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Pressure-induced transformation of y-IMC [1-(p-chlorobenzoyl)-5-methoxy-2-methylindole-3-acetic acid] is
analyzed from Raman scattering investigations in the low-frequency range of 10-250 cm™! and the high
frequency region between 1550 and 1750 cm™!, where C=0 stretching vibrations are usually observed. At
room temperature, by pressurization from atmospheric pressure up to 4 GPa, y-IMC undergoes a collapse
transformation into a high-pressure crystalline form, induced by large rearrangement in the hydrogen-bonded
network associated with molecular conformational changes. The Raman spectrum of the high-pressure crystal
is similar to that of the & form, which is denser than the y form and metastable with respect to y-IMC at
atmospheric pressure. Upon further compression a solid-state amorphization is observed via the breakdown of
hydrogen bonds. The Raman line shape of the high-pressure amorphous form is different from that of the
vitreous state (or thermal glass obtained by quenching the liquid), suggesting the existence of a high-density
amorphous state. By release of pressure, this high-density amorphous state transforms into the thermal glass.
This transformation can be interpreted as a transformation between a high-density amorphous to a low-density

amorphous state, which could be associated with a polyamorphic transformation.
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I. INTRODUCTION

In the past decade, polyamorphism has focused consider-
able theoretical and experimental investigations. Polyamor-
phism refers to the existence of two different amorphous
states of the same substance, which is linked via a first-order
phase transition. The study of polyamorphic transitions has
been enabled by the development of diamond anvil cells,
giving the opportunity of current investigations in the range
of several 10 GPa since most of these transitions can be ob-
served under very high pressures. In some cases, discontinu-
ous structural changes on densification have been detected
and characterized as first-order phase transformations. Ice is
one of the most currently example used to illustrate
polyamorphic transitions. The structural changes between the
low- and the high-density amorphous state transitions have
been evidenced from x-ray! and neutron diffraction
experiments.' Pressure-induced amorphization (PIA) was
also reported for H,O from pressurization of hexagonal ice
(Ih).>* The amorphous ice obtained by compression of hex-
agonal ice and named high-density amorphous (HDA) is
structurally distinct from the low-density amorphous state
(LDA) obtained by condensation from vapor. In this context,
PIA can be considered as a tool to investigate polyamor-
phism situations. Another polyamorphic transition, which is
similar to the HDA-LDA transition, is also expected between
tetrahedrally coordinated forms of a-Si0,,** Ge0O,,%” and
structural changes detected in liquid phosphorus® or liquid
GeSe2 (Refs. 9 and 10) are highly suggestive of a liquid-
liquid fist-order transition. However, despite the observation
of PIA in some molecular systems,''~!'” no polyamorphic
transition was yet detected in organic molecular compounds,
except the controversial case of triphenyl phosphite.'3-2°
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Indomethacin (IMC) [1-(p-chlorobenzoyl)-5-methoxy-2-
methylindole-3-acetic acid] [Fig. 1(a)] is an anti-
inflammatory, antipyretic, and analgesic drug, which exhibits
a rich and very original polymorphism that is characterized
by the a-7y monotropic system, whose the more stable form
is the v phase.?® Moreover, the more stable phase does not
exhibit the highest density with respect to other crystalline
states. The vy phase which melts at T,,=434 K.?’ Crystal of
v-IMC belongs to the centrosymmetric triclinic space group

P1 with Z=2.28 The crystal packing is characterized by mo-
lecular associations in dimmers [Fig. 1(b)] via hydrogen
bonding of the carboxylic acid group. The metastable «
phase, which is obtained by dissolution in methanol and pre-
cipitation in water,”® crystallizes in the P2, space group (Z
=6) (Ref. 30) and melts at 428 K.?’ The organization in trim-
mers of the a phase [Fig. 1(c)] is suspected to be at the
origin of its higher density3’ (1.40) with respect to that of the
stable y phase (1.38). The & form is obtained by isothermal
aging of the supercooled liquid at 353 K, which is in agree-
ment with Borka.?! The 8 IMC structure was not solved and
no information about molecular association via hydrogen
bond was reported.

