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Introduction

Renewable energy has the ultimate capacity to resolve the en-

vironmental and scarcity challenges of the world’s energy sup-
plies. However, both the utility of these sources and the eco-

nomics of their implementation are strongly limited by their in-
termittent nature. Therefore, inexpensive means of energy

storage needs to be part of the design. Thermal energy stor-
age (TES) offers numerous benefits to various energy genera-

tion and consumption scenarios, as it can be used to directly

supply thermal energy where needed in industrial and domes-
tic settings.[1] All materials are capable of storing thermal

energy during heating in the form of “sensible heat”, the quan-
tity (Qsens) being determined by the specific heat of the materi-

al, the temperature change and the amount of material. In
phase-change materials (PCMs), latent heat storage occurs
when the material undergoes a phase transition. Most com-

monly, the phase transition used in PCMs is melting, so the
energy is stored in the liquid state and can be released upon
crystallization or solidification. The heat of fusion (DHf), is one
of the primary properties of a PCM, while its melting point de-

termines its applications. In many applications the total volu-
metric energy stored (DHtotal

v [MJ m@3]) is the key parameter.

This is calculated from DHf by using density and also allows for

any sensible heat component (Qsens).

Previous studies of vacuum-tube solar-thermal collectors

have shown that temperatures in the region of 100–200 8C are
routinely achievable.[2] This indicates that a PCM with a melting

transition between 100 and 200 8C would be ideal for thermal
energy storage for this application. Several PCMs have been re-

ported that can operate at 100–200 8C. However, most of these
are inadequate for practical application. Inorganic salt hydrates

(e.g. , MgCl2·6 H2O; Tm = 111 8C)[3] typically offer only low total

volumetric energy storage (DHtotal
v = 423 MJ m@3), are usually

corrosive, and suffer phase separation; sugar alcohols (e.g. , ga-

lactitol ; Tm = 187 8C, DHtotal
v = 735 MJ m@3)[4] suffer from signifi-

cant supercooling (80 8C for galactitol) and a cyclability study

shows that they oxidize very quickly;[3–5] high density polyethy-
lene (HDPE; Tm = 133 8C, DHtotal

v = 398 MJ m@3) is thermo-oxida-
tively degraded during cycling,[6] and lipid derived mono-

amides[7] and diamides[8] with good thermal properties (Tm =

150 8C, DHf = 200 J g@1) have been described, but there is no
study of their extended cycling, confirming their stability. Also,
some dicationic salts have been described [e.g. , 1,4-bis(3-vinyl-

imidazolium-1-yl) bromide; Tm = 135 8C, DHtotal
v = 568 MJ m@3] ,[9]

but the synthesis cost of these is expected to be high and

there is a doubt about their thermal stability, owing to the

presence of a halide ion. Guanidinium mesylate (Tm = 208 8C,
DHf = 190 J g@1)[10] is promising for high-temperature applica-

tions and aliphatic fatty diamides offer good thermal proper-
ties (Tm = 140 8C, DHf = 200 J g@1)[11] and stability on cycling, but

lack of data obstructs complete DHtotal
v calculations. Additional-

ly, there are only a few materials available in the market in this

temperature range, such as bio-based PureTemp 151[12] (Tm =

151 8C, DHtotal
v = 575 MJ m@3) and organic PulseICE A164[13]

(Tm = 164 8C, DHtotal
v = 423 MJ m@3). Further data on the afore-

mentioned studies are provided in Table S1 (see the Support-
ing Information). In our view, the significance of the field of ap-

plication demands a much broader range of tuneable materi-
als.

Thermal energy storage technology utilizing phase-change ma-
terials (PCMs) can be a promising solution for the intermittency

of renewable energy sources. This work describes a novel
family of PCMs based on the pyrazolium cation, that operate
in the 100–200 8C temperature range, offering safe, inexpensive
capacity and low supercooling. Thermal stability and extensive
cycling tests of the most promising PCM candidate, pyrazolium

mesylate (Tm = 168:1 8C, DHf = 160 J g@1:5 %, DHtotal
v =

495 MJ m@3:5 %) show potential for its use in thermal storage

applications. Additionally, this work discusses the molecular
origins of the high thermal energy storage capacity of these
ionic materials based on their crystal structures, revealing the
importance of hydrogen bonds in PCM performance.
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Herein we describe a novel family of organic salts that have
strong potential as PCMs for this temperature range and inves-

tigate one of them in extensive detail, demonstrating thermal
properties, thermal cycling and stability, safety, and viable eco-

nomics. We also probe the molecular origins of the high
phase-change energy of these materials by investigation of the

interactions in their crystal structures and Hirshfeld surface
analysis, the disruption of which requires absorption of sub-

stantial amounts of energy during melting.

