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ABSTRACT: Layered materials containing hydrocarbon bilayers
capable of transitioning between an ordered and partially disordered
state can exhibit large temperature and entropy changes�termed
barocaloric effects�in response to a change in hydrostatic pressure.
These barocaloric materials can, in principle, be used to drive
heating and cooling cycles with higher efficiency and less
environmental impact than conventional fluorocarbon refrigerants.
However, much remains to be understood about how to manipulate
the thermodynamics and kinetics of hydrocarbon order−disorder,
or “chain-melting”, transitions in the solid state in order to design
materials with properties tailored for specific thermal applications.
Here, we report a chain desymmetrization strategy to modulate the
phase-change behavior of a new family of asymmetric dialkylammo-
nium halide salts. In particular, we demonstrate that chain desymmetrization can lead to reduced phase-change thermal hysteresis
while maintaining large entropy changes. This translates to a significant reduction in the pressure required to reversibly drive
nonzero entropy changes, with asymmetric dialkylammonium salts able to access reversible entropy changes at pressures nearly 80%
lower than their symmetric counterparts. This work expands the scope of chain-melting materials that exhibit strong barocaloric
effects and offers insights into the factors that influence the reversibility of barocaloric materials.

■ INTRODUCTION
Barocaloric materials�solids that undergo thermal changes in
response to applied hydrostatic pressure�have the potential
to serve as sustainable refrigerants that circumvent many of the
environmental and safety pitfalls associated with conventional
volatile refrigerants.1−5 In effective barocaloric materials, large
thermal changes are induced when the application or removal
of pressure drives a first-order phase transition�typically
between a more ordered and a more disordered state.6

Changes in accessible degrees of freedom between the two
states manifest as an entropy change that, in concert with other
factors such as thermal conductivity and heat capacity,
determines the amount of heat that can be moved by cycling
through the transition. High-performance barocaloric materials
can access entropy changes that approach those of state-of-the-
art hydrofluorocarbon (HFC) and hydrofluoroolefin (HFO)
refrigerants on a gravimetric basis and exceed them on a
volumetric basis.7−9

In pursuit of barocaloric materials that feature large entropy
changes, solid-state hydrocarbon disordering (often termed
“chain-melting”) transitions have emerged as a particularly
promising mechanism. In chain-melting processes, aliphatic
chains reversibly transition between a densely packed, ordered

phase and a partially disordered phase, wherein individual
chains sample various rotational and vibrational degrees of
freedom while confined in the solid-state.10,11 Entropy changes
of up to 300 J kg−1 K−1 (320 J L−1 K−1) are accessible through
these types of transitions, as recently demonstrated in two
classes of materials with hydrocarbon bilayer-type structures:
hybrid organic−inorganic perovskites12,13 and dialkylammo-
nium halide salts.14,15

To fully harness the potential of chain-melting transitions for
thermal applications, it is critical to be able to manipulate the
transition behavior in a predictable fashion. Both hybrid
organic−inorganic perovskites and dialkylammonium halide
salts are highly tunable classes of barocaloric materials,
allowing chain-melting transitions to, in principle, be
modulated by adjusting inter/intralayer interactions through
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the use of different hydrocarbon species and anions. Efforts to
investigate how such modifications affect chain-melting
behavior, however, are currently in their infancy. For instance,
with hybrid organic−inorganic perovskites, most research has
focused on understanding the effects of structural and chemical
modifications on optoelectronic performance16,17 rather than
phase change thermodynamics and kinetics.18 Meanwhile, for
the more nascent class of barocaloric dialkylammonium salts,
reports on chain-melting behavior are currently limited to
anion-driven effects.14,19−22

Here, we report a systematic study of how desymmetrization
of dialkylammonium salts impacts their thermal properties and
barocaloric performance. Specifically, we manipulate the length
of alkyl substituents on dialkylammonium cations relative to
one another and characterize the resulting changes in phase
transition behavior through calorimetric and structural studies.
In so doing, we discover a subset of asymmetric dialkylammo-
nium salts that consistently display highly reversible
barocaloric behavior�by way of reduced thermal hystere-
sis�while retaining large gravimetric entropy changes.
Ultimately, through this work, we expand the library of
barocaloric materials that undergo chain-melting transitions
and establish insights that advance progress toward the precise
and controllable design of sustainable, solid refrigerants.

