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Pressure-freezing of dodecane: exploring the
crystal structures, formation kinetics and phase
diagrams for colossal barocaloric effects in n-
alkanesfy
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Barocaloric (BC) materials provide cheaper and more energy efficient alternatives to traditional refrigerants.
Some liquid alkanes were recently shown to exhibit a colossal BC effect, matching the entropy changes in
commercial vapour—-liquid refrigerants. Dodecane was predicted to have the largest entropy change among
the studied alkanes. Using synchrotron powder and single-crystal X-ray diffraction, Raman spectroscopy,
and lattice energy calculations, we investigated the BC effects of n-dodecane at high pressures and
room temperature. Remarkably, a colossal entropy change |AS| of 778 J kg~* K™* at 0.15(3) GPa and 295
K was observed. Spectroscopic studies revealed that this entropy change correlates closely with the
conformational transition from mixed gauche to all-trans forms during pressure-induced crystallization.
Additionally, the usage of a diamond anvil cell allowed the determination of the crystal structures of in
situ crystallized n-un- and dodecane, as well as evaluation of the pressure-dependent crystal growth
kinetics. Furthermore, our research suggests that the entropy change (per kilogram) upon compression
should be similar for all n-alkanes within the range of 9-18 carbon atoms in the molecule, based on
their lattice energies. Even-numbered alkanes are predicted to exhibit superior BC properties compared
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Introduction

Climate change arising from human-induced activities drifts
research towards more sustainable solutions to currently used
refrigerants. Hydrofluorocarbons (HFC) and carbon dioxide,
gases widely used in refrigeration and air conditioning, show
substantial contributions to the greenhouse effect. Despite
banning the use of freons (chlorofluorohydrocarbons), directly
related to the loss of ozone layer thickness, the production and
utilization of volatile refrigerants further increase the average
world temperature.' This process is fostered by the global energy
demand for air-conditioning systems, which is predicted to triple
by 2050.> Currently widespread vapor-compression technology
poses certain environmental risks due to accidental leaks from
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to form plastic phases with lower transition entropy.

the system during the refrigeration cycling, or later due to
improper disposal. In fact, only 10-15% of HFC are currently
recycled.? The promising alternative are phase-change materials
that use the pressure-driven temperature changes in the liquid/
solid state, ruling-out the associated volatility issues.

Materials which exhibit caloric effects (i.e. reversible thermal
changes) as a response to external stimuli can be generally
divided into: magnetocaloric (as a response to the external
magnetic field, the most widely studied by far; example mate-
rials: perovskites,* spinel ferrites,” manganese- and indium-
containing glasses and alloys® [including nanowires®] and
antiferromagnets’), electrocaloric (electric field; e.g. ferroelec-
tric perovskite-type materials like PZT or BTO,*™° ferroelectric
polymers'*> and their composites®®), mechanocaloric
(mechanical strain; e.g. shape memory alloys**** and rubbers*®)
and barocaloric (hydrostatic pressure; e.g. metal-halide perov-
skites'” and alkanes®).” Noteworthily, some materials can show
multiple types of caloric effects and become a base of multi-
caloric cooling.?®

The field of solid barocaloric (BC) materials has experienced
aremarkable surge of interest in the last few years, due to record-
breaking caloric responses reported in a variety of materials:
from inorganic salts to natural organic materials.* The switch
between two states during compression/decompression cycles,
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accompanied with large temperature change, requires high
latent heat in BC materials (and therefore high isothermal
entropy change, |AS|). In order to maximize |AS|, the process is
typically driven near a first-order phase transition (although
a giant BC effect can also occur without a phase transition, e.g. in
graphene or natural rubber**). Entropy changes may arise from
structure and volume variation: occupational, configurational
and orientational disorder.>*** Contribution from the adiabatic
compression/expansion (incipient BC effect) to the caloric
response should also be considered, in case of highly
compressible materials. In other words: the softer and more
structurally disordered material, the larger BC response can be
expected. For example, soft plastic crystals,”**” which possess
high configurational entropy, were shown to exhibit colossal BC
effect on the transition between ordered and rotor phase. Simi-
larly, abrupt conformational change in long alkyl chains in
(CH3(CHy),_1NH;3),MnCl, was found to be the driving mecha-
nism of a colossal entropy change of |AS| >200 J kg™ K™' at
0.08 GPa.”® Much lower values were observed in purely inorganic,
rigid structure like NH4I (|AS| ~71 ] kg™* K" (ref. 29)).

BC materials pose certain advantages compared to the other
classes of stimuli-responsive caloric materials due to superior
performance understood as high entropy change at room
temperature and lower cost of the material and operation.
Hydrostatic compression minimizes irreversible structural
changes, which are often observed in strained mechanocaloric
materials.*® Magnetocalorics, on the other hand, still require
the use of energy-intensive permanent magnets containing
limited and expensive rare-earth elements.** Similarly, electro-
caloric materials require high driving fields and low tempera-
ture (typically <5 K).*?