Results and Discussion

Organic salts are good PCM candidates as they can be highly
chemically and thermally stable, nonflammable, and relatively

nonvolatile, with good heat transfer properties.[14] Additionally,
a wide spectrum of cations and anions offer the opportunity

to tailor the salt to have optimum characteristics, in particular

melting point, for the target application and location. Here we
present a group of new organic salts which are based on the

pyrazolium cation ([Pzy][A] ; Figure 1). According to the X-ray
analysis, each material shows a unique crystal motif in the

solid phase, with hydrogen bonding and Coulombic interac-
tions between cation and anion being the main driving forces
in the crystal packing. The pyrazolium salicylate salt, however,

differs markedly in that the proton transfer is not complete
and the obtained material is a co-crystal. A more detailed anal-

ysis of all of the crystal structures is presented below and in
the ESI.

The thermal properties of the pyrazolium organic salts, in-
cluding melting points, solid-solid phase transitions (where ob-
served), heat of fusion (DHf), and heat capacity, were examined

by using differential scanning calorimetry (DSC; Table 1 and
Table S2). All studied materials were solids at room tempera-

ture, with melting points between 91 and 168(:1) 8C, and DHf

between 40 and 160 J g@1(:5 %). For [Pzy][CF3SO3] , two solid–

solid phase transitions were also observed at 59 and 95(:1) 8C,
with associated heats of transition of DHf = 17 and 24 J g@1:
5 %, respectively. In most contexts this is an undesirable behav-

ior, as some of the overall heat of fusion is being absorbed at
these lower temperatures. Table 1 also lists the sensible heat

(Qsens) that can be stored in the material calculated from the
measured heat capacities (Table S3 and Figure S1). This is then

combined in Table 1 with DHf to calculate a total thermal
energy stored. This is also converted, using the density, into

practical units of energy stored per unit volume of material,
DHtotal

v in MJ m@3. Within this family of salts, [Pzy][CH3SO3] , has

the most suitable characteristics for solar thermal application
(Tm = 168:1 8C and high values of DHf = 160 J g@1:5 % and

DHtotal
v = 495 MJ m@3). Consequently, [Pzy][CH3SO3] was chosen

here for further investigation as a practical material, as dis-
cussed below. Additionally, Table 1 offers a wide range of melt-

ing points, depending on the anion used, providing the oppor-
tunity to adjust the system for the temperature characteristics

for different parts of the world, and therefore it can serve as a
toolbox during the design of a multigeneration system. For ex-

ample, [Pzy][C6H5SO3] (Tm = 137 8C) and [Pzy][C2H5SO3] (Tm =

113 8C) may be useful in other contexts.
In the next step, the thermal stability of [Pzy][CH3SO3] was

investigated in depth by using accelerating rate calorimetry
(ARC). This is a thermal analysis method that allows detailed

assessment of the safety of a material at elevated tempera-

Figure 1. Organic salts studied in this work, presented as one ion pair, de-
rived from their crystal structures. Pzy–Salicylic acid is a cocrystal ; crystal
structure revealed lack of proton transfer.

Table 1. Thermal properties of pyrazolium organic salts as thermal energy storage materials.

Material Tm [8C(:1 8C)] DHf [J g@1(:5 %)] Qsens [J g@1(:5 %)] DHtotal
[a] [MJ m@3(:5 %)]

[Pzy][CH3SO3] 168 160 151 495
[Pzy][C6H5SO3] 137 105 116 333
[Pzy][C2H5SO3] 113 108 79 275
[Pzy][CF3SO3] 59,[b] 95,[b] 147 17,[b] 24,[b] 27 114 324[c]

[Pzy][BF4] 133 40 – –
Pzy–Sal acid[d] 91 134 – –
[Pzy][HSO4] 122 115 68 321
[Pzy]Cl 112 80 – –