■ RESULTS AND DISCUSSION
Dialkylammonium salts are a family of organic, chain-melting
materials with exceptional promise for barocaloric applications,
owing to their large entropy changes, high stability, and
solution processability.14,15,22 In these soft materials, dialky-
lammonium cations assemble into layered structures�
reminiscent of phospholipid bilayers in cell membranes�
through charge-assisted hydrogen bonding interactions with
different anions. The charge-balancing anion is readily
exchangeable through anion metathesis or acid−base chem-
istry, and consequently, efforts thus far to modulate transition
behavior in dialkylammonium salts have focused on anion
tuning. In particular, certain anion properties (e.g., size,
polarizability) have been hypothesized, and shown in some
cases, to influence chain confinement and, by extension, chain-
melting.14,21

Manipulating chain confinement through anion selection is a
viable, albeit indirect, strategy for controlling chain-melting
behavior. Moreover, with anion modulation, it remains
challenging to decrease hysteresis while maintaining a large
entropy change and sharp transition.14,21 Alteration of the
aliphatic chains themselves, on the other hand�for instance

through truncation or elongation of chain length, installation of
functional groups, or introduction of chain branching�could
offer an alternative, more direct approach for manipulating
chain-melting processes. Promisingly, analogous chain-melting
(“gel−fluid”) transitions in phospholipid bilayers are known to
show highly variable behavior when phospholipids with
identical alkyl chain lengths are exchanged for those with
nonidentical chains.23 As such, we hypothesized that
introducing chain length dissimilarity in dialkylammonium
salts could provide a straightforward way to access new phase-
change behavior and establish useful insights into chain-
melting�and, by extension, barocaloric�behavior.

Synthesis of Asymmetric Dialkylammonium (CmC10−
Br) Salts. To investigate the effect of chain length dissimilarity
on the chain-melting behavior of dialkylammonium salts, we
prepared a series of dialkylamines wherein one alkyl
substituent is fixed in length at ten carbons while the other
varies between one and ten (Figure 1). We herein refer to
these amines as CmC10, where m denotes the length of the
varying alkyl substituent opposite the fixed decyl group.
Conveniently, all CmC10 amines in this work can be prepared
through a generalizable procedure consisting of a sodium
methoxide-catalyzed amide coupling followed by reduction to
the amine. Following preparation of CmC10 amines, CmC10−Br
salts can be obtained through acidification of the appropriate
amine with hydrobromic acid. We selected bromide as the
charge-balancing anion for all salts to ensure that any changes
in transition behavior could be ascribed solely to chain length
effects, as well as to favor higher transition temperatures which
simplify structural characterization (vide inf ra).

The identities of synthesized CmC10−Br salts were
confirmed using 1H and 13C nuclear magnetic resonance
(NMR) spectroscopy (Supporting Information Section 2),
high-resolution mass spectrometry (Supporting Information
Section 2), X-ray crystal structures where possible (Supporting
Information Section 3), powder X-ray diffraction (Supporting
Information Section 3), and thermogravimetric analysis
(Supporting Information Section 4).

Chain-Melting in Asymmetric Dialkylammonium
(CmC10−Br) Salts. To characterize the thermal phase
transition behavior of CmC10−Br salts, we performed differ-
ential scanning calorimetry (DSC) experiments between 198
and 473 K (Figures S72−S80). All CmC10−Br salts were
observed to undergo reversible, solid−solid transitions
between 225 and 375 K (Figure 2). Interestingly, the observed
transition temperatures follow an unexpected trend with
increasing m chain length, or increasing chain length similarity.

Figure 1. ChemDraw representations of CmC10 cations for the series of dialkylammonium bromide (CmC10−Br) salts studied in this work. For a
given CmC10 cation, m refers to the length of the n-alkyl substituent opposite the fixed n-decyl substituent.
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At low m values and low chain length similarities, C1C10−Br
and C2C10−Br undergo single chain-melting transitions at 324
and 338 K, respectively. These transition temperatures are
similar to the previously reported, symmetric C10C10−Br salt,
which undergoes a chain-melting transition at 327 K. However,
as m increases to salts with more intermediate chain length
similarities (C3C10−Br through C7C10−Br), chain-melting
behavior is fragmented into as many as four transitions�
apart from C4C10−Br, which maintains a single transition�
and a significant depression in transition temperatures is
observed to as low as 245 K. Further increase of m to salts with
higher chain length similarities (C8C10−Br and C9C10−Br) is
accompanied by the reappearance of single chain-melting
transitions and increased transition temperatures.