In a recent study,*” PIA of IMC was suggested from the
observation of the broadening of Bragg peaks, without ob-
taining a completely amorphous state. Consequently, this pa-
per focuses on Raman investigations of pressurized y-IMC
in order to analyze pressure-induced transformations of
v-IMC and principally pressure-induced disordering toward
amorphous state in an original polymorphic molecular sys-
tem. The capability of IMC to be candidate polyamorphic
system, i.e., to undergo a first-order amorphous-amorphous
transition, is analyzed. Special attention is given to the analy-
sis of the stability of the hydrogen-bond network on pressur-

©2008 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.77.094205

HEDOUX et al.

a)

C= =

b)

c)

(C = O)p-niv

FIG. 1. (Color online) Representation of the (a) IMC molecule
and molecular associations (b) in dimmers distinctive of the y form
and (c) in trimmers distinctive of the « form. The different kinds of
C=0 stretching bands are associated with the C=O bonds by
arrows.

ization and its influence on the mechanism of pressure-
induced amorphization.

IMC appears as an interesting system for Raman investi-
gations on polymorphic transformations, and also to analyze
the molecular packing via hydrogen bonds (H bonds) and
PIA mechanism since the different crystalline forms and the
amorphous state can be characterized in the
1550—1750 cm™' frequency range.’33* In this frequency
range, C=0 stretching vibrations involved in molecular as-
sociations via H bonds are Raman active.?*%

II. MATERIALS AND METHODS

The vy form of indomethacin (y-IMC) with a purity of
99% is supplied from FLUKA and used as received. Experi-
ments were performed at room temperature on powder of y
IMC.

Pressure was generated in a gasketed membrane diamond
anvil cell. Measurements were carried out without any pres-
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sure transmitting medium. Sample size was typically
210 pm diameter and 110 wm thickness. Three ruby crystals
(size of ~10 um) were included for in situ pressure mea-
surements by the standard ruby fluorescence technique®®
with an accuracy of £0.1 GPa. Two pressure runs were done
in the 0—14 GPa pressure range. The first one was carried
out in 2 days with pressure increasing by regular steps of
about 0.5 GPa. Pressure was then slowly released by step of
1 GPa. Rapid pressurization of y-IMC was performed with
larger pressure steps to reach 14 GPa in 2 hours. Raman
spectra recorded in the two different runs were observed to
be similar at comparable pressure. Only the results obtained
in the slowest pressurization are reported in this paper. Pres-
sure measurements on the three ruby crystals indicate that
pressure gradients in the sample were insignificant over the
studied range of 0—10 GPa.

The backscattering spectra were recorded in the low-
frequency range of 10 and 250 cm™' and in the
1550-1750 cm™! frequency range using a DILOR-XY spec-
trometer equipped with a liquid nitrogen cooled charge
coupled device detector. Spectrometer slits were kept at
300 wm which give a resolution-limited width of 2 cm™! in
the high frequency region. The 647.1 nm line of a mixed
argon-krypton laser was used for Raman excitation. An
Olympus 50X long-working distance objective was used.
The volume analyzed by microspectroscopy using a confocal
hole of 600 um was about 300 um?.

Frequencies in the low- and high-frequency Raman spec-
tra were determined using the residue method in the fitting
procedure of the PEAKFIT software (Jandel Scientific Soft-
ware).

II1. RESULTS
A. Raman spectra of different states of indomethacin

The low-frequency Raman spectra of amorphous and
crystalline states are plotted in Fig. 2. Low-frequency Raman
spectra of crystalline states are composed of phonon peaks
corresponding to the lattice vibrations and then reflecting the
long-range order in crystals. The low-frequency Raman spec-
trum is distinctive of each crystalline form, and the number
of Raman active phonons is directly dependent on the degree
of symmetry of the crystal. It is clearly observed in Fig. 2
that the degree of symmetry of the metastable a form is
lower than that of y-IMC. By contrast to the crystalline
states, no phonon peak is observed in the amorphous state
since there is no long-range order. The low-frequency spec-
trum of vitreous IMC (thermal glass) is only composed of a
broadband directly related to the vibrational density of states
distinctive of the short-range order and mainly resulting from
an inhomogeneous broadening of phonon peaks.

