bending, CN stretching, CNH in-plane
bending, CCH in-plane bending, CC ring stretching modes,
show considerable changes during the phase transition. This
result is because the increased pressure causes 7—7 stacking
interaction to enhance, ultimately resulting in the rotations and
distortions of the pyridine ring. Furthermore, the C-O stretch-
ing mode at 1120 cm™! shifts to high frequency as a function
of pressure, as shown in Fig. 4(b). The blue shift reflects that
the Nj—H oo O4—C7 hydrogen bonds in CA form-I are strong
and continue to be strengthened with elevating pressure. [33-3%]
For weak- or moderate-strength hydrogen bonds, pressure can
decrease the distance between H and O atoms. The enhanced
electrostatic attraction should lengthen the C-O distance, re-
sulting in the red shift of C-O stretching mode. However,
for strong-strength hydrogen bonds, the shortened C-O dis-
tance displays blue shift. Similarly, the blue shift of the C-O
stretching mode at 1383 cm~! is due to the strong C1-H; 01—
Cg hydrogen bonds. Peak positions of the vC-O modes at
1120 cm~! and 1383 cm™! are shown in Table S1 in the Sup-
plementary Material. It is noteworthy that the significantly
enhanced Raman intensity of the ¥CO mode at 1383 cm™!
and the new vC=0 mode marked by an asterisk in CA form-
III. According to the Rietveld refinement result that will be
discussed later, the C;—H;01—C¢ hydrogen bonds are bro-
ken at high pressure, causing the enhanced Raman intensity of
the vCO mode. Meanwhile, the new VC=0 mode arises from
new Cy4—H403=C7 hydrogen bonds that exist in the form-
III. Moreover, the abrupt changes with respect to C—-COOH
stretching, CCO in-plane bending, O-H out of plane bending,
COO in-plane bending, CCCO torsion, CCOO torsion, COH

016104-3
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in-plane bending, CNH in-plane bending, CCH in-plane bend-
ing modes at 6.5 GPa suggest that the N-H~O and O-H O
hydrogen bonds evolve into a distorted state.

Form III

(a‘) 10.3 GPa Form IIT , (b) 10.3 GPa

9.6 GPa 2.6 GPa

3.1 GPa 8.1 GPa

6.5 GPa M 8.5 GPa.
3 3
= Form I =
=] =]
el e}
— —
< <
~ ~
> >
+ +~
= =
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Fig. 4. Evolution of Raman spectra at high pressures in the regions of
(a) 300=710 cm ™!, (b) 710-1320 cm ™!, (c) 13501800 cm™!, and (d) cor-
responding frequency shifts. v, stretching; 7, torsion; 8, in-plane bending;
7, out of plane bending.

The pressure dependence of corresponding internal
modes is illustrated in Fig. 4(d). An obvious discontinuity is
observed at ~ 6 GPa. This discontinuity is consistent with the
proposed phase transition. All of the observed internal modes
continuously present blue shifts arising from the contraction
of covalent bond distances and the increase of corresponding
effective force constants on increasing pressure. On the ba-
sis of the internal mode behavior, the molecular conformation,
local environment around molecules, and hydrogen bonds in
the CA form-I crystal dramatically change during phase tran-
sition. Furthermore, according to the frequency shifts of these
internal modes, Griineisen parameter has been calculated and
analyzed, revealing the two different pressure regimes.

The phonon dispersion under pressure is described in
terms of the Griineisen parameter ¥ of the mode defined as

8lnwi 1 8wl~ B awi

=T MV T Bwi 0P w; 0P

where V is the unit cell volume of the crystal, ; is the phonon
wavenumber, 3 is the isothermal compressibility, and P is the
inducing pressure. The dimensionless quantity 7; is obtained
from the measured pressure dependence of the peak position
@; and the isothermal compressibility value 8, proportional to
the inverse of the bulk modulus:

1/0V 1
p= (%), 5

A linear behavior was observed between w and P. The
data were therefore fitted using the least-squares technique.
Values found for the Raman frequencies @y, the slope d@;/dP,
and the Griineisen parameters are reported in Table S2 (Sup-
plementary Material). As shown in Table S2, we observe only
positive values for Griineisen parameters. This means an in-
crease of all vibrational modes with compression. Moreover,
above ~ 6 GPa, the pressure dependence of the peak posi-
tion shows a different dependence, as expressed by the cal-
culated Griineisen parameters, implying the phase transition
from form-I to form-III. The parameters in the 6.6-10.3 GPa
range are smaller than those in the 0-6 GPa range, indicating
that vibrational bonding is more difficult to compress in the
high pressure range.

