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ABSTRACT: This study reports a combined experimental and
theoretical study of the solid-state polymorphism of the anticancer
agent cisplatin. A complete assignment was performed for the inelastic
neutron scattering (INS) and Raman spectra collected simultaneously
for cisplatin, at different temperatures, with a view to obtain reliable
and definitive evidence of the relative thermal stability of its α and β
polymorphic species. A marked temperature-dependent hysteresis was
observed, as previously reported in the literature. Theoretical
calculations were carried out at the density functional theory level,
using a plane-wave basis set approach and pseudopotentials. A detailed comparison with the experimental Raman and INS data
showed that the α polymorph is present at the lowest temperatures, whereas the β form occurs near room temperature.
Furthermore, regions of coexistence of both forms are identified, which depend on the working mode (heating or cooling).
These findings imply that Raman spectroscopy allows clear identification of the α and β polymorphs at a given temperature and
can unambiguously discriminate between them. Elucidation of the polymorphic equilibrium of this widely used anticancer drug is
paramount for its pharmaceutical preparation and storage conditions.

■ INTRODUCTION

Discovery of the antiproliferative properties of the square
planar Pt(II) complex cis-diamminedichloroplatinum(II) (cis-
Pt(NH3)2Cl2, cisplatin) by Rosenberg in the 1960s1,2 prompted
its use to treat several types of cancer, such as testicular, head, and
neck.3 However, acquired resistance to the drug4 and undesirable
side effects including oto-, neuro-, and nephrotoxicities are severe
limitations to its clinical use. In the wake of the success of cisplatin,
thousands of cisplatin analogues were synthesized and evaluated
with the aim of lessening or removing its toxic side effects,
overcoming resistance, and providing oral bioavailability.
A crucial aspect that affects the efficacy of pharmaceuticals is

their polymorphism, where different crystal packing arrange-
ments are in an equilibrium dependent on the ambient
temperature and pressure. Preparation and storage conditions
prior to administration are prone to affect this polymorphic
equilibrium, changing properties such as density, solubility, and
rate of dissolution. For cisplatin, the solid product obtained in
patented production methods5,6 is reported to be the β polymorph.
Until recently, only the crystal structure of the α species had been
determined, through low-resolutionX-ray diffraction.7 Furthermore,
due to the limitations of this technique, the positions of the NH3
hydrogen atoms could not be resolved. A recently reported
combined X-ray scattering and neutron diffraction study yielded the
structures of both the α and β polymorphs with high resolution,
including the location of the hydrogen atoms8 which is crucial in
order to reveal the hydrogen-bonding network (H···Cl interactions)

within the lattice. This study also showed that cisplatin’s polymorphs
easily interconvert with temperature, whichwas to be expected given
that the α form is only 1 kJ mol−1 (calculated) more stable.8

Vibrational spectroscopy is known to be a method of choice
for unmasking subtleties in the study of molecular structure, a
first step in establishing quantitative structure−activity relation-
ships (QSARs) for this kind of anticancer drug. In particular,
theoretical quantum spectroscopy has emerged as an important
complementary tool for the assignment of experimental spectra,
to assist in the characterization of molecular structures and
conformations.9,10

Considerable effort has beendevoted to determining the electronic
structure and conformational preferences of cisplatin,11−24 but the
work addressing its vibrational frequencies and intensities has not yet
attained a complete interpretation of the vibrational
data.13,14,16−18,21,22,24 In fact, it was not until recently that a complete
assignment of the experimental Raman17,18 and inelastic neutron
scattering (INS)21 spectra of cisplatin was carried out, in studies
reported by our group.However, the correspondence of these spectra
with a given polymorph was not yet clear. Thus, the aim of the
presentworkwas to study the polymorphic equilibriumof cisplatin by
experimental vibrational spectroscopy coupled to a unified theoretical
methodology that takes into account the real periodicity of the solid
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crystal used to record the spectra. Simultaneous INS and Raman
scattering data were obtained as a function of temperature (both
heating and cooling cycles), and density functional theory using a
plane-wave basis set (DFT-PW) and pseudopotential approaches
was applied. The use of plane waves (with periodic boundary
conditions) as basis functions to solve the DFT Kohn−Sham
equations is currently one of themost successfulmethods to deal with
extended systems such as crystalline solids.