The caldera-like behavior observed in the CmC10−Br series
does not resemble the trends encountered in typical n-alkyl-
containing systems (such as fatty acids24 and n-alkanes25,26),
where increasing chain length is often accompanied by
monotonic or staggered increases in transition temperature.
Instead, the phase-change behavior of CmC10−Br salts more
closely resembles that of mixed-chain phospholipids with two
acyl chains of differing length or functional groups.27 Indeed,
studies on aqueous dispersions of saturated, mixed-chain
phosphatidylcholines [C(n1)C(n2)PC] (n1 = length of acyl
chain 1, n2 = length of acyl chain 2, PC = phosphatidylcholine)
have similarly found that the chain-melting transition temper-
ature follows an inverted, bell-shaped curve with respect to
chain similarity.28 In these systems, mixed-chain phosphati-
dylcholines of very high and very low chain similarities display
higher transition temperatures than phosphatidylcholines with
intermediate chain similarities. X-ray diffraction29,30 and
vibrational spectroscopy31−33 studies suggest that this trend
results from chains adopting different packing arrangements�
dictated by the extent of mismatch between chain lengths�to
maximize van der Waals contacts.

Structural Insight into Asymmetric Dialkylammo-
nium (CmC10−Br) Salts. To investigate whether chain
packing effects were similarly operative in the CmC10−Br
series, we sought to gain structural insight into the ordered and
disordered phases of CmC10−Br salts. However, single-crystal
X-ray diffraction structures were only obtainable for the
ordered, low-temperature phases of C1C10−Br, C2C10−Br, and
C9C10−Br. In all other cases, extensive twinning and disorder
prevented structural determination.

Crystal structures for C1C10−Br, C2C10−Br and C9C10−Br
collected at 100 K reveal that the alkyl chains on the
asymmetric dialkylammonium cations pack in a noninterdigi-
tated, end-to-end fashion. The salt with the greatest mismatch
in chain lengths, C1C10−Br, crystallizes into the monoclinic
space group P21 and displays uniform packing of its [C1C10]+
cations throughout the structure, with C1 portions on one
cation aligned with C1 portions on neighboring cations (Figure
3a). Consequently, the C10 chains pack exclusively with C10
chains on neighboring cations and interact exclusively with C10
chain ends from the next layer of cations. C1C10−Br thus
adopts an ordered layered structure where short chains pack

Figure 2. Chain-melting transition temperatures for CmC10−Br salts
recrystallized from methanol obtained using a scan rate of 2 K/min.
Filled diamonds and hollow circles denote the major and minor (if
present) transition(s), respectively, for a given CmC10−Br salt. The
major transition was defined as the transition exhibiting the largest
entropy change. The dashed line illustrates the trend in major
transition temperatures across the series. Uncertainties in temperature
are smaller than the size of the data points.

Figure 3. 100-K single-crystal structures of (a) C1C10−Br, (b) C2C10−Br, and (c) C9C10−Br. The C10 position in C9C10−Br is lightened to indicate
occupational disorder. Gray, blue, and dark red spheres correspond to C, N, and Br atoms, respectively, while H atoms are omitted for clarity.
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with short chains and long chains pack with long chains.
Despite adopting a different space group (orthorhombic,
Pnma), the same packing arrangement is observed in C2C10−
Br, where the short chains (C2 portions) pack exclusively with
other short chains (Figure 3b). However, in the 100-K crystal
structure of C9C10−Br (monoclinic, C2), a different picture
emerges: in this salt, occupational disorder at the C10 position
of both alkyl chains�50:50 when constrained into the higher
symmetry space group C2, and 47(2):53(2) if unconstrained
in the lower symmetry space group P1�suggests that the C9
portions on one [C9C10]+ cation pack indiscriminately with C9
or C10 portions on adjacent [C9C10]+ cations (Figure 3c).
Otherwise, the structure for C9C10−Br is very similar to that of
C10C10−Br with respect to chain confinement areas and
dihedral angles (Table S2).