Repeated loading cycles may affect the structural integrity and
performance of solid-state phase-change materials, due to
formation of defects, grain boundaries and temperature-induced
damage (as an effect of low heat dissipation).**** Liquid (in
ambient conditions) BC materials can help to omit this issue,
since they undergo first-order liquid-solid phase transition in
response to applied pressure. The solid phase crystallizes de novo
at each refrigeration cycle, impervious to the wear and degrada-
tion that can concern solid BCs over time. To date, this class of
BC materials remains relatively unexplored, with significant
research opportunities. Recent study of liquid-solid phase tran-
sition in amorphous polyethylene glycol** revealed a colossal BC
effect (|AS| ~416 ] kg~ ' K1), which exceeds the performance of
most solid BC materials. The source of such high entropy change
was ascribed to the reduction of trans-gauche conformational
freedom of the molecular backbone.

N-Alkanes (of general formula C,H,,,.,, where n is number of
carbon atoms) are promising candidates for the BC materials
due to their superior thermodynamic performance as phase-
change materials.*® They are characterized by large latent heat
over the broad range of the transition temperature, and high
conformational flexibility. In standard conditions (1 atm, 298
K), C,Hy,4 are gases for n = 1-4, liquids for n = 5-16 and waxy
solids for higher numbers of carbon atoms in a molecule. In
fact, gaseous n-alkanes are used as commercial refrigerants, but
their liquid-solid transitions have been studied only very
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recently. Lin et al.*® reported colossal BC effect in liquid n-
alkanes: C;6Hzs and C;gHsg (742 and 686 ] kg™ K, respec-
tively), which surpasses commercial gas-liquid refrigerants
(~622 J kg~ ' K~ for 1,1,1,2-tetrafluoroethane [R134a] at 293 K
(ref. 37)) at low driving pressure of ~50 MPa. Analogically to
polyethylene glycol, the source of the BC effect is deemed to be
related to trans-gauche conformational change. Subsequent
study showed high adiabatic temperature change (|AT,q|) of 39
K in C,oHy, (at 309.7 K and 218 MPa).*® The same authors
predicted isothermal entropy changes in C;,Hys, C16Hze and
C,oHy,, using thermodynamic analysis and molecular dynamics
simulation. Although |AS| for C;¢Hs¢ was overestimated by
~220 ] kg™' K™* (in respect to the experimental results by Lin
et al*), the results expected BC effect for C;,H,¢ to be the
largest within the studied homologous series. Nevertheless, use
of liquid alkanes, although non-toxic and inexpensive BC
materials, is associated with certain drawbacks, such as: flam-
mability, risk of spillage in case of the system failure and low
thermal conductivity. These obstacles can be mitigated by e.g.,
microencapsulation of n-alkanes in inert porous matrices with
superior thermal properties.>* Advantages of low price and
volatility, as well as superior caloric effect over currently used
gas-liquid refrigerants, seem to overweight the disadvantages.
N-Alkanes are constituents of engine oils and fuels, and ways of
their disposal and recycling®® (including biodegradation*') and
possibility to obtain them from plastic waste** are well known,
which helps to reduce their negative environmental impact.

In this study we evaluate the colossal BC effect of |AS| =778 ]
kg ' K" in n-dodecane, driven by liquid-solid transition at
~0.15 GPa and 295 K. This is the largest entropy change ever
determined experimentally for a BC material to date. The |AS]
values for selected state-of-the-art BC materials,*”:?>?736:43-5¢ gre
collated in Fig. 1. We utilized synchrotron powder- (PXRD) and
single-crystal X-ray diffraction (SC-XRD) techniques, in order to
reveal the structure, phase diagram and elastic properties of n-
dodecane. Raman spectroscopy provided insights into confor-
mational differences between liquid and pressure-crystallized
material. The role of odd-even carbon effect in n-alkanes on
their thermal properties have been evaluated by the structural
analysis of in situ grown crystals of n-dodecane and n-undecane
in diamond anvil cell. We show that liquid n-alkanes (at
ambient conditions) are expected to show similar |AS| values for
even- and odd-numbered n-alkanes, respectively, but in the
latter the phase transition into rotator phase may decrease the
observed effect by |AS| ~150 J kg~! K. Although, this transi-
tion can be suppressed by pressure, this effect persists in higher
n-alkanes, as we demonstrated in n-pentadecane. Finally, we
studied the kinetics of the crystal growth at high pressure,
which generally follow three-dimensional Avrami model with ¢;,
» ~ 4.5 s but increasing viscosity of melt halts the crystallization
at constant temperature and pressure. In order to reach the
highest efficiency of the liquid-solid phase transition, one must
either overpressurize the system or cool it down. It implies that
previous densitometric studies on solid n-alkanes (which lacked
an optical access to the sample) were likely affected by the
assumption that the crystallization is complete at the phase-
transition point, which might have led to inaccurate results.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Comparison of |AS| values for chosen BC materials from papers published between 2020 and 2023, and from this work. Exact values are
shown above each bar and the legend numbers follow the order of the bars starting from the lowest bar on the left. Values listed in the brackets
next to the material name are transition temperatures (T;) expressed in K (unit omitted for clarity). Ref.: 1,43 2,44 3,45 4,46 (5, 15),%7 6,47 7,48 8,4° 9,50

