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The isothermal nature of latent energy storage makes phase change materials (PCMs) uniquely suited to
facilitate highly efficient “Thermal Batteries” for the storage of renewable energy. Nevertheless, suitable
PCMs for this application are scarce, which is largely due to the challenges of targeting a high enthalpy
of fusion among the various other property requirements of this application, including a T,, between
100 and 220 °C and the excellent thermal stability required for long-term operation at these
temperatures. Key to targeting the diverse suite of properties needed is a comprehensive understanding
of the structure—property relationships that govern them. Here, we probe the molecular origins of the
thermal properties of five aliphatic dicarbamate PCMs that melt in this intermediate temperature range,
for two of which we have previously demonstrated excellent thermal stability indicating long lifetimes in
this application. With the use of single-crystal X-ray crystallography, in situ powder X-ray diffraction and
static solid-state nuclear magnetic resonance spectroscopy, for the first time we study the solid-state
structures of the dicarbamate PCMs and correlate structural features with packing arrangements and
intermolecular interactions with thermal properties. The results elucidate structural features that can be
into new PCMs to achieve favourable thermal

incorporated properties for renewable energy

applications, as well as some features which may encourage solid-state transitions in these compounds.

Introduction

Since its discovery by Joseph Black while observing a pot of
water boiling isothermally in 1762," the property of latent heat
has been recognised as a ubiquitous feature of all first order
phase transitions. Materials utilising this property, named
phase change materials (PCMs), have found various energy
applications including in electronic devices,”> cold-chain
transportation,® and space® and water® heating. The suitability
of a PCM for a given application is determined by the nature of
the transition (solid-solid, solid-liquid, liquid-gas, etc.), the
temperature of the transition, Ti, and its associated enthalpy
change, AH,.

Despite their diverse application in a range of contexts,
PCMs have untapped potential for facilitating an increased
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share of renewables in the global energy system.® In recent
years, the ability of intermediate temperature solid-liquid
PCMs (i.e. Tp, = 100-220 °C) to accommodate the storage of
solar PV and excess wind energy in ‘“Thermal Batteries”
has been recognised,” with temperatures within this range
optimising the performance of the heat to power conversion
(discharge) step.® PCMs are favourable over conventional sen-
sible heat storage materials in these technologies due to the
isothermal nature of the energy storage process, which results
in narrow operating temperature ranges that can benefit
efficiency.’ This temperature range has hence become a target
for new materials.

While this emerging application of PCMs offers exciting
potential for meaningful global impact, targeting this tempera-
ture range creates an additional design challenge. Proposed
PCMs, which are typically organic, require exceptional thermal
stability to facilitate a long lifetime in application. This is no minor
task, given the accelerated rates of any decomposition reactions
when operating at these elevated temperatures. Proposed materi-
als must also exhibit all other properties necessary for PCM
applications, including an appropriate T;,, good thermal conduc-
tivity, low-flammability and toxicity, etc. Crucially, to facilitate an
efficient thermal energy storage system, a given PCM should also
exhibit a high enthalpy of fusion, AHg.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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To meet these various design requirements, it is crucial that
the structure-property relationships governing the target prop-
erties are well-understood. While the molecular mechanisms
underpinning properties such as thermal conductivity’® and
heat capacity'’ are well-known, and the effect of different
structural features on T, are relatively well-established"” (with
some computational methods even offering accurate
predictions®®), approaches to predicting AH; remain under-
developed. This is largely due to the complexity of the phenom-
enon, as AHy is determined by the difference in free energy
between the solid and liquid states, and is therefore highly
sensitive to the intricacies of molecular packing and crystal
symmetry; the absence of an a priori approach to predicting
crystal structures hinders reliable estimations of this property.
As is common for supramolecular systems,'* the development
of high AH; materials is therefore often a result of the syner-
gistic effects of serendipity and rational design.

Nevertheless, various correlations between chemical structures,
intermolecular interactions and AH; have been identified that can
aid the design of new PCMs. For example, hydrogen bonds have
been recognised as dominant interactions in many high AH
materials, including glycerol (Ty, = 18 °C, AH; =200 J g~ 1)," sugar
alcohols (e.g. erythritol, Ty, = 117 °C, AH; = 380 J g~ )"® and protic
organic salts (e.g. guanidinium methanesulfonate, T, = 208 °C,
AH; =190 ] g ")."” Notably, the latter two material types display
appropriate melting temperatures for intermediate PCM appli-
cations and have been studied in this context. Unfortunately,
despite the possibility of very high energy densities,"® supercooling
tendencies that inhibit the energy release mechanism in sugar
alcohols has prohibited their practical application thus far. Guani-
dinium methanesulfonate, on the other hand, evades the super-
cooling issue often associated with extensively hydrogen bonded
systems, possibly indicating the importance of complementary
interactions that guide crystal packing in these materials (in this
case, Coulombic). Similarly to hydrogen bonds, coordination bonds
between protons and metals cations can be favourable for achieving
high AH; materials with intermediate temperature melting points
(e.g. in metal-salt hydrates’® and metal-organic coordination
complexes®®). However, phase instability hinders cyclability of
metal-salt hydrates*! while metal-organic coordination complexes
utilise less abundant, or rare, transition metals.

