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Reversible Colossal Barocaloric Effect of a New Fe'
Molecular Complex with Low Hysteretic Spin Crossover

Behavior

Maksym Seredyuk,* Ruixin Li, Kateryna Znovjyak, Zhe Zhang,
Francisco Javier Valverde-Mufioz, Bing Li,* M. Carmen Mufioz, Quanijin Li, Bingbing Liu,

Georgiy Levchenko,* and José Antonio Real*

Barocaloric cooling, that is, lowering the temperature of a material under
pressure action, is an attractive solid-state effect that can potentially compete
with volatile gas-based cooling. To observe the barocaloric effect (BCE), it is
necessary for materials to have high-entropy, low-hysteretic phase transitions
with a large volume change between phases. Here details on a new Fe'
complex [Fe(L)(NCS),], L = N',N3-bis((1-propyl-1H-1,2,3-triazol-4-yl)
methylene)-2,2-dimethylpropane-1,3-diamine) possessing spin crossover
(SCO) behavior near room temperature with large entropy and volume change
are reported, which provides high sensitivity to external pressure. The
observed BCE effect, characterized using variable pressure calorimetry,
powder X-ray diffraction, UV-vis, IR, and Raman spectroscopy, shows a
colossal isothermal entropy change of >100 | kg=" K=" and a reversible
adiabatic temperature change of ~16 K at a pressure of 1 kbar, demonstrating
a high refrigerant efficiency compared to other solid-state materials. These
results stimulate further investigations of SCO materials as barocaloric
refrigerants, which depend on the proper design of their constituent organic
ligands.

1. Introduction

Currently, the need for cooling is ubiq-
uitous in life and industry, and the an-
nual electricity consumption of the refrig-
eration industry accounts for about one-
fifth of the global electricity supply.l'! With
the rapid development of society and econ-
omy, this proportion will be further in-
creased. For example, energy consump-
tion for air conditioning and cooling will
triple by mid-century.?! The work of these
refrigeration units is primarily based on
the cyclic compression of volatile hydroflu-
orocarbon refrigerants, some of that are
commonly used and have a global warm-
ing potential 1000-2000 times that of car-
bon dioxide.?] Although steam compres-
sion technology is well developed and ef-
ficient, there is a lack of energy-saving
and environmentally friendly refrigerants.
Therefore, the search for efficient and
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ecological refrigerants is urgent, which also promotes the re-
search of sustainable alternative refrigeration technologies.[*!

The most promising alternative cooling techniques are based
on the caloric effects of solid materials with reversible phase
transitions,’! resulting in isothermal entropy changes and adi-
abatic temperature changes through the application and removal
of external fields. The caloric effect of solid materials can be clas-
sified into magnetocaloric, electrocaloric, and mechanocaloric,
depending on the external stimuli applied, specifically the mag-
netic field, electric field, or mechanical stress.[! BCE is a sub-
type of mechanocaloric effects observed under hydrostatic pres-
sure as an external stimulus.[®’] Compared with other thermal
effects, barocaloric materials are less prone to fatigue in the cy-
cle, and the device for generating hydrostatic pressure is simpler,
which will reduce costs for large-scale applications.!®] Moreover,
a colossal and reversible BCE can be produced at a low pressure
(<0.1 kbar), comparable to the thermal effect induced by a con-
siderable electric or magnetic field. This has sparked interest in
BCE as an alternative to vapor-compression technologies because
it is more common than other thermal effects and, in fact, arises
from the relationship between a certain degree of freedom in the
organization of lattice components and the volume change of the
material.l®7] Excellent BCE is expected for materials with large
volume and entropy changes undergoing abrupt transitions. Yet,
most abrupt phase transitions are usually accompanied by a large
hysteresis width,[®) which leads to the need for increased pressure
to realize a reversible cycle and reduces the cooling efficiency
compared to non-hysteretic barocaloric materials.[') Therefore,
it is necessary to search for phase transition materials in which
hysteresis is absent or has a small hysteresis loop width.

In 2016, the spin crossover (SCO) behavior was first pro-
posed as a promising mechanism for inducing the BCE, and
was investigated theoretically and experimentally in the follow-
ing years.'!l The SCO phenomenon is generally observed in
coordination compounds with octahedral coordination environ-
ments for 3d-transition metal ions. For example, Fe!' SCO com-
pounds transform between diamagnetic-low spin (LS, S = 0)
and paramagnetic-high spin (HS, S = 2) electron configurations
under external stimuli (temperature, pressure, and light). The
thermally induced transformation of enthalpy-favored LS at low-
temperatures into entropy-favored HS at high-temperatures is
usually accompanied by a significant increase in entropy due to
an increase in the electronic and vibrational degrees of freedom
of matter.['?] Since the SCO behavior is accompanied by expan-
sion/contraction of the unit cell volume caused by a substantial
change in the Fe" polyhedron, the transition exhibits high sen-
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Scheme 1. Molecular structure of prl'#l and prF.

