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State-of-the-art calorimetric techniques have been used to explore
the effects of molecular isomerism on the phase behaviour of the
three dihydroxybenzenes catechol, resorcinol, and hydroquinone.
Within the broader remit of the search and rational design of phase-
change materials for thermal-energy storage, these data reveal a
surprisingly rich (and hitherto unappreciated) behaviour, ranging
from an unavoidable propensity to crystallize (hydroquinone) to the
emergence of both disordered and ordered metastable phases well
below the range of stability of the normal liquid (resorcinol and
catechol). Catechol exhibits the most complex thermophysical
response, and ab initio calculations evince a subtle interplay
between intramolecular and intermolecular interactions, ultimately
leading to the formation of new crystal phases.

A significant fraction of the energy that we produce for industrial
and domestic use is lost in the form of heat, in some cases
amounting to as much as one-half of the total energy input.?
Finding ways of avoiding this rather unfavorable situation con-
stitutes an important ingredient to attain a sustainable future. In
this context, the need for the rational design of new thermal
energy storage (TES) materials is receiving increasing attention,
particularly those based on the use of the latent heat associated
with well-defined phase transformations.>* For these so-called
phase change materials (PCMs), the latent heat per unit mass or
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volume is the primary figure of merit, in order to ensure a more
compact and efficient design relative to more traditional routes to
TES, such as those solely relying on the heat capacity of the
material over a wide temperature range.” Carbon-based molecu-
lar PCMs are particularly attractive for industrial applications,
owing to their broad range of melting temperatures, high tun-
ability, and compatibility with construction materials.® Notwith-
standing these merits and strengths, the “chemical space”
accessible and to be explored when considering carbon-based
PCMs is incredibly vast and, as such, the development of robust
physico-chemical criteria to guide materials design has remained
quite elusive to date. These must necessarily take into account
equally important factors beyond the sheer latent heat per unit
mass or the operating temperature, including the kinetics and
reversibility of phase transformations.” Physico-chemical studies
to examine these from the point of view of the underlying
mechanisms at the molecular level remain quite sparse in the
literature.® One notable exception to the above is the case of
linear sugar alcohols, where computer simulations have been
able to reproduce known experimental trends in fusion enthal-
pies, as well as to identify subtle effects associated with the
specific topology of hydroxyl (OH) groups along the carbon
chains.”™ Notwithstanding their quite favourable melting
enthalpies, linear sugar alcohols exhibit a strong propensity to
enter glassy (amorphous) phases, arising from the conforma-
tional flexibility of the sp*-hybridised carbon chains and the
ensuing entropic barriers that need to be surmounted to enter
a well-defined crystalline phase upon cooling from the melt.
Motivated by the above, the present work places a fresh
focus on the diHydroxyBenZenes (hereafter dHBZs). These
intermediate-weight organic molecules all conform to the general
formula C¢H,(OH),, and are characterized by the presence of two
OH functional groups covalently bonded to a rigid benzene ring.
At the molecular level, there are three possible isomers associated
with the occupation of the ortho, meta or para positions around
the ring by the second OH group: o-dHBZ, catechol; m-dHBZ,
resorcinol; and p-dHBZ, hydroquinone or quinol. Fig. S1 in the
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ESIf shows these three isomers along with the conformers that
result from a change in the relative orientation of the OH
hydrogens on the plane of the benzene ring. Table S1 in the
ESIf provides a summary of the known properties of the three
dHBZ isomers. In their solid phases, only m-dHBZ and p-dHBZ
are known to exhibit polymorphism.'*'* In particular, the
ambient-temperature o-phase of m-dHBZ undergoes a weak
transition into a B phase just before melting at ca. 369 K,
involving a subtle rearrangement of intermolecular HBs.">'®
The o-phase of p-dHBZ crystallizes in a more complex rhombo-
hedral unit cell, giving rise to an extended network of HB double
helices. Furthermore, the § and y phases of p-dHBZ are meta-
stable and have only been accessed via crystallization in ethanol
(B)" or sublimation (y).'® In contrast with the above two cases,
the only known structure of o-dHBZ is a P2,/c crystal, character-
ized by chains of molecules tilted by ninety degrees in an
alternating fashion.'”™' These observations alone are a strong
indicator of the importance and impact of molecular isomerism
and the underlying conformational landscape on the phase
behaviour of dHBZs, as already hinted by the molecular struc-
tures shown in Fig. S1 (ESIf). Exploring the consequences of
these three very different scenarios and the implications for the
use of dHBZs as PCMs constitutes the primary driver behind
this work. To this end, we deploy state-of-the-art calorimetric
techniques, and supplement these experimental efforts with ab
initio computational materials modelling.