Van der Waals interactions may also contribute to high AH
through their cumulative contributions to crystal packing, despite
being inherently weaker in nature. In fact, van der Waals inter-
actions dominate in paraffins (e.g eicosane: T, = 36.3 °C,
AH; = 247 ] g '),”> which are the most common PCMs used
currently. Nevertheless, this highlights the need for new material
discovery.

A combination of these various interactions can also result
in high AH; materials - fatty acids, for example, interact via
intermolecular hydrogen bonds and van der Waals interactions
and typically exhibit high AH; (e.g. stearic acid, Ty, = 71 °C,
AH¢ = 208 ] g~ 1).>® However, this requires a synergism between
interactions that can be challenging to achieve by design;
competing interactions may result in geometrical frustration
and high energy crystal lattices,>” resulting in low values of AH.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Chemical structures of the five dicarbamate PCMs studied here.

Further demonstrating the complexities of this property, the
distribution of functional groups about a molecule can have
remarkable effects on AHy, for example repulsive interactions
between functional groups (e.g. oxygen atoms in hydroxyl
groups) can also destabilise a crystal lattice. The significance
of this is demonstrated by comparing the AH; of sugar alcohol
isomers galactitol (AH; =273 J g ') and iditol (AH;=127J g 1),
which differ only by the distribution of the hydroxyl groups
about the carbon chain.?® In some cases, the variation in AH;
for a set of isomers can be much greater than the variation in
Ty, for the same compounds.>®

In a previous paper,”” we reported five aliphatic dicarbamate
PCMs (Fig. 1), and determined the practical applicability of the
two highest AH; materials (C18-hx and C18-MDP) for inter-
mediate temperature PCM applications through thermal stabi-
lity studies and sustainability assessments. Here, we use
synchrotron single-crystal X-ray crystallography to elucidate
the relationships between molecular structure, crystal packing
and AH; in these materials. We also probe the nature of the
solid-solid transitions observed in two of the materials, C18-hx
and C18-MDP, with the use of in situ PXRD and variable
temperature "H NMR experiments, to understand the impact of
these additional transitions on AH; and the suitability of the
materials as PCMs. Notably, materials exhibiting such solid-state
transitions are often targeted in other energy storage applications,
such as solid-state battery electrolytes. In the final section, we
consider the effects of structural variations on thermal properties
from a thermodynamic perspective, elucidating structural features
that can be used to tailor AH; and T,, alongside other design
requirements in the development of next-generation PCMs.

Results and discussion
1. Thermal properties

The thermal properties of the five materials studied here are
summarised in Table 1. The DSC traces are shown in Fig. 2.

Mater. Adv., 2023, 4, 4482-4493 | 4483
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Since all of the studied compounds have very similar mole-
cular weights, we focus our discussion here on the chemically
meaningful k] mol ' quantity, rather than the J g~ * that is often
reported. When comparing compounds of vastly different
molecular weights, this quantity may obscure the differences,
since important interactions may not scale linearly with mole-
cular weight. In that case the more practically important J g~*
is used.

The DSC traces of C18-hx, C18-MDP and C18-Ph demon-
strate simple melting/crystallisation behaviour, with single
endo- and exothermic peaks on the heating and cooling cycles
respectively. AHg is highest for C18-hx (142 kJ mol '), followed
by C18-MDP (116 k] mol~") and C18-Ph (95 k] mol ). Interest-
ingly, Ty, follows the reverse order for these three materials,
with values of 119 °C for C18-hx, 129 °C for C18-MDP and
149 °C for C18-Ph.

C18-cyhx also adheres to the above trend, having the lowest
AH; and highest T;,, of the five compounds (AH; = 48 k] mol ™,
Tm = 156 °C). However, the DSC trace of C18-cyhx shows an
additional endothermic solid-solid transition on heating prior
to its melting transition, with a AH, of 21 kJ mol ™"
(Ts-s = 136 °C). An exothermic peak attributed to the reverse
transition is observed on the subsequent cooling cycle (Fig. 2b).

The thermal behaviour of C18-MePh is more complex than
that described for the previous four compounds, with varying
transition behaviour observed by DSC when the sample is
subjected to different heating and cooling rates (Fig. 2e). When
cycled at a rate of 10 °C min~" (which is consistent with the rate
used for property determination of the other compounds), an
exotherm is seen on the heating cycle at 92 °C (24 kJ mol %),
followed immediately by an exotherm at 95 °C (21 kJ mol %),
which transitions immediately into an endotherm attributed to
melting at 103 °C (75 kJ mol™"). When cycled at an increased
rate of 20 °C min ", similar exo- and endotherms appear on the
heating cycle, with additional lower temperature transitions
(detailed in Table 1, additional information in Table S5, ESIT).
Conversely, when the ramp rate is reduced to 1 °C min™", only
one endotherm is observed on the heating cycle, attributed to
the melting transition (T, = 104 °C, AH; = 100 kJ mol ).
Notably, a small exotherm of —15 k] mol™" can be seen on

View Article Online

Paper

the heating cycle immediately before melting, at 94 °C (Fig. 2e).
The dependence of these solid-solid transitions on the ramp
rate is unlike the solid-solid transition behaviour observed in
C18-cyhx, indicating the nature of the transitions is unique
between the two compounds, as further discussed in Section 4.