sitivity to external pressure according to the Clausius—Clapeyron
dTm _
equation ( — ) In particular, any compound exhibiting
first-order SCO be avior will be suitable for low- -pressure and
high-efficiency barocaloric refrigeration.[') The study of the BCE
of SCO materials is at an early stage, and only three SCO
compounds have been directly characterized by high-pressure
calorimetry, 114l therefore it is highly relevant to further search
for SCO materials for the field of solid refrigeration. In this con-
text, an ideal barocaloric SCO compound for application at room
temperature should have a sharp non-hysteretic transition just
below RT with a large entropy gain and a large unit cell vol-
ume change. These requirements severely limit the number of
suitable types of SCO compounds. For example, the two low-
hysteretic barocaloric SCO compounds described so far show a
transition above RT,[''®{l and are not suited for ambient condi-
tions, therefore the search for SCO materials for real-world ap-
plications continues.

The pressure sensitivity of SCO compounds is consistent with
Le Chatelier’s principle, which states that the larger the change
in material volume during SCO, the lower the pressure must be
to actuate a reversible pressure-driven transition. Usually, the
volume of the SCO compounds changes in the range of 1-5%
and is higher for compounds with smaller ligand molecules.!**]
To this end, an attractive class of SCO compounds is repre-
sented by thiocyanate Fe'' complexes, [FeL(NCS),], based on a
new type of tetradentate ligands, obtained by condensation of
N-substituted 1,2,3-triazolecarbaldehydes, and 2,2-dimethyl-1,3-
diaminopropane.l'! Depending on the substituents introduced
into the triazole moieties, the complexes can remain HS!!
or exhibit SCO in a 200-400 K range with varied hysteresis
width as demonstrated on a series of complexes with aliphatic
and aromatic groups.!'*! Since non-hysteretic or low-hysteretic
transition is a key property for the realization of an effective
BCE, it is essential to minimize the loop width that can be
achieved by utilizing chemical design principles. Accordingly,
we have proceeded from the idea that by the fluorination of the
peripheral groups of the recently reported complex pr (Scheme 1,
L = N,!'N3-bis((1-propyl-1H-1,2,3-triazol-4-yl)methylene)—2,2-
dimethylpropane-1,3-diamine) and anchoring in this way
aliphatic chains by F—X supramolecular bonding can poten-
tially inhibit the symmetry-breaking phase transition that
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accompanies the SCO transition in this compound, resulting
in a large hysteresis loop of ~14 K. At the same time,
the closest van der Waal’s radii between H and F atoms and
bond length with carbon can ensure the minimum disrup-
tion of the crystal structure due to steric hindrance. Indeed,
by introducing terminal fluorine atoms into the propyl pen-
dants, the prF complex was obtained (Scheme 1, L = N,!N°-
bis((1-(3-(3-fluoropropyl)—1H-1,2,3-triazol-4-yl)methylene)—2,2-
dimethylpropane-1,3-diamine), which inherits the high entropy
gain and transition temperature below RT of the parent complex
pr, but possesses a key small width hysteresis that allows to
exhibit a colossal BCE, as follows from the exhaustive structural,
magnetic, calorimetric, and spectroscopic studies presented
below.

2. Results

2.1. Synthesis, Structure, and Thermal-Induced SCO Behavior at
Ambient Pressure

2.1.1. Synthesis

The derivative 1-(3-fluoropropyl)—1,2,3-triazole-4-carbaldehyde
was prepared from commercially available 1-azido-3-
fluoropropane according to the one-pot click reaction protocol
by Fletcher et al.'®ISubsequently, the tetradentate ligand was
prepared in situ by the condensation reaction with 2,2-dimethyl-
1,3-propanediamine, which further reacted with [Fe(py),(NCS),]
in methanol and produced the desired complex prF in the form
of needle-like crystals (for detail see the Supporting Information).
The complex demonstrates thermochromism from orange-red
at RT to dark red-violet upon moderate cooling.

2.1.2. Magnetic and Thermal Properties at Atmospheric Pressure

The magnetic curve of prF at a rate of 1 Kmin~ and in the form
of yy T versus T plot is shown in Figure 1 (y,, is the molar mag-
netic susceptibility and T the temperature). At 400 K, the y,,T
reaches the value 3.55 cm?® Kmol ! that is consistent with the Fe!!
centers in the HS state. Upon cooling, starting from 350 K, y,, T
first gradually reduces to 2.90 cm?® K mol~" and then drops rapidly
within a few Kelvin to 0.70 cm® K mol™" with T, = 270 K and
continues to decrease to reach values close to zero at ca. 200 K,
that is consistent with a fully populated LS state (T}, is tempera-
ture where %(LS) = %(HS) = 50%). In the heating mode, the y\, T
values match those of the cooling mode showing the absence of
hysteresis.