■ THEORETICAL AND EXPERIMENTAL METHODS
Calculation of the Raman and INS Spectra. DFT

calculations were performed using plane wave pseudopotential25

expansions as implemented in the PWscf (plane-wave self-
consistent field) code from theQuantumEspresso26 package and
run on the Milipeia27 cluster. The local density approximation
(LDA) functional, with norm-conserving pseudopotentials, and
the Perdew−Burke−Ernzerhof (PBE)28 density functional,
based on the generalized-gradient approximation (GGA), were
employed with ultrasoft pseudopotentials. Additionally, a
correction for van der Waals dispersion interactions was added
to the PBE functional following a semiempirical scheme of
Grimme,29,30 as implemented in PWscf by Barone et al.:31 PBE-
D2, where “D2”meaning added dispersion according to the 2006
model of Grimme.30 In this approach, the total energy for a given
DFT functional is represented by

= +‐E E EDFT D DFT disp (1)

The first term on the right is the standard exchange and
correlation DFT energy, and the dispersion term (when periodic
boundary conditions are applied) is a sum over atom pairs in the
unit cell and over lattice parameters,31
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In eqs 2 and 3, ri⃗j represents the interatomic distance vector, R⃗ are
lattice vectors, C6ij are coefficients calculated for each atom pair
by C6ij = (C6iC6j)

1/2, s6 is a density functional-dependent scaling
parameter, d is a parameter that controls the range of the
damping function, and r0 are the sum of the van derWaals radii of
each atom pair, i.e., r0 = r0i + r0j For the cisplatin system computed
at the PBE-D2 level, the following values were used: d = 20;s6 =
0.75; for hydrogen, C6H = 0.14, r0H = 1.001; for nitrogen, C6N =
1.75, r0N = 1.452; for chlorine, C6N = 5.07, r0N = 1.639; and for
platinum, C6Pt = 81.24, r0Pt = 1.611. The C6 coefficients are in
J·nm6·mol−1 and the radii in Å. The sum in eq 2 is truncated when
the distance |ri⃗j + R⃗| becomes larger than 100 Å.
The LDA density functional and the norm-conserving

pseudopotentials were chosen since in Quantum Espresso this
is the only functional and choice of pseudopotentials that permits
computation of Raman activities. The PBE GGA functional is
expected to improve on the geometries and frequencies obtained
with LDA and, in particular, to afford a better reproduction of the
H···Cl hydrogen bond distances and energies.32,33 Inclusion of
dispersion interactions through the PBE-D2 approach, even if it
is one of the simplest approaches to that aim,34 has been recently
found to yield accurate geometries and interaction energies in

molecular crystals.35 In particular, this and other models used to
include dispersion into DFT functionals have often enabled the
reproduction of the experimental stability of different organic
crystal polymorphs.36−40

For the Perdew−Zunger41 LDA approach, in turn, norm-
conserving pseudopotentials of Von Barth−Car42 type for the H
and N atoms and of Bachelet−Hamann−Schlüter43 type for Cl
atoms, were used. For Pt, a plane-wave-based norm-conserving
relativistic pseudopotential was built to be applied with the
Perdew−Zunger LDA functional, by solving the all-electron Pt
atom with the configuration (Xe) 4f14 5d8 6s2 6p0. The “atomic”
code by Dal Corso, included in the Quantum Espresso
distribution, was chosen, considering 10 valence electrons and
a cutoff of 74 Ry for the pseudopotentials. Multiple projectors
were defined for each component of the angular momentum,
namely one 6s, one 6p, and two 5d. The accuracy and transferability
of this pseudopotential were tested by performing zero temperature
total energy calculations for the solid face-centered cubic structure of
the Pt metal and for one isolated cisplatin molecule. A good
agreement was found between the computed and experimental
values of the lattice parameters, for both the metal and cisplatin. For
the PBE and PBE-D2 approaches, Vanderbilt44 ultrasoft
pseudopotentials were used for all atoms, those for Pt and Cl
including a nonlinear core correction.45