10,5011, 12,°2 13,5 (14, 19, 20),7 16,3 17, 18,%¢ (21, 22),%° 23" o'k,

Experimental
Isochoric recrystallization

Membrane-driven diamond anvil cell (DAC), equipped with 600
pm diameter diamond culets, was used for isochoric crystalli-
zation and subsequent high-pressure (HP) XRD experiments.*”
Liquid n-undecane (99%, Sigma) and n-dodecane (99%, Sigma)
were loaded into a cylindrical (370 x 85 um) sample chamber,
laser-drilled in a pre-indented stainless-steel gasket, respec-
tively. Pressure inside the cell has been monitored using ruby
fluorescence method.*® Additional grain of NaCl has been
loaded in order to determine the pressure using the NaCl
equation of state.® The pressure inside the cell was raised
slowly by pumping He into expandable metal membrane, which
forced the diamond culets towards one another. The pressure
inside the membrane was increased at a rate of 1 bar per
minute. As soon as the alkane crystallized, the pressurization
was stopped for ca. 10 minutes. Subsequently, the pressure was
slowly released from the membrane, until only one crystallite
left in the sample chamber. At this point, the pressure was
increased again at a rate of 0.50 bar per minute, until the newly
formed crystal grew to the desired size. Pressurization was then
stopped, and the excessive pressure was released from the
membrane in order to halt further crystal growth.

High pressure single crystal X-ray diffraction (HP SCXRD)

HP SCXRD data were collected at the ID15B beamline at the
ESRF, Grenoble, France.®® A collimated monochromatic beam
(E =30keV, A = 0.4100 A) with approximately 4 x 4 pm size has

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

been utilized. The data collection strategy consisted of a single
w-scan +32° and the diffraction data have been collected on an
EIGER2 X CdTe 9M detector. Data reduction was performed in
CrysAlis software package.®® Empirical absorption correction
using spherical harmonics was introduced, as implemented in
SCALE3 ABSPACK scaling algorithm.®”” For dodecane, two
datasets collected from the crystals which were subsequently
grown in different orientations were merged in SORTAV
program, in order to maximize the data completeness.”* One
dataset was used for undecane, due to inability to obtain crys-
tals in different orientations. The structures were solved with
the dual-space algorithm in SHELXT.* All non-hydrogen atoms
were refined anisotropically using the full-matrix least-squares
method on F* by the SHELXL software.®® All hydrogen atoms
were refined using the riding model. Isotropic displacement
factors of hydrogen atoms were equal to 1.2 times the value of
an equivalent displacement factor of the parent atoms. Crystal
structure visualizations were carried out using OLEX2.°* CCDC
entries: 2281143 and 2281144 contain the supplementary crys-
tallographic data for this paper. These data can be obtained free
of charge from The Cambridge Crystallographic Data Centre via
https://www.ccdc.cam.ac.uk/structures/?.

Lattice energy calculations

The lattice energies for the crystal structures deposited in
Cambridge Structural Database (CSD) version 5.43 (ref. 67) were
calculated using forcefield suitable for hydrocarbons
(Momany),*® as implemented in CSD Python APL.* The clusters
with a limiting radius of 60 A were used. The chosen forcefield

RSC Adv, 2023, 13, 33305-33317 | 33307
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reproduced closely the experimental enthalpies of sublimation.
Other potentials: ‘6-exp’ and ‘DREIDING’ were tested, and the
results of these calculations are presented in Fig. S2.17%7*

High-pressure high-temperature powder diffraction (PXRD)
and determination of the melting line

The same membrane-driven DAC has been used, as well as
diffractometer (ID15B), as in SC-XRD experiments. DAC was
placed inside a circular resistive heater, and the temperature
was monitored via readings from the thermocouple attached to
the surface of the diamond. Pressure inside the cell was deter-
mined through XRD data collected in situ from a grain of NaCl
placed inside the sample chamber.”” Diffractograms were
collected by rocking the DAC =£8° around w-axis, with the
exposure time of 30 seconds. Images were corrected (removal of
diamond reflections, masking hot pixels) and integrated in
Dioptas software.” The unit cell parameters were obtained by
Le Bail fitting procedure, as implemented in Topas5 software.”
The crystallization point at high pressure was evaluated by
a visual inspection with a microscope (in situ), as a point when
the first crystallite starts to grow at a given temperature upon
slow pressurization (as described in the first section). In order
to avoid overpressurization, the pressure in the membrane was
slightly released (0.5-1.0 bar), up to a point when the crystal
remained the same size for a period of at least 10 minutes.
Then, the temperature and pressure were noted.

High-resolution PXRD at variable temperatures

Additional synchrotron PXRD experiments have been per-
formed at ID22, high resolution PXRD beamline at ESRF.
Monochromatic wavelength was set to A = 0.35429 A (E = 35
keV) with a beam size of 1 x 1 mm. Diffraction intensities were
recorded by an EIGER2 X CdTe 2M-W detector preceded by 13
Si(111) analyser crystals. The sample of liquid dodecane was
sealed in ¢ 0.70 mm borosilicate capillary. The data was
collected as a function of temperature, close to the melting
point, via rotating the capillary perpendicular to the X-ray beam,
while cooling with a nitrogen cryostream (Oxford Cryosystems,
AT = 0.1 K). Diffraction data was fitted using Le Bail method, as
implemented in Topas5 software.