In the next section we analyse the single-crystal structures of
these compounds in order to correlate packing arrangements
with the observed thermal properties.

2. Single-crystal X-ray crystallography

2.1. Molecular conformations

C18-hx, C18-MDP, C18-cyhx and C18-Ph all crystallise in the
triclinic P1 space group. C18-hx, C18-cyhx and C18-Ph all have
half of one molecule in the asymmetric unit (ASU), with ¢rans
orientation of the urethane functionalities (Fig. 3). The
urethane functionalities are tilted relative to the plane of the
core groups in C18-cyhx and C18-Ph, which are almost iso-
structural, whereas the urethane group is almost in plane with
the Ce core group in C18-hx (at a tilt of 10.1°). As a result, the
molecules of C18-cyhx and C18-Ph are near linear (Fig. 3b and
d), while C18-hx exists in a Z conformation (Fig. 3a).

C18-MDP, which has one molecule per ASU, exists in bent
geometry as a result of the tetrahedral methylene carbon at the
center of the MDP core group. In this structure, the urethane
groups are in cis orientation, i.e. both carbonyl groups point in
the same direction (Fig. 3c). The two phenylene rings of the
MDP core are modelled with half occupancy over two perpendi-
cular positions, indicating that the orientation of the rings
alternate throughout the structure.

Disorder is also present in the structure of C18-MePh, which
solves in the Pmc2, space group with half of two different
molecules in ASU. In this structure, the methyl group of the
toluene core and the urethane carbonyl groups are modelled
over two positions, each with half occupancy. This indicates
that the orientation of the toluene group alternates throughout
the structure, and that the orientation of the urethane groups
alternates to minimise steric hinderance. As observed in the

Table 1 Thermal properties of C18-hx, C18-cyhx, C18-MDP, C18-Ph and C18-MePh

Tm °C Tss °C AHfJ g71 AHf AHS*S ASf Aszs AStotaI N

Compound +2°C +£2°C  +5% k] mol " £+ 5% kJmol " +£5% Jmol 'K ' +5% Jmol 'K '+ 5% Jmol 'K '+ 5% (melting)
C18-hx 119 — 200 142 - 326 — 362 8 x 10"
C18-cyhx 156 134 68 48 21 112 52 164 7 x 10°
C18-MDP 129 — 147 116 — 289 — 289 1 x 10"
C18-Ph 149  — 135 95 — 224 — 224 5 x 10"
C18-MePh*

1°Cmin~' 105 — 144 100 — 265 — 265 7 x 10"
10 °C min~' 104 85,92 113 81 1, 29 214 2, 80 296 1 x 10"
20 °Cmin~" 104 67, 80, 92 115 82 4, 4,20 218 11, 10, 55 294 2 x 10"

“ As the thermal properties of C18-MePh are dependent on the ramp rate, properties determined at heating rates of 1 °C min™*, 10 °C min~

*and

20 °C min " are reported for this compound. Due to the breadth of the endothermic transitions for some compounds, the transition temperatures,
Tt, are determined by the temperature at peak maximum instead of peak onset. The value N is derived from the Boltzmann equation and describes
the ratio of the number of molecular conformations in the liquid state over the number of conformations in the solid state, calculated from the
entropy of melting ASy, as discussed in Section 5.

4484 | Mater. Adv., 2023, 4, 4482-4493 © 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 DSC traces showing the second heating cycle for C18-hx (a), C18-cyhx (b), C18-MDP (c), C18-Ph (d) and C18-MePh (e). (e) shows the DSC curves
of the second heating cycle of C18-MePh at ramp rates of 1 °C min~?, 10 °C min~?, and 20 °C min~* (bottom to top), as the features of the traces vary

depending on the ramp rate used.

Fig. 3 Crystallographically determined structures of C18-hx (a), C18-cyhx
(b), C18-MDP (c), C18-Ph (d) and C18-MePh (e).

structure of C18-MDP, the urethane groups of the C18-MePh
molecule are in cis orientation relative to one another (Fig. 3e).

2.2. Hydrogen bonding interactions

In all five structures, each molecule participates in four
intermolecular hydrogen bonding interactions between the

© 2023 The Author(s). Published by the Royal Society of Chemistry

urethane functionalities, where each N-H group donates a
proton to a carbonyl group from a neighbouring molecule.
These hydrogen bonds form a ladder motif, resulting in the
formation of hydrogen-bonded sheets that propagate down the
plane of the urethane functionalities (Fig. 4). The hydrogen
bonds are of similar length in all five structures (d(N---O) =
2.8-3.0 A, values shown in Fig. 4 and tabulated in Table S2,
ESIT), but differ substantially in their angles. Hydrogen bonds
are the most linear in C18-hx (L (N-H---O) = 175°), and
decrease in the following order: C18-MePh (av. 171°) > C18-
cyhx (166°) > C18-MDP (161°) > C18-Ph (152°). Notably, the
disorder of the urethane groups in C18-MePh leads to chal-
lenges identifying the hydrogen bonds; here it is assumed that
the disordered components occupy alternating sites that yield
hydrogen bonds with the most favourable geometries.

These values suggest a broad trend that increasing the
rigidity of the core group results in less favourable hydrogen
bonding geometries (with the exception of C18-MePh).