The atomic positions in cisplatin were optimized starting from
the experimental structure and keeping the unit cell parameters
constant at these experimental values. The unit cell parameters
and initial atomic positions for the two polymorphs were those
reported by Ting et al.8 For ease of reference, the corresponding
crystal cell parameters are comprised in Table S1 (Supporting
Information). A cutoff energy of 70 Ry for the LDA calculations
and 40 Ry for the PBE and PBE-D2 calculations, and a
Monkhorst−Pack46 grid of 3×3×3 to sample the Brillouin zone,
were found sufficient to attain convergence. The dynamical
matrix was calculated at the optimized geometries using Density
Functional Perturbation Theory47 and was diagonalized to obtain
the vibrational normal-mode frequencies and wavenumbers. To
calculate Raman activities, Si, third-order derivatives with respect to
electric fields and atomic displacements were calculated.48 The
Raman activities straightforwardly derived from the Quantum
Espresso program cannot be compared directly with the experiment.
The expression that relates the Raman differential scattering cross
sections with the Raman activities is16
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h and c representing the Planck constant and the speed of light,
respectively, ν0 and νi standing for the frequency of the laser exciting
radiation and the normal-mode frequencies, respectively, and Bi
being a temperature factor, presently considered as 1. The laser
frequency was set to 12 739 cm−1, corresponding to the 785 nm line
of a diode laser (see below). Following eq 4, the theoretical Raman
intensity was calculated according to
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v
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where C is a constant. In order to simulate the line width of the
experimental bands, an artificial and temperature-dependent
uniform Lorentzian broadening was introduced using the
SWizard49,50 program (revision 4.6). For the PBE and PBE-D2
functionals, the intensities were also calculated at the LDA level,
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since the calculation of Raman intensities for PBE functionals is not
implemented in Quantum Espresso.
Inelastic neutron scattering spectroscopy is particularly well

suited to study materials containing hydrogen atoms, since the
scattering cross section for hydrogen (1H, about 80 barns) is
much larger than that for most other elements (at most ca.
5 barns). The neutron scattering cross section of an element (σ)
is a characteristic of each isotope and independent of the
chemical environment. During the scattering event, a fraction of
the incoming neutron energy can be used to cause vibrational
excitation, and the vibrational modes with the largest hydrogen
displacements will dominate the spectrum. Therefore, INS will
be particularly important in solids in which the molecular units
are linked together by hydrogen close contacts, such as cisplatin,
and the lowest-frequency vibrations are expected to be most
affected.
The intensity of each vibrational transition is normally

expressed in terms of the so-called dynamic structure factor
Si*(Q,vk), which has the simplified expression, for a given atom i,
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where Q (Å−1) is the momentum transferred to the sample, vk is
the energy of a vibrational mode, ui (Å) is the displacement
vector of atom i in mode k, σ is the neutron scattering cross
section of the atom, and αi (Å) is related to a mass-weighted sum
of the displacements of the atom in all the vibrational modes. The
harmonic frequencies (energies) of the vibrational modes
correspond to eigenvalues, and the displacements to eigenvec-
tors, of the dynamical matrix calculated by the DFT-PWmethod.

The theoretical INS transition intensities were obtained from
the calculated normal-mode eigenvectors of the quantum
mechanical calculations, and the spectra were simulated using
the dedicated aCLIMAX51 program.