Details on sample preparation and experimental protocols
are given in the ESIf and in ref. 22-24. As reported in Fig. 1,
temperature-modulated differential scanning calorimetry (TM-DSC)
was used in the first instance to assess the heat-storage capacity and
melting-crystallization kinetics of the three dHBZ isomers under
typical conditions of PCM operation - see also Fig. S3 in the ESL{ All
measurements were performed using the “modulated” mode of the
instrument. Using in-built instrument-specific functions, this mode
enables access to both reversing and non-reversing contributions to
the heat flow and heat capacities associated with phase changes.*
The measured enthalpies are in line with reported values - see
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Fig. 1 Heat-capacity data at a constant heating (red) and cooling (blue)
rate of 2 K min™™. The temperature axis (abscissa) has been normalised to
the peak temperatures of melting. The arrows indicate the position of the
weak thermal events discussed in the main text.
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Tables S1 and S2 in the ESL} On the basis of these results, there
appears to be a correlation between latent heats of crystallization
and crystal densities. Specifically, m-dHBZ corresponds to the lowest
density and enthalpy of melting, whereas the tighter molecular
packing of 0-dHBZ and p-dHBZ leads to an overall increase in the
latent heat. This trend becomes less clear-cut when considering o-
dHBZ vs. p-dHBZ. These two systems exhibit very close densities,
with 0-dHBZ showing a slightly larger value than p-dHBZ, yet at the
same time the latter displays the largest melting enthalpy. These
results highlight the complex interplay among the different
intermolecular interactions (HBs, stacking, etc.) in a closely
packed system, which ultimately dictate the crystal structure.
A weak endothermic event was observed in m-dHBZ, with
an onset temperature of 367 &+ 1 K and an enthalpy of
0.96 & 0.04 k] mol . These figures are in agreement with those
of Ebisuzaki et al'® In the case of p-dHBZ, the markedly
asymmetric shape of the melting peak is suggestive of a similar
scenario as this phase change is approached from below. Upon
cooling from the melt, p-dHBZ also undergoes a weak exother-
mic event at 433 £+ 1 K with an average enthalpy of 0.16 £ 0.06 k]
mol ™" shortly after the primary crystallization. We tentatively
assign this feature to a phase change between two p-dHBZ
polymorphs. Molecular isomerism also appears to have pro-
nounced effects on the observed hysteresis between melting and
crystallization under these (relatively mild) heating-cooling
conditions. In the case of p-dHBZ, hysteresis is relatively small
at around 10 K, and the liquid readily crystallizes from the melt.
0-dHBZ and m-dHBZ exhibit a much wider stability range of over
60 K for the supercooled liquid, and this behaviour is highly
reproducible over consecutive runs within the range of rates
accessible with TM-DSC.