High-pressure Raman spectroscopy

The same membrane-driven DAC has been used, as in SCXRD
experiments (equipped with IA-type diamonds). Raman spectra
were collected using a 532 nm laser light with a nominal power
of 75 mW. The SR-500i imaging spectrometer (1800 grooves per
mm, Andor), coupled with DU401A-BVF (Andor) CCD sensor has
been utilized to collect the spectra. For each final spectrum,
with the spectral resolution of 2.0 cm™", five sample spectra
have been accumulated for 20 s each. The cosmic radiation
peaks have been removed automatically using Andor Solis I
software. Additional spectrum of dodecane at ambient condi-
tions was collected from a sample enclosed in a ¢ 0.5 mm glass
capillary.
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Results and discussion
Odd-even carbon number effect in crystalline n-alkanes

N-Undecane crystallizes at 0.17(1) GPa, while n-dodecane crys-
tallizes at 0.15(1) GPa at 295 K, in accordance to the visual
evaluation of Shigematsu et al. (0.20 GPa) and extrapolated data
from the dilatometric study of Nelson (0.155(1) GPa), respec-
tively.””® Similarly to many other even n-paraffins (with the
number of carbon atoms 6 =< C = 22) both the substances
crystallize in the triclinic P1 space group, and the unit cell
parameters are consistent with the other members of the
homologous C,H,,., series (Tables S1 and S8+).

In case of n-dodecane, parallel straight chain-like molecules
lie on the centres of symmetry (molecular symmetry C;) forming
layers (Fig. 2a). The (05-2) layers are shifted vertically to each
other, in a way that the molecules pack in the ¢rans configura-
tion (staggered arrangement of the terminal methyl groups).
This arrangement ensures the densest packing along the ¢
direction and is one of the reasons why even alkanes in solid
state have higher density comparing to the odd ones (vide
infra).”” The two closest intermolecular distances between
terminal methyl groups belonging to different stacks are
3.652(4) and 3.957(4) A (blue and red dash, Fig. 2a), respectively.
These values are similar to ones registered in low-temperature
structure of n-decane (3.641 and 3.885 A) and other triclinic
crystals of lower n-alkanes.”””

N-Undecane forms a triclinic phase upon pressure-induced
crystallization. However, in the past studies, it was suggested
to form low-temperature orthorhombic crystals which, upon
heating, form a rotator pre-melting phase.” The pressure-
induced crystallization quenches the rotator phase, and only
liquid-triclinic phase shift is present.** The observed minor
differences calculated in densities in solid phase n-un- and
dodecane, 0.937 and 0.919 g cm " respectively, can be explained
by slight overpressurization in the former. The higher density of
undecane crystal might stem from the very high compressibility
(vide infra). Effectively, a slight increase in pressure (not
noticeable using ruby fluorescence method) can lead to
a significant volume reduction.

Molecules of n-undecane lack an inversion center (molecular
symmetry C,), therefore the crystal unit cell must contain two
symmetry-related molecules; it is visible as a doubling of the ¢
axis, in respect to dodecane (Fig. 2). In order to retain
a favourable staggered conformation of the terminal methyl
groups, the intermolecular contacts on two sides of the chain
differ: 3.51(2) and 3.81(1) A on the one side and 3.71(2) and
3.96(2) A on the other side, respectively. The observed inter-
molecular contact lengths alteration can be interpreted
geometrically, in a similar way as by Boese et al.”” Generally, the
shape of odd- and even-numbered alkanes in the bc plane can
be approximated as trapezoid and parallelogram, respectively.
The hypothetical densest packing would result in the identical
intermolecular contact lengths for both cases. However, in
order to achieve energetically favourable staggered conforma-
tion of the terminal methyl groups, the molecular stacks must
be shifted with respect to each other (Fig. 2b). Upon such

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a) Crystal structure of n-dodecane (left) and n-undecane (right) viewed along the crystallographic a (top) and b (bottom) axes. Thermal

ellipsoids are plotted at 50% probability. The shortest intermolecular C-C contacts are underlined with dashed lines; (b) schematic represen-
tation of the shift between the layers ([100] view) in even- (left) and odd-numbered (right) alkanes. Red and blue areas indicate shortening and

elongation of the intermolecular distances, respectively.

operation, the even-numbered alkanes remain identical inter-
molecular contacts on both sides of the chain. In case of the
odd-numbered paraffins, there is higher separation between the
chains on the one side, while one the other side, some of the
methyl-methyl contacts shorten. The extent of the contacts
compression/elongation depends on the magnitude of the shift
between the layers which is arbitrary in the triclinic system. The
same applies for the shift within the layers. In both crystals, the
layers are connected by bifurcated short intermolecular
contacts, whereas in undecane every second layer is additionally
shifted in a way that only long contacts between only two
molecules can form (Fig. 2a).