The Raman spectra of the amorphous solid and crystalline
states in the 1550—1750 cm™' range are plotted in Fig. 3. In
this region, C=0 stretching (¥C=0) bands are typically
observed®*3337 between 1600 and 1750 cm™.

The assignment of Raman bands observed in this region is
reported in Table I from previous studies.’*> This frequency
range was previously determined as very sensitive to mo-
lecular associations via hydrogen bonding.’*3%3° Amorphous
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FIG. 2. The low-frequency Raman spectra of crystalline forms
and the amorphous state at room temperature conditions.

IMC is considered as mainly composed of cyclic dimmers
with a too small proportion of H-bonded molecules to form a
chain,? whereas the structure of the y form is organized in
chains of dimmers. No Raman band in the C=0O stretching
region is directly informative of molecular associations via H
bonds between acid groups, both in amorphous state and in
the y form.>* However, the 1679 and 1697 cm™' bands de-
tected, respectively, in the amorphous state and in the y form
and both assigned to the benzoyl C=0O stretching vibration
[#(C=0),] exhibits a contrasted line shape depending on
the organization of IMC molecules. In the 7y form, the
1697 cm™! band is influenced by steric hindrance and tension
of molecules® imposed by H-bonded associations in dim-
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FIG. 3. Raman spectra in the C=0O stretching region for in-
domethacin polymorphs and the solid amorphous state under room
temperature conditions.
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TABLE I. Assignment of Raman bands in the 1600—1750 cm™!
region.

Raman band

(cm™) Form Assignment

1588 Y

1589 Amorphous, & Ring vibration of indole

1591 a

1611 Amorphous, «

1614 o vC=C

1618 y

1648 o H-bonded acid »(C=0),

1673 6 H-bonded benzoyl (C=0),_y;

1678

1679 Amorphous (Non-H bonded+H bonded)

benzoyl »(C=0),

1685 9

1688 Non-H bonded
benzoyl V(C = O)b»ng

1697 y Benzoyl »(C=0),

mers. Consequently, the frequency and the sharpness of this
band reflect the long-range order of dimmer chains. This
band is distinctive of the y form, and its width can be used to
probe and to monitor the long-range order in the y form. By
contrast, the broadened line shape of the 1679 cm™' band in
the amorphous state (Fig. 3) is probably inherent to the local
disorder or to the presence of different molecular conforma-
tions, as it was determined in the & form.?® The spectrum of
a-IMC is more complex in this region. It is the consequence
of the presence of three different molecular conformations
and additional H bonding. The Raman bands at 1648 and
1678 cm™! have been previously assigned to H bonded acid
C=0 stretch** [¢(C=0),,]. These bands would be Raman
active because of the presence of three different molecular
conformations in the a form. By taking into account the
assignment of the 1697 cm™! band in the y form and the
1679 cm™' band in the amorphous state the 1678 and
1688 cm™! doublet should be assigned, respectively, to the H
bonded and non-H bonded benzoyl C=0 stretching bands
since there are probably two different frequencies corre-
sponding to the C=0 stretch of benzoyl groups involved in
molecular associations via H bonds with acid groups and to
C=0 stretch for free benzoyl groups. The Raman band at
1648 cm™! is assigned to the C=0 stretching vibration of
hydrogen bonded acid, which is in agreement with previous
studies.>*3> As a consequence of this new assignment, the
broadband observed at 1679 cm™ in the amorphous state
which appears as the envelope of the 1678 and 1688 cm™!
can be interpreted as corresponding to both types (H bonded
and non-H bonded) of benzoyl C=0 stretching vibrations,
as suggested by Schmidt et al.® The tail observed on its
low-frequency side overlap on the frequency range of the
1648 cm™! band which is characteristic of trimmer associa-
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FIG. 4. Pressure dependence of the low-frequency Raman spectrum on pressurization.

tions in the « form. In this context, it can be assumed that the
broadband centered around 1697 cm™ corresponds to an ho-
mogenous distribution of C=0 stretching frequencies, indi-
cating the existence of molecular associations via H bonding
detected in the different crystalline forms, with probably a
maximum of intensity corresponding to no molecular asso-
ciation. There is no structural information on the & phase
reported in the literature. The Raman bands detected in the
1670—1685 cm™! range (Fig. 3) can be tentatively assigned,
as in the a form (Table I), to H and non-H bonded benzoyl
C=0 stretching vibrations. This could also indicate the ex-
istence of different molecular conformations in the 6 form.
However, the present study indicates that molecular associa-
tions in the & form should be different from trimmers ob-
served in the « form since no Raman is observed around
1648 cm™.

