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The development of new phase change materials that can store large amounts of renewable thermal
energy will aid the decarbonisation of the energy sector that is crucial for future generations. For
substantial development of these materials, understanding the relationships that underpin the enthalpy
of fusion (AHy) is critical. In the present work, the role of hydrogen bonding in the energy storage
mechanism is elucidated by single-crystal X-ray diffraction and Hirshfeld surface analyses on a range of
novel and known protic organic salts based on the guanidinium, acetamidinium, and formamidinium
cations. Bonding motifs and strengths are probed through the steric and electronic properties of the
anions, specifically with the use of the methanesulfonate ([CH3SOs]7), trifluoromethanesulfonate
([CF3SO3l7), para-toluenesulfonate ([C;H,SO<]7), trifluoroacetate ([CFsCOO] ™) and chloride (Cl7) anions.
We consider entropic contributions to melting thermodynamics, and the results highlight the
importance of strong hydrogen bonds in the solid state, finding an increased density of hydrogen bonds
can be detrimental to AH; if the result is non-geometrically favoured or bifurcated interactions. The
results propose a new rationale for the design of these systems through matching the number of
hydrogen bond donor and acceptor sites. As well as increasing the linearity and strength of hydrogen
bonds, such matching aids in the formation of predictable, energetically favourable supramolecular
motifs, that contribute to AHs via the energetic cost of their dislocation upon melting. These insights
should inform the design of future high-performance phase change materials that can efficiently store
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sustainable energy, helping to overcome the intermittency issues typically associated with renewable
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Introduction

Solar energy has attracted tremendous attention as a renewable
energy source in recent years, and deservedly so; the sun
provides as much thermal energy in one hour as humankind
needs in one year." Yet despite the abundance of solar and
other sustainable energy sources around us (e.g. wind, hydro,
etc.), we are yet to overcome the issue of intermittency.
Discrepancies between peak demand and availability of supply,
on hourly, daily, and even seasonal timescales, mean that
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inexpensive and efficient energy storage systems need to be
incorporated into the design of renewable systems. In the
absence of these integrated systems, we still rely on coal.

Thermal energy storage systems are desirable as they are
able to directly provide thermal energy in industrial, domestic
and agricultural contexts; the requirement for heat energy in
these settings constitutes ~50% of the total global energy
demand and is responsible for ~40% of total global CO,
emissions.” Thermal storage systems vary in type and complexity,
from storing sensible heat in water, to thermochemical heat in
reversible thermal decompositions.®> Particularly appealing are
latent energy storage systems utilising phase change materials
(PCMs), as they are non-complex systems that can store large
amounts of energy within a narrow temperature range. Solid to
liquid PCMs store and release latent energy in their melting/
freezing phase transitions, allowing facile uptake and release of
energy. The energy storage capacity of a PCM is dictated by its
enthalpy of fusion (AHg), which describes the amount of energy
required to achieve the solid to liquid phase change.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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We postulate two key reasons for the lack of realisation of
latent heat storage systems in a renewable energy context. First,
conventionally used materials (e.g. inorganic salt hydrates,*
paraffins,® polymers,® metals and alloys,” etc.) typically suffer
from prohibitive drawbacks (e.g. inappropriate melting tem-
peratures, flammability,® corrosivity,” phase separation,'® etc.).
Secondly, the mechanism of storage at the molecular level
(e.g- the balance between inter- and intra-molecular interaction
contributions) is poorly understood, and this leads to barriers
in designing new materials with high AH; that evade these
drawbacks.

Critical to the development of new materials for thermal
energy storage is an understanding of the structure-property
relationships that underpin AH;. AH; originates from the
change in the internal energy of a system during melting, and
thus depends chiefly on the change in interaction energies that
are affected by the melting process.'' Materials that experience
significant disruption to their solid state interactions upon
melting will consequently exhibit high AH; This disruption
is also reflected in a large entropy of fusion (ASg), as the
reduced binding energy allows more conformational freedom
of molecules."”” Thus, this parameter also gives important
information on the entropic consequences of melting and is
used here to gain additional insights into the effect of different
ion structures on the melting transitions.

The enthalpy (AHy) and entropy (ASy) of fusion are propor-
tionate at a given temperature of melting, allowing calculation
of AS; with experimental values of AH; from the first law of
thermodynamics:

ASf = AHf/Tm

The total AS; reflects the increased degrees of freedom of mole-
cular translations and rotations upon melting, minus the
entropy lost from soft vibrations of the solid lattice.”® The
structure of both the solid and liquid state are thus relevant
to both AS; and AH; (as well as the melting temperature, Ty,
which is determined by the temperature at which the free
energy of the two phases are equivalent). However, how these
states will differ is challenging to foresee apriori — while
predictive simulation of liquid state structures is often done
with great success, prediction of crystal structures from
chemical structures remains a less-developed field."* Conse-
quently, variations in AH¢ often elude patterns and prediction is
challenging, even with the aid of advanced techniques such as
quantitative structure-property relationship (QSPR) models
using quantum descriptors.’>*® It is perhaps due to these
complexities that the molecular origins of AH; are not often
discussed in the literature, and that the design of PCMs
remains largely in the trial-and-error phase. Nonetheless,
favourable interactions for increasing AH; have been identified,
with hydrogen bonds being recognised as key interactions in
some materials with high AH;. For example, a computational
analysis of melting temperatures and AH; for different isomers
of a 6-carbon sugar alcohol showed that the enthalpies of
fusion originate predominately from the decrease in number
and strength of intermolecular hydrogen bonds upon melting."”