[a] Calculated density from crystal structure. [b] Solid–solid transition. [c] Calculated from the sum of DH for all transitions; DSC procedure: heating rate
10 8C min@1, three cycles performed, results taken from second cycle. [d] Cocrystal of pyrazole and salicylic acid. Qsens = sensible heat calculated from heat
capacity within the temperature range from 333 to (Tm@5) K
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tures. The instrument heats the sample in small steps of tem-
perature, searching at each step for heat flows or pressure

changes that would indicate thermal runaway. ARC experi-
ments (Figures S12–S14) show that [Pzy][CH3SO3] is stable up

to 275 8C; before that, no temperature or pressure changes
were observed. Additionally, only a very small self-heat rate

(less than 0.08 8C min@1) was noted at 275 8C. This result implies
that [Pzy][CH3SO3] has no tendency to enter thermal runaway
under operating conditions below 275 8C and the very low

self-heating rate thereafter allows ample time for cooling cir-
cuits or other safety measures to be activated. By comparison,
the well-known thermal stability issues within lithium batteries,
which are already being used to store renewable energy, arise
from the fact that the combined active materials enter thermal
runaway at temperatures below 120 8C[15] and notably this

problem becomes more significant in large-format battery

packs owing to heat retention and build up within the pack.
Further analysis of the high temperature stability of [Pzy]

[CH3SO3] by thermogravimetric analysis coupled to Fourier-
transform infrared spectroscopy is described in the Supporting

Information (Figure S11). These data indicate that a release of
small amounts of water (Scheme S1) is one of the main first

events in the extended “open-pan” treatment of these materi-

als at elevated temperatures. Overall, these data indicate that
these materials can be considered safe for use at temperatures

in the 100–200 8C range and certainly are safer under condi-
tions of fire than lithium battery storage packs.

To further confirm the stability of [Pzy][CH3SO3] , long-term
cycling tests were performed using a 5 gram-scale differential

thermal analysis (DTA) apparatus (Figure S2) that allows the

temperature within the materials to be measured continuously.
The sample is contained in a closed (but not hermetically

sealed) borosilicate glass tube during this experiment. [Pzy]
[CH3SO3] (5 g) was heated and cooled 130 times, in the tem-

perature range of 120–175 8C. Figure 2 presents the first (black
curve) and the last (red) DTA heating and cooling cycle of [Pzy]

[CH3SO3] ; the shoulders around 160–165 8C indicate the melt-
ing and freezing transitions. The DSC trace of the material

(blue) is overlaid to indicate the corresponding DSC features.
The first and last DTA cycles are overlapped showing that the

material melts and crystallizes over the same temperature
range. The DSC measurements of DHf performed after cycling

confirmed that the value, if anything, was slightly increased,
likely due to improved crystal formation in the slow cooling
(Figure S5). Moreover, the NMR analysis of the material carried

out before and after cycling did not show any change in the
structure, confirming the chemical stability (Figure S4). Addi-

tionally, very little supercooling was observed during cycling
(<10 8C lower than melting), which is a common problem
among known PCMs.[16] This can be explained in terms of the
Coulombic interactions, which dominate in these materials and

which still occur in the molten organic salt. These forces create

a semi-ordered arrangement of cations and anions close to
each other in that liquid state, which allows the material to

rapidly rearrange into a well-organized structure when the
temperature drops below the thermodynamic melting point.

If any material is to be considered for large-scale energy
storage applications, its cost plays a key role alongside techni-

cal properties. An economic analysis of the preparation costs

of [Pzy][CH3SO3] , including raw materials (pyrazole and meth-
anesulfonic acid) and processing, was carried out, yielding a

cost of about 4000 USD per tonne. By comparison, the typical
cost of commercially available ambient-temperature PCMs is in

the range of 3800 USD per tonne for paraffin products and
7000 USD per tonne for salt hydrates (note that both of these

PCM families are for <100 8C application and are not useful in

the present context).[17] Returning to our materials, this cost
equates to 27 USD per kWh of stored (thermal) energy. This

compares very favorably with current wholesale prices for
large scale battery installations used for renewable energy stor-

age (&300 USD per kWh for lithium batteries[18]). In many cold
climates, domestic and commercial energy use can be greater

Figure 2. Long- term cycling of [Pzy][CH3SO3] . The black curve represents the first DTA cycle and the red curve the last. The blue curves are DSC traces of the
fresh material before cycling.
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than 50 % as heat, therefore the PCM represents an inexpen-
sive way of storing energy.