Experimental Vibrational Spectroscopy. The simulta-
neous INS and Raman experiments were carried out at the ISIS
Pulsed Neutron and Muon Source of the Rutherford Appleton
Laboratory (United Kingdom), on the TOSCA spectrometer, an
indirect geometry time-of-flight, high-resolution (ca. 1.25% of
the energy transfer), broad-range spectrometer.52 A Renishaw
inVia Raman spectrometer was used, with a 300 mW Toptica
785 nm diode laser fiber-optically coupled to a specially designed
center-stick inserted in a 100 mm bore cryostat (liquid helium or
closed-cycle refrigerator), as previously described.53 The laser
beam was focused (upon vertical adjustment) in a spot size of ca.
50 μm diameter through a 1 mm thick sapphire window, using a
20× magnification achromatic lens (14 mm working distance).
The temperature was measured using calibrated rhodium−iron
resistance thermometers (accuracy ca. 5 mK) attached to both
the cryostat heat exchanger and the sample can.
The sample, 3 g of solid powder from Sigma (99.99%), was

wrapped in a 4 × 4 cm2 vanadium foil (in order to allow
collection of diffraction data), which filled the beam, and placed
in a special can with a sapphire window lid. Data were recorded
in the energy range from 24 to 4000 cm−1 and from 100 to
3200 cm−1, respectively, for the INS and Raman spectra.
In contrast to the optical vibrational techniques, there are no

selection rules for INS; thus (in principle) it yields all the
fundamental vibrations and overtones as well as combination
bands. In particular, combinations of internal vibrations with
external modes lead to the so-called phonon wings, which
increase in importance at large energy transfer.

■ RESULTS

TheoreticalGeometricParameters forαandβPolymorphs.
Figure 1 shows the α and β polymorphs presently calculated for
cisplatin. In both polymorphs, the cisplatin molecules organize
themselves in planes along the a axis and are stacked along the c
axis. The hydrogen atoms in the −NH3 groups are oriented
equally in all molecules and are therefore eclipsed along the c axis
between two consecutive cisplatins. The main difference
between the polymorphs is in the parallel disposition of the
planes along the b axis in the α polymorph, and in the alternate

Figure 1. Structural representation of cisplatin’s polymorphs (coordinates
from ref 8).

Table 1. Experimental and Theoretical Bond Lengths (Å) and Angles (deg) for α-Cisplatin

bond/anglea exp value LDA PBE PBE-D2 bond/anglea exp value LDA PBE PBE-D2

(Pt1)−(N2) 2.047 2.029 2.075 2.089 (N1)−(Pt1)−(Cl2) 178.37 178.12 177.62 177.43
(Pt1)−(N1) 2.049 2.027 2.071 2.087 (Cl1)−(Pt1)−(Cl2) 91.65 91.99 91.75 92.39
(Pt1)−(Cl1) 2.3206 2.3044 2.3439 2.343 (Pt1)−(N1)−(H1) 110.0 108.3 108.5 109.4
(Pt1)−(Cl2) 2.3216 2.3072 2.3449 2.336 (Pt1)−(N1)−(H2) 110.2 110.9 111.1 112.1
(N1)−(H1) 0.990 1.042 1.034 1.035 (Pt1)−(N1)−(H3) 115.0 114.0 113.7 113.5
(N1)−(H2) 1.047 1.040 1.031 1.031 (H1)−(N1)−(H2) 113.3 109.2 108.7 108.1
(N1)−(H3) 0.936 1.041 1.031 1.033 (H1)−(N1)−(H3) 105.7 106.7 107.3 106.7
(N2)−(H4) 1.046 1.042 1.032 1.032 (H2)−(N1)−(H3) 102.5 107.6 107.6 106.9
(N2)−(H5) 0.988 1.042 1.033 1.035 (Pt1)−(N2)−(H4) 113.1 108.5 109.9 111.8
(N2)−(H6) 0.976 1.035 1.028 1.031 (Pt1)−(N2)−(H5) 109.1 110.5 109.9 111.1
(N2)−(Pt1)−(N1) 90.62 90.27 90.91 90.01 (Pt1)−(N2)−(H6) 112.3 111.7 111.5 110.5
(N2)−(Pt1)−(Cl1) 179.71 178.61 179.76 178.54 (H4)−(N2)−(H5) 109.0 109.5 109.4 108.7
(N1)−(Pt1)−(Cl1) 89.18 89.21 89.19 89.11 (H4)−(N2)−(H6) 112.4 109.3 108.9 108.3
(N2)−(Pt1)−(Cl2) 88.55 88.49 88.14 88.54 (H5)−(N2)−(H6) 100.1 107.4 107.2 106.3