B. Pressure dependence of the Raman spectrum on
pressurization

In the low-frequency range (LFRS), the pressure depen-
dence of the Raman spectrum of IMC pressurized from the y
form is plotted in Fig. 4. A strong pressure dependence of the
LFRS is observed between P, and 0.6 GPa. Phonon peaks
are shifted toward high frequencies, and the lattice mode
near 50 cm™! exhibits a clear intensity increase with a con-
comitant sharpening. Above 0.6 GPa, two additional phonon
peaks are detected (localized by arrows in Fig. 4). These
observations could be associated with a distortion of the lat-
tice of y-IMC. Above 3.8 GPa, a change in the Raman line
shape is clearly detected. It is indicative of changes in the
long-range order, i.e., a crystal-crystal transition. The spec-
tral modifications observed in the low-frequency range be-
tween atmospheric pressure and 3.8 GPa (Fig. 4) can be as-

sociated with an ordering process. By taking into account the
weak intensity and the poor quality of the Raman spectrum
at 4.9 GPa and above, the crystalline state above 3.8 GPa
cannot be identified. However, it can be observed that the
most intense phonon peak in the spectrum recorded at
3.8 GPa strongly decreases and broadens, as well as both
modes, at frequencies just higher than the latter, which are
merging. The line shape of the LFRS of the pressurized y
form becomes resembling that of the o form. With further
pressurization above 6.7 GPa, the spectrum flattens and
mimics the spectrum of an amorphous state, despite the very
low quality of this spectrum which is perturbed by rotational
bands of diatomic molecules (N,, O,, etc.) in the air.

The pressure dependence of the Raman spectrum between
1550 and 1750 cm™' is shown in Figs. 5(a) and 5(b). The
pressure dependence of the spectrum recorded in the
1550-1750 cm™! is dominated by the original behavior of
the 1697 cm™! band on pressurization compared to other
bands in the 1550—1750 cm™' region. This band exhibits no
significant frequency shift up to 3.2 GPa contrasting strongly
with the other bands in the spectrum. By pressurization from
atmospheric pressure, a Raman band around 1615 cm™! is
gradually growing in the low-frequency side of the Raman
band assigned to the C=C stretching vibration (Table I). Tt
is worth noting that a doublet is observed in the Raman
spectrum of the « form in the C=C stretching region (Fig.
3, and Table I). The gradual growth of this band indicates
probably a progressive conformational change of IMC to-
ward molecular conformations distinctive of the a phase.
The observation of this additional band in the
1550—1750 cm™! region can be considered as accompanying
spectral changes in the low-frequency range and so confirms
the interpretation of pressure-induced ordering process.
Above 3.2 GPa, a Raman band is slowly growing under
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FIG. 5. Pressure dependence of the Raman spectrum in the 1550—1750 cm™! region on pressurization.

pressurization in the low-frequency side of the 1697 cm™!
band. It is clearly observed in Fig. 5(b) that the intensity of
the growing band increases to the detriment of the
1697 cm™' band which exhibits a concomitant intensity de-
crease. This behavior indicates that the organization in chains
of dimmers is disrupted and a new organization, which is
similar to that in the « or 6 forms, develops. Above 3.2 GPa,
it can be also noticed that the 1697 cm~! band significantly
shifts and broadens with pressurization. At 4.9 GPa, two
bands are clearly detected around 1700 cm~' which can be
associated with the bands assigned to H bonded and non-H
bonded benzoyl C=O0 stretching vibration in the « and &
crystalline forms. Between 1650 and 1675 cm™, one addi-
tional band is detected, probably representative of the ap-
pearance of molecular associations different from dimmers.
By further pressurizing, this band disappears and the spec-
trum becomes mainly composed of three broad bands, sug-
gestive of an amorphous state. Above 4.9 GPa, Fig. 5(b)
clearly reveals a pressure-induced disordering process. It can
be outlined that the Raman lineshape in this frequency range
is not similar to that obtained by vitrification of liquid IMC
and so could be considered as characteristic of a high density
amorphous state.