This rich phenomenology calls for further investigation
under more extreme thermophysical conditions. To this end,
we have performed fast-scanning calorimetry (FSC) experi-
ments up to heating-cooling rates of 3000 K s~ * - for further
experimental details, see also the ESL{ The case of p-dHBZ is
shown in Fig. 2, recalling that its TM-DSC response exhibits the
narrowest hysteresis between melting and crystallization. In this
particular instance, crystallization from the melt cannot be
avoided at all, and the observed hysteresis upon cooling never
exceeds 35 K below the melting point. In addition, the phase
transition is invariably observed at around 432 K upon heating, in
agreement with the TM-DSC data. The crystallization tempera-
ture shows a monotonic decrease with cooling rate. Notwith-
standing, the widening of the hysteresis loop in p-dHBZ at the
highest-attainable cooling rates is nowhere close to what can be
achieved for the other two isomers under the more standard
conditions accessible with TM-DSC. Contrary to this extreme
tendency to crystallize, m-dHBZ represents the opposite beha-
viour. For FSC at cooling rates above 0.1 K s~ it is possible to
enter a glassy state, as shown in Fig. S4 and S5 in the ESL} The
emergence of this metastable phase is very reproducible and
independent of the specific cooling rate above the aforemen-
tioned threshold. From the vitrification-kinetics data shown in
Fig. S5 (ESIt), one can track the evolution of the so-called fictive
temperature. This quantity corresponds to the point at which the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 FSC data for p-dHBZ at different cooling rates (top traces, color-
coded as shown in the legend). The bottom red trace corresponds to a
heating cycle using a rate of 1000 K s~ Inset: Crystallization temperature
as a function of cooling rate.

enthalpies of glass and liquid are the same and it represents a
measure of how far the glass is away from equilibrium.>**” For m-
dHBZ, it clearly follows a super-Arrhenius behaviour associated
with a single characteristic timescale - see also the accompanying
discussion in the ESL}

In the FSC regime, 0-dHBZ does not conform to any of these
two extremes of either unavoidable crystallization (p-dHBZ) or
unavoidable vitrification (m-dHBZ). When cooled from the melt
at rates greater than 180 K s, o-dHBZ vitrifies below 250 K, that
is, over 130 K below its normal melting point - see Fig. S6 in the
ESL+t Of all three isomers, o-dHBZ exhibits the widest tempera-
ture range of extreme supercooling. Heating o-dHBZ above the
glass transition leads to a distinct cold crystallization at an onset
temperature T... And the position of T.. depends on both cooling
and heating histories. Following T, the FSC data shown in Fig. 3
can be used further to identify two distinct pathways to melting.
For heating rates below 1000 K s, T, is followed by a second
cold-crystallization event T¢, and then by melting at the expected
temperature TooC of around 380 K - ¢f. Tables S$1 and S2 in the
ESL.¥ As the heating rate from the glass is increased above
1000 K s™', T, can be avoided entirely following T.., and the
resulting solid phase exhibits melting at 345 K (Ty,,), that is,
about 30 K below ToC. These FSC results provide unambiguous
evidence for the existence of a hitherto unknown crystalline
phase of o-dHBZ. Furthermore, the two melting events reported
in Fig. 3 are also quite different. The lower value of T,, goes
hand in hand with a reduction in its associated latent heat by a
factor of two relative to that seen for 725, a clear sign of a
significant suppression of stabilizing interactions in this new
crystalline phase. To gain further insights into this new phase,
FSC was used to track the evolution of vitrification, crystallization
and melting. To this end, cooling rates were successively lowered
from 1500 K s~ to 250 K s~ *, followed by heating from the glass
at a constant (maximal) heating rate of 3000 K s™*. Cooling at
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Fig. 3 Distinct kinetic regimes observed for o-dHBZ upon heating at
1000 K s~ (bottom trace) and 3000 K s~ (top trace). In both cases,
cooling from the melt at 420 K was effected at a rate of 1000 K s™*. The

vertical dashed line represents the melting temperature measured with
TM-DSC.
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different rates gives access to different metastable states that can
affect Tr,,, Ty and Te.. As shown in Fig. S7 (ESIT), we observe that
T increases with increasing cooling rate. These trends translate
into an overall widening of the temperature window over which
the supercooled liquid and the resulting ordered metastable
phase can be sustained. Finally, T,. exhibits an overall increase
with cooling rate, similar to the one observed in the (unavoidable)
crystallization of p-dHBZ.