aAtoms are numbered according to the atomic coordinates of the experimental structures in ref 8.
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Table 2. Experimental and Theoretical Bond Lengths (Å) and Angles (deg) for β-Cisplatin

bond/anglea exp value LDA PBE PBE-D2 bond/anglea exp value LDA PBE PBE-D2

(Pt1)−(N2) 2.046 2.027 2.071 2.083 (N4)−(Pt2)−(Cl3) 179.3 177.3 177.8 178.6
(Pt1)−(N1) 2.058 2.028 2.073 2.089 (N3)−(Pt2)−(Cl4) 178.7 177.5 178.1 178.0
(Pt1)−(Cl1) 2.3180 2.3028 2.3428 2.3377 (N4)−(Pt2)−(Cl4) 88.1 88.6 88.1 88.5
(Pt1)−(Cl2) 2.3196 2.3068 2.3486 2.3367 (Cl3)−(Pt2)−(Cl4) 92.05 92.29 92.24 92.14
(Pt2)−(N3) 2.042 2.026 2.070 2.089 (Pt1)−(N1)−(H1) 101.2 108.3 109.0 110.9
(Pt2)−(N4) 2.050 2.028 2.074 2.086 (Pt1)−(N1)−(H2) 98.8 111.0 111.2 111.3
(Pt2)−(Cl3) 2.3143 2.3065 2.3407 2.3290 (Pt1)−(N1)−(H3) 120.8 115.0 113.9 113.0
(Pt2)−(Cl4) 2.3165 2.3028 2.3427 2.3327 (H1)−(N1)−(H2) 113 108 108 107
(N1)−(H1) 0.98 1.04 1.03 1.03 (H1)−(N1)−(H3) 112 108 108 107
(N1)−(H2) 0.99 1.04 1.03 1.03 (H2)−(N1)−(H3) 110 107 107 107
(N1)−(H3) 1.01 1.04 1.03 1.03 (Pt1)−(N2)−(H4) 121.0 109.5 109.6 110.3
(N2)−(H4) 0.95 1.04 1.03 1.03 (Pt1)−(N2)−(H5) 104.0 111.0 110.2 111.5
(N2)−(H5) 1.08 1.03 1.03 1.03 (Pt1)−(N2)−(H6) 110.2 115.1 111.9 111.1
(N2)−(H6) 1.04 1.04 1.03 1.03 (H4)−(N2)−(H5) 107 108 109 109
(N3)−(H7) 0.95 1.04 1.03 11.03 (H4)−(N2)−(H6) 109 107 109 109
(N3)−(H8) 1.03 1.03 1.03 1.03 (H5)−(N2)−(H6) 104 106 107 106
(N3)−(H9) 1.01 1.04 1.03 1.03 (Pt2)−(N3)−(H7) 113.6 109.5 110.2 111.3
(N4)−(H10) 1.05 1.04 1.035 1.03 (Pt2)−(N3)−(H8) 125.3 110.4 110.6 111.6
(N4)−(H11) 0.91 1.04 1.03 1.03 (Pt2)−(N3)−(H9) 104.3 115.1 113.7 112.7
(N4)−(H12) 1.10 1.04 1.03 1.03 (H7)−(N3)−(H8) 105 108 106 106
(N2)−(Pt1)−(N1) 90.5 90.6 90.6 88.7 (H7)−(N3)−(H9) 106 108 109 108
(N2)−(Pt1)−(Cl2) 88.2 88.4 87.9 88.9 (H8)−(N3)−(H9) 100 106 107 107
(N1)−(Pt1)−(Cl2) 178.4 177.3 177.4 177.5 (Pt2)−(N4)−(H10) 118.4 108.3 109.3 110.4
(N2)−(Pt1)−(Cl1) 179.8 177.5 178.0 178.3 (Pt2)−(N4)−(H11) 100.6 111.1 111.6 112.1
(N1)−(Pt1)−(Cl1) 89.3 88.5 89.4 89.8 (Pt2)−(N4)−(H12) 116.8 114.8 110.9 110.1
(Cl2)−(Pt1)−(Cl1) 92.04 92.31 92.09 92.59 (H10)−(N4)−(H11) 120 108 109 108
(N3)−(Pt2)−(N4) 90.6 90.6 90.8 89.4 (H10)−(N4)−(H12) 101 107 108 109
(N3)−(Pt2)−(Cl3) 89.2 88.5 88.9 89.9 (H11)−(N4)−(H12) 99 107 108 107