© 2021 The Author(s). Published by the Royal Society of Chemistry
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The complexities of the structure-property relationship are
well-demonstrated by the 94% variation in AH; observed between
the isomers galactitol (331 ] g ", 60 k] mol ") and iditol (171 ] g™ %,
31 kJ mol ™).

The influence of H-bonds in high AH; materials is evident in
metal-salt hydrates, the oldest and most extensively studied
type of PCM, which have high AH; owing to dense H-bond
networks between water molecules and the ions.’® Short-
comings of salt-hydrates arise from the fact that their solid to
liquid phase change thermodynamics differ to conventional
melting; the phase change occurs when the salt is thermally
dehydrated and liberated water molecules dissolve the remaining
anhydrous (or lower degree hydrate) salt. When the volume of
water liberated is insufficient to fully dissolve the salt, differences
in densities leads to separation of phases, hindering cyclability."®
Despite this different mechanism of phase-change, the high
enthalpies of fusion likely originate from disruption of their dense
H-bond networks upon dehydration.'®*® A recent study by
McGillicuddy et al.,** inspired by the metal-salt hydrate model,
used metal-organic compounds with extended H-bond networks
to investigate the influence of structure and composition on AH
and AS;. This study found that density and strength of both
hydrogen bonds and coordination bonds were the most impor-
tant contributors to stored thermal energy density.

Ionic liquids (ILs) (and organic salts, which are effectively
ionic liquids with above ambient melting points) are gaining
increasing attention in the field of thermal energy storage as
they have inherent properties (non-volatility, non-flammability,
chemical inertness, etc.) that are advantageous for the applica-
tion of PCMs. Furthermore, they have typically high densities
(allowing compact energy storage capacities), and structural
tunability of cations and anions theoretically allows tailoring of
Tm and AHy. Such tunability of T,, has been demonstrated by
Terasawa et al.,*” and the viability of systemically altering AH;
was demonstrated in a study by Zhu et al.*® that increased AH;
across a family of alkylimidazolium bromide ionic liquids by
increasing the alkyl chain length of the substituted imidazo-
lium cation.

Protic organic salts, which are readily formed via a facile
synthesis involving a proton transfer reaction between a Brenstead
acid and a Brenstead base, are especially appealing as they provide
an opportunity to harness the desirable properties of ILs, while
having H-bonds as the primary interaction between ions. In doing
so, they draw parallels to metal-salt hydrates, with similar
fundamental properties (e.g: high density, high thermal conduc-
tivity, etc.) due to their ionic nature, but without the propensity to
undergo phase-separation. The doubly charge-assisted nature of
the H-bonds in these systems achieves strength, resulting in
greater charge transfer,” as well as increasing the electro-
static component of the interaction by bringing the donor
and acceptor groups closer together.”* Studies on guanidine/
guanidium complexes show that a negative charge on the
H-bond acceptor is an especially beneficial component in these
systems for enhancing H-bond strength.”> We recently demon-
strated the potential of protic organic salts as PCMs, reporting
a range of guanidinium®® and pyrazolium®” organic salts with
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AH; values competitive for intermediate temperature (100-
220 °C) thermal energy storage (e.g. [gdm][CH;SO;]: AH; =
190 J g%, 29 k] mol %, Ty, = 208 °C), and attributed the high
enthalpies of fusion to extensive hydrogen bonding in the
crystal lattice.”® Furthermore, we have shown that these mate-
rials are cyclable, with no decrease in AH; observed for guani-
dinium methanesulfonate after 400 heating/cooling cycles.>
Building on this, we were interested in how manipulating the
H-bond strengths and motifs between ions could be used to
tailor thermal properties of organic salts, probing the role of
hydrogen bonding in the elusive relationship between chemical
structure and AHy.

Herein, we report an extensive study of a range of novel and
known small organic salts, utilising three cations with varying
levels of hydrogen bonding potential. Specifically, we use the
guanidinium (gdm), acetamidinium (aca), and formamidinium
(fa) cations (Fig. 1) to synthesise salts with methanesulfonate
(mesylate), trifluoromethanesulfonate (triflate), p-toluenesulfonate
(p-Tos, tosylate), trifluoroacetate and chloride anions. While
most of the guanidinium salts have been studied in the
literature previously, including by us,**>° most of the forma-
midinium and acetamidinium salts are reported here for the
first time (with the exception of the chlorides and acetamidi-
nium tosylate). By replacing one of the -NH, groups of guani-
dinium with a -CH; group (the acetamidinium series), the size,
weight, and shape of the cation is effectively retained while
removing two hydrogen bond donors and one hydrogen bond
acceptor. In the formamidine series, the -NH, group is
replaced with a single proton. The acidity of the proton at this
position leads to another kind of hydrogen bond, comparable

[gdm]* [fa]*

Fig. 1 Structures of the substituted methylene diamine cations investi-
gated: guanidinium [gdm]*, acetamidinium [acal®, and formamidinium
[fa]™.

[aca]*
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to those observed in imidazolium-based ionic liquids.*>*" The
replacement thus results in a smaller cation that is structurally
analogous to guanidinium but with five H-bond donors and
two H-bond acceptors. As differences in hydrogen bonding in
protic organic salts are reflected in macroscopic properties
particularly for salts with a common ion,** we group salts by
their anions, and use single-crystal X-ray crystallography and
Hirshfeld surface analyses to probe structure-property relation-
ships and highlight common structural features among the
highest AH; materials, with a particular focus on H-bonding in
the solid state. These insights will help to inform the future
design of high-performance PCMs, contributing to the formu-
lation of design rules that allow a rational approach to the
development of new, high-performance hydrogen bonding
systems for thermal energy storage.

