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Abstract

Polymorphism in polyarenes significantly impacts their applications, yet remains
underexplored in curved species like corannulene. To this end, we utilised fast
scanning calorimetry and X-ray diffraction to explore its stability regimes. Unlike
its flat counterpart perylene, corannulene exhibits a glass transition at Tg =323
K when cooled from the melt at rates exceeding −500 K s−1. Upon heating,
three thermal events at ca. 380, 430, and 500 K reveal hitherto unknown poly-
morphs. Diffraction data link these transitions to well-defined and thermally
activated rotations within the crystal, inducing a sharp density decrease matching
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Tg. These changes are accompanied by abnormal atomic displacement parame-
ters. Unlike flat polyarenes of a similar molecular size, the diffraction data also
provide strong evidence that this solid ought to be regarded as two distinctly dif-
ferent materials below and above Tg. Altogether, our findings bring to the fore
the unanticipated complexity underpinning the structure and thermodynamic
response of solid corannulene, the simplest geodesic polyarene.

Keywords: corannulene, polymorphism, Polycyclic Aromatic Hydrocarbons, geodesic
polyarenes, fast scanning calorimetry, single-crystal synchrotron diffraction, vitrification

1 Introduction

Polymorphism is a key phenomenon across a growing number of fields, from crys-
tal engineering to the development of pharmaceutical drugs. Changes in atomic and
molecular packing in the solid state can lead to drastic changes in properties and, as
such, the emergence of a polymorph is typically accompanied by a structural transfor-
mation to a different crystallographic space group. However, polymorphism can also
be the result of more nuanced disorder-driven rearrangements within the same lattice
symmetry [1]. In this context, polymorphism has been observed in flat Polycyclic Aro-
matic Hydrocarbons (PAHs) such as perylene [2, 3], coronene [4] or pentacene [5]. The
curved PAH corannulene (C20H10, hereafter CA) remains an exception to the above
as the simplest ‘geodesic polyarene’ [6]. To date, only one solid-state structure (so-
called α-phase) has been observed in the bulk, although two-dimensional polymorphs
have been produced on surfaces [7]). Crystallographic studies tell us that CA con-
forms to the P21/c (Z=8) space group [8, 9]. The curvature of CA gives rise to rather
unique electronic properties [10, 11] reminiscent to those of fullerenes [12]. These sim-
ilarities have been explored to render CA as an attractive platform for applications
that rely on the presence of highly charged electronic states, such as those found in
alkali-metal salts [13–18] and complexes [19–21]. Additionally, the biological activity
of CA in living organisms has also been investigated [22]. Owing to its photosensitizing
capabilities, CA has demonstrated potential in biomedical applications, particularly
in the treatment of neoplastic diseases. As an example, water-soluble CA derivatives
have been used to generate so-called reactive oxygen species [23] showing promise as
anticancer agents in selective tumour targeting [24].

The C5v point-group symmetry [6, 25–28] and a permanent molecular dipole
moment of ca. 2.1 D [29, 30] lead to a rather unique arrangement of neighboring
CA molecules in the solid state (See Supplementary Note 1). As shown in Fig. 1,
CA molecules in the α-phase can occupy two crystallographically inequivalent sites,
hereafter denoted as A and B. Inversion symmetry gives rise to a distinct tetrameric
(centrosymmetric) cluster that is primarily stabilised through C-H· · ·π interactions
between A–B moieties [31]. In these A–B dimers, the peripheral protons from one
CA molecule seek the electron-rich area of its neighbour, and all four CA molecules
are connected to each other in a cyclic manner via this structural motif. Less direc-
tional van-der-Waals interactions between these tetrameric clusters ultimately lead
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figures/Figure 1.png

Fig. 1 Tetrameric unit in the α-phase of CA. A and B molecules are shown with different
colours and i denotes the center of inversion.

to the observed supramolecular packing in the solid state. Supplementary Figure 1
evinces the presence of well-defined layers on the crystallographic (200) plane with a
nearest-neighbour distance of 10.1 Å. These layers are more loosely bound along the
perpendicular direction, with a longer spacing of ca. 12.9 Å along the a-axis.