0-dHBZ certainly exhibits the most complex thermophysical
behaviour, as evidenced by the emergence of both disordered
and ordered metastable phases. To gain new insights into their
origin, we have performed ab initio density-functional-theory
calculations on the catechol crystal structure and the isolated
molecule using Quantum ESPRESSO.?® To this end, we used the
B86bPBE-XDM exchange-correlation functional,”* periodic
boundary conditions, and the projector augmented wave (PAW)
method.>* PAW datasets with 4 (C), 6 (0), and 1 (H) valence
electrons were obtained from the pslibrary.*® A plane-wave and a
density cutoff of 80 Ry and 800 Ry were used, respectively. Crystal
structural relaxation was carried out employing as starting point
the structure reported in ref. 36. During structural optimization,
both lattice parameters and atomic positions were relaxed until
all forces were below 0.005 eV A~. For the monomer, we used
periodic boundary conditions with a 20 A cubic box and a single
k-point at the origin of reciprocal space. The OH-group torsional
energy profiles were calculated in 10° steps by relaxing the
structures for every value of the H-O-C-C dihedral angle. The
all-electron density was obtained using the PAW reconstruction.
Non-covalent index (NCI) maps®’~*® as well as the electron-density
critical points were obtained using the critic2 program.®® The
latter used the recently developed “smoothrho” interpolation
scheme.” Fig. 4 depicts the experimental and calculated crystal
structures of o-dHBZ. As can be observed, both structures show
minor differences in bond distances between heavy atoms.

Energy Adv, 2024, 3, 413-418 | 415
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Fig. 4 Experimental (left) and calculated (right) crystal structures of o-
dHBZ. Relevant structural parameters are also included. For the experi-
mental data, these correspond to: C-C bonds in the benzene ring, al =
1.391 A; intramolecular C-O bonds, a2 = 1.374 A; and intramolecular H-
bonds, a3 = 2.273 A. These values are to be compared with the computa-
tional predictions: bl = 1.396 A; b2 = 1.376 A; and b3 = 2.308 A.

Slightly larger discrepancies are noted for some of the lattice
constants - see Table S3 in the ESI.{ Additional calculations were
also performed on the known crystal structures of the other two
dHBZ isomers, as shown in Table S3 and Fig. S10-5S13 in the ESL.}
These results serve to corroborate that our computational meth-
odology provides an adequate description of the electronic
structure and intermolecular interactions across all three dHBZs.

Fig. 5 depicts the two nearest-neighbour o-dHBZ dimers in
the crystal, along with an analysis in terms of the non-covalent-
interactions (NCI) index. We identify two distinct types of NCIs.
The first type (green in Fig. 5) is related to weak stabilizing
interactions between the monomers (van der Waals, stacking,
etc.).*"*> The second and stronger type (red/blue) points at the
formation of intermolecular HBs. There is one or two HBs per
dimeric unit depending on the relative arrangement of the o-
dHBZ molecules, see Fig. 5. For isolated o-dHBZ, the preferred
rotational conformer corresponds to an intramolecular arrange-
ment whereby one of the OH hydrogens points towards the
vicinal oxygen, as shown in Fig. S1(a) (ESIt). Our NCI analysis
indicates the existence of a weak stabilizing intramolecular
interactions, in line with experimental results.”>** This finding
is corroborated by comparing the relative strengths of the differ-
ent NCI interactions in the solid, where intermolecular HBs are
significantly stronger than intramolecular ones, as well as those