We also investigated the fundamental origins of the high
DHf values exhibited by these compounds. Generally, the heat

of melting is taken up by a material to overcome the forces of
interaction between the molecules in the crystal and to excite

the various motional degrees of freedom of the molecules. A
high heat of fusion material is one in which there are strong

forces holding the molecules together in the crystalline form,

but not so strong that the melting point is too high. One mo-
lecular interaction which can potentially contribute to high

values of DHf is the hydrogen bond.[9e, 10, 19] The archetypical ex-
ample of this hypothesis is ice. In its crystalline form, hexago-

nal ice (Ih) adopts a highly ordered lattice structure with a hy-
drogen bond between every pair of oxygen atoms, creating an

H-bonded network and resulting in a notably high energy

uptake of 333 J g@1 or 6 kJ mol@1 during melting.[20] This energy
uptake involves only disruption of the H-bond network in ice,

not its full destruction. The energy of each of the two hydro-
gen bonds per molecule in ice is estimated to be around 26 kJ

per mol of H-bonds, dropping by just 3 kJ per mol of H-bonds
during melting.[20c] This serves to demonstrate just how sub-

stantial the energy embodied within an H-bond can be in the

context of a PCM. With this ice-like hypothesis in mind, we
probed the crystal structures of our materials to assess the oc-

currence and strength of H-bonding.
The details of interactions in the crystal structures of [Pzy]

[CH3SO3] can be discerned by closer inspection of Figure 3 A in
which we see two ion pairs, and also Figure 3 B, which shows

an expanded view of the structures and the repeating unit cell

represented by a rectangular box. To further probe these crys-
tal structures, the Hirshfeld surface analysis is a useful tool to

visualize and quantify intermolecular interactions in the crys-
tals.[21] The Hirshfeld surface for [Pzy][CH3SO3] , as shown in Fig-

ure 3 C, divides space within the crystal structure between
each molecule and color-codes the surface according to how
close the atoms are to their neighbors. Particularly close inter-

actions are colored red, thereby identifying in three dimen-
sions the regions of strong connections. It is these connections
that we hypothesize as being disrupted during melting and
the elevated value of DHf reflects the energy required. These
“hotspots” can be further evaluated in the fingerprint plot of
Figure 3 D, which show the distances to each point on the

Hirshfeld surface, color-coded according to the interaction in-
volved and its frequency. This dramatically reveals the presence
of the strong O··H@N hydrogen bonds, as indicated by the two
spikes at very short interaction distances corresponding to the
H-bond distances. These bonds are highlighted as dotted lines

in Figure 3 A. [Pzy][CH3SO3] forms a hydrogen-bonded cyclic
cluster between two ion pairs, showing the importance of hy-

drogen bonding as an important factor beyond the electrostat-

ic interactions between ions that are common to all of these
salts. The crystal structure details and Hirshfeld surface analysis

for the other pyrazolium compounds are given in the Support-
ing Information.

A summary of the H-bonding data derived from analysis for
all of the compounds is provided in Table S4 and from this we

see that the [Pzy][CH3SO3] embodies a strong hydrogen bond
structure, in which four H-bonds are created between two ion
pairs of relatively short length, but with angles ranging from

1608 to 1698. The H-bonds between ions are strengthened and
stabilized by H-bonds from the second ion pair, thereby creat-
ing an H-bond cage. In this type of cyclic cluster, ring closure
is energetically favored, which makes its breakage also ener-

getically costly, producing a high DHf. In [Pzy][C6H5SO3] , the H-
bonds are also short and relatively linear (160–1698). However,

only one oxygen in the anion is responsible for creating the
network; this lowers the overall hydrogen bond strength and
therefore results in lower DHf than that for [Pzy][CH3SO3] . [Pzy]

[C2H5SO3] at first glance is very similar to [Pzy][CH3SO3] , giving
the impression that the DHf should also be similar. On closer

examination of the crystal structure the difference between
these two materials is considerable. In [Pzy][C2H5SO3] there are

two different types of pyrazolium cations and ethanesulfonate

anions. Although H-bonds can be detected, their angles are far
from linearity. The triflate salt [Pzy][CF3SO3] is a plastic crystal,

which will strongly decrease the measured DHf. Additionally,
the strongly electron withdrawing CF3 group will also affect

the electrostatic interactions between the cation and anion. In
[Pzy][HSO4] the structure contains a strong H-bond between