Given the paucity of experimental data on CA to date, previous works have begun
exploring this fascinating molecular system and how its properties may be related to its
curved nature [32–34]. To this end, perylene (C20H12, hereafter PE) can be regarded as
the flat (nearly isobaric, within 1%) counterpart of CA, where a change from a central
hexagon to a pentagon leads to a well-defined curvature. Muon spectroscopy and gas-
sorption techniques [34] have provided insights into the way CA interacts with atomic
(H) and molecular hydrogen (H2). At liquid-nitrogen temperatures, H2 was found to
diffuse into the crystal lattice, leading to a molar storage capacity of up to one H2

molecule per unit cell at a pressure as low as 4.6 bar. While still relatively modest,
this gas-storage capacity is considerably higher than that observed for its fullerene
relative C60. Moreover, the observation of long-lived muonium-adduct radicals high-
lighted a strong propensity for hydrogenation. The motional narrowing seen in the
muon data above 400 K also hinted at the activation of molecular motions within the
solid. These results called for a more detailed investigation of CA as a function of
temperature [33]. Neutron spectroscopy unequivocally identified correlated stochas-
tic dynamics well within the solid, connected to the suppression of molecular and
supramolecular order. As shown in Supplementary Note 2, these relaxation processes
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are entirely absent in PE, further indicating that molecular curvature plays a key role
in dictating thermophysical response. Moreover, cooling CA from the liquid is accom-
panied by a strong hysteresis of ca. 80 K associated with a deep-supercooled phase as
well as with the presence of a dynamically disordered solid phase. These results are in
line with a strong temperature dependence of low-energy librations [35]. The complex
phenomenology observed to date for CA is in stark contrast with solid PE, which does
not exhibit stochastic motions and behaves as a canonical solid with a well-defined
vibrational density of states up to the melting point. Fast Scanning Calorimetry (FSC)
[32] has enabled the access to previously unknown disordered and ordered phases of
CA when using ultrafast heating and cooling rates of at least hundreds of K s−1. As
hinted by the neutron data, the planar and highly symmetric structure of PE is also
reflected in a high propensity to crystallise even at the highest cooling rates accessible
with state-the-art FSC instrumentation. All in all, these results were not anticipated
for such seemingly simple molecular systems like CA and PE, particularly in view of
what is known about other fullerene adducts [36] and other flat PAHs [2–5].

Motivated by the above, the work presented herein explores the metastable phases
of CA well away from thermodynamic equilibrium. To this end, we make use of state-
of-the-art FSC to map its thermophysical response at extreme cooling and heating
rates. In the first instance, these conditions circumvent crystallisation entirely and
allow access to a fully glassy state and to a deeply SuperCooled Liquid (SCL). The
annealing of these disordered phases upon heating reveals new polymorphs above
ambient temperature. In parallel, we apply Single-Crystal Synchrotron Diffraction
(SCSD) over a wide temperature range, to build a microscopic picture of the underlying
mechanisms of amorphisation and subsequent crystallisation into hitherto unknown
polymorphs.

2 Results

2.1 Glass formation & kinetics of crystallisation

Our first attempts to study CA with FSC techniques had already hinted at the exis-
tence of hitherto unexplored metastable phases [32]. A key outcome of this work was
the realization that the intrinsic curvature of CA induces a deep supercooled regime
and the formation of an amorphous (glassy) phase when the melt is cooled at rates
exceeding ca. 500 K s−1. This behaviour differs sharply with that of PE, for which
crystallisation could not be suppressed even at the highest accessible cooling rates,
and thermal hysteresis between melting and recrystallisation is at least one order of
magnitude smaller.

Further insights into the transformation of the SCL into the stable and metastable
solid phases of CA are shown in Fig. 2a. These FSC data exhibit up to four distinct
thermal events over the temperature range 300-500 K. Figure 2b reports two derived
quantities from the FSC data: integrated enthalpies, calculated as the sum of the
areas of all endothermic and exothermic events within the crystal; and the associated
(cooling-rate-dependent) cold-crystallisation temperatures Tcc. When CA is cooled at
rates above or equal to a Critical Cooling Rate (CCR) of 500 K s−1, the heating
scans show five distinct thermal features: a glass-to-liquid transition around 330 K; a
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figures/Figure 2.pdf