The C-C intramolecular distances (1.525(6) A on average)
and angles (112.8(5)° on average) within the n-dodecane chains
are typical for n-alkanes. However, the C-C bond to the terminal
methyl group is slightly shortened (1.515(2) A), due to low data
completeness, because of the diamond anvil cell (DAC) opening
window limitation and low crystal symmetry. When using only
a dataset from the crystal in one orientation, the resulting
structure showed erroneous intramolecular bond length alter-
ation. This error has already been noticed in the solid-state
structure of octane with low data coverage, as has been cor-
rected in this study by the collection of two separate datasets
from two crystals recrystallized in different orientations®

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

(Fig. S107). However, data from the crystals of n-undecane have
been collected using only one dataset, due to inability to grow
the crystals in other orientation. In this structural model, the
bond-length alteration has been corrected by restraining all the
intramolecular distances to be the same, around 1.52(1)A
during the refinement.

Lattice energy computed for the crystal structures of n-
alkanes (number of C atoms: 2-10, 16, 18, 20 and 24) deposited
in the Cambridge Structural Database,* show indeed that the
variation of the melting point in the homologous series is
correlated with the packing efficiency, and therefore with the
strength of the intermolecular interactions in the crystal,
regardless of the crystal symmetry and measurement condi-
tions. Variation in temperature or pressure has a negligible
effect on the calculated lattice energy. For example, there is only
ca. 10% difference in lattice energy between the crystal of
butane at 2.5 GPa (295 K) and at 0.001 MPa (90 K).*>%* Deter-
mined lattice energies correlate well with the reported values of
the heat of sublimation of the studied n-alkanes (see ESI,
Fig. S27). A suitable choice of particular n-alkane as a BC
material is based on its operating temperature (freezing point)
and isothermal enthalpy change (magnitude of the BC effect,
|AS|). C16H3z4 and CygHjg, which show similar lattice energies,
were shown to exhibit colossal BC effects of the similar

RSC Adv, 2023, 13, 33305-33317 | 33309
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magnitude around their freezing points.*® However, the latter is
already solid at room temperature and must be heated prior to
the liquid-solid (L-S) transition. This can be overcome by the
choice of alkanes with less than 18 carbon atoms in the mole-
cule, or their binary eutectic mixtures with varying thermal
characteristics.® Our literature review proves that liquid
alkanes around room temperature offer a wide operating pres-
sure window from 40 to 500 MPa for pressure-induced L-S
transitions (Table 1).

The values for the entropy change upon freezing are similar
to those reported in pressure-induced crystallization, as in
Ci6H3,4 and CygHzg. Regardless which n-alkane one chooses as
a phase-change material, the entropy of fusion (per kilogram) is
virtually the same for the odd and even homologue series (Fig. 3
bottom). The alteration between odd and even n-alkanes, as the
former show |AS| values higher by ~200 J kg”' K" (black
points, Fig. 3 bottom), can be rationalized by the different
packing efficiency in odd and even n-alkanes, as shown before
for undecane and dodecane. But these high entropy differences
do not match the lattice energies computed for the experi-
mental crystal structures. The reason for this discrepancy is
a presence of a premelting phase transition in odd n-alkanes,
just a few degrees below their melting point. The premelting
phases of n-alkanes consist of largely disordered plastic crystals
(rotator phase) with different volume, internal energy, packing
and overall higher entropy.****” The reported entropies of fusion
corrected for the influence of the premelting phase transition
(i.e. directly from “oriented” crystal to liquid, see white points in
Fig. 3) show much smaller differences (~50 J kg~* K ) which
can be explained by the observed differences in the lattice
energies and molecular symmetry between odd and even n-
alkanes (Fig. 3). The decrease of |AS| solely due to formation of
plastic phase can be estimated to ~150 ] kg~ * K™ *. The presence
of the structural phase transition close to the melting point is
undesirable, as it might cause slow energy exchange through
multistep process. In some cases, pressure can be used to
quench such transitions. In this study, triclinic phase of
undecane was directly crystallizing from liquid upon compres-
sion, while cooling causes first fromation of the rotator phase
and then crystallization. In case of higher odd alkanes, it was
shown that pressure can not only shift the onset of ordered-
rotator-liquid transition to higher pressure, but also affect the
population of the molecular conformations.””® We
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Fig. 3 Top: calculated lattice energies for the crystal structures of n-
alkanes deposited in CSD. Bottom: reported entropies of fusion for n-
alkanes (black circles) and entropies of fusion corrected by the addi-
tion of the entropy change between crystalline and premelting rotator
phases (white circles).

demonstrated, with pressure microscopy and PXRD measure-
ments, that careful pressurization of n-pentadecane up to
0.17(3) GPa produced two coexisting polymorphs (rotator face-
centered orthorhombic phase and crystalline primitive ortho-
rhombic phase, respectively), and the two crystals kept growing
independently upon further compression (Fig. S37).