9

Fig. 5 NCI domains in the o-dHBZ crystal, obtained from the ab initio
calculations. Colors denote relative strength: high (red/blue) vs. low
(green). For further details, see the main text.
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found in the isolated molecule - see Fig. 5 and Fig. S14 in the
ESL+ Furthermore, comparison of the crystal with the isolated
0-dHBZ molecule shows that it still maintains some of the
features seen in the latter. The lowest-energy configuration in
isolated 0-dHBZ is characterized by an intramolecular O-H- - -O
angle of 114.3° and a H---O distance of 2.133 A. In the crystal,
this angle decreases to 106.1° and the corresponding distance
increases to 2.320 A. The accompanying intermolecular HB
depicted in Fig. 4 and 5(a) has an angle of 145.5° and a distance
of 1.839 A, indicative of a stronger interaction at the expense
of an even weaker (yet still present) intramolecular HB. The
additional HB in the crystal shown in Fig. 5(b) corresponds to
an almost-linear (171.5°) HB with a H---O distance of 1.721 A.
These values indicate that this HB is the strongest in the crystal.
From a topological viewpoint, we note that no distinct bond critical
points could be found for the intramolecular HB either in the
isolated molecule or in the solid, in line with previous results.****
For intermolecular HBs in the solid, the calculated bond critical-
point densities for the structures shown in Fig. 5 amount to 3.12 x
10"% a.u. (a) and 4.36 x 10 2 a.u. (b), respectively.

Relative to the other two dHBZ isomers, our calculations
indicate that o-dHBZ features a subtle balance and interplay
between intramolecular and intermolecular interactions invol-
ving OH hydrogens. These considerations can be put on more
quantitative grounds by considering the energy scales of inter-
conversion between the rotational conformers shown in Fig. 6.
For m-dHBZ and p-dHBZ, distinct local minima are nearly
degenerate and well within thermal energies (kg7 ~ 20-
30 meV), making them readily accessible over the temperature
range explored in the experiments. o-dHBZ, on the other hand,

m-dHBZ

--- p-dHBZ

0.25

0.20

0.15

Relative energy of the system (AE) [eV]

0 50 T00 150 200 250

H-O-C-C Dihedral Angle [°]
Fig. 6 Relative electronic energies of the three dHBZ monomers as a
function of the rotation of one —OH group. For ease of comparison, the
dihedral H-O-C~-C angle corresponding to the lowest-energy conformer
has been set to 180°.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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exhibits a well-defined conformational ground state ~10kzT below
other energy minima. This figure represents an upper conservative
bound for the solid, given the weakening of intramolecular inter-
actions relative to those of an intermolecular nature. Heating this
solid and entering the molten state would then correspond to an
intermediate situation between the limits of a fully ordered
structure favoring stronger intermolecular HBs (highest density)
and the isolated molecule. Within this picture, the complex
thermophysical behaviour observed for o-dHBZ can be accounted
for in terms of a substantial prevalence of intramolecular bonding
in the liquid phase as well as in the resulting metastable (vitreous)
phase observed with FSC. For increasingly high heating rates,
these intramolecular interactions are retained sufficiently in the
supercooled liquid thereby activating new pathways for cold
crystallization or annealing. In line with the above considerations,
this new ordered phase requires a significantly lower energy input
(and temperature) to enter the liquid, as observed experimentally.
From the viewpoint of materials design, the behavior of o-dHBZ
opens up exciting opportunities to explore and ultimately tailor
and control additional degrees of freedom where energy can be
locked away or put to use for the assembly of ordered or disordered
phases with distinct physico-chemical properties.

The experimental and computational results presented herein
also shed new light into the use of dHBZs as PCMs for TES. p-dHBZ
has a relatively high latent heat per unit mass well within the range
of commercially available materials® as well as a small hysteresis
loop between melting and crystallization. This behaviour is retained
over a surprisingly wide range of heating-cooling conditions. As
such, p-dHBZ, constitutes the most promising candidate for its use
as a PCM, particularly in those situations where energy uptake and
release are required over a narrow temperature range. m-dHBZ and
0-dHBZ do not conform to this simple scenario. Instead, their high
propensity to support metastable phases well below the normal
liquid under typical conditions for PCM operation could very well
pave the way for their use in hybrid TES systems, such as those
designed to exploit simultaneously both latent and sensible con-
tributions to TES performance.
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