Fig. 2 FSC heating response of CA after cooling from the melt. (a) Heating curves at
1000 K s−1, after cooling at rates of 10-5000 K s−1 – see legend. (b) Cooling-rate dependence of
the enthalpies and cold-crystallisation temperatures Tcc – left and right abscissas, respectively. The
vertical dashed line indicates the CCR at ca. 500 K s−1, as described in the main text.

cold-crystallisation peak in the range 360-400 K; two crystalline rearrangements, the
first one exothermic at ca. 440 K and a second one endothermic at ca. 490 K; and
melting at 543 K. Cooling at rates below the CCR inevitably leads to crystallisation, as
previously observed via Differential Scanning Calorimetry (DSC) [33]. By decreasing
the cooling rate, all thermal events except melting gradually disappear. As a result,
integrated enthalpies at decreasing cooling rates increase from about 4 kJ mol−1 up
to 17 kJ mol−1. This latter figure corresponds to the enthalpy of melting of CA [37].
Moreover, the temperature of the cold-crystallisation peak shown in Fig. 2b reaches a
maximum at a cooling rate of 1000 K s−1. As recent theoretical considerations suggest
[38], this non-monotonic (re-entrant) behaviour could emerge from two competing
effects involving glass relaxation and nucleation kinetics.

To explore further the crystallisation kinetics in the glassy region, crystallisation
of the SCL was avoided by crash-cooling the sample from the melt at 563 K to 323
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figures/Figure 3.pdf

Fig. 3 Thermal response of CA after vitrification at different rates. Top: FSC scans after
cooling from 563 K to 323 K at a rate of 2000 K s−1. The cooling rates shown in the figure correspond
to cooling from 323 K to 183 K, followed by heating to 563 K at a constant rate of 1000 K s−1.
Bottom: resulting kinetic phase diagram. For further details, see the main text

K at a fixed rate of 2000 K s−1. Following this first step, CA was further cooled at
different rates ranging from 1 to 2000 K s−1. The heating scans at a rate of 1000 K
s−1 after this two-step cooling protocol are shown in the top panel of Fig. 3. At first
glance, similar features stand out relative to the data shown in Fig. 2a: a maximum
in the cold-crystallisation peak temperature when CA is cooled at ca. 1000 K s−1;
and, at lower cooling rates, the gradual disappearance of intermediate thermal events
associated with crystallisation. The bottom panel of Fig. 3 shows the resulting kinetic
phase diagram, where the heating scans at 1000 K s−1 are represented as a function
of temperature and cooling rate. In this contour plot, endothermic(exothermic) events
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figures/Figure 4.pdf

Fig. 4 Temperature dependence of lattice parameters. Circles correspond to a and c (left
ordinate). Diamonds correspond to b and β (right ordinate). Data at 203 K are from the work of
Hanson and Nordman [8]. Solid lines are guides to the eye.

are shown in blue(red), respectively. Amorphous CA exists in the glassy state up to
temperatures in the range 320-330 K, where a kinetic glass transition is observed.
Above Tg, the SCL persists over a narrow temperature range up to the onset of cold
crystallisation, as evidenced by a strong exothermic peak in the range 350-390 K. The
position of this feature depends quite strongly on cooling rate. Further heating leads
to a second solid-to-solid exothermic event at about 430-450 K (Tss1), followed by a
less-intense endothermic feature at about 500 K (Tss2). For cooling rates between 500
and 3 K s−1, semi-crystalline CA exists below Tcc. The amorphous fraction decreases
with decreasing cooling rate. Also, the second exothermic event is shifted to lower
temperatures (420-430 K), while the endothermic feature at around 495 K vanishes.
When cooling below Tg at rates below 3 K s−1, all molecules crystallise and no further
thermal events are observed up to the melting point.

2.2 Structure and its temperature evolution

The powder-diffraction data reported in previous works [33] did not indicate significant
variations in long-range order with temperature, an observation in line with available
single-crystal diffraction data at 203 and 293 K [8]. Nonetheless, the aforementioned
data evinced a progressive increase of weighted profile residuals above room tem-
perature, suggestive of the onset of systematic departures from the low-temperature
structure. The rich phenomenology observed with FSC called for a more detailed inves-
tigation of these effects using SCSD. The resulting lattice parameters between 200 and
500 K are presented in Fig. 4. All follow a similar and non-trivial trend as a function of
temperature, characterized by a sudden increase around the observed glass-transition
temperature. The effect seems to be most pronounced along c, followed by the a- and
b-axes. These data indicate two different regimes above and below ca. 330 K. From a
crystallographic perspective, however, it is important to note that the overall lattice
symmetry remains unaltered.