C. Pressure dependence of the Raman spectrum on
depressurization

Pressure was slowly released by step of 0.5—1 GPa. By
taking into account the poor quality of the LFRS, only the
1550—1750 cm™! region was analyzed during the release of
pressure. The pressure dependence of the spectrum is shown
in Fig. 6. From 9 GPa down to 4.6 GPa, the Raman line
shape of the spectrum resembles more and more that of the
amorphous state obtained by vitrification. This is suggestive

of a transformation of a high density amorphous state into a
low-density amorphous state (thermal glass) which is usually
obtained by a quench of the liquid state. The opposite trans-
formation (low-to high-density amorphous form) was not
distinctively observed by pressurization in Fig. 5. At 4 GPa,
two bands are clearly detected around 1700 cm™'. This ob-
servation indicates the formation of molecular associations in
dimmers distinctive of the vy crystalline form. Only the high-
frequency band remains active by further pressure decreas-
ing. The intensity increase of this band accompanying with a
concomitant sharpening indicates the progressive extension
of dimmer chains to the detriment of non H-bonded mol-
ecules, i.e., the development of the long-range order of the y
form in the matrix of the thermal glass. The Raman spectrum
recorded at 1.5 GPa is similar to that of the y form. By
depressurization, the high-density amorphous state trans-
forms into the low-density state structurally similar to the
quenched liquid (thermal glass) and previously described as
mainly composed of non H-bonded IMC molecules.?* By
further depressurization, the H-bond network in dimmers
distinctive of the y phase is preferentially formed, rather than
the close packing in trimmers of the a phase. Consequently,
the synthesis route toward the high-density amorphous state
by pressurization is not reversible.

IV. ANALYSIS OF RAMAN DATA

A. Analysis of the mechanism of pressure-induced
transformations

The analysis of both w(P) curves (Figs. 7 and 8) and
dw/dP values (Table II) in the low-frequency and in the
1550-1750 cm™! regions reveals a drastic difference be-
tween the pressure dependence of external and internal
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FIG. 6. Pressure dependence of the Raman spectrum in the 1550—1750 cm™! by release of pressure.

modes below 1 GPa. This strong discrepancy in the behavior
of intermolecular and intramolecular vibrations reflects the
disparity between the internal and external modes in molecu-
lar compounds.**#3 Below 1 GPa, the Raman spectrum of
y-IMC is dominated by a hard pressure dependence of the
lattice modes contrasting to the analyzed internal modes.
However, it is worth noting that the pressure-induced shifts
of internal modes in the 1550—1750 cm™' are large, except
for the 1697 cm™' band. Large frequency shifts are con-
nected to the molecular flexibility, while the behavior of the
1697 cm™! band indicates strong H-bonding interactions in
dimmers responsible for the orientational long-range order of
dimmers in chains.

1. vy crystal — a-like crystal transformation

Around 1 GPa, the analysis of the lattice modes reveals a
transformation in the long-range order of the y form. Two
additional phonon peaks [localized by an arrow in Fig. 4(a)]
are detected and a change in the pressure dependence of the
frequency of each mode is clearly observed in Fig. 7 and
Table II. The Raman spectrum in the 1550—1750 cm™' re-
gion gives us the opportunity to analyze the molecular con-
formation of IMC and molecular associations via H bonding.
Figure 5(a) indicates that the organization of IMC molecules
in dimmers remains unchanged by pressurization up to
3.2 GPa since the 1697 cm™! band is quasipressure indepen-
dent. The hard frequency pressure dependence of lattice
modes observed between P, and 1 GPa is probably limited
by the strong orientational order corresponding to the orga-
nization of dimmer chains via H bonds. At 3.2 GPa, the de-
tection of a tail on the low-frequency side of the 1697 cm™!
band probably indicates new molecular associations via H
bonding between acid and benzoyl groups if the assignment