2.3. Core group interactions

The hexane groups in C18-hx have edge-on van der Waals
interactions with other hexane groups within the same
hydrogen-bonded sheet, with a slight offset down the long-
axis of the molecules as required to achieve the intermolecular
hydrogen bonds (Fig. 4). Neighbouring Ce chains from adjacent
sheets are offset face-on, with an interplanar distance of 3.11 A.
These groups are also offset down the long-axis of the
molecules, as adjacent H-bonded sheets are offset by two
carbons. Therefore, only four of the six carbons from the
hexane core groups are aligned to participate in these inter-
sheet interactions.

Mater. Adv,, 2023, 4, 4482-4493 | 4485
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Fig. 4 Hydrogen bonding and core group interactions in C18-hx, C18-MDP, C18-cyhx, C18-Ph and C18-MePh. There are four unique H-bonding
interactions in C18-MePh as there are two half molecules in the asymmetric unit for this structure.

In the structure of C18-cyhx, molecules from adjacent sheets
are offset by four carbons, which hinders any inter-sheet
interactions between core groups in this structure. Cyclohexane
moieties from neighbouring molecules within the same H-
bonded sheet pack in a parallel displaced chair conformation,
with distances between the mean planes of cyclohexane groups
of 3.94 A.

C18-MDP, C18-Ph and C18-MePh all pack with n-n stacking
as the dominant interaction between core groups of molecules
within the same H-bonded sheets. In all three structures,
phenylene groups within the same H-bonded sheet are parallel
and offset, with centroid-centroid distances (Cg--Cg) of
5.075 A in C18-Ph, 5.077 A in C18-MDP, and av. 4.634 A in
C18-MePh (an average is taken for C18-MePh as there are two
different packing modes as a result of the two half molecules in
the ASU).

In the structure of C18-Ph, neighbouring H-bonded sheets
are offset by four carbons and therefore phenylene groups
do not align for any inter-sheet core group interactions in
this structure, as was observed in the structure of C18-cyhx.
Conversely, while H-bonded sheets in C18-MDP and C18-MePh
are also offset (by two and three carbons respectively), the
bent geometry of the molecules result in no net offset down
the ¢ axis of the molecules, and core groups therefore align for
inter-sheet interactions. Phenylene groups from adjacent
sheets in C18-MDP are parallel (Cy- - -Cy = 5.649 A), while those
in C18-MePh are almost perpendicular (av. 75°), resulting in a
tilted T-shaped geometry with a centroid-centroid distance of
5.785 A.

Notably, the two compounds without any inter-sheet core
group interactions — C18-cyhx and C18-Ph - display the lowest
values of AH. This suggests the importance of strong inter-
molecular interactions, both within and between sheets, in
achieving high AH; materials.

4486 | Mater. Adv., 2023, 4, 4482-4493

2.4. Hydrocarbon chain interactions and packing

All five structures show 3D packing of C5 chains, irrespective of
the different molecular geometries. In the structures of C18-hx,
C18-MDP, C18-cyhx and C18-Ph, the interacting hydrocarbon
chains of the molecules are parallel and pack with triclinic
symmetry of the methylene subcells (which is the smallest
spatial unit of repetition down the long axis of the chains,
illustrated in Fig. 5). Each chain therefore participates in four
face-on interactions with neighbouring chains (two of which
are significantly offset) and two (approximately) edge-on inter-
actions with neighbouring chains. Due to the urethane group
lying in a plane close to the plane of the Cg¢ core group in
C18-hx, interactions between chains from the same H-bonded
sheet are edge-on in this structure, while those in C18-Ph,
C18-cyhx and C18-MDP are offset face-on (Fig. 5). The volume
of the methylene subcells can be used as an indication of the
packing efficiency in these structures. This volume is smallest
for C18-hx, at 8.4 A%, followed by C18-MDP (8.7 A%, C18-Ph
(9.2 A®) and C18-cyhx (11.55 A%). A key difference in packing in
these structures, which contributes to these different volumes
via its impact on the b axis of the subcell - illustrated in
Fig. 5 - is the extent of offsetting between neighbouring
H-bonded sheets. The offset of two carbons between sheets in
C18-hx and C18-MDP results in an only slightly elongated b
axis; therefore, 16 of the 18 alkyl chain carbons align to interact
with adjacent chains from neighbouring sheets. There is an
increased offset between sheets in C18-cyhx and C18-Ph, of four
carbons, which is reflected in the increased length of the b axes
of their methylene subcells (relative to those of C18-hx and
C18-MDP - Fig. 5). Therefore, only 14 of the 18 alkyl carbons are
aligned to interact with alkyl chains from neighbouring sheets.
There is therefore a greater number of attractive van der Waals
forces between hydrocarbon chains in the structures of C18-hx
and C18-MDP; this presumably contributes to the increased

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Packing of the hydrocarbon chains in C18-hx (a), C18-cyhx (b), C18-MDP (c), C18-Ph (d), and C18-MePh packing mode a and b (e) and (f), with
van der Waals spheres of the atoms shown in grey. The b axis of the methylene subcells is highlighted to show the axis representing interactions between
hydrocarbon chains from neighbouring H-bonded sheets, which is elongated by inter-sheet offsetting. The corresponding a axis represents interactions

between hydrocarbon chains within the same H-bonded sheet.

energy required to disrupt packing in these structures, which is
reflected in their higher values of AH;.