An initial structural solution was obtained in the P21/c space group with two non-
equivalent molecules A and B forming the tetramer shown in Fig. 1. This structure
is equivalent to the structure reported previously at 203 K [8]. At room temperature
and above, however, difference-Fourier-map analysis shows additional electron density
in originally empty regions, located in between the carbon hexagons of molecule A
and in areas between the rim-carbons – see Supplementary Figure 4. This density can
be accounted for by considering the presence of two distinct orientations of a given
molecule, related to each other by a rotation of ca. π/5 about the pentagonal axis.
This change in molecular orientation corresponds to half a jump between equivalent
positions, with a split occupancy of unity. Such a type of orientational disorder is
typical of plastic crystals [39]. It is important to note that this rotation about the high-
symmetry axis of CA does not disrupt the overall symmetry of the crystal. Similarly,
molecule B also displays extra electron density in between empty regions, although
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these only become discernible above 375 K. In the case of B molecules, the rotation
is (on average) closer to a 1/3 jump between equivalent positions rather than 1/2.
The standard and rotated configurations of A(B) molecule will be hereafter referred
to as A0(B0) and A+(B+), respectively. On the basis of the above, CA molecules were
distributed across these two possible sites in the ensuing analysis, adding rigid-body
constraints preceding the refinement of their fractional occupancy and coordinates. A
detailed account of these results is deferred to the Discussion in the next section.

The marked increase in the ccupancy of (+) sites above the glass transition can be
probed further via closer inspection of the Atomic Displacement Parameters (ADPs)
obtained from the SCSD data, particularly those corresponding to the carbons on the
rims covalently bound to the edge hydrogens. Figure 5 displays the mean values cal-
culated from the equivalent isotropic (thermal) ellipsoid parameters of these carbons,
defined as one-third of the trace of the orthogonalized Uij tensor. There is a sharp
increase with an onset at around the glass-transition temperature. The behaviour of
both A and B molecules is quite similar. As shown by the inset in this figure, thermal
disorder takes place primarily perpendicular to the molecular C5v axis. These results
are consistent with the observation of stochastic relaxation pathways over this tem-
perature range [33]. Furthermore, the SCSD data provide compelling evidence that
such activation of site disorder involves rigid-body rotations of the entire CA molecule
about its natural axis of rotation.

3 Discussion

3.1 A microscopic model of disorder in solid corannulene

The FSC data provide incontestable evidence that CA can undergo vitrification just
above ambient conditions, well below its melting point. This temperature range coin-
cides with the onset of significant departures from the known structure at lower
temperatures, as evinced by the sudden jump in unit-cell parameters immediately
above the glass transition – see Fig. 4. Further evidence to this effect is given by the
concomitant increase with temperature of the populations of A+ and B+ species in
the lattice and their associated thermal ellipsoids, as presented in the previous section.
The former observables can be used to determine the equilibrium constant between
ground and rotated states in solid CA via the van´t Hoff relation

ln
[X+]

[X0]
= −∆GX

RT
, (1)

where X can be either A or B, and ∆GX is the associated change in the Gibbs
free energy ∆GX = ∆HX − T∆SX. Supplementary Figure 5 shows that this expres-
sion can be used to describe the experimental data satisfactorily, both in terms of
entropic and enthalpic contributions. In the latter case, ∆HA=7.7±0.3 kJ mol−1 and
∆HB=9.2±0.5 kJ mol−1, that is, A molecules have to surmount an enthalpic barrier
that is about 20% lower and, therefore, exhibit a significantly higher propensity to
occupy (+) sites at lower temperatures. The entropic contributions to the free energy
amount to ∆SA/R=1.15±0.10 and ∆SB/R=0.38±0.15. For the case of A, there is a
sizeable (positive) entropic gain upon the activation of A+ sites, indicating that their
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activation is favoured quite significantly relative to B. These considerations are in line
with the sudden increase in unit-cell volume shown in the top panel of Fig. 6. On the
basis of these observations, it appears as if these structural (entropy-favoured) changes
in solid CA are primarily driven by A molecules. In the case of B, the entropy change
is about three times lower than A, consistent with the observed (smaller) extent of
rotation. These differences also indicate that the onset of cooperative effects involving
the prior and sequential activation of rotationally excited species ought to be at play
for the case of B.