BC effect in n-dodecane

Recently, dodecane have been predicted to exhibit the highest
entropy change upon phase transition among the liquid n-
alkanes.”® In order to calculate the entropy change, we have
redetermined its phase diagram at high pressure. The results
show that the determined melting line is consistent with the
literature data’®®® below 0.30 GPa, but then diverges from the
line determined by Nelson (Fig. 4). He, in fact, noted that the
dilatometric data was affected by overpressure, reaching
~0.07 GPa at 388 K.”® In our experiment, however, optical access
to the sample allowed us to minimize the effect of overpressure
by careful equilibration of the solid-liquid coexistence in the

Table 1 Freezing pressures around room temperature for selected n-alkanes

n-Alkane Transition pressure [MPa] Transition temperature [K] Ref.

CygHag 20.8 323.15 89

Cy Hag 43-70 298.15 87

CieHaa 45.3 298.15 90

Cy5H3, ~70/80 310.95/300.1 91 and 92
Cy4H30 100/80 301.7/297.9 92

CisHas 112-177/105 298/288.7 76 and 87
CioHye 117.5, 150 288.7, 295 76, this work
Ci1Haa >60, <383, 170 >278, <308, 295 93 and 94, this work
C1oHas 240 288.15 95

CoHayo 500 291.0 76
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Fig. 4 Phase diagram of n-dodecane redetermined in this work (red
circles), compared with the densitometric literature data.”®8°

sample chamber (see ESI Videot). The melting line can be well
fitted with a second-order polynomial:

Tr = —82.14P% + 200.04P + 264.99 (R* = 0.999)

The slope of this line was then employed in a classic Clau-

sius—-Clapeyron equation:
dp

AS = AVd—Tf
where P and Tt are the transition pressure (GPa) and freezing
temperature (K), respectively. The volume difference between
liquid and solid phase was calculated using density data for
liquid dodecane’®®” and SC-XRD data from this study,
respectively.

The entropy difference |AS| during pressure-induced crys-
tallization at 295 K was estimated to 778 ] kg~ K. This value is
similar to the colossal BC effects observed in C;¢Hjz, and C,gH3g:
742 and 686 J kg™ ' K, respectively; almost double that in
plastic crystals of neopentylglycol (389 J kg™ K™ %), and strongly
outperforms inorganic BC materials (¢f. Fig. 1).*°%°° The |AS]
values for C;,H,6, C16H3, and CygH3g are slightly lower than the
reported entropies of fusion. One of the reasons may be larger
PAV work exerted on the pre-compressed system before phase
transition, i.e. increased its internal energy (in case of liquid
dodecane 17 kJ kg™ " between ambient pressure and 0.15 GPa),
contributing negatively to |AS| through adiabatic compression.

Effect of (pre)compression can significantly alter the BC
performance. Entropy change calculated from Clausius-Cla-
peyron equation for compressed C,oH,, indicates colossal value
of 840 ] kg™ K~ ' which matches closely its entropy of fusion
from the crystalline phase directly into liquid (|AS| = 834 ] kg™*
K™ ').% In case of C;5H;, the isothermal entropy changes upon
compression (JAS| = 613 J kg~' K~ ') corresponds to the tran-
sition at room temperature from liquid into the rotator phase

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(JAS| = 575 J kg~' K 1).** In fact, only pressure as high as
250 MPa was found to quench the rotator phase — well above the
freezing point of pentadecane, in accordance to our
observations.®

The source of such high entropy change upon freezing can
be found in the multiple-rotor-like structure of n-alkanes.
Chain-like molecules in liquids possess a high degree of
translational and rotational freedom, including rotations about
single C-C bond. Their molecular structure becomes con-
strained upon freezing into the densest-packed structure. In the
crystal structures discussed in this work, all C-C bonds show
energetically-favoured ¢rans conformation, and no gauche
effects (~2.2 k] mol ™" higher in energy).’* Both structures of n-
un- and dodecane can be classified as loose crystals, as all
intermolecular contacts are longer than the sums of the van der
Waals radii.’® Such weak interactions allow for relatively easy
rotation around C-C bond in condensed phase, resulting in
trans-gauche tautomerism. Indeed, molecular dynamics show
that in liquid dodecane only 15% of the conformers is in all-
trans conformation, and the rest show combination of trans-
gauche conformers.'”

Molecular motion in n-dodecane

The conformation of the carbon chain in dodecane was evalu-
ated using Raman spectroscopy (Fig. 5). In pressurized solid
dodecane only symmetric (1140 cm ') and antisymmetric
(1064 cm™") all-trans stretching modes are visible, in accor-
dance to XRD results. The presence of gauche conformers in
liquid can be seen as an additional band at 1082 cm™'.1** The
contribution of the conformational entropy in n-dodecane is
significant and was estimated from the conformer analysis to
|AS,| ~294 ] kg™ K115

Theoretical contribution to the entropy from all possible
conformers of dodecane, can be also estimated using Boltz-
mann's formula:

IIII]IIII]IIII]IIIIllllll]
O liquid n-dodecane I
M liquid n-dodecane in DAC
M solid n-dodecane in DAC ’
e‘
3 I
s, |
2
‘@
c
2
£l x5
c
@©
IS
©
’ k
IR T N T T T T T T T N T Y T T |
800 900 1000 1100 1200 1300

Raman shift [cm™]