In the absence of ordered phase crystal structures for the full
CmC10−Br series, we turned to powder X-ray diffraction
(PXRD) for further structural insight, as all salts are crystalline
in both their low-temperature and high-temperature phases.
Evenly spaced Bragg peaks at low angles were observed in all
diffraction patterns, confirming that all salts adopt lamellar
structures (Figures S37−S45).29 Next, for a given salt, unit cell
parameters for the ordered phase (relative to the lowest
transition temperature) were obtained by performing struc-
tureless Le Bail refinements on PXRD patterns. From these
refinements, we found that the lengths of the hydrocarbon
chain axis and unit cell volumes follow a linear trend with
increasing m (Figure S46 and Table S4). These results suggest
that across the series, the ordered phases of CmC10−Br salts
maintain a noninterdigitated packing arrangement, as the
adoption of an interdigitated structure would result in a
decrease in the hydrocarbon chain axis length.34,35 The insights
obtained from crystal structures and unit cell parameters lead
us to tentatively hypothesize that there are two competing
effects contributing to the caldera-like behavior in CmC10−Br
transition temperatures. First, we speculate that the non-
interdigitated, end-to-end packing arrangement observed in
C9C10−Br�where long and short chains pack together in a
disordered fashion�could also be present for other
intermediate chain lengths. This disordered packing, in turn,
could be responsible for some of the transition temperature
decreases that are observed, similar to how mixing hydro-
carbon chains of different lengths in pure hydrocarbon solids
leads to melting temperature depression, in part by disrupting
the uniformity of van der Waals interactions.36,37 Second, an
increased average hydrocarbon chain length should favor a
higher transition temperature,38 which could account for the
increasing transition temperatures observed for m = 6 and
above.

Barocaloric Properties of Asymmetric Dialkylammo-
nium (CmC10−Br) Salts. Owing to the substantial pressure-
induced thermal changes accessible in symmetric dialkylam-
monium salts,14,15,22 we anticipated that asymmetric dialky-
lammonium salts could also exhibit favorable barocaloric
properties. For barocaloric applications, materials in which
large entropy changes are accessible across a single transition
are generally more desirable than materials in which entropy
changes are distributed over several transitions.13 As such, we
focused on assessing barocaloric parameters for only the
CmC10−Br salts that undergo highly reproducible, single
transitions: C1C10−Br, C2C10−Br, C8C10−Br, and C9C10−Br.
Nonetheless, the thermal phase-change behavior for C3C10−Br
through C7C10−Br�all of which either exhibit multiple

transitions, or, in the case of C4C10−Br, undergo a transition
that is highly sensitive to the specific sample crystallization
conditions and thermal scan rate (Figures S74−S78)�is
summarized in Tables S6−S8.

Having narrowed the materials space to C1C10−Br, C2C10−
Br, C8C10−Br, and C9C10−Br, we first assessed the magnitudes
of their respective phase transition entropy changes (ΔStr),
which sets the upper limit of the amount of heat able to be
moved through the phase transition. Specifically, ΔStr values
(Figure 4, top) were determined by integrating the heat flow

data (collected on 3−5 mg of sample at a scan rate of 2 K/
min) for a given transition at ambient pressure and dividing by
the associated heating transition (onset) temperature. On a
molar basis, C1C10−Br undergoes an entropy change nearly
half that of C10C10−Br (62 and 122 J mol−1 K−1, respectively),
suggesting that the methyl group in C1C10−Br contributes little
appreciable disordering to the phase transition. However, as
the m chain length grows from C2C10−Br to C9C10−Br, so too
does the corresponding molar entropy change�a trend
consistent with a longer chain contributing additional
disordering to the phase transition. Meanwhile, on a
gravimetric basis, all four materials possess large ΔStr values
exceeding 200 J kg−1 K−1.