Results and discussion

The thermal properties of 14 salts with [gdm], [aca] and [fa]
cations are detailed in Table 1. This includes enthalpies (AHy)
and temperatures (7,) of fusion and enthalpies (AH, ) and
temperatures (Ts_s) of any solid-solid transitions. We note that
the crystal structures used in this study were collected at
—150 °C, and as such take enthalpies of any solid-solid transi-
tions into consideration by calculating the total enthalpy of the
solid to liquid phase transition, AH,.;, for comparison with
crystal structures. Although enthalpies of fusion are often
reported on a mass or volume basis, which is especially relevant
for energy storage applications, the fundamental nature of this
study means that comparing energies on a kJ mol ' basis
allows us to better understand the effects of the different
hydrogen bond geometries and motifs at the molecular level,
without density considerations. Furthermore, it is noted that
while the strengths of hydrogen bonds in the solid state cannot
be directly measured, the correlation between bond length and
linearity with strength is well-documented, with shorter and
more linear H-bonds typically being the strongest.**** Thus, as
our best guide in this study, we use these parameters to infer
hydrogen bond strengths. Details of solid-solid transitions are

Table 1 Thermal properties of guanidinium, formamidinium and acetamidinium salts

AI_Itotal AStotal
Anion Cation Tm ((C)£2°C Ty (°C)£2°C  AHf(Kmol ™) +5% AH, (kJmol™)+5% (kymol™") (Jmol 'K
[CH;3S05] gdm]*® 208 — 29 — 29 60
fa] 94 — 21 — 21 57
aca 97 — 15.4 — 15.4 42
[CF;S05] gdm]®® 160 115 27 1 28 65
fa] 103 -3 5.8 7.0 12.8 41
aca 96 — 15.0 — 15.0 41
[p-Tos] gdm]®® 227 175 21 1 22 44
fa] 118 — 17.7 — 17.7 45
aca) 186 129 21 1.0 22 49
[CF;C00] gdm)] 154 64 14.4 3.2 17.6 43
fa] 111 43, 67, 77, 90 12.8 1.0, 0.5, 0.7, 1.5 16.5 44
aca] 149 — 21 — 21 50
Cl fa] 93 56, 75 3.4 1.8, 1.8 7.1 20
aca] 171 — 15.7 — 15.7 35
7652 | Mater. Adv, 2021, 2, 7650-7661 © 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Crystallographically determined structures of [gdm][CH3SO3] (a), [fa][CH3SO3] (b), and [acal[CH3SO3] (c). Examples of the four unique H-bonding
motifs present across the three structures are shown to demonstrate the notation system used in the text (d).

discussed as the compounds are evaluated. Due to the ambiguity
surrounding solid-solid transitions and their tendency to not be
reproducible, particularly at a consistent temperature, only solid-
solid transitions that are reproducibly observed are discussed.
The methanesulfonate series follow a trend of increasing
enthalpy of fusion with increased hydrogen bonding ability of
the cation ([gdm][CH;SO;] AHy = 29 k] mol ', [fa][CH;SO;]
AH; = 21 kJ mol ", [aca][CH;SO;] AH; = 15.4 kJ mol ).
[gdm][CH;S0;] crystallises in the I2/m space group, with a
mirror plane through the centre of the ion pair to give three
unique and six overall hydrogen bonds per cation (av. d(D- - -A)
2.92 A, / (D-H- - -A) 169°) (Fig. 2a). These hydrogen bonds exist
as bidentate R3(8) motifs (by graph set notation,*” convention-
ally used to describe H-bond arrays in organic crystals). This
8-membered cyclic motif, which describes a ring of eight atoms
including two H-bond donors and two H-bond acceptors, is
prolific in systems containing -NH, donor and -SO; acceptor
groups, being reported to have a 55% chance of occurring in
systems with these donor and acceptor groups.*® This persis-
tence suggests that it is an energetically favourable conforma-
tion that is presumably energetically costly to disrupt upon
melting, facilitating the observed high enthalpy of fusion and
high melting point. The predictability of the supramolecular
interactions in [gdm][CH3SO;] is aided by a matching of
hydrogen bond donors (HBD) of the guanidinium cation to
hydrogen bond acceptors (HBA) of the methanesulfonate
anion. In contrast, [fa][CH3SOj3] has a deficit of donors, result-
ing in the formation of some bifurcated H-bonds. [fa][CH;SO3]
crystallises in the Pca2; space group, with no centre of sym-
metry through the ion pair and consequently all seven H-bonds

© 2021 The Author(s). Published by the Royal Society of Chemistry

are crystallographically unique. Of the seven H-bonds, three are
canonical (av. d(D- - -A) 2.89 A, / (D-H: - -A) 173°) and four come
from bifurcated donors (a single H interacting with two
oxygens) (av. d(D---A) 3.15 A, ,(D-H---A) 139°) (Fig. 2b).
Bifurcated H-bonds, which are common in systems with a
surplus of H-bond donors, are comparatively weaker than
non-bifurcated,® likely accounting for the lower AH; of
[fa][CH3SO3] compared to [gdm][CH;SOs], despite the increased
total number of H-bonds in the structure.