aAtoms are numbered according to the atomic coordinates of the experimental structures in ref 8.

Figure 2. Experimental Raman and INS spectra (100−1750 cm−1) for cisplatin at 5 K (α species). The main bands are assigned according to ref 21. δ, ρ,
and ν represent deformation, rocking, and stretching modes, while s, as, ip, and op stand for symmetric, antisymmetric, in-phase, and out-of-phase
vibrations, respectively.
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disposition in the β species, which renders the unit cell about
twice as large for the latter.
Tables 1 and 2 summarize the experimental and theoretical

(LDA, PBE, and PBE-D2) bond lengths and angles for cisplatin,
for the α and β forms, respectively. In general, there is a quite good
agreement between theory and experiment concerning both bond
distances and angles. In particular, the Pt−N and Pt−Cl distances
are accurate to within 0.02−0.03 Å, both values being under-
estimated at the LDA level and overestimated by the PBE and
PBE-D2 methodologies. Interestingly, the PBE-predicted N−H
bond lengths are about 0.01 Å shorter than those yielded by LDA.
Also, for the experimental N−H distances there is a difference

of about 0.1 Å between the shortest and longest ones, the
theoretical values resembling the longer bonds, whereas those
shorter than 1.028 Å are not reproduced by theory. The bond
angles involving the heavy atoms and the metal(N−Pt−N),
(N−Pt−Cl), and (Cl−Pt−Cl)as predicted by the three
functionals, are consistent. They differ most by 4° and generally
by no more than 2° from the experimental values. However, the
angles associated with the hydrogen atoms(Pt−N−H) and
(H−N−H)are not so well reproduced, with differences of up to
15° between theory and experiment. Table 3 compares the calculated
and experimental H···Cl distances in both cisplatin polymorphs.
These are expected to be relevant for low-frequency vibrations and
should allow differentiation between the α and β species. For the
LDA functional, four of these hydrogen bonds are broken in the β
polymorph, with bond distances longer than 3.5 Å. Conversely, PBE
and PBE-D2 are more consistent, since they are able to reproduce all
the H-bonds detected experimentally with reasonable accuracy.
Most of the H···Cl close contacts present in cisplatin’s

polymorphs may be classified as intermediate, with H···Cl
distances between 2.52 and 2.95 Å (the sum of the van der Waals
radii of both atoms being 2.95 Å).54 In general, hydrogen bonds
have contributions from both electrostatic and dispersion
interactions,55,56 but the former tend to be more significant.
Thus, it was reasonable to expect that the H···Cl distances would
be better predicted by the PBE-D2 functional, at least for the
weakest hydrogen close contacts. In order to quantify the
agreement between theoretical and experimental H···Cl
distances, the mean signed errors (MSEs) for LDA, PBE, and
PBE-D2 values were calculated as −0.03, −0.05, and −0.03 Å for
the α form and 0.12, −0.06, and −0.02 Å for the β species,
respectively. The mean unsigned errors (MUEs), in turn, were
0.23, 0.11, and 0.08 Å for α, and 0.43, 0.13, and 0.11 Å for β,
respectively. The MUE values reflect a systematic improvement
when going from LDA to PBE and PBE-D2 approaches.