Figure 3. Crystal structure and Hirshfeld surface analysis of [Pzy][CH3SO3] .
A) two ion pairs connected by hydrogen bonds (shown as dotted lines).
B) Expanded, multi-unit cell view. C) Hirshfeld surface analysis where red re-
gions represent contact distances shorter than the sum of van der Waals
(vdW) radii and white to blue represent contact distances equal or longer
than the sum of the vdW radii. D) Two-dimensional fingerprint plot, derived
from the Hirshfeld surface (the blue color variation represents the frequency
of the O@H interactions and the gray represents the other interactions).
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[HSO4] anions, which is linear and short (1788, 1.87 a). Howev-
er, the DHf of this material is low, indicating that in the liquid

state the strong H-bonds are not highly disrupted. In the crys-
tal structure of [Pzy]Cl, interactions between chloride atoms

and hydrogens from cation are present, with longer distances
than in the other salts ; this results in a lower DHf.

Conclusions

In summary, we have described the properties of a family of
novel phase-change materials that offer a suite of physical
properties ideal for low cost storage of solar thermal energy at
a domestic or industrial level. With melting points between
100 and 168 8C, such materials would be suitable for delivering

energy into a multi-use cascade that optionally could include
an organic Rankine cycle engine to generate electricity and

then utilize the waste heat in hot water and space heating.
Among the studied salts, the best properties were achieved for
pyrazolium mesylate (Tm = 168:1 8C, DHf = 160 J g@1:5 %,

DHtotal
v = 495 MJ m@3:5 %), which provides safe, inexpensive

capacity, high efficiency collection and storage of solar energy,

comparable to commercial materials. Investigation of the crys-
tal structures of the materials supports an “ice-like” hypothesis

for the origins of their large values of the heat of melting in

strong, H-bonding. Neutron diffraction studies of the liquid
structure are on the way to further understand the H-bonding

in the liquid state of these salts. Nonetheless, the structures re-
ported herein still fall short of the strength and frequency of

bonding in the 3-dimensional H-bonded lattice of ice, suggest-
ing that further crystal engineering of these organic salts may

yet reveal even higher values of DHf.

Experimental Section

Materials

Materials used for this study were obtained as follows: pyrazole
(Sigma–Aldrich, 98 %), methanesulfonic acid (Sigma–Aldrich,
99.5 %), ethanesulfonic acid (Sigma–Aldrich, 70 % wt % in H2O), sul-
furic acid (Univar, 95–98 %), triflic acid (Sigma–Aldrich, 98 %), ben-
zenesulfonic acid (Sigma–Aldrich, 97 %), tetrafluoroboric acid (Al-
liedSignal, 50 %), hydrochloric acid (Univar, 32 %), salicylic acid
(Chem-Supply, 99 %), methanol (Scharlau, HPLC grade, 99.9 %), and
hexane (MERCK, 99 %).

Synthesis

Pyrazolium organic salts were prepared in water (30 mL) by mixing
pyrazole with the corresponding acid at 1:1 molar ratio on a 10 g
scale. Reaction was carried out for 2 h to ensure completion. Sub-
sequently, water was removed under reduced pressure at elevated
temperature, and then the solid product was dried (0.2 mbar,
50 8C, 6 h). Materials obtained were of white colour and yield in
the range of 97–99 %. Materials were recrystallized from saturated
solution in methanol with a few drops of hexane in a laboratory
freezer (@20 8C) yielding colourless crystals. [Pzy][CH3SO3] for DTA
cycling was recrystallized 3 times.

Characterization

1H and 13C NMR measurements were conducted using a Bruker
Avance III 400; 1H at 400.13 MHz, 13C at 100.6 MHz.

Thermal stability was determined by thermogravimetric analysis
using a PerkinElmer Pyris 1 TGA with Pyris Software over a range
of 30–550 8C under N2 (30 mL min@1), either at a heating rate of
10 8C min@1 or during isothermal hold at various temperatures.

TGA-FTIR spectroscopy experiments were conducted using a Per-
kinElmer STA8000 and frontier Fourier transform infrared spectrom-
eter instruments at a heating rate of 10 8C min@1, or during isother-
mal hold at various temperatures.