In addition to entropy changes, the degree of thermal
hysteresis (ΔThys) associated with the phase transition also has
a critical impact on barocaloric performance, since thermal
hysteresis substantially increases the pressure required to drive
phase transitions in a reversible fashion.39 For C1C10−Br,
C2C10−Br, C8C10−Br, and C9C10−Br, ΔThys values were
extracted from DSC traces (collected on 3−5 mg of sample
at a scan rate of 2 K/min) as the difference between onset
temperatures on heating and cooling (Figure 4, bottom). All
four asymmetric salts exhibit lower hysteresis than the fully
symmetric C10C10−Br, which possesses a ΔThys of nearly 6 K.
Of particular note is C1C10−Br, which possesses a ΔThys of
around 1.6 K�one of the lowest thermal hysteresis values
reported to date for dialkylammonium salts, symmetric or
asymmetric.14,15,21,22 More generally, we note that the range of
onset ΔThys values observed for these asymmetric dialkylam-
monium salts (ΔThys = 1.6 K−4.8 K) is lower than�or
comparable to�the ranges of heating onset-to-cooling onset
and peak-to-peak thermal hysteresis observed in other high-

Figure 4. Phase transition entropy changes (ΔStr) and associated
(onset) thermal hysteresis (ΔThys) in CmC10−Br salts that undergo
single, reproducible chain-melting transitions. Error bars were
determined from triplicate measurements.
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entropy barocaloric materials, such as plastic crystals (ΔThys,

onset = 3.7 K−76 K)7,39 and hybrid organic−inorganic
perovskites (ΔThys, peak = 0.9 K−7 K).13,40,41 Of the four
asymmetric salts evaluated here, C1C10−Br represents a
particularly promising barocaloric material due to its low
hysteresis and high entropy change.

Low Pressure Hysteresis in a Subset of Asymmetric
Dialkylammonium (C1Cp−Br) Salts. To investigate whether
the low hysteretic behavior observed in C1C10−Br was a
unique phenomenon or could be generalized to a wider range
of materials, we synthesized a new series of asymmetric
dialkylammonium salts of the form C1Cp−Br, where one alkyl
substituent is fixed as a methyl group while the other varies in
length from p = 8 to 14 (Figure 5a). All C1Cp−Br salts were
observed by DSC to undergo single, reversible chain-melting
transitions between 298 and 350 K. With increasing p values,
the phase transition temperature increases in a staggered
fashion�similar to the odd−even melting point alternation
observed for n-alkyl-containing systems42,43�suggesting that
lower or higher phase transition temperatures can be
predictably accessed in C1Cp−Br salts beyond p = 8−14.

All associated ΔThys values for these compounds were found
to be less than or equal to 2 K (Table S9). Excitingly, the
consistent observation of low thermal hysteresis in the C1Cp−
Br series suggests that the highly asymmetric [C1Cp]+ cation
can be used as a template for endowing dialkylammonium salts
with reduced hysteresis. Several hypotheses have been
advanced regarding the origins of hysteresis in caloric
materials�most notably for shape-memory alloys, but also
more recently for plastic crystals�with an emphasis on the
nucleation and growth mechanisms that govern their (often
first-order) solid−solid phase transitions. For instance, in
shape-memory alloys, hysteresis has been linked to a stressed
transition layer between ordered and disordered phases.44

Efforts to minimize strain at this interface�such as by tuning
alloy composition to increase geometric phase compatibility�
have successfully reduced hysteresis in a variety of shape-
memory alloys.45,46 Meanwhile, recent investigations into
thermal hysteresis in organic plastic crystals have found that
nucleation of the dynamically disordered phase plays a
significant role in dictating the extent of supercooling�and
thereby hysteresis�observed.47,48 These findings suggest that
lowering the energetic barrier(s) to nucleation events may
promote reduced hysteresis in rotationally disordered systems.

For our dialkylammonium materials, we tentatively
hypothesize that the low hysteresis observed in C1Cp−Br
compounds is related to the C1/C1 interface�which likely
remains relatively constant across the phase transition, as
suggested by the lack of a molar entropy change contribution
from the C1 portion in C1C10−Br�increasing compatibility
between the ordered and disordered phases and thereby
decreasing the barrier to nucleation and/or propagation of the
ordering phase transition. Potential mechanisms by which the
C1/C1 interface may promote phase transition reversibility
include (i) the relatively low barrier to rotation of methyl
groups favoring nucleation at the C1/C1 interface (as opposed
to the symmetric C10C10−Br salt, in which nucleation at the
C10/C10 interface would involve ordering of larger decyl
groups), or (ii) minimization of lattice strain through
decreased interfacial strain at phase boundaries (as has been
reported for martensitic transformations44). Efforts to inter-
rogate the intrinsic and extrinsic mechanisms that drive the low
hysteretic behavior in asymmetric C1Cp−Br salts compared to
symmetric CpCp−Br salts will be the subject of future optical
microscopy and calorimetry studies in our laboratory.