of ¥C=O0 stretching vibration determined in the a-form
(Table I) is adopted. The growing of this band to the detri-
ment of the benzoyl ¥(C=0)b-nHb stretching band reveals
a concomitant decrease of dimmers, distinctive of the y form
and leading to the coexistence of different molecular confor-
mations, as determined in the & form.’® At 4.9 GPa, both the
low- and the high-frequency Raman spectra are drastically
modified. Both spectra are similar to those of the « form,
with an additional band detected around 1650 cm™!, only
observed in the spectrum of the a form. In this context, these
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FIG. 7. Pressure induced shifts of the most intense phonon
peaks in the P,,,—4 GPa pressure range. Above 4 GPa, the poor
quality of the low-frequency spectrum makes the determination of
frequencies impossible.
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TABLE II. Pressure dependence of Raman mode frequencies in

1720 ) the low-frequency range below and above 0.8 GPa and in the high-
o® frequency range below 8 GPa from linear regression.
1710 1 «® o
P .
T00 L emeeee® e i )
' ee® Mode frequency IP IP
£ 1690 o
o S (cm™) (cm™' GPa™) (cm™' GPa™)
o 1680 ; : : . : : : Pym P<0.8 GPa P>0.8 GPa
2 0 2 4 6 8 10 12 14
g . . . , . , 31 154=*3 39+0.2
S 1670 {b) s 46 12.8+0.7 52*03
gJ .
S 1660 o 67 19.1+3 44+02
= reso » 71 29.2+5 6.8+0.3
650 1 °
1640 - .." Pun 0.8<P<8 GPa
A
1630 1 oo 1577 37+0.1
1620 o 1588 3.8+0.1
e 1616 6.9+0.2
0 2 4 6 8 10 12 14 1697 0.85*+0.05
1650 b
a)
1640 1 . H-bond network arranged in dimmers remains stable, while
< 1630 1 . lattice modifications and probably conformational changes
§ e e oo are observed.
— 1620 1 e, * * Despite the fact that there is no observation of the y-to-«
g 1610 ] . e, ° transition upon heating IMC, the polymorph of IMC can be
3 P * compared to that of resorcinol which exhibits a-crystal to
2 1600 9 o’ % ** PB-crystal transition at 370 K with a volume reduction of
T 1590 ~.0°".,,p’ about 3%,* in which the denser phase (/3) is stable at higher
o temperatures. The a— 8 phase transition is also observed by
1580 ‘.. . . 14,15 . . . o)
pressurization. > This solid-solid phase transition was de-
1570 ; " " " " " " scribed by large rearrangements in the H-bond network ac-
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FIG. 8. Pressure induced shifts of internal mode in the
1550—1750 cm™! for internal band observed under room tempera-
ture conditions (a) at 1577 and 1589 cm™, (b) at 1616 cm™!, and
(c) at 1697 cm™".

modifications of the Raman spectra can be interpreted as a
pressure-induced transformation into a metastable state close
to the « form which is denser than the y form. Both the
observations in the low-frequency range and in the
1550—1750 cm™' region (sharpening of lattice modes and
detection of additional external and internal modes) converge
into a description of the transformation as an ordering pro-
cess. The ordering process mainly corresponds to significant
modifications in the H-bond network, i.e., to the transforma-
tion of the relatively poor packing in dimmers into a more
efficient packing in trimmers distinctive of the a form which
has a greater density than the y form. Consequently, it can be
considered that y-IMC gradually transforms into a crystalline
state very close to the a form by pressurization up to
4.9 GPa. The observation of modifications in the low-
frequency spectrum and near 1615 cm™' at pressures
(~1 GPa) well below the observation of changes in the Ra-
man line shape of the 1697 cm™! band (~3.2 GPa) indicates
very strong H bonding distinctive of the y form since the

companied with a weakening of the OH bonds.* From the
present study and previous structural analyses,?® it can be
considered that y-IMC, hexagonal ice,*® and a-resorcinol*
have similar structural properties, i.e., an open structure
maintained by the directive power of the H bonds. However,
depending on the pressurization rate, o phase of resorcinol
transforms into B (slow pressurization) or into a new & phase
(rapid pressurization) only observed under pressure. In our
experiments carried out on IMC in two different pressure
runs, Raman spectra were observed to be similar at compa-
rable pressures, and no additional crystalline phase was de-
tected on compression.