The thermal run away and intrinsic safety were investigated by ac-
celerating Rate Calorimetry (ARC) using a Columbia Scientific In-
dustries (now known as Thermal Hazard Technology) Austin, Texas,
accelerating rate calorimeter. ARC works on a “heat–wait–measure”
principle and records self-heat rate as a function of temperature
and time vs. temperature and pressure vs. temperature profiles.
The experiments were carried out with sample weight of 0.5 g,
loaded into the ARC sample bomb (titanium), connected to ther-
mocouples and pressure transducer and enclosed in a shielded en-
vironment. The samples were then subjected to a heat-wait-search
mode of measurement in the temperature range from ambient to
500 8C. The outputs were recorded and analyzed.

Phase transition temperatures (melting, freezing, solid-solid) and
thermodynamic data (heat of fusion DHf, heat capacity Cp) were
determined by differential scanning calorimetry (DSC) using a TA
Q200 calorimeter (TA Instruments). The equipment was calibrated
by using standards of indium (TA instruments, Tm = 156 8C, DHf =

28.45 J g@1) and cyclohexane (Sigma–Aldrich, Tm = 8 8C). Measure-
ments were performed under nitrogen atmosphere in triplicate
with sample sizes of 3–8 mg and heating rate of 10 8C min@1. Pre-
sented values were taken from the second run of the DSC cycle.
Melting point (Tm) was considered as the peak maximum and DHf

determined from the area of the melting peak. Heat capacity was
determined through three separate experiments (empty pan, sap-
phire disk (21.2 mg) and studied sample (&20 mg)). The value of
heat capacity was then calculated.

Cyclability studies were carried out by differential thermal analysis
(DTA) using a locally designed and built apparatus, comprising a
furnace, equipped with thermocouples, controlled by a Shimaden
FP93, using Shimaden Lite software. Data was collected with a Pico
TCO8 data logger. Tests were performed under nitrogen atmo-
sphere in a glovebox. 5 g of sample was heated and cooled in the
temperature range from 120@Tm + 10 8C, for 40 min.

An ATR-FTIR spectrometer from Bruker was used to obtain infrared
spectra. Each measurement consisted of 64 scans at a resolution of
4 cm@1 in the range of 4000-600 cm@1.

Crystallography

Low-temperature (123 K) X-ray intensity data for [Pzy][MeSO3] were
collected on an Oxford Gemini Ultra CCD diffractometer and a
Bruker APEX II CCD diffractometer, respectively, using MoKa radia-
tion (l= 0.71073 a). Diffraction data for the remaining salts were
collected on a Rigaku XtaLAB Synergy diffractometer fitted with a
Hypix6000HE hybrid photon counting detector and using CuKa ra-
diation (l= 1.54184 a). Data were processed, including a multi-
scan absorption correction, using the proprietary diffractometer
software packages Apex2 (Bruker ASX, Madison USA, 2014) or Cry-
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sAlisPro v1.171.39.46 (Rigaku Oxford Diffraction, 2018, Yarnton, UK).
The structures were solved and refined on F2 using full matrix least
squares in the SHELX software suite.[22] Non-hydrogen atoms were
refined with anisotropic displacement parameters. Hydrogen
atoms attached to carbon were placed in calculated positions were
refined using a riding model. The positions of acidic hydrogen
atoms attached to nitrogen or oxygen were located in the differ-
ence Fourier map and were generally refined without restraint (see
below).

Variata

[Pzy][MeSO3]: The structure was refined as a pseudo-merohedral
twin (twin law 1 0 0 0 @1 0 0 0 @1).
[Pzy][CF3SO3]: The CF3 group was modelled as rotationally disor-
dered over two positions, with occupancies fixed at 0.80:0.20. The
N@H distance was restrained with d(N@H) = 0.91(2) a.
[Pzy][Salicylic acid]: The N@H and O@H distances were restrained
with d(N@H) = 0.91(2) a and d(O@H) = 0.86(2) a respectively.

Hirshfeld surface analysis

Hirshfeld surface analysis was conducted by using CrystalExplorer
(S. K. Wolff, D. J. Grimwood, J. J. McKinnon, D. Jayatilaka and M. A.
Spackman, CrystalExplorer 2.1, (2007) University of Western Austral-
ia (http://hirshfeldsurface.net/CrystalExplorer), Perth).[21]
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