[aca][CH;S0;] crystallises in the Cmc2, space group with a
mirror plane through the centre of the ion pair, resulting in two
unique H-bonds. An R3(8) motif is formed between the two
central protons of the [aca]’ cation (one from each -NH,) with
two oxygen atoms from one methanesulfonate anion (d(D- - -A)
2.95 A, / (D-H---A) 170°) (Fig. 2c). The two outer protons form
Dji(2) linkages with one oxygen atom of the methanesulfonate
anion (d(D---A) 3.02 A, /(D-H---A) 169°). There is a third
potential interaction from these protons with a second oxygen
atom of the methanesulfonate anion (d(N- - -0) 3.44 A, / (N-H-: - -O)
126°), which almost appears to be an asymmetric bifurcation of
these outer protons. We note that the general consensus amid the
literature is that a precise description of hydrogen bonding is
elusive, with strict definitions and criteria often doing an injustice
to the complexity and variability of the phenomena.>*** As such, we
do not have a distinct cut-off distance beyond which we disregard
the potential for H.--O interactions to be considered hydrogen
bonds, and a level of discretion is sometimes required, particu-
larly when considering bifurcated interactions, in determining the
importance of interactions relative to others in the structure. In this
case, the pronounced asymmetry and obvious dominance of the

Mater. Adv.,, 2021, 2, 7650-7661 | 7653
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first H- - -O interaction suggests that the proximity of the second
oxygen atom to the donor proton likely arises from geometric
convenience and is primarily electrostatic in nature,*® discounting
us from crediting it as a hydrogen bonding interaction. None-
theless, as well as these fewer interactions in [aca][CH3SO;] likely
facilitating its lesser heat of fusion, the methyl group of the cation
is also disordered in the structure, indicating rotational freedom
in the solid state that likely contributes to the lower AS¢ of
[aca][CH;S0;] (42 ] mol ' K 1)."?

Hirshfeld surface analysis can provide additional insight
into crystal packing by highlighting and quantifying interactions
between adjacent molecules. The Hirshfeld surface, described by
Spackman and co-workers and calculable via CrystalExplorer,***°
is derived from the region of space surrounding a molecule in
a crystal where the contribution of electron density from the
molecule exceeds that from all neighbouring molecules in the
crystal. Hence, at the surface, the electron density contribution
from the molecule is equal to that from the rest of the crystal. This
is an extremely valuable tool for examining supramolecular inter-
actions in crystals, especially when quantifying subtle similarities
and differences between structures. The Hirshfeld surface is
colour coded to show the distance of nuclei from the surface,
both internal and external, with larger distances shown to the
blue end of the colour scale and shorter distances nearer to the
red end. These interactions can be mapped onto a fingerprint
plot, which is a two-dimensional histogram with axes repre-
senting the distance of nuclei internal (d;) and external (d.)
to the surface, allowing for rapid comparison of structures.
Hirshfeld surfaces and corresponding fingerprint plots of
[gdm][CH;S0;], [fa][CH3SO;] and [aca][CH;3SO;] are shown in
Fig. 3. The dominance of short H-bonding interactions in
[gdm][CH3SO;3] is seen in the two sharp spikes in the bottom
left quarter of the fingerprint plot (Fig. 3d), as we have pre-
viously reported.>® These peaks are less pronounced in
[fa][CH;S03] (Fig. 3e) and also less in [aca][CH;3SO;] (Fig. 3f).
The two longer H- - -O interactions between the outer protons of
the acetamidinium cation and an oxygen atom of the metha-
nesulfonate anion in [aca][CH;SO;] are observed as the two
smaller spikes nearer to the centre of the plot.

Probing the influence of anion electronics on H-bonding
motifs: triflate, [CF3S0;3]

In light of the relationship emerging here between AH; and
H-bond density and strength (inferred from length and linearity),
we were interested in the possibility of using this feature to
exercise control over AH;. By retaining the fundamental structure
of the anion but replacing the methyl group with a trifluoromethyl
group (the triflate anion), we were interested to see if the bonding
motifs would persist with elongation of the bonds due to the
inductive electron withdrawing effect of the fluorine atoms. From
first principles, such a withdrawing effect should limit the hydro-
gen bond acceptor ability of the trifluoromethanesulfonate anion
by limiting the Lewis basicity of the oxygen atoms.
Crystallographic analysis of the triflate salts show that the
R3(8) motif persists in [gdm][CF;SO;] and [aca][CF;SOs], with
slight elongation in both compared to the mesylate structures

7654 | Mater. Adv., 2021, 2, 7650-7661
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([gdm][CF3S05] av. d(D---A) 2.99 A, [aca][CF;S0;] av. d(D- - -A)
2.92 A) (Fig. S1a and Sic, ESIt). Interestingly, the asymmetry of
the two H- - -O interactions of the outer protons in [aca][CF;SO;]
becomes more pronounced, with the long-range interaction at
an increased length of 3.54 A, and the dominant H-bonding
interaction now shorter and more linear than in the methane-
sulfonate analogue (av. d(D- - -A) 2.91 A, / (D-H- - -A) 171°). This
is likely a secondary effect of the reduced basicity of the oxygen
atoms of the anion, as the longer H- - -O interaction is weakened
further, resulting in a strengthening of the primary interaction.
The decrease in relative significance of these longer H---O
interactions is seen in the fingerprint plot of [aca][CF5SOs]
(Fig. S17f, ESIt), which does not have a second set of spikes
attributed to these longer interactions, as was observed in the
fingerprint plot of [aca][CH;SO3].