Fig. 5 Raman spectra of liquid and solid pressurized n-dodecane.
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where M is a molar mass, R is the gas constant, and Q is the ratio
between the number of configurations in liquid and solid
phase. As far as the solid phase is concerned, only one all-trans
configuration persists, as shown by SC-XRD analysis. For the
liquid state, the number of all possible conformers is related to
the number of rotatable bonds (N) in chain as 3V ?, assuming
three possible local minima around the C-C bond. The value of
483 J kg~ K" calculated in this way, makes up for 62% of the
entropy change. However, as already mentioned the contribu-
tions from vibrational, translational and rotational entropies
across the phase transition are difficult to estimate and are
conformer dependent. Additional volumetric contribution to
entropy upon phase transition:**

(- 5))

of 81 ] kg™" K™' (10% of total |AS|) was determined from
combined high-pressure (providing compressibility, ) and
high-temperature (providing thermal expansion coefficient, «)
diffraction data, and its relatively high value is directly linked to
intrinsic softness of the crystals (vide infra), comparable to the
values observed in plastic crystals of neopentylglycol.®® The
remaining 18% of the entropy change is difficult to quantify, as
residual, torsional motion and thermal vibrations are still
present in the crystal. Situation is even more complicated due to
pre-orientation of chain molecules in the liquid state.'®” Overall,
the mechanism of the BC effect in dodecane relies on the
conformational gauche-trans changes associated with solidifi-
cation, similarly to C;¢H;,4 and C;gH3g at high pressure.®®

Compression behaviour of n-dodecane

It has been shown that compression beyond the liquid-solid
transition point has a little impact on the BC effect in n-alkanes.
PXRD of dodecane compressed up to 2.05(3) GPa shows lack of
structural phase transitions, and therefore significant confor-
mational changes in this pressure range. N-un- and dodecane
present loose crystal structures due the lack of strong inter-
molecular interactions, with 29.3 and 32.4% calculated void
volume, respectively (probing sphere radius 0.3 A). Pressure is
a more efficient way of the void reduction than temperature in
these materials. Similar magnitude of contraction as at 1 GPa
(11% of the initial volume) can be achieved by cooling the
crystal below 30 K (interpolation of the thermal expansion data,
Fig. S47). The fitted bulk modulus parameters K, and its first
derivative are: 3.3(3) GPa and 11(1) (from the 3rd order Mur-
naghan equation'® of state [V, = 310.88 A from high-resolution
PXRD] using EoSFit software'®), respectively. The fitted bulk
modulus value is similar to one for low-density polyethylene
and some other even n-alkanes (number of carbon atoms
between 18-30),"""* while for K’y > 4 it shows rapid stiffening
of the crystal upon load, indicative for the engagement of the
strongly repulsive forces in the confined space. Noteworthy, the
ratio between high-pressure solid and ambient-pressure liquid
bulk moduli is only ~2.6 (Table S15%). Very low bulk modulus

33312 | RSC Adv, 2023, 13, 33305-33317

View Article Online

Paper

allows n-dodecane to act as its own hydrostatic medium during
compression, minimizing secondary effects arising from
shearing or uneven pressure distribution across the sample
chamber.

Compression in n-dodecane is essentially two-dimensional.
The crystallographic a and b axes compress at the similar rate,
whereas c axis, lying approximately along the chains, remains
virtually at the same length (Fig. 6). The most compressible
directions (Table 2) are positioned approximately perpendicular
to the main molecular axis, while the least compressible one lies
along the molecular axis, dominated by strong covalent C-C
bonds. Similar observations on such elastic anisotropy have
been made for some other long-chain n-paraffins and crystalline
polyethylene, and somehow reflect their thermal expansion
(Table 2).**>*** The zig-zag chains in n-dodecane can only fit into
one another along the crystallographic a and b axes, packed by
weak van der Waals forces. The easiest way to reduce the volume
and retain the highest molecular symmetry is to compress these
two distances simultaneously without the shifts along the
molecular axis. As a result, after freezing at 0.15(3) GPa, the
crystal structure retains its symmetry upon compression, and
therefore all-trans conformation of the molecules. The high
compressibility of solid n-dodecane explains the source of the
continuous increase in the adiabatic temperature change
(|AT.q|) observed in analogous materials upon compression.
Even if the material remains solid within a given P-T range,
pressure alone can activate |AT,q| ~10 K, due to substantial
volume reduction.***® Additional entropy contribution to BC
effect beyond the phase-transition, AS,, associated with the
elastic heat, can be calculated as:

s =), )’

(assuming that thermal expansion coefficient is pressure-inde-
pendent®). For instance, in solid n-dodecane, compression to
90% of its initial volume (0.9 GPa) causes the substantial
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Fig. 6 Volumetric and axial compressions in crystalline n-dodecane.
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Table 2 Principal compressibilities and thermal expansivities, and corresponding principal axes determined from diffraction data for solid n-

dodecane

Component of x; along the crystallographic axes

Principal axis, Compressibility Approx-imate
i (6) [TPa™] a b c axis

1 38.5(5) —0.8813 —0.4686 —0.0605 [210]

2 21.0(8) —0.6421 0.7668 —0.011 [110]

3 —-1(1) —0.6394 —0.2261 0.7348 [313]

Volume 76(9)

Component of x; along the crystallographic axes

Principal axis, Thermal expansivity

Approx-imate

i (o) [MK™] a b c axis
1 —25(2) —0.4068 0.8414 —0.3358 [121]
2 64(3) 0.7498 ~0.6432 ~0.1553 [541]
3 400(20) 0.8461 0.5305 0.052 [210]
Volume 440(20)

incipient BC effect of 42.5 ] kg~' K (without considering |AS|
associated to the phase transition). Therefore, the higher
driving forces can activate substantial BC effect beyond the
phase transition point.