The evolution of the C-H stretching region and their
pressure dependence are summarized in Fig. 5, while the de-
scriptors of hydrogen bonds, that is O-H stretching (3300-
3500 cm™") and N—H stretching (3200-3300 cm~!) modes
cannot be detected in Raman experiments due to particu-
larly weak intensities. The band at 3090 cm~! was assigned
to C—H symmetric stretching vibration, whereas the band at
3120 cm~! was identified as C—H asymmetric stretching vi-
bration. The blue shifts of the two modes are in accordance
with the strong-strength C—H O hydrogen bonds in CA form-
I. At 6.5 GPa, the positions of the two modes present signif-
icant discontinuous changes. The combination of the evolu-
tions of C—H stretching and CCH in-plane bending modes con-
clude that the C—HO hydrogen bonds reconstruct with the
application of pressure.

To gain further insight into the high-pressure behavior
of hydrogen bonding, we have performed ab initio calcula-
tions using the pseudopotential plane-wave methods based on
density functional theory. The calculated pressure-induced
changes in the bond distances are shown in Table 1. From
our calculations, the D—H bond length (D means donor) was
shortened with increasing pressure, which is consistent with
the blue shifts of the C—H stretching vibrations in Raman spec-
tra. Meanwhile, the C—O bonds are also shortened with the
application of pressure, implying the C-O stretching modes
shifting to high frequency with pressure.

016104-4
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Table 1. Ab initio calculated changes in bond lengths (A). Negative values indicate shortening.

N;i-Hj904-Cy Ci-H;-0,-Cq O01-Hj0103=C; Cs—Hs0,=C¢
Pressure/GPa
Ar(N-H) Ar(0-C) Ar(C-H) Ar(0-C) Ar(O-H) Ar(0=C) Ar(C-H) Ar(0=C)
1 —0.004 —0.003 —0.007 —0.005 —0.006 —0.003 —0.008 —0.002
2 —0.006 —0.005 —0.012 —0.006 —0.011 —0.005 —0.013 —0.004
3 —0.007 —0.008 —0.018 —0.008 —0.013 —0.007 —0.021 —0.005
4 —-0.010 —0.011 —0.022 —0.009 —-0.015 —0.010 —0.026 —0.007
5 —0.012 —0.012 —0.029 —0.012 —0.018 —0.011 —0.031 —0.010
6 —0.013 —0.013 —0.032 —0.014 —-0.019 —0.012 —0.038 —0.011
= ra|[ ) - o 13230 111.38(7)°, V = 566.70(6) A3, and Z = 4. This symmetry
a | . —_
Form III 10.3 ! ‘,0 lowering through the phase transition is also reflected by the
. L3210 mode splittings in the Raman spectra.
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Fig. 5. (a) Evolution of Raman spectra of CA form-I in the C-H stretching
region at different pressures; (b) frequency shifts of the two C—H stretching
modes. 5 7 9 11 13 15 17
Diffraction angle 26/(°)
To confirm the pressure-induced phase transition and pro- o
vide straightforward information about structural properties, R,=13.07%
high-pressure ADXRD experiments for CA form-I were con- " P1 R,,=10.51%
-
ducted. The pressure-dependent variations in the ADXRD g
patterns are illustrated in Fig. 6(a). All the diffraction peaks 4 released
-
of the CA form-I crystals shift to high angles upon com- g
pression, which suggests the reduction in the volume and in- -
!
termolecular distance. Some new diffraction peaks marked 3
. . . . . E [ L T O 1 | N1 L TR A AT R AR Y LT
by asterisks are observed at 6.6 GPa and gains in intensity MMMMMMMMMMMWMW
gradually. Meanwhile, the peak marked with the down ar-

row cannot be detected anymore. The abrupt changes in the
ADXRD patterns verify that CA form-I undergoes a pressure-
induced phase transitions at around 6.5 GPa, which are similar
to those of Raman investigations. More importantly, form-
III can be retrieved on complete release of pressure. This
irreversibility provides new insight in preparing new poly-
morphs using a high-pressure technique. Figure 6(b) shows
the result of the Rietveld refinement of the released pat-
tern based on the rigid body approximation. It is proposed
that form-III possesses triclinic P1 symmetry, and the in-
dexed lattice constants are a = 6.921(2) A, b = 8.888(6) A,
c=13.75909) A, o = 132.33(0)°, B = 85.104(1)°, y =

5 7 9 11 13 15 17
Diffraction angle 26/(°)

Fig. 6. (a) Representative ADXRD patterns of CA form-I at different pres-
sures; (b) Rietveld refinement of form-IIT with respect to the pattern after
complete release of pressure. Red, blue, and black lines represent experi-
mental, calculated, and residual patterns, respectively.