Low ΔThys values have important implications for ΔPhys, or
pressure hysteresis, which represents the minimum pressure
needed to reversibly access nonzero isothermal entropy
changes in a barocaloric material. Specifically, ΔPhys is related

to ΔThys by =P
T

T Phys d / d
hys , where dT/dP represents the

barocaloric coefficient, or pressure sensitivity of the phase
transition temperature during cooling.49 As such, to evaluate
the potential benefits of low ΔThys for reducing ΔPhys, we first
obtained dT/dP values for C1Cp−Br and CpCp−Br salts by
conducting high-pressure DSC (HP-DSC) experiments using a
He pressure-transmitting medium up to 150 bar (Figures S89−
S97). Promisingly, asymmetric and symmetric salts exhibit
similar pressure sensitivities�with average dT/dP values
ranging from 18 to 23 K kbar−1 for C1Cp−Br salts and from
20 to 26 K kbar−1 for CpCp−Br salts (Table S10)�suggesting
that the pressure hysteresis for these materials should be
directly impacted by the magnitude of ΔThys. Indeed, the
advantages afforded by low ΔThys values become especially
pronounced when comparing ΔPhys values between the highly
asymmetric C1Cp−Br salts and their symmetric CpCp−Br
counterparts (Figure 5b). For each p value investigated, C1Cp−
Br salts consistently feature lower pressure hysteresis compared
to CpCp−Br salts, with reductions in ΔPhys ranging from 31%

Figure 5. (a) ChemDraw representations of [C1Cp]+ (dark green) and [CpCp]+ (black) dialkylammonium cations for p = 8, 9, 10, 11, 12, and 14.
(b) Phase transition entropy changes (ΔStr) and pressure hysteresis (ΔPhys) for asymmetric C1Cp−Br salts (filled diamonds and bars) compared to
their symmetric CpCp−Br counterparts (unfilled diamonds and bars). Note that some error bars (determined from triplicate measurements) are
smaller than the size of the data points.
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(p = 8) to as much as 76% (p = 11). Moreover, to verify the
magnitudes of calculated ΔPhys values, we calculated
isothermal, pressure-induced entropy changes for C1C10−Br
(Figure S100) and found that the pressure range correspond-
ing to nonzero overlap of isothermal entropy curves agrees
with the magnitude of ΔPhys.

These sizable reductions in pressures are accompanied by
only moderate decreases in phase transition entropy changes�
a trade-off that is consistent with C1Cp−Br salts possessing a
lower mass fraction of carbon atoms that participate in the
chain-melting transition than their CpCp−Br analogues. Even
so, C1Cp−Br salts are able to access 74−81% of the ΔStr of
their CpCp−Br analogues on a gravimetric basis. Taken
together, the large phase transition entropy changes and low
pressure hysteresis displayed by asymmetric C1Cp−Br salts
distinguish this subset of dialkylammonium salts from their
more symmetric counterparts.

■ CONCLUSIONS
Hydrocarbon chain-melting processes constitute a promising
class of solid−solid phase transitions to exploit for barocaloric
applications, yet the development of design principles to
manipulate the thermodynamics and kinetics of chain melting
is hindered by a relatively limited materials phase space. The
asymmetric dialkylammonium salts reported here represent a
new family of chain-melting materials with large entropy
changes (ΔStr > 200 J kg−1 K−1) and low hysteresis (ΔThys < 5
K). Moreover, chain length desymmetrization provides a
generalizable strategy for reducing thermal hysteresis while
maintaining high entropy changes and sharp phase transitions.
Ultimately, this work illustrates an approach to modulate
chain-melting transitions through direct, synthetic modification
of alkyl chains; expands the existing phase space of chain-
melting materials; and advances several, newly reported
asymmetric dialkylammonium salts as promising barocaloric
materials. Future investigations into the intrinsic and extrinsic
mechanisms underlying the low hysteresis observed in methyl-
n-alkylammonium salts should yield even more insight into the
nature of chain-melting transitions.
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