The equilibrium constants also enable us to examine the evolution of A+ and B+

fractional occupancies with temperature, as shown in the bottom panel of Fig. 6. For
reference, this figure indicates the position of both glass transition and melting point,
along with extrapolations at the latter using the fit results discussed in Supplementary
Note 5. On purely probabilistic grounds, the fractional occupancy or probability P+

of populating A+ or B+ sites can be subdivided into monomer and dimer contribu-
tions within a given tetramer. The associated probabilities assuming that a given site
is randomly populated are given by P+(1−P+) and P+P+ for monomer and dimer
populations, respectively – see Fig. 6. Around the glass transition and up to tempera-
tures around the jump in unit-cell volume, the activation of A+ monomers dominates
the scene. At higher temperatures, B+ becomes increasingly more visible and its frac-
tional occupancy follows rather closely the presence of A+ dimers. These observations
provide compelling evidence that the activation of B+ sites requires the formation of
A+ dimers within a given tetramer, leading to changes in the surrounding energy land-
scape that then enable the activation of B. Moreover, the presence of B+ dimers is
negligible even at temperatures reaching the melting point. This transition between the
activation of singly occupied A+A0B0B0 and triply occupied A+A+B+B0 tetramers
at the higher temperatures is echoed by the further increase in unit-cell volume seen
in the SCSD data above 440-450 K. At these temperatures, the overall fractional pop-
ulations of the latter start becoming comparable to those of the former. In either case,
the expansion of the solid follows a sequence of well-defined steps associated with an
enhanced swelling of the tetramer units as a result of rotational activation, first of A+

and then of B+ sites – i.e., the onset of cooperativity across A and B ensembles. Topo-
logically speaking, this mechanism of activation can be traced back to the structure
of the tetramer shown in Fig. 1. The two A molecules lean toward the centre, acting
as a separator between the two B molecules. The former(latter) may then be viewed
as the core(caps) of the cluster. Both A molecules interact with a given B molecule,
either as the electrophile or the nucleophile within a given AB dimer.

The lattice parameters reported in Fig. 4 provide further clues about how the rota-
tional activation of A and B affects supramolecular structure, shown schematically in
Supplementary Figure 1. Over the range 300-350 K, the c-axis undergoes the strongest
(anomalous) expansion, amounting to ca. 1.2 %. The a-axis follows with ca. 0.4 %,
whereas expansion along b is far less pronounced. Figures S1c and S1d help us visual-
ize the effects of an increase of A+. The activated tetramer denoted as a grey ball in
these figures has undergone an overall expansion relative to the ground-state tetramer.
Such expansion pushes the four nearest neighbours preferentially along the c-axis.
Next-nearest neighbours along the b-axis are far less affected. Likewise, the interaction
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with adjacent tetramer planes leads to a measurable (albeit less pronounced) expan-
sion along the a-axis, where we can identify an additional two nearest neighbours.
These structural considerations can be used to rationalize the sudden (cooperative)
increase in unit-cell volume as the glass-transition temperature is crossed from below.
As shown in Fig. 6, the fractional population of A+ at the glass transition corresponds
to ca. 0.16±0.02, arising from single A+ excitations within a given tetramer. For N=6
nearest neighbours, the percolation threshold resulting in a network of connected A+-
excited tetramers is approximately given by 1/N = 0.17, in very good agreement with
the SCSD results. In the vicinity of the glass transition, the picture that therefore
emerges is that of a CA solid ‘decorated’ by a dynamically fluctuating and intercon-
nected network of singly occupied A+ tetramers, resulting in an overall macroscopic
expansion of the material.