Interactions between hydrocarbon chains in C18-MePh are
more complex. There are two modes of hydrocarbon chain
packing in this structure as a result of the two half molecules
that make up the asymmetric unit. In both cases, hydrocarbons
pack with orthorhombic symmetry, with the same subcell
dimensions (Fig. 5e). The key difference between these packing
modes is in the orientation of the hydrocarbon chains relative
to those from neighbouring sheets - planes between hydro-
carbon chains are at an angle of 28° in mode a, and near-linear
in the second packing arrangement, denoted mode b in Fig. 5.
Interactions are therefore tilted edge-to-face in mode a, and
edge-on and face-on in packing mode b. The volume of the
methylene subcells for C18-MePh is 12.7 A, which is the largest
subcell volume of the five compounds. Correlating these pack-
ing arrangements with molecular structures suggests that core
groups that can have strong interactions in two dimensions —
i.e. with neighbouring core groups within H-bonded sheets and
from adjacent sheets - encourages the alignment of sheets such
that hydrocarbon interactions are optimised. This results in
closer chain packing, as reflected in the lower volume of the
methylene subcells, which correlates with increasing AHs.

3. Powder X-ray diffraction and
polymorphism

While single-crystal XRD is unmatched in its ability to depict
solid-state structures and visualise corresponding molecular

interactions, powder X-ray diffraction (PXRD) should also be
used to ensure single-crystal structures are representative of the

© 2023 The Author(s). Published by the Royal Society of Chemistry

structure of bulk samples; this is especially necessary for the
analysis of materials that are prone to polymorphism.

This technique is also commonly used to elucidate molecu-
lar packing in materials that are difficult to crystallise. For
example, in waxes and related aliphatic compounds - for which
single crystals are typically challenging to obtain — PXRD is
often used to probe the packing arrangements of aliphatic
chains. These compounds are known to exhibit three basic
symmetries of the methylene subcells, which results in char-
acteristic diffraction peaks in the wide-angle (WAXD) region.
These polymorphic symmetries are commonly denoted as o,
where chain symmetry is hexagonal, 8/, where chain symmetry
is orthorhombic (as seen in the crystal structure of C18-MePh),
and f, where chain symmetry is triclinic (as seen in the crystal
structures of C18-hx, C18-MDP, C18-cyhx and C18-Ph). The
varying free energies of these different crystalline arrangements
can lead to vastly different melting properties (e.g. Tr, and AHj).
It has been reported that stability increases in the order
o < B’ < B, and that melting points and enthalpies of fusion
typically follow in the same order.?®

The experimental PXRD patterns of the five dicarbamates
studied here are shown in Fig. 6, alongside the patterns
calculated from the single-crystal structures. The similarity
between the calculated and experimental patterns of C18-
MDP and C18-hx indicate that the crystal structures are repre-
sentative of the bulk samples for these compounds. This is also
likely the case for C18-Ph, as the single broad peak observed at
~24° can presumably be attributed to the two peaks observed
in the calculated pattern overlapping due to increased thermal
motion of the hydrocarbon chains at room temperature
(relative to the —173 °C used for single-crystal data collection).
Nevertheless, this may indicate weaker interactions between
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C18-MePh

Intensity / a.u.

C18-hx

5 10 15 20 25 30 35 40
Scattering angle 26/ °

Fig. 6 Experimental (lighter coloured lines) and calculated (darker lines)
PXRD patterns of C18-hx, C18-cyhx, C18-MDP, C18-Ph and C18-MePh.
Experimental patterns were collected at room temperature, while calcu-
lated patterns are predicted from crystal structures collected at —173 °C;
some shifting of peaks to lower angles in the experimental patterns,
particularly peaks in the lower angle region, is therefore expected.

chains and contribute to the lower AH; of C18-Ph relative to
C18-hx and C18-MDP. These PXRD patterns therefore indicate
that C18-hx, C18-MDP and C18-Ph pack with B-polymorphic
symmetry in the bulk samples, as indicated by the single-crystal
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The breadth of the peaks in the experimental PXRD pattern
of C18-MePh (Fig. 6, light red line) make it challenging to
compare this pattern with the pattern calculated from the
crystal structure (dark red line). The consistency of some peak
positions, particularly in the lower angle region, indicate that
there is some consistency between the crystal structure and
the packing in the bulk sample. The breadth of the peaks
nevertheless indicates some disorder in the sample - possibly
a mixture of polymorphs, or dynamic disorder as a result of
increased thermal motion at room temperature.

Similarly, there are clear differences between the calculated
and experimental PXRD patterns of C18-cyhx, in this case in the
peak positions. This indicates that the crystal packing in the
bulk sample at room temperature is substantially different to
that observed in the single-crystal structure.