Bonding in [fa][CF3;SO;] is the most affected of the three
triflate salts by the change of anion, with the cation now not
participating in any bifurcated interactions, but one bond from
each donor, yielding five H-bonds with an average length of
2.99 A and angle of 167° (Fig. S1b, ESIt). The extent of changes
in H-bonding across the series is reflected in the total AH of the
compounds. H-bonding in [gdm][CF;SO;] and the accompany-
ing fingerprint plot of the ion pair (Fig. Sla and S17d, ESIt)
most resembles its methanesulfonate analogue, and perhaps
unsurprisingly [gdm][CF;SO;] retains a high AH;, decreasing by
only 2 k] mol™" (AH decreases by only 1 k] mol™", with a
solid-solid transition of 1 k] mol~ " observed prior to melting at
115 °C). Conversely, the substantial decrease in hydrogen
bonding interactions in [fa][CF;SO;] (reflected in the finger-
print plot, Fig. S17e, ESIt) accompanies the greatest decrease in
AHyoa1 when compared to its methanesulfonate analogue
(8.2 k] mol™!). AH,y. decreases the least for [aca][CF3SO;]
compared to its methanesulfonate analogue (0.4 kJ mol ).
The AS; of [aca][CF;SO;] and [aca][CH3SO;] are both low, at
41 J mol ' K ' and 42 ] mol ' K™ respectively. We note that
both of these ASi. values are substantially less than the
50-60 J mol™' K™ ' typical increase in entropy for non-
spherical molecules upon melting,"> indicating that both
[aca][CF;SO3] and [aca][CH3SO;] undergo low temperature
solid-solid transitions that are not observed in the temperature
range of the DSC, and that these lower temperature transitions
lower the AS of the melting transitions.

Solid-solid transitions are observed prior to melting in both
[gdm][CF5S0;] and [fa][CF;SOs] (Table 1 and Fig. 4). While the
solid-solid transition in [gdm][CF;SO;] is energetically small
(1 k] mol™"), the solid-solid transition of [fa][CF5SO;] from
Phase II to Phase I at —3 °C (phase numbering shown in Fig. 4)
is energetically less than its melting enthalpy at 103 °C
(5.8 kJ] mol™"), and has a greater entropic change than that
of the melting transition (26 J mol™* K" and 15 ] mol " K™*
respectively). Interestingly, the thermal behaviour of [fa][CF;SO;]
varies among different runs of the material on the DSC, for both

i Conventional nomenclature is used to describe phases of plastic crystals, with
Phase I labelled as the highest temperature phase before melt, and lower
temperature phases labelled successively thereon.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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colour. The percentage of these O---H interactions contributing to the overall surface interactions are shown as percentages on the plots. Other
interaction types are annotated with arrows, with only interactions that make up > 2% of the surface shown. A breakdown of non-O- - -H interactions can

be found in Table S20 (ESIY).

the same and different samples, with the enthalpy of the solid-
solid transition ranging between 6 k] mol " and 8 k] mol™ ", and
the melting transition observed with an enthalpy between
3 kJ mol " and 8 k] mol . We note that the AS of melting is
below the 20 J mol ™" K" required by Timmerman’s criterion for
plastic crystal behaviour in molecular materials.**

Due to the poor quality of the crystallographic data collected
at > 0 °C for this material, which is typical for plastic crystals in
Phase I (the most disordered phase), as yet we have been unable to
fully refine a model of Phase I to determine the structural change
that occurs between the two solid phases of [fa]CF;SO;]. However,
solid-solid phase transitions in plastic crystals often represent the
onset of rotational motion of certain parts of the crystal upon slight
expansion of the lattice.”> This is a likely explanation here as a
comparison of the unit cell data of Phase II and Phase I suggests

© 2021 The Author(s). Published by the Royal Society of Chemistry

that there is no substantial structural change between the two phases,
with the unit cell dimensions remaining relatively consistent (slight
expansion is expected due to increased thermal motion at higher
temperatures) (Table S5, ESIT). The slight increase in volume may
generate more space for the ion pairs, potentially facilitating the
ability of ions to engage in rotation or other movement.

It is noted that solid-solid transitions are typically undesir-
able in solid-liquid PCMs as some of the total enthalpy of melt
is consumed at a lower temperature than the storing range,
and, furthermore, that crystals with “plastic” characteristics
have fundamentally different thermal properties to those
we are intending to study. As such, while interesting, we omit
materials with AS¢ < 35 J mol™' K~' from later analyses that
involve the grouping of data to identify broader trends in
bonding and AS¢/AH; (specifically Fig. 7c and d).

Mater. Adv., 2021, 2, 7650-7661 | 7655
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Probing the influence of steric factors on H-bonding and
competing alkyl interactions on AHy: [p-Tos]~

p-Toluenesulfonic acid has a pKa of —2.8, slightly lower than
methanesulfonic acid (—1.9) but still significantly higher than
triflic acid (—15). As such, the hydrogen bond acceptor ability of
the p-toluenesulfonate (tosylate, p-Tos) anion (based on proton
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affinity of oxygen atoms®®) should sit just below that of the
methanesulfonate anion. It is surprising, then, that the crystal
structures of the tosylate salts are more similar to the triflate
salts than the methanesulfonate salts. The tosylate salts all
form the same H-bond motifs as the triflate salts (Fig. S2, ESIT),
and all also form extended networks of two-dimensional sheets
where hydrophobic and hydrophilic moieties from neighbour-
ing sheets pack together (Fig. 5a-c). The thermal properties are
also somewhat semblant of the triflate series, with solid-solid
transitions observed prior to melting in both [gdm][p-Tos] and
[aca][p-Tos] (Table 1). Nonetheless, in contrast to the triflate
series and attesting to the complexities of the latent heat of fusion,
a vastly different trend in AH is observed, with [aca][p-Tos] and
[gdm][p-Tos] both having the equal highest total solid-liquid
enthalpies among the series (22 k] mol ). Both of these salts
display solid-solid transitions of 1 kJ mol ™~ prior to their melting
transitions, which are again of equal energy (21 kJ mol ", Table 1).
[fa][p-Tos] has a lower total enthalpy of solid-liquid phase-
transition, melting with an AH; of 17.7 k] mol * at 118 °C and
no solid-solid transitions observed prior. When comparing these
enthalpies to those observed in the triflate analogues, an increase
is observed for [aca][p-Tos] and [fa][p-Tos], while a decrease is seen
for [gdm][p-Tos].