From the trends shown in the bottom panel of Fig. 6, similar considerations seem
to be at play for single B+ excitations as the melting point is approached, with an
(admittedly extrapolated) fractional occupancy of 0.16±0.03. In this scenario, melting
would be related to the approach of the same percolation threshold by triply excited
A+A+B+B0 tetramers. Using the fractional occupancy data, one can then define an
associated order parameter in terms of the emergence of these tetramers, given by

η = 1− [B+]

[B+]M
(2)

where the subscript M refers to the value at melting. This quantity provides a measure
of the fraction of the crystal still not containing B+ species. Figure 7 shows that
as melting is approached, η defined in this manner conforms to a Landau-Ginzburg
expression of the form

η2 = α

[
1− T

Tc

]
(3)

with Tc/Tm = 0.98±0.03. This result nicely confirms the order-disorder character of the
transformation from solid to liquid CA. It also corroborates the validity and usefulness
of the order parameter defined via Eq. (2). Within a mean-field picture, the charac-
teristic energy of the underlying interactions amounts to 2RTc = 9.0±0.3 kJ mol−1,
a figure to be compared with ∆HB=9.2±0.5 kJ mol−1, the enthalpy of activation
inferred independently from the temperature dependence of the equilibrium constant.
With the benefit of hindsight, our previous DSC studies [32] had already signalled a
markedly asymmetric melting peak when heating from below, with readily measurable
heat signals as much as 10 K below the reported melting point [41]. These observa-
tions constitute strong indicators of a markedly continuous (second-order) character
of the solid-to-liquid phase transformation in CA.

3.2 Emergence of polymorphism in corannulene

The distinct and rather peculiar behaviour of CA above the glass transition presented
in the last section represents a subtle case of solid-state polymorphism whereby the
overall space-group symmetry of the crystal is preserved, yet, at the same time, there
are substantial differences between the low- and high-temperature structures of what
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had been classed to date as the α-phase. Such is the case even when examining the
temporally and spatially averaged observables amenable to scrutiny with SCSD or
other crystallographic techniques. On the basis of our results, it is therefore tempting
to use the glass-transition temperature to underline a distinction below and above –
that is, CA can sustain a ‘proper’ α-phase as well as a second α′-phase, respectively.
From an operational viewpoint, this differentiation serves as a reminder that the former
may be seen as a ‘canonical crystal,’ whereas this is hardly the case for the latter.

Beyond the α- and α′-phases, the kinetic phase diagram reported in Fig. 3 contains
a wealth of information on how kinetic arrest may be effected in CA, as well as how it
evolves with temperature as it enters and then leaves its glassy state. The enthalpies
and transition temperatures for the various thermal events derived from these data
are displayed in Fig. 8. We recall that this kinetic phase diagram was obtained by
cooling from the liquid to the glass transition, followed by further cooling well into the
glassy state at varying cooling rates. As shown in Fig. 8 and summarised in Table 1,
it is possible to identify three different solid phases in addition to the glass, SCL, and
normal liquid. This result alone is sufficient to establish that other CA polymorphs
are now within reach for further scrutiny.

Table 1 Average temperatures (K) and
enthalpies (kJ mol−1). Values have been
calculated from the data reported in Fig. 8.