Notably, C18-MePh and C18-cyhx are the two compounds that
display solid-state transitions prior to melting in DSC experiments
(Table 1, Fig. 2b and e). Understanding the nature of these transi-
tions is useful to understand their impact on AH; and to determine
whether these materials can still be useful for intermediate tem-
perature solid-liquid PCM applications. Furthermore, materials
exhibiting solid-solid transitions can often find use as energy
storage materials in other applications, for example as solid-state
electrolytes.>**® Elucidating the relationship between molecular
structure and solid-state transition behaviour is helpful in many
aspects of materials design. Therefore, in the following section, the
nature of these transitions is probed with in situ PXRD and variable

structures. temperature static solid-state "H NMR experiments.
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Fig. 7 Variable temperature PXRD and static solid-state *H NMR spectra of C18-cyhx (a) and (b) and C18-MePh (d) and (e). (c) and (f) show the line widths
(LW) of the two component fits of the NMR spectra at various temperatures for C18-cyhx and C18-MePh respectively, where the broad component is

Component 1 for both fits.
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4. Probing the nature of the
solid—solid transitions in C18-cyhx
and C18-MePh

To provide an explanation of the different nature of the solid-
solid transitions in C18-cyhx and C18-MePh, the variable tem-
perature PXRD and static solid-state "H NMR data, which are
shown in Fig. 7, are discussed individually for the compounds
in the following sections (with reference to the DSC traces of
the compounds, Fig. 2b and e).

4.1. C18-cyhx

The solid-solid transition (Ts_s = 136°) in C18-cyhx is reversible,
indicating a transition between two enantiotropic polymorphs,
and not the transition from a higher to lower energy packing
arrangement such as o — [’ (as these polymorphs are known to
be monotropically related and such a transition should there-
fore be irreversible). Enantiotropic polymorphism occurs when
different polymorphs have the lowest free energy over defined
temperature ranges (at constant pressure). Hence, transitions
between enantiotropic polymorphs are thermally reversible.
Enantiotropic polymorphism is observed for example to
occur in cyclohexane, which is known to exist in at least two
solid state forms (although additional metastable solid phases
have also been identified®'). Phase II of cyclohexane is stable
below —87 °C, while Phase I is stable between —87 °C and Ty, at
6 °C.>*”* Notably, Phase I of cyclohexane is reported to have plastic
properties. This plastic phase has been termed a “rotator phase”,
where molecules have rotational disorder about the lattice points
of the face-centred cubic unit cell.*® Similar polymorphism and
plasticity is also common for cyclohexane derivatives.*®
It is therefore likely that the solid-solid transition in C18-
cyhx represents the onset of a rotator phase, which is broadly
defined as a crystalline phase with long range positional order
in all three dimensions that lacks rotational order about an
axis. Notably, rotator phases are also common in alkanes and
their derivatives,®” in which case the rotational disorder is
about the long axis of the molecules.’® In most cases, this
rotational disorder is thought to arise from waggling motions
or vibrations of limited amplitude, rather than free rotation.*®
In accordance with what would be expected from the onset
of rotational freedom during the transition to a more dynamic
phase, the line-width of the broad component of the "H NMR
signal for C18-cyhx decreases substantially following the solid-
solid transition (Fig. 7c). This decrease in line-width is attrib-
uted to the partial averaging of "H-'H dipolar interactions due
to increased dynamics in the sample.*® This decrease most
likely arises through vibrations of the hydrocarbon chains and/
or cyclohexane groups. The PXRD patterns collected at tem-
peratures below and above this transition also indicate a clear
change in structure, with new broader peaks of reduced inten-
sity appearing in the WAXD region (Fig. 7a, red and pink lines),
indicating a decrease in crystallinity across the transition.
Interestingly, the PXRD patterns of C18-cyhx also show
changes to peak positions with increasing temperature below

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Ts_s, where no endothermic transitions are observed on the DSC
trace. In the WAXD region, the PXRD patterns show a shifting
of peaks towards a dominant broad peak at ~21° (in the
highest temperature pattern collected before T, ). This
indicates a loss of symmetry in the structure with increasing
temperature, consistent with the effects of increased thermal
motion resulting in hexagonal (i.e. a-polymorphic) symmetry of
the hydrocarbon chains. The gradual decrease of line-widths in
the NMR spectra over this temperature range supports the
hypothesis that there is increased molecular motion over this
temperature range.

These results suggest that there is a significant degree of
entropy in C18-cyhx prior to the onset of its melting transition,
which explains this compound having the lowest entropy of
fusion among the series. Weaker interactions between mole-
cules in this phase likely also account for the low enthalpy of
fusion of C18-cyhx (48 k] mol ). Notably, the nature of the
solid-solid transition in C18-cyhx limits its applicability for
solid-liquid PCM applications as a significant portion of the
overall AH occurs well below Tj,.

4.2. C18-MePh

In contrast to the solid-solid transition of C18-cyhx, the transi-
tions prior to melting for C18-MePh are irreversible on cooling,
suggesting a monotropic nature (i.e. the transition from lower
to higher stability polymorphs, e.g. ' — f). Monotropic poly-
morphism occurs when each polymorph has its own T, and is
often exhibited by lipid crystals and their analogues.*' In the
context of PCMs, this type of polymorphism may not be
problematic if crystallisation can be controlled to ensure the
polymorph with the desired thermal properties forms prefer-
entially in the conditions of the application.

Transitions from higher to lower energy monotropic poly-
morphs may occur through one of two pathways: solid-state
transformation or melt-mediated transformation. Solid-state
transformation is indicated by an exotherm on the heating
cycle with no endotherm prior (as observed in the sample of
C18-MePh heated at 1 °C min~'). Melt-mediated transforma-
tion occurs when a higher energy/metastable polymorph melts
and a lower energy polymorph is subsequently crystallised
(e.g. @« —» melt —» p’) - this is indicated by an endotherm on
the heating cycle that is followed immediately by an exotherm*
(as observed on the DSC traces of C18-MePh when faster ramp
rates of 10 °C min~ " and 20 °C min~" are used, Fig. 2e).