This new trend in AHy can be explained by analysis of the inter-
actions between toluene moieties in the extended structures,
alongside the changes to hydrogen bonding lengths and geo-
metries. While the six H-bonds in [gdm][p-Tos] are 0.6 A shorter
than their equivalents in [gdm][CF;SO;], they are 7° less linear

Lo D AANTANTAN,
NN
ot AN,

AN

!

Fig. 5 Packing of [gdml[p-Tos] (a), [fallp-Tos] (b) and [acallp-Tos] (c). Toluene moieties from neighbouring sheets in the same sequence of salts are shown in
(d), (e) and (f), highlighting the distances between centroids of neighbouring toluene rings. (g), (h) and (i) show planes through the toluene rings in the same
sequence of salts to highlight the angles between planes of the rings of neighbouring toluene groups. Hydrogen atoms are omitted in (d)—(i) for clarity.
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(av. d(D---A) 2.93 A, / (D-H---A) 166°). In the crystal structure
of [gdm][p-Tos], packing of the toluene moieties does not occur
in the form of m-m stacking, as the planes of neighbouring
toluene rings are non-parallel (the shortest centroid-centroid
distance between toluene rings is 4.8 A, with an angle between
ring planes of 52°) (Fig. 5g). Interactions between neighbouring
toluene moieties in this case appear to be of van der Waals
nature. Conversely, both van der Waals and n-n stacking
interactions are observed between toluene moieties in the
structures of [fa][p-Tos] and [aca][p-Tos] (Fig. 5h and i). These
stacking interactions resemble prototypical assembly in toluene
structures, stacking off-centred and parallel, with apparent n-n
interactions between the offset rings, and methyl groups of
adjacent molecules appearing have o-m interactions with
n-clouds of neighbouring rings (Fig. 4e, f, h and i).** In the crystal
structures, each toluene moiety has one n-n stacking interaction
with a toluene moiety from an adjacent sheet, with other sur-
rounding toluenes appearing to interact in a van der Waals
nature. The average length of the H-bonds in these structures
are both reduced compared to their triflate analogues, with a
reduction of 0.8 A for [aca][p-Tos] and 0.5 A for [fa][p-Tos]. The
shortening of H-bonds in [aca][p-Tos] comes with a decrease in
angle of 9°, while [fa][p-Tos] displays an increase in average bond
angle by 2°. It is postulated that the additional, directional n-r
and o-r interactions, which are stabilised by both electrostatic
and dispersive interactions,** likely explain the increased enthalpy
of fusion observed for [fa][p-Tos] and [aca][p-Tos] when compared
to their triflate analogues. The shortening of length and increased
angle of the H-bonds in [fa][p-Tos] likely explains the absence of
the large solid-solid transition that was observed in [fa][CF;SOs],
as well as contributing to the increased AHo for [fa][p-Tos]. It is
noted, as well, that toluene moieties do not have the same
propensity for rotational disorder that is often observed for CF;
groups, and that n-n interactions between rings likely “hold” the
rings in place to limit such a motion in the solid state.

Analysis of the Hirshfeld surfaces and corresponding finger-
print plots support this explanation of the new trend in AH. The
plots (Fig. 6d-f) are all similarly shaped and have similar
frequencies of interactions (as indicated by the colours of the
pixels on the histogram). The central, thicker spike in the plots
is unique to the tosylate series and corresponds to H:--H
interactions between the toluene moieties. Comparing these
plots to those of the triflate analogues, it is evident that the
density of strong H-bonds decreases for [gdm][p-Tos] compared
to [gdm][CF;S0;], while remaining relatively consistent for
[aca][p-Tos] and [fa][p-Tos] compared to [aca][CF;SO;] and
[fa][CF3SOs]. As such, the additional interactions between
toluene moieties of neighbouring sheets adds to the enthalpy
of fusion of [aca][p-Tos] and [fa][p-Tos], while the new alkyl
interactions in [gdm][p-Tos] are insufficient to compensate for
the loss of H-bond density in the structure.

Probing the importance of H-bond strength over H-bond
density: trifluoroacetate, [CF;COO]

Alkyl interactions between neighbouring toluene moieties in
the tosylate series demonstrably influence AHg, highlighting

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(ASU). Percentages of H---O and H- - -H reciprocal contacts are shown on
the plots alongside a guideline of where these interactions are found
on the fingerprint plot. A more detailed breakdown can be found in
Table S22 (ESI).

the potential for competing interactions to have considerable
effects on AHy, even when H-bonding appears to be the domi-
nant interaction. While interesting, additional non-hydrogen
bonding interactions limit our capacity to observe the direct
effects of H-bonds on AH;. In the mesylate and triflate series, an
emerging trend suggests that fewer but stronger H-bonds can
be more important than increased H-bond density for materials
with high AH. To test this, we next chose the trifluoroacetate
anion for study, as it has a 1:1 HBD:HBA ratio with the
acetamidinium cation.§

In line with our prior observations, the matching of HBA to
HBD of the trifluoroacetate anion and acetamidinium cation
results in [aca][CF;COO] having the highest AH; among the
trifluoroacetate series (21 k] mol '), despite participating in the
least number of H-bonds. [aca][CF;COO] has four non-
bifurcated H-bonds per cation that, over the four ion pairs of
the ASU, average to be the shortest and most linear of the
trifluoroacetate series (av. d(D---A) 2.86 A, / (D-H---A) 168°)
(Fig. S3c, ESIt). The dominance of these strong H-bonds as
the primary interaction in the crystal is observed in the sharp-
ness of the spikes in the fingerprint plot (Fig. S18f, ESIT).
[fa][CF3CO0] and [gdm][CF;COO] both have six hydrogen
bonds per cation (2 of which are bifurcated in [fa][CF;COO]).
These H-bonds have more geometric strain, with average angles
of 154° in [gdm][CF;COO] and 156° in [fa][CF;COO]. Acceptor
bifurcation is present in both structures, with each trifluoro-
acetate oxygen atom of [gdm][CF;COO] accepting three bonds,
and one accepting four and the other accepting two in [fa][CF;COO]
(Fig. S4, ESIT). The prevalence of weaker H-bonds in [gdm]|[CF;COO]
and [fa][CF;COO0O] compared to the strong H-bonds of
[aca][CF;COO] is confirmed by the fingerprint plots of their