Kinetics of the phase transition

The main drawback of n-alkanes as BC materials is their poor
thermal conductivity (x ~0.1 W m~"' K ')."** Even though
pressure in range up to 250 MPa is able to increase their thermal
conductivity two-fold," it cannot match the hybrid perovskites
(k ~0.3 W m ™" K '),"* let alone magnetocaloric intermetallic
compounds (k ~ 5-15 W m~ ' K ').**” One way to improve their
thermal is to encapsulate or mix the BC material with the well-
conducting matrix. Such approach has been applied to n-
alkanes for energy storage.*® It is particularly beneficial solution
in case of soft alkane crystals, which do not cause damage to
other components of the pressure-chamber during refrigeration
cycling. Thermal properties of n-alkanes can be also engineered
by blending two or more pure compounds into eutectic
mixtures, with varying structure, melting point, thermal
conductivity and phase-change thermodynamics.*'*">

Kinetic hindrance can be one of the major obstacles in the
continuous heat pump cycling. We tracked a crystal growth of n-
dodecane at 0.15(3) GPa and 295 K using a microscope camera.
Firstly, the material crystalizes abruptly as powder, followed by
slow gradual growth of the grains (see ESI Videot). In order to
determine the kinetics of the growth, the size of the carefully
recrystallized single crystal as a function of time has been
determined from the video frames extracted in 250 ms intervals.
The size of the sample chamber did not change throughout the
experiment. The fraction of the space occupied by a crystal at
the given time has been computed, and subsequently fitted with
Avrami model:***

0(t) = A-(1 — exp(—k,t") + x

where . is a crystalline fraction, A — constant, k — crystallization
constant, x - initial fraction. Three-dimensional, seeded growth

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

model was chosen (n = 3). The resulting k = 7.8 x 107> s 2,

corresponds to a crystallization halftime ¢,,, = 4.45 s. The growth
rate dramatically slows down upon reaching around 42% of the
crystalline fraction (Fig. 7). The observed equilibrium stems from
the high viscosity of the melt, as the molecular motion is too slow
to allow for crystallization to take place. Indeed, the non-
isothermal crystallization activation energy for selected paraf-
fins was found to increase linearly after degree of crystallinity
reaches 50%.'>* Further compression to 0.21(3) GPa, causes full
crystallization of liquid n-dodecane in a form of single crystal
filling the full volume of the sample chamber. In this experiment,
crystal growth along the crystallographic ¢ direction was hindered
by the restricted space, which might not be the case if the
material forms during the homogenous nucleation.”® Neverthe-
less, the determined kinetics of growth are in a good agreement
with reported high-pressure DTA results for C;¢H3z4 and C;gHgzs, if
full conversion occurs after six halftimes. The peak in adiabatic
temperature difference occurred at ¢t ~24 s from the nucleation
(0.15 GPa and 295 K) and at ¢t ~19 s (0.15 GPa at 305 K) for C;cH3,4
and C;gH3g, respectively.®® The short time-span of a full three-
dimensional crystallization of n-alkanes is a highly beneficial
factor for fast cycling rate during refrigeration process, which
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Fig. 7 Crystallization kinetics of dodecane at 0.15(3) GPa. The crys-
talline fraction is a ratio between the measured surfaces of the crystal
and the DAC chamber (grey circles), fitted with Avrami model (black
curve). The first derivative of the model with respect to time (crystal-
lization rate) is depicted as a red curve.
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does not require high energy input to drive the transition to
completeness.

Conclusions

Liquid n-alkanes are promising BC materials with a 20-500 MPa
operational window at room temperature. In this work we
report a colossal entropy change |AS| of 778 J k¢! K" in n-
dodecane at 0.15(3) GPa. The crystal structure and Raman
spectroscopy data confirm that the entropic gain is related to
the conformational change from mixed gauche to all-trans
conformers upon pressure-induced crystallization. In principle,
all n-alkanes with 9 to 18 C atoms should show similar entropy
change (per kilogram) upon compression, based on their lattice
energies, whereas even-numbered alkanes are superior to odd-
number ones due to the reduced molecular symmetry and
propensity to form plastic phases in the latter. Pressure is able
quench the formation of premelting plastic phases in some of
them, effectively increasing entropy of fusion, and associated
BC effect. The kinetics of the crystal growth at high pressure
follow the Avrami model and enable a fast liquid-solid cycling
with a crystallization halftime ¢,,, of ~4.5 s. Liquid n-alkanes at
room temperature and their mixtures offer a non-toxic, non-
corrosive and stable alternative suitable for liquid-solid cool-
ing, which outperforms currently known inorganic BCs, at
a fraction of their price.
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