Tcc Tss1 Tss2 Tm

378.4±7.7 432.3±6.9 496.7±1.4 542.0±0.8

−∆Hcc −∆Hss1 ∆Hss2 ∆Hm

9.4±1.3 2.2±1.2 0.9±0.5 17.0±0.5

Cooling rates into the glassy state above 10 K s−1 are sufficient to follow the
sequential transformation from the glass into SCL and then into the three aforemen-
tioned solid phases. For the magnitudes of the enthalpies shown in Fig. 8, there is a
clear hierarchy obeying the order ∆Hm, −∆Hcc, −∆Hss1, and ∆Hss2, where positive
enthalpies denote endothermic events. As the highest cooling rates are approached,
∆Hcc+∆Hss1 converge to the value of ∆Hm when differences in the heat capacities of
solid and liquid CA are taken into account – see Supplementary Note 3. From an ener-
getic viewpoint, this correspondence indicates that the glassy state may be regarded
as a representative snapshot of the liquid state. With these thermophysical data at
hand, the striking correspondence found between the structural changes discussed in
Section 3.1 and the location of the glass transition and Tcc can also be scrutized fur-
ther. The FSC data supports the view that the SCL just above the glass can sustain
a substantial amount of tetrameric CA units, which then assemble cooperatively at
Tcc. Likewise, the SCSD data shown in Figs. 5 and 6 tell us that rotational disorder
in the solid emerges cooperatively at the glass transition and persists up to melting
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in the form of rotationally activated A and B molecules. We are, therefore, in a situ-
ation whereby there are two distinct length scales at play associated with intra- and
intercluster configurations. In this case, the magnitude of ∆Hcc indicates that upon
crossing Tcc, CA attains the supramolecular structure shown in Fig. S1, albeit with a
degree of intra-cluster rotational disorder distinctly different from that found at ambi-
ent conditions. The structural data in Fig. 5 also suggest that the sudden increase in
ADPs observed at this temperature might be the actual trigger of cold crystallisation.
Further intra-cluster rearrangements would occur upon further heating, as evidenced
by the lower magnitude of ∆Hss1 (about four times lower than ∆Hcc) and associ-
ated with the formation of the second polymorph. Given the exothermic nature of
this process, this transition would correspond to the opening of previously inaccessi-
ble tetramer de-excitation channels. At higher temperatures, the last transformation
preceding melting becomes endothermic, with an absolute value of ∆Hss2 which is
less than half of ∆Hss1. Interestingly, ∆Hss2 mirrors that of the liquid and exhibits
a clear maximum. Its range of existence is also the narrowest, requiring the highest-
attainable cooling rates. These observations suggest that the second solid phase of CA
has overrelaxed relative to the α´-phase and that, as melting is approached from below,
intra-cluster excitations can bring the solid back to thermodynamic equilibrium.

4 Conclusions

State-of-the-art FSC and SCSD have shed new light on the structural and dynami-
cal complexity of CA, whose curved topology enables vitrification. For this seemingly
simple geodesic polyarene, the phenomenology observed via FSC is immensely rich
and unanticipated, including the emergence of polymorphs. The single-crystal diffrac-
tion data provide key information on how CA behaves above room temperature and
how rotational disorder emerges. In particular, we have observed crystallographic sites
associated with rotations about the molecular high-symmetry axis. These sites are
thermally active and exhibit cooperative behaviour. Their progressive occupation is
linked to the activation of tetramer units in the solid, ultimately leading to melt-
ing. Looking ahead, these findings invite further investigation into the properties and
behavior of CA, particularly using methodologies and techniques capable of probing
dynamical phenomena across different time and length scales. Advanced capabilities
developed at synchrotron sources could further enable in-situ studies via FSC [42]. The
present work also calls for efforts into alternative routes for polymorph stabilization,
circumventing the present need for fast cooling and heating rates.

5 Methods

Sample preparation

CA was synthesized using previously reported protocols [43], followed by slow subli-
mation in vacuum at 443 K to yield a bright-yellow powder. Poly-dimethylsiloxane
(PDMS, viscosity 105 cP) and diethyl ether were purchased from Sigma Aldrich and
used as received. For the SCSD experiments, single crystals of CA were obtained
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from slow evaporation in a cyclohexane solution. Suitable crystals for diffraction were
selected under a microscope and mounted on the tip of a 0.3 mm glass capillary.

Fast scanning calorimetry

FSC experiments were performed with a Mettler Toledo Flash DSC-1 unit, equipped
with a dual-stage intracooler to operate between 183 and 723 K. During all measure-
ments, the chamber was purged with nitrogen gas at a flow rate of 20 mL min−1.
Temperature and heat-flow rates were calibrated using the melting transition of
Indium. Thermal lags were evaluated by comparing the onset of melting in the FSC
unit to that observed with DSC using a Q2000 Calorimeter from TA Instruments.
Given the large surface-area-to-volume ratio of the FSC samples, we found that CA
above its melting temperature rapidly evaporates, thus preventing further measure-
ments on a given sample. To circumvent these limitations, the specimen was prepared
following recently established protocols [32], as better described in Supplementary
Note 3. After these procedures, CA was first melted at 563 K in the FSC calorime-
ter, followed by a cooling ramp down to 183 K at rates ranging from 5000 to 0.1 K
s−1. Subsequently, heating scans were performed from 183 to 563 K at 1000 K s−1.
The critical cooling rate of CA was identified as the highest cooling rate at which
the appearance of a melting endotherm could be observed. To explore crystallisation
kinetics in the glassy state, the temperature-cycling protocol first involved a cooling
from the melt at 563 K down to 323 K at a rate of 2000 K s−1. This run was fol-
lowed by a series of cooling runs down to 183 K at variable rates between 2000 and
0.1 K s−1. These cooling runs were linked to each other by a heating scan at 1000 K
s−1 up to 563 K. The position of either exothermic or endothermic transformations
correspond to peak maxima. The only exception is the glass-transition temperature,
taken at the half step of the heat flow. Latent heats of crystallisation and melting were
calculated via integration of the corresponding Cp curves, taking a two-point baseline
between the lower and upper temperatures reported in Supplementary Table 1. Sam-
ple masses were calculated via normalization of the melting endotherm with respect
to the melting enthalpy previously determined via DSC for a known mass.