§ The acetate anion was initially chosen but led to decomposition upon melting
for all salts.
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Hirshfeld surfaces, with sharp spikes (corresponding to
H-bonding interactions) on the plot of [aca][CF;COO]
(Fig. S18f, ESIt), less defined spikes on the plot of [fa][CF;COO]
(Fig. S18e, ESIt) and even less definition in the spikes on the
plot of [gdm][CF;COO] (Fig. S18d, ESIT).

Interestingly, solid-solid transitions are observed prior to
melting in both [gdm][CF;COO] and [fa][CF;COO]. One solid-
solid transition with an energy 3.2 k] mol ' is seen in
[gdm][CF;COO0] (64 °C), while four lower energy solid-solid
transitions are observed in the DSC trace of [fa][CF;COO].
Reviewing all of the salts studied so far, it can be seen that
solid-solid transitions appear to be more prevalent in materials
with H-bond bifurcation. This may be explained by the weaker
bifurcated interactions requiring less energy to slightly expand
and liberate minor motional freedoms (e.g. rotations), although
without a more thorough analysis (and confirmation of trend
over a greater sample size) we note that such a conclusion is
speculative in specific reference to bifurcation. Furthermore,
immediately challenging this hypothesis, the crystal structure
of [aca][CF;COO] refines with a disordered —~CF; group, indicat-
ing there may be a solid-solid transition below the temperature
of crystal data collection (—150 °C). It is noted, however,
that due to the large ASU of [aca][CF;COO], only 1 of all CF;
groups in the structure are disordered. As a result, this disorder
appears to have a limited effect on the AS; of [aca][CF;COO],
which is the highest of the three trifluoroacetate salts
(50 J mol ' K™).

The entropies of fusion of the trifluoroacetate salts can be
rationalised with respect to the nature of the H-bonds present
in the structures. As mentioned above, the stronger H-bonds in
[aca][CF;COO] are likely to restrict motion more than those in
[gdm][CF3COQ] and [fa][CF;COO] (AS¢ = 34 ] mol ' K ' and
33 J mol " K" respectively, ASioa = 43 ] mol™' K and
44 J mol ' K™"). Weaker H-bonds allow for more soft vibrations
in the crystal structure and hence less vibrational motion is
introduced by the melting process."?

The hypothesis that weaker H-bonds correlate with lower AS;
is supported by analysis of the chloride salts. While [gdm]Cl
decomposes upon melting and is consequently omitted from
the comparison, the AS; of [fa]Cl and [aca]Cl are low, with total
solid-liquid entropies of 35 J mol ' K * for [aca]Cl and just
20 ] mol " K" for [fa]Cl. Both cations participate in four
H-bonds with chloride anions, with average H-bond distances
of 3.21 A for [aca]Cl and 3.23 A for [fa]Cl (Fig. S5, ESIT). The
H-bonds of [aca]Cl are more linear than those of [fa]Cl, with
average bond angles of 165° and 160° for the salts respectively.
These distances and angles suggest that the hydrogen bonds
are weak, which is expected; while the chloride anion is a good
hydrogen bond acceptor when acting as a single donor (of
electrons), it can be expected that the acceptor ability of the
anion decreases with increasing number of hydrogen bonds.*
It is noted that [fa]Cl has a fifth potential H-bond interaction
from the proton of the central carbon, however it is long
(3.43 A) and non-linear (124°), and given that the acceptor
Cl™ anion is already participating in four H-bonding inter-
actions, it is unlikely that this interaction is comparatively

7658 | Mater. Adv, 2021, 2, 7650-7661
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significant. Interestingly, [fa]Cl has two solid-solid transitions
just prior to melting, one at 56 °C and one at 75 °C, both with
AH,_, of 1.8 k] mol ™. The orientation of the cations mean that
[aca]Cl packs in an extended three-dimensional network while
[fa]Cl packs in two-dimensional sheets (Fig. S15 and S16, ESIt).
It is postulated that this third dimension of order in the
structure of [aca]Cl increases its rigidity, limiting vibrational
motion and resulting in a AS of solid-liquid phase transition
almost double that of [fa]Cl. While it is challenging to see the
effects of packing on the thermal properties of the salts in this
study, as most of the other salt families with a common anion
pack with the same dimensionality (Fig. S6-S14, ESIY), it is
possible that as there are a range of factors that contribute to
AH; (number of hydrogen bonds, as well as their lengths and
angles), when these other factors are similar, packing can
become the most significant contributor.

Trends in AH; and AS; across all series of anions

Individual analysis of the salt systems investigated in this study
has demonstrated the complexities of the factors that influence
AH;. For example, while the results support the hypothesis that
short, linear H-bonds are favourable interactions for achieving
high AHf materials, a plot of average H-bond lengths and angles
in materials against their AHy shows no correlation between
angles and AHy, and at best only a rough correlation between
lengths and AH; (Fig. 7a). The favourability of shorter, linear
interactions is better seen in Fig. 7c and d, which plot the
length and angle of all individual H-bonds alongside the AH; of
each material. The information about H-bonds given in these
graphs is adequate to rationalise trends in AH; across the
materials. For example, Fig. 7d shows [gdm][CH;SO;] has a
higher AH; than [gdm][CF5;SOs], despite [gdm][CF5SO;] having
more linear H-bonds. Fig. 7c¢, however, shows the increased
lengths of the H-bonds in [gdm][CF5SO;], which account for its
slightly lower AH;.