The pressure dependences of the lattice parameters and
unit cell volume are illustrated in Fig. 7. The volume (V) as
a function of pressure (P) for the two forms was fit to a third-
order Birch-Murnaghan equation of state

/3 5/3
-2 ()
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redm-a ()]}

where V is the volume, Vj is the zero pressure volume, Kj
is the isothermal bulk modulus, and K(’) is the first pressure
derivative of the isothermal bulk modulus. By fixing Vj to be
664.66 A based on the reported literature we found that the
best fit yields Ko = 5.8(1) GPa and K = 41.0(3) for form-I.
For form-I11, the fitting results show that Ky = 2.8(3) GPa and
K}, =56.3(8).
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Fig. 7. Compression of (a) lattice constants and (b) unit cell volume of CA
with respect to pressure. The vertical dotted line represents the boundary of
the two forms.

Figure 7(a) depicts the dependence of lattice constants
versus pressure. In form-I, the compression ratios of the three
axes are almost the same. This is because CA form-I crystals
exhibit three-dimensional structure. Hydrogen bonds are dis-
tributed on the three axes of a, b, and c. Each molecule forms
four hydrogen bonds in a sort of tetrahedral coordination
arrangement to give three-dimensional complex hydrogen-
bonded networks. The CA crystal is mainly constructed by
these hydrogen bonds. Hydrogen bonds have a certain sup-
porting effect on the pressure. Thus, with the ascending pres-
sure, the a-, b-, and c-axis present small compression ratio.
Similarly, CA form-III crystals also possess three-dimensional
hydrogen-bonded structure. Therefore, the three axes show al-
most the same small compression ratio. By contrast to the

two-dimensional layered hydrogen-bonded crystals, such as
oxamide, 37! maleic hydrazide,BSJ and SnCl,-2H,0, % three-
dimensional hydrogen-bonded crystals have significantly dif-
ferent compression properties. For layered hydrogen-bonded
crystals, in the plane in which the hydrogen bonds are located,
the compression ratios of the two axes are significantly smaller
than the third axis. This is because there is relatively weak van
der Waals interaction between the planes only. Consequently,

the compression ratio between layers is much larger.

The results of Raman and ADXRD measurements
strongly demonstrate the existence of a pressure-induced
structural phase transition in CA. On the basis of the exper-
imental results and the proposed crystal structure of form-III,
a mechanism for the phase transition was proposed. Figure 8
depicts the comparison of the structures of the two forms.
At ambient pressure, hydrogen bonding and van der Waals
interactions are the predominant cohesive factors that dom-
inate the stability of CA form-I. The applied pressure con-
tinuously reduces the molecular distances. Molecules in the
crystals inevitably become closer to one another to achieve
close packing. Thus, hydrogen bonding and van der Waals
interactions are enhanced. As shown in the Raman spectra,
below ~ 6 GPa, as the enhanced hydrogen bonding interac-
tion, modes related to O-H O, N-H O, and C-H~O hydro-
gen bonds exhibit blue shifts. Meanwhile, Gibbs free energy
in the system is increased from —12.6263 keV at ambient pres-
sure to —12.6024 keV at 6 GPa, due to the strengthened hydro-
gen bonding and van der Waals interactions. When the pres-
sure reaches 6.5 GPa, the balance between hydrogen bond-
ing and van der Waals interactions is broken. The hydrogen-
bonded networks can no longer support the increased Gibbs
free energy. Therefore, reconstructions of hydrogen-bonded
networks and phase transition occur to achieve close molec-
ular packing and reduce the total free energy of the system.
As shown in Fig. 8, molecules distort and rotate and move
away from the original locations to a great extent. Moreover,
hydrogen bonds are broken, and new Cs—H403=C7 hydro-
gen bonds are formed. Meanwhile, various variations of the
Raman modes related to O-H~O, N-H~O, and C-H~O hy-
drogen bonds confirm the reconstructions of hydrogen-bonded
networks in CA form-I during phase transition. The exper-
imental and calculated results suggest that hydrogen bonds
have a central function in the irreversible structural transition
of CA form-I. High-pressure x-ray and neutron diffraction,
however, are needed to reliably determine atomic positions in

the new polymorph CA form-III.
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(a)

(b)

Fig. 8. Comparison of crystal structures of CA: (a) form-I and (b) possi-
ble form-1II. Hydrogen bonds O-HO, N-H O and C-HO are marked as
dashed lines.

4. Conclusion

In summary, we have explored the pressure-induced irre-
versible phase transition in crystalline CA form-I by virtue of
monitoring the evolutions of Raman and ADXRD spectra. The
abrupt changes in the spectra at about 6.5 GPa strongly sug-
gested the emergence of a new polymorph, namely CA form-
III, which can be retrieved on complete release of pressure.
In fact, the pressure of phase transition is usually lower than
the observed results. Further analysis indicates that form-III
has triclinic P1 symmetry. The experimental and calculated
results have revealed the phase transition mechanism in terms
of the reconstructions of hydrogen-bonded networks and the
deformation of the molecular framework. Consequently, this
work can be helpful to further understand hydrogen bonds and
prepare new polymorphs using a high-pressure technique.
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