■ EXPERIMENTAL AND THEORETICAL RAMAN AND
INS SPECTRA

The experimental INS and Raman spectra at 5 K are depicted in
Figure 2. An extremely good accordance was obtained between
the optical (Raman) and INS spectra. At low temperature, the
expected complementarity between both techniques enabled the
observation and assignment of virtually all the vibrational modes.
The simultaneous INS and Raman scattering study, at variable
temperature, allowed a much clearer picture of cisplatin’s
polymorphic equilibrium to be attained. In fact, the special
configuration of the TOSCA spectrometer used for this study52

was able to probe the same sample, at identical temperature and
pressure conditions, by both Raman and neutron scattering
spectroscopies, without the need for sample manipulation
throughout the whole experiment. Spectra were collected for
one heating and one cooling sequential cycles, for the temperature

range between 5 and 360 K. The Raman results clearly reflect
a marked hysteresis for this polymorphic equilibrium (Figure 3),
in accordance with a previously reported single-crystal X-ray
and neutron powder diffraction combined study which, however,

Figure 3. Experimental Raman spectra (100−1750 cm−1) for cisplatin,
in the 5−360 K temperature interval, in the cooling (A) and heating (B)
cycles, evidencing the α-to-β polymorphic transition and the marked
hysteresis. Themost affected bands are assigned according to ref 21. δ, ρ,
and ν represent deformation, rocking, and stretching modes, while s, as,
ip, and op stand for symmetric, antisymmetric, in-phase, and out-of-
phase vibrations, respectively.
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was carried out in a much narrower temperature range (100−
360 K).8 In particular, on cooling from 360 K (Figure 3A), the
β polymorph is predominant until ca. 180 K, when a phase
change to the α form takes place, in the temperature interval
150−180 K where both phases coexist. However, on heating
from 5 K (Figure 3B), the α polymorph dominates up to about
298 K (coexisting with β), and only at 360 K is β the only

species present. During this heating cycle, some changes
already occur from 5 to 80 K, corresponding to the beginning
of the α-to-β transition, not previously detected by Ting and
collaborators8 who did not probe these low temperatures. It is
noteworthy that at 5 K the extremely high resolution of the
Raman spectra allows the observation of the four expected
δa(NH3) modes, apart from two combination modes.

Figure 4. Raman spectra (150−600 cm−1) for cisplatin. Experimental, at 5 K (A); calculated, for the α (B) and β (C) polymorphs, at the LDA (panel 1),
PBE (panel 2), and PBE-D2 (panel 3) levels.

Figure 5. Experimental INS spectra (30−900 cm−1) for cisplatin, in the 30−150 K temperature interval, for the cooling cycle, evidencing the α-to-β
polymorphic transition. The main bands are assigned according to ref 21. δ, ρ, ν, τ, and γ′ represent in-plane deformation, rocking, stretching, torsion,
and out-of-plane deformation modes, while s and as stand for symmetric and antisymmetric, respectively.
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Figures 4 and S1−S5 allow a detailed comparison between the
experimental and predicted spectra for different theoretical
methodologies and frequency ranges. Since some signals present
at low temperatures are absent in the spectra obtained at the
highest temperatures, only the 5 K spectra are compared with
theory. The low-frequency data at low temperature (Figure 4)
clearly show that the predicted spectrum for the α form is the one
that best reproduces the experiment (the calculated spectra using
Lorentzians with a fwhm value of 5 cm−1), especially regarding the
intensities. In turn, for the highest temperature (360 K, Figure S1),
it is not possible to unequivocally assign the experimental features to
either the α or the β polymorphs (fwhm = 10 cm−1, Lorentzians).
This ambiguity may be partly due to the fact that the PBE and
PBE-D2 Raman intensities were taken as identical to the LDA ones,
since it was not possible to compute those intensities with PBE nor
PBE-D2 with the Quantum Espresso package.26