The rate of solid-state transformation is governed by the
magnitude of the free energy barrier of the solid-solid transi-
tion (AG*_s), while the rate of melt-mediated transformation is
governed by the free energy barriers of melting (AG*,,,) and
crystallisation (AG™.) (although AG™,, is expected to be much
smaller than AG™. and AG*, is therefore rate determining for
this pathway).”® As such, slower heating rates favour solid-
state transformation while melt-mediated transformation is
favoured at faster heating rates. This explains the various endo-
and exotherms on heating observed by DSC when ramp rates of
10 °C min~ " and 20 °C min~ " are used, compared to the single

exo- and endotherm at the slower rate of 1 °C min*.
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As is also common for monotropic polymorphs, the higher
energy (lower Ty,) polymorphs of C18-MePh crystallise prefer-
entially at faster cooling rates; an exotherm attributed to
crystallisation is observed on the cooling cycle at 60 °C with
20 °C min ™! cooling, 70 °C with 10 °C min~" cooling, and 80 °C
at 1 °C min~ " cooling (Fig. 2e). Notably, the PXRD pattern of a
sample rapidly cooled from the melt shows only one peak in the
WAXD region, which supports the hypothesis that a high energy
polymorph with hexagonal (i.e. a-polymorphic) symmetry crys-
tallises preferentially at faster heating rates. Further probing
the possibility of isolating different polymorphs through ther-
mal treatment of the material, a sample was tempered at 84 °C
for 15 minutes. The PXRD pattern of the sample after this
process shows less peaks in the WAXD region when compared
to the pattern of the sample crystallised from solution (Fig. S21,
ESIT). These results indicate that the phase purity of this
material is highly dependent on its thermal treatment, which
is consistent with the DSC results discussed above. Given the
slow rates of cooling that are expected in application as a PCM,
the thermal behaviour of C18-MePh in application is likely to
best resemble the 1 °C min~" DSC curve.

The variable temperature PXRD patterns (Fig. 7d) support
the thermal properties described above, with no significant
differences in peak positions observed when the temperature is
increased at 1 °C min~" until 90 °C. At this temperature, the
WAXD lines merge to form a dominant broad peak at 21°, and a
new peak appears in the SAXD region at 5°. By 95 °C,
the original SAXD peak at 6° is gone completely, indicating
complete transformation into the highest Ty, polymorph.

The variable temperature "H NMR spectra also indicate that
the solid-solid transitions in C18-MePh represent transitions
between static polymorphs (and not the abrupt introduction of
dynamics, i.e. a rotator phase), as there is no significant drop in
the line-width of either of the fitted components over the
temperature range prior to Ty, (Fig. 7f).

For the design of new PCMs, it is valuable to understand
the relationship between these solid-state transitions and the
various structural features of the molecules. Notably, both the
toluene and cyclohexane core groups have limited conforma-
tional flexibility, which may hinder the formation of low energy
crystal lattices (with correspondingly high AHy melting transi-
tions). Nevertheless, the polymorphic behaviour of C18-MePh
may not hinder its practical applicability in solid-liquid PCM
applications as the highest stability polymorph displays a high
AH¢ and forms at the slower ramp rates that would be expected
in application.

5. Melting thermodynamics:
relationships between AS;, AH; and T,

In linear aliphatic molecules, it is well-documented that
increasing chain length results in a marked increase in AS;.>®
This is predominately a result of the exponential increase in
thermally accessible conformers as the number of torsionally
rotatable (ie. sp’ C-C) bonds in the molecule increases.**
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As rotation is restricted in the solid state, the dynamic freedom
introduced to these bonds upon melting thus leads to a vast
increase in accessible molecular conformations on melting,
which is reflected in higher AS;. This increase in AS; works to
lower Ty, due to the relationship between the two properties,
Tm = AH¢/AS, indicated by the first law of thermodynamics.

Similarly, the conformational flexibility of the core groups
used here is expected to affect ASf and Ty,. A good example is
seen by comparing the Ty, of C18-hx and C18-cyhx. Despite the
dense packing and strong hydrogen bonds in its solid-state
form, C18-hx has a melting temperature > 30 °C lower than
C18-cyhx (T, = 119 °C and 156 °C respectively). This is likely a
result of the substantially higher change in entropy when going
from the solid to liquid state for C18-hx compared to C18-cyhx
(372 ] mol™* K" and 164 J mol ' K ' respectively), which
thermo-dynamically favours a lower Tj,.

This difference in AS; is attributable to two factors; the
enthalpy term, ie. the strength of the interactions in the
solid-state that limit vibrational/rotational freedom (and there-
fore reduces the entropy of the solid state),** and the ability of
the core group to be multi-conformational, which yields a large
number of possible conformations in the liquid state (ie.
increased liquid entropy).

This relationship between core group flexibility and T, is
observed across the series, with the compounds with less
flexible core groups demonstrating higher values of Ty, (with
the exception of C18-MePh, which has the lowest T,,; in this
case, the lower symmetry of the molecule likely contributes to
lowering Ty, "**?).