Single-crystal synchrotron diffraction

Experiments as function of temperature were conducted on two different crystals. Cap-
illaries were covered by a larger 0.7-mm capillary and sealed in an Argon atmosphere
to avoid oxidation at high temperature. All sample handling was carried out in an
Argon-filled glove box (<1 ppm O2 and H2O). SSCD data were collected on the XRD1
beamline of the Elettra synchrotron light source (Trieste, Italy) using the rotating-
crystal method with a Dectris Pilatus 2M area detector and incident wavelengths of
0.6888 and 0.7000 Å. An Oxford Danfysik DGB0002 gas blower was employed over the
temperature range 293-470 K, above which the crystal readily sublimes and deposits
into a colder region in the capillary. Diffraction data were indexed and integrated
using CrysalisPro [44], after masking the shadow of the gas blower, and then analysed
using Olex2 [45]. Structures were solved using the ShelXT algorithm with the intrinsic
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method [46], while structure refinement was performed using ShelXL [46] – see Sup-
plementary Table 2. For both crystals, we could not find any signs of twinning. The
ADPs of all carbon atoms were refined anisotropically, whereas hydrogen atoms were
placed at the calculated positions and refined with restrained isotropic parameters.
More details are provided in Supplementary Note 4.

Data Availability

The X-ray crystallographic coordinates for structures reported in this Article have
been deposited at the Cambridge Crystallographic Data Centre (CCDC), under
deposition number CCDC 2477280-2477266. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data request/cif. Numerical source data for graphs and charts can be accessed at
https://doi.org/10.17605/OSF.IO/X9TRB. Other data generated or analysed during
this study are available from the corresponding authors upon reasonable request.
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figures/Figure 5.pdf

Fig. 5 Temperature dependence of isotropic ADPs. Left ordinate axis: ADPs for the rim
carbons. Solid lines are guides to the eye. Right ordinate axis, dashed lines: rate of variation of these
parameters with temperature. The data at 203 K are from the work of Petrukhina et al. [40]. The
blue-shaded region corresponds to the temperature range where cold crystallisation is observed via
FSC. The dashed line indicates the position of the glass transition. Graphical inset: A0 (blue) and
A+ (yellow) states at 413 K, viewed along the C5v-axis. Thermal ellipsoids correspond to a 25%
probability level. To facilitate visualization, only the average positions of the hydrogen atoms have
been displayed.

20



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

figures/Figure 6.pdf

Fig. 6 Temperature evolution of unit-cell volume and fractional populations. Top: unit-
cell volume, obtained from the data in Fig. 4. Bottom: fractional populations of A+ (black) and B+

(red) sites. Thick solid lines and error bars have been obtained from the fits of the data shown in
Supplementary Figure 5. Solid and dashed lines indicate predicted populations of (+) species – see
legend. For reference, the position of the glass transition and melting point are shown by vertical
dashed lines.

figures/Figure 7.png

Fig. 7 Temperature dependence of the order parameter. Black circles have been obtained
from the SCSD data and the dashed solid line corresponds to a fit to Eq. (3). The square corresponds
to the critical temperature Tc derived from the fit. The associated error represents a 2σ confidence
level. The vertical dotted line indicates the temperature of melting [41].
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figures/Figure 8.pdf

Fig. 8 Cooling-rate dependence of enthalpies and transition temperatures. Enthalpies
(top) and transition temperatures (bottom) as a function of the cooling rate, using the FSC data of
Fig. 3. Average values of these data are reported in Table 1.
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