Cisplatin’s Raman spectra in the frequency range from 750 to
850 cm−1 are shown in Figure S2. Overall, it seems clear that the
theoretical spectrum that better fits the experiment corresponds
to the α polymorph. Interestingly, this is more evident in the case
of the LDA functional. Figures S3 and S4 contain the Raman
spectral data between 1250 and 1350 cm−1, at 5 and 360 K,
respectively. At low temperature, the theoretical Raman
spectrum comprises only two bands for the α form, in agreement
with the experiment, and four signals for the β species. At high
temperature, these coalesce into two for both polymorphs, but
β displays band intensities with a higher resemblance to
experiment. Finally, Figure S5 covers the frequency range 1500−
1750 cm−1, at high resolution. No relevant features are observed
in this spectral region at 360 K. In the theoretical spectra, only
four bands are detected for the α polymorph as compared to six
to seven peaks for the β form. As the bands observed at 1607 and
1637 cm−1 are due to combination modes (1295 + 317, B1
symmetry; 1316 + 323, A1 symmetry), the best fit is clearly
achieved for the α polymorph.
Hence, a thorough analysis of the Raman spectra in the

different frequency ranges and temperatures allows one to
unambiguously conclude that cisplatin crystallizes in the α
polymorph at very low temperatures (5−80 K) and in the β
polymorph at room temperature and higher. At intermediate
temperatures (100−298 K) both species coexist, their relative
population depending on the sample’s history and follows a
marked hysteresis. Overall, it is possible to accurately identify
each polymorph (or mixture of polymorphs) through Raman
spectroscopy at variable temperature.
Regarding the experimental INS results (Figure 5), the signals

were found to be considerably broadened during the cooling
cycle, i.e., after having heated the sample up to 360 K, a
reasonably good quality spectrum being obtained only at 150 K.
At this temperature (and lower) the spectra corresponding to the
heating and cooling cycles are similar, unlike those for 180 K. The
increase in the Debye−Waller factor is particularly noticeable
between 220 and 298 K: the broadening of the signals at 360 K
renders most of the bands hardly detectable, except for ν(NPtN)
and ρ(NH3). INS spectra at 5, 30, and 50 K are identical and very
similar to that at 80 K, except for the intensity of the γ(ClPtN)
out-of-phase feature (at 174 cm−1), which strongly increases
(along with the α species) upon cooling (from 120 to 10 K),
while a decrease in the intensity of the τNH3) bands is observed.
In Figure 6A, one can observe that the peaks in the INS spectra
are quite well reproduced by the α theoretical results for the
low temperature, while the spectra at 150 K (cooling cycle)
correspond to an (α+β) mixture, thus justifying the lower

accordance with the β calculated pattern (Figure 6B). However,
despite the good frequency agreement, the relative intensities are

Figure 6. INS spectra for cisplatin: experimental (solid line), at 5 K, α
polymorph (A) and at 150 K, β polymorph (B); calculated (dashed
line), at the LDA, PBE, and PBE-D2 levels.
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not easily predicted, similar to previous studies where periodic
boundary conditions were applied to compute INS spectra.21

■ CONCLUDING REMARKS

A combined experimental and theoretical study of cisplatin’s
polymorphs in the solid state was carried out, with a view to
elucidate the polymorphic equilibrium as a function of temperature
(in the 5−360 K range). This is the first reported simultaneous
Raman and INS work on a compound of pharmaceutical relevance,
such as this widely used Pt(II) anticancer drug. Theoretical
calculations were performed at the DFT-PW level for the α and β
forms, using periodic boundary conditions to best represent the
condensed phase. To the authors’ knowledge, this is the first study
yielding the predicted vibrational spectra (both optical and INS) for
both of cisplatin’s polymorphic species in the solid.
A fairly good agreement between experimental and theoretical

Raman and INS spectra (for each polymorph) was attained, enabling
the detection and assignment of virtually all themolecules’ vibrational
modes. The simultaneous Raman and neutron scattering data
obtained as a function of temperature, under exactly the same
experimental conditions, allowed an unequivocal identification of
the corresponding polymorphic species, as well as of their thermal
stability (since a noticeable hysteresis was found).
Raman spectroscopy could be established as an easily accessible

and accurate method for unequivocally assessing the polymorphic
state of a particular drug sample, previously not available. This
should be of the utmost relevance in pharmacology, regarding the
preparation of the polymorph of interest, as well as its thorough
characterization prior to solubilization and patient administration.
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