When considering the effect of the conformational flexibility
of the core groups on the entropy of the melting transitions, it
is useful to calculate the difference in the degree of disorder
between the solid and liquid states from the Boltzmann equa-
tion AS = RIn(N). Here, R is the ideal gas constant, and the
value of N describes the ratio of the number of possible
arrangements/conformations per molecule in the liquid state
over the number of possible arrangements/conformations per
molecule in the solid-state. The values of N for the melting
transitions of each of the compounds are shown in Table 1.

For C18-hx, N = 8 x 10", while for C18-cyhx, N = 7 x 10°.
This value of N for C18-cyhx, which is the lowest among the
series, provides a reasonable explanation for this compound
having the highest melting point, and is unsurprising given the
high solid-state entropy of C18-cyhx indicated by the PXRD and
'"H NMR experiments described in Section 4. Additionally,
while there are more rigid core groups in the series, e.g.
phenylene, the C-N bond between the urethane and cyclohex-
ane groups cannot freely rotate, which would limit the con-
formational freedom of the cyclohexane ring and reduce the
number of accessible conformations in the liquid state.

This observation of C18-hx and C18-cyhx is consistent with
observations of the melting transitions of hexane and cyclohex-
ane. The AH¢ of hexane is much higher than that of cyclohexane
(13.1 kJ] mol™" compared to 2.6 k] mol™'), which has been
attributed to the larger surface area of hexane for intermole-
cular interactions®® and is surely related to the plasticity of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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cyclohexane prior to melting (see Section 4.1). Nevertheless,
hexane melts at a much lower temperature than cyclohexane
(Tm = —96 °C and Ty, = 6 °C respectively), which is a result of the
significantly higher AS; of hexane (AS; = 74 J mol ' K}
compared to 9.7 J mol™" K" for cyclohexane). This is a result
of both the high entropy of the solid state of cyclohexane, and
the high entropy of the liquid state of hexane (due to its higher
number of torsionally rotatable bonds).

Similar to the relationship between conformation flexibility
and Ty, the series examined here shows a correlation between
conformational flexibility and AH;. Omitting C18-MePh from
the comparison due to the unusual thermal behaviour of this
compound and its unique packing arrangement, the AH¢ of the
compounds studied here increase as the conformational flex-
ibility of the core groups increases. This relationship is con-
sistent with the entropy-enthalpy compensation phenomenon,
whereby a large increase in molecular motion (ASy) leads to
large increases in intermolecular distances and therefore a
large decrease in intermolecular interactions (AH;).”® Presum-
ably, this is also related to the increased surface area of the
more conformationally flexible core groups — which results in
more intermolecular interactions between molecules - and,
relatedly, the ability of the more flexible core groups to adopt
solid state arrangements that optimise all core group, hydrogen
bonding and van der Waals interactions.

The above discussion indicates the importance of conforma-
tional freedom in achieving high AH; for analogous materials,
which may also serve as a feature that can be used to tailor T;,
in novel phase change materials.

Conclusions

An enhanced understanding of the structure-property relation-
ships that govern AH; will assist in the design of new phase
change materials that meet the diverse property requirements
of thermal energy storage applications. Here we have probed
the molecular origins of the thermal properties of five aliphatic
dicarbamate PCMs which demonstrate excellent practical prop-
erties for the storage of renewable thermal energy.

Single-crystal and powder X-ray diffraction analyses suggest
that low energy packing arrangements are achievable in mate-
rials that have sufficient conformational flexibility to optimise
multiple types of interactions between molecules - in this case,
conformation flexibility of core groups linking aliphatic chains
results in favourable hydrogen bonding interactions as well as
favourable van der Waals interactions between hydrocarbon
chains and core groups. This is aided by the incorporation of
functionalities that can adopt various molecular conformations
without compromising the free energy of the solid-state struc-
ture. When this is not the case, various polymorphs may exist
within a bulk sample, or solid-state transitions into disordered
high temperature phases can occur, which reduces the strength
of interactions in the solid state. This lessens the disruption to
intermolecular interactions that occurs upon melting, resulting
in low AH; materials.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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In situ PXRD and static solid-state NMR experiments were
used to probe the nature of the solid-state transitions in two of
the materials studied here. These results suggest that the
solid-state transitions in C18-MePh are between monotropic
polymorphs, while the transition in C18-cyhx is between two
enantiotropic polymorphs, where the high temperature (Phase
I) polymorph has significant dynamic freedom. Correlating
these properties to the structures of the core groups, this
suggests that the toluene core group - while able to pack
efficiently in its highest stability form - is more likely to
crystallise into higher energy polymorphs at rapid cooling rates.
As well as the rigidity of this core group, this may also be
attributed to its asymmetry, indicating symmetry may be a
feature that can be used to tailor T, in the design of new
PCMs. The enantiotropic transition in C18-cyhx, which resem-
bles the thermal behaviour of pure cyclohexane, suggests that
strong interactions between core groups is crucial for limiting
motional freedom in the solid state prior to the melting
transition.

Broadly, we provide here the basis for approaches to materi-
als design that will assist the development of novel high AH
materials for the storage of renewable thermal energy. In
particular, the structure-property relationships established
here have the potential to rapidly expand the library of inter-
mediate temperature PCMs when combined with machine
learning approaches.
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