2. Crystal —amorphous transformation

Above 4.9 GPa, the additional band near 1650 cm™!
clearly disappears, while the other bands are merging into
three broad bands. These observations reveal a pressure in-
duced disordering process above 4.9 GPa, probably toward
an amorphous state, taking into account the very broad Ra-
man line shape between 1550 and 1750 cm™! and the disap-
pearance of the lattice modes at 9.8 GPa. The pressure be-
havior of the Raman band near 1650 cm™! interpreted as the
signature of molecular associations in trimmers distinctive of
a-IMC indicates the rapid breakdown of the H bonded net-
work of the a phase. Consequently, the number of non-H-
bonded IMC molecules increases with pressurization above
4.9 GPa that favors a molecular close packing with a highly

094205-7



HEDOUX et al.

disordered molecular surrounding according to the Raman
line shape in the 1550—1750 cm™' frequency range. The line
shape of the Raman spectrum in the 1550—1750 cm™! region
composed of three broadbands can be interpreted as resulting
from a heterogeneous molecular surrounding. This latter
would be produced by several molecular conformations in-
herent to the very high compression and compatible with a
close molecular packing.

PIA was also observed in resorcinol, and more generally,
many of materials which exhibit a negative thermal expan-
sion undergo a PIA.#7 It was also observed that PIA in some
of the corner-linked framework structures is not observed
from the parent phase but from a high-pressure phase.*’ The
v phase of IMC first transforms into a a-like structure under
pressurization prior to amorphize. Several arguments based
on high-pressure polymorphism*® or impeded structural
transitions* have been proposed to explain the mechanism
of PIA. It has also been shown that amorphization and melt-
ing of ice were closely linked,>® and from MD simulations,’!
the structure of the amorphous state of quartz obtained by
pressurization was determined to be similar to that of a rap-
idly quenched thermal glass. By contrast to resorcinol, no
additional phase was detected on two different pressure runs
carried out on y-IMC. The structure of the high-pressure
amorphous state obtained by rapid or low pressurization ap-
pears very similar. Pressure-induced transformations from
y-IMC can be mainly described as transformations in the
H-bond network associated with changes in molecular con-
formation of IMC. The observation of conformational
changes in IMC molecules with pressurization, and Raman
features observed by pressurization in the 1550—1750 cm™!
range are interpreted as produced by the collapse of the
H-bonded network into a highly disordered and close pack-
ing. It has been demonstrated from MD simulations that the
collapse of the water molecules into empty interstitial sites
was the primary driving force for the PIA leading to a de-
scription of the transformation as analogous to mechanical
melting.>? Our results show a close connection between PIA
and the mechanism of the H-bonded network collapse which
could be consistent to the mechanical melting scenario re-
ported for ice.>>

B. Analysis of the high density amorphous form

The Raman spectrum in the 1550—1750 cm™' region is
relatively well defined at 13.7 GPa and can be compared to
those of the vitrified state at room temperature and atmo-
spheric pressure by quenching of the liquid state and the
liquid at atmospheric pressure and 443 K (Fig. 9). It can be
roughly described as composed of three broadened bands,
and the line shape of this spectrum appears quite different
from that of the vitrified state. It is probably the indication of
structural changes in the short-range order with respect to the
vitrified state, and then probably a different solid amorphous
forms with a very high density. By the release of pressure,
the line shape of the Raman spectrum transforms and be-
comes similar to that of the vitrified state between 7.5 and
4.6 GPa, with a significant shift toward the higher frequen-
cies because of the pressure dependence of the thermal glass.
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FIG. 9. Raman spectra in the 1550—1750 cm™! range of the
liquid at 443 K and atmospheric pressure, the thermal glass under
room temperature conditions obtained by quench of the liquid, the
high-density amorphous state pressurized at 13.7 GPa, and the low-
density amorphous state at 5.5 GPa obtained after release of pres-
sure. It is clearly observed that the Raman line shape at 5.5 GPa
mimics that recorded after quenching the liquid at room tempera-
ture indicating a similar local organization.