The relationship between AS; and AH; in the salt systems
investigated in this study is plotted in Fig. 7b (solid shapes).
The roughly linear correlation (R*> = 0.91) indicates that the
compounds approximately adhere to the model of entropy-
enthalpy compensation.*® The model postulates that for similar
processes in similar systems, a graph plotting ASf and AH¢ will
show a roughly linear correlation. In the context of melting, an
explanation for this trend is that materials with a high AH
typically have tighter association of molecules in the solid state.
This tighter association reduces the entropy of a system by
restricting molecular motion and thus the ability for molecules
to be multi-conformational and “disordered”.’> Upon melting,
the degree of disorder introduced to these tightly-bound
systems is thus correspondingly larger than in those with
conformational freedom in the solid state. This disorder can
be better conceptualised by estimating the degree of disorder
introduced to the system upon melting, found by rearrange-
ment of the Boltzmann equation (AS¢ = R1n (N)) to get N = e*57%,
where R is the ideal gas constant, and the introduced disorder,
N, describes the ratio of the number of possible arrangements/
conformations per molecule in the liquid state over the number

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) Relationship between AH; and average bond angle (°) and length (A) for all salt families. (b) Relationship between AH; and AS; (solid shapes) and
AH; and degree of disorder introduced upon melting as calculated by the Boltzmann equation (hollow shapes). (c) Length of individual H-bonds
(columns) alongside AH; (symbol) for each material. (d) Angle of individual H-bonds (columns) alongside AH; (symbol) for each material. Interactions from
bifurcated donors are indicated by stripes in the columns. Materials with plastic crystalline behaviour are omitted from (c) and (d).

of possible arrangements/conformations per molecule in the
solid-state.*® For the salt systems studied here, the values of
introduced disorder (N), and thus a representation of the extent
to which the materials gain conformational freedom upon
melting, are plotted in Fig. 7b (hollow shapes). Unsurprisingly,
the chloride salts, which have the least possibility of being
multi-conformational, hold two of the four lowest values of
introduced disorder. Such insights into liquid state structures
through relationships between AS; and AH; are extremely
valuable, as an increased understanding of the liquid state is
paramount to probing the origins of the thermal properties of
PCMs, which will allow a better-informed design approach.
Further insight into the liquid phase of these materials
could, in the future, be gained from analysis such as neutron
diffraction experiments. This technique has previously been
used to investigate the liquid phase of protic ionic liquid
materials, showing that they form bicontinuous sponge-like
nanostructures, where the nature of the hydrogen bonding in
the systems varies, and the variations are reflected in the
macroscopic properties of the materials.>® These experiments

© 2021 The Author(s). Published by the Royal Society of Chemistry

have shown that ion arrangements in these liquid systems
depends on both the physical dimensions of ions and the
intermolecular forces between them, and that ILs with high
proportions of linear H-bonds yield more solid-like properties.
This is presumably reflected in a lower entropy of fusion for
those systems.

One strategy to achieving high AH¢in organic ionic materials
thus lies in the presence of strong, directional H-bonds in the
solid state that are significantly disrupted in the liquid state.
Understanding how these key interactions and their energies
change between the solid and liquid state is paramount to
understanding how these interactions can be used to design
new materials with high AH;. As such, future work will involve
simulating the liquid state interactions to enhance our under-
standing of the structural features that underpin this property.
Furthermore, a yet deeper understanding of the solid state
interactions presented here could be gained from computa-
tional modelling of the solid state, providing energetic infor-
mation to complement the geometric information obtained in
this crystallographic study. For example, quantum mechanical
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calculations could be used to investigate the sensitivity of the
hydrogen bonds to angular deformations or bifurcation.*” This
would encourage a deeper understanding the thermodynamic
consequences of these parameters, again providing valuable
information that can be used as a tool in the design of new
PCM materials. We expect to be able to report the results from
such studies in future publications.

Conclusions

An increased understanding of the structure-property relation-
ships that underpin AH; is critical to the design of new
materials with high energy storage densities that can be imple-
mented in renewable thermal energy storage systems. The
results presented here demonstrate the importance of strong
hydrogen bonds in materials with high AH; showing that
increasing the number of hydrogen bonds in a system can be
detrimental to AH if the result is their cumulative weakening,
for example by inducing bifurcation. The formation of predict-
able supramolecular motifs provides scope to approach ration-
ally the design phase, with energetically favourable motifs
appearing to increase AHy. The formation of such motifs can
allow prediction of linearity of H-bonds; for example, the R3(8)
motif is geometrically suited to yield linear H-bonds, whereas
R3}(4) motifs yield bifurcated (and consequently non-linear)
H-bonds. Specifically in protic organic salts but presumably
also in neutral materials where hydrogen bonding is the main
interaction, the predictability of supramolecular motifs is aided
by matching the number of H-bond donor and acceptor sites.
This has been shown to limit bifurcation and result in solid
state structures with shorter and more linear H-bonds, leading
to materials with high AH¢.

It is noted that substantial disorder may exist in crystals and
that liquids typically have a high range of order, and that these
together hinder our ability to reliably predict phase-change
enthalpies. Deeper understanding of the liquid state structure/
interactions in particular is needed to enable the realisation of
materials with desirable thermal properties.
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