This is indicative that the high density amorphous state trans-
forms into a lower density amorphous state which has a local
organization similar to that in the vitrified state, as seen in
Fig. 9 at 5.5 GPa. The different line shapes of the Raman
spectra recorded at 13.7 and 5.5 GPa by depressurization are
the signature of two different local organizations character-
ized by high- and low-density density packings. From Fig. 9,
it appears that two different amorphous forms can be pro-
duced by two different synthesis routes, i.e., vitrification of
the liquid state and PIA of the y form. By taking into account
the number of Raman bands and the Raman line shape in the
1550-1750 cm™ region, the degree of disorder in the high-
density amorphous state appears to be intermediate between
that detected in liquid and in the thermal glass, probably
because of the existence of different molecular conforma-
tions induced by very high pressurization. The existence of
two different solid amorphous forms obtained by different
synthesis routes and the ability to be amorphized by pressur-
ization are considered to be two properties for candidate
polyamorphic systems.>*

V. CONCLUSION

This study reports the description of PIA of y-IMC to-
ward a high-pressure amorphous state which exhibits be-
tween 1550 and 1750 cm™' a Raman line shape clearly dif-
ferent from that of the liquid and the thermal glass (Fig. 9).

The vy phase is characterized by strong and orientational H
bonding within dimmers responsible for the poor packing
and a lower density than the « phase, which is stable at
higher temperatures. PIA can be described into two succes-
sive and contrasting steps. First, above 1 GPa lattice modifi-
cations and molecular conformational changes are detected
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prior to the breakdown of dimmer chains observed from
3.2 GPa. The H-bonded network distinctive of the y form
collapses into a closer packing induced by new molecular
associations distinctive of the « form, which is detected near
4.9 GPa. The Raman signatures analyzed during pressuriza-
tion up to 4.9 GPa and corresponding to these structural re-
arrangements, i.e., the sharpening of lattice modes and the
increase of the number of external and internal modes, are
characteristic of an ordering process. These results are con-
sistent with a previous study? which suggested a PIA and
also revealed a pressure-controlled nucleation of the dense
a-crystal form, existing as a stable form under high pressure.
In contrast to the first step, the second step of PIA (above
4.9 GPa) appears as a disordering process through the disap-
pearance of Raman bands (lattice modes and the 1615 cm™!
band) and the merging of internal bands between 1550 and
1750 cm™! in three broadbands. This second step of amor-
phization corresponds to the breakdown of the H-bonded
network distinctive of the « form, and PIA can be globally
described from atmospheric pressure as a gradual collapse
transformation of the H-bonded network into a disordered
high-pressure state. The same kind of PIA connected to the
collapse of H-bonded structure has been observed on other
materials which exhibit negative thermal expansion upon
heating.>!41547 This original property is similar to the situa-
tion of metastability of the dense « phase with respect to the
v form, and so can be suspected to be involved in the under-
lying mechanism of pressure-induced disordering.

The Raman line shape of the high-pressure amorphous
state transforms upon decompression toward that of the ther-
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mal glass near 5.5 GPa (Figs. 6 and 9), suggesting a HDA
— LDA transition. Such a transformation could correspond
to a polyamorphic transition, as observed in ice,>>* but not
yet evidenced in organic molecular compounds.

By further depressurization of the low-density amorphous
state, dimmer chains distinctive of 3-IMC are directly
formed indicating the direct formation of the poor packing
structure upon decompression rather than the dense a phase.
The preferential formation of H-bonded dimmer chains as
long-range order indicates that the route to the high-pressure
disordered state is not reversible.

This study clearly reveals first the capability of y-IMC to
be amorphized by compression, and second, that two struc-
turally different amorphous forms can be produced by two
different synthesis routes. The crystal-to-crystal transforma-
tion observed upon compression and described as the col-
lapse of the H-bonded network can be considered as corre-
sponding to a density-driven transition. Consequently, the
transformation of the Raman spectra upon decompression
between 13.7 and 5.5 GPa (Fig. 9) could provide the indica-
tion that a density-driven transformation, i.e., a polyamor-
phic transformation, might occur within solid amorphous in-
domethacin similar to the LDA-HDA transformation in ice.?
Moreover, the common originalities between the polymor-
phisms of IMC and ice, related to the low packing of the
H-bonded network in the more stable crystalline state, are an
additional indication, suggesting that indomethacin can be
classified among the candidate polyamorphic systems.>*
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