The heat capacity trace of prF at 10 Kmin~' has a peak at 267 K
on heating and a peak at 265 K on cooling, revealing a small hys-
teresis 2 K wide at this scan rate (Figure 1). The average enthalpy
and entropy values are 13.3 k] mol™! and 49.7 ] K~! mol~! (89.9
J K=! kg™'), respectively, and are characteristic of the cooperative
Fe!! systems.'”) The entropy value is significantly higher than
expected from electronic considerations (spin degeneracy only:
'A; - °T,, transition, AS,. = RIn(5) = 13.4 ] K~! mol™"). The
remaining entropy variation (49.7-13.4 = 36.3 ] K! mol™') ac-
counts for the crystal and molecular vibrational modes involved
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Figure 1. Plot ), T versus T overlaid with DSC curves and Raman spectra
in the characteristic regions of the C=N and NCS™ groups in the inset for
prF.

in the ST process. Fitting the SCO transition curve with the
Slichter-Drickamer model('®! with the entropy and enthalpy fixed
to the experimental values, result in the cooperativity parameter
I' = 4.5 k] mol™" (Figure S1, Supporting Information).

2.1.3. Raman Spectroscopy

Variable temperature Raman spectra of prF during the heating
process were recorded in the range of 100-2400 cm™! (Figure 1,
inset; Figure S2, Supporting Information). As in other Fe'! thio-
cyanate SCO complexes, the stretching vibration mode of NCS
and C=N of Schiff base ligands show a clear spin-state corre-
lation marker.[') In the HS state, the two stretching vibration
modes, attributable to the NCS~ groups, are located at 2069 and
2103 cm™!. The emergence of both modes may be induced by
the crystal packing constraints and the correlated distortion of
the coordination sphere of the two trans NCS~-anions. However,
these packing effects are clearly mitigated as the molecular vol-
ume shrinks in the LS state and only the high-frequency vibra-
tion mode is observed at 2106 cm™'. The C=N stretching vibra-
tion mode in the HS state is located at 1616 cm™~!. Upon transi-
tion to the LS state, its intensity increases and it moves down to
1614 cm™'. Compared to the magnetic results, the transition tem-
perature (T;,, ~263 K) obtained from Raman spectra is slightly
lower, which can be attributed to the additional thermalization of
the sample by laser irradiation and the difference in temperature
sensors.

2.1.4. Single Crystal Structure
Following the magnetic and spectroscopic studies of prF, the
crystal structure of the complex was analyzed in the LS and HS

states. Compound prF shows the monoclinic P2, /c space group
in both spin states at 120 K (LS) and 350 K (HS). Relevant crystal
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Figure 2. a) Molecular structure of prF (120 K) with thermal ellipsoids are represented at 50% probability. The hydrogen atoms are omitted for clarity;
b) Minimized overlay, visualizing structural changes due to the SCO between the LS (purple) and HS (orange) spin states.

data are collected in Table S1 (Supporting Information), and the
corresponding bond lengths and angles involving the [Fe'N(] en-
vironment together with the corresponding average Fe—N bond
length, <Fe—N>, are collected in Table S2 (Supporting Informa-
tion). As usual in this family of compounds,[**] the coordination
sphere of the central ion is defined by a distorted [FeN] octa-
hedron with the tetradentate N, ligand occupying the equatorial
positions and the two SCN~ ligands completing the axial trans
positions. Figure 2a) displays the molecular structure of the com-
pound together with the relevant atom numbering. The average
Fe—N bond lengths and its change (1.969 A (LS)/2.159 A (HS),
A<Fe—N> = 0.190 A) upon SCO are perfectly consistent with
the occurrence of a complete transition in agreement with the
magnetic properties. The change of spin state is also reflected on
the variation of the distortion indices. The average trigonal dis-
tortion parameters X = X,'2(|90 — ¢,|), @, is angle N—Fe—N’,[20]
and © = £,%(|60 — 6,|), 0, is the angle generated by superposition
of two opposite faces of the octahedron?!! are 53.38/84.08° and
189.80/333.01°, in the LS/HS states, respectively. The continu-
ous shape measurel??) [CShM(O,)] value relative to the ideal O,
symmetry changes from 0.723 to 2.270 due to the SCO. The mini-
mized overlay of molecule prF visualizing geometric changes due
to the SCO in two projections is shown in Figure 2b).

The crystal packing of prF is the same in the HS and LS states,
with the molecules tightly packed in a head-to-head fashion along
the a axis forming supramolecular 1D chains stacked in the bc
plane with the segregated head groups and 1-fluoropropyl-groups
in between (Figure 3a). The molecules within the chain are bound
by weak hydrogen bonds CH---S between the capping diamine
and thiocyanate anions of the neighbor molecules in both spin
states (Figure 3b; Figure S3, Supporting Information), and tables
therein). In the LS state, a denser network of hydrogen bonding
is formed with the supramolecular chains additionally bound by
interchain interactions CH---S/N involving the thiocyanate and
triazole or aliphatic groups. On the other hand, in the HS the
interchain hydrogen bonds are represented only by one CH:--N
interaction between triazole and aliphatic groups. Additionally,

Adv. Funct. Mater. 2024, 34, 2315487 2315487 (4 0f13)

each molecule is involved in the formation of an intricate 3D net-
work of short contacts involving X--H (X =F, S, C, and N) and
C---F and C-N pairs close and/or smaller than the sum of the van
der Waals radii that, as expected, most of them become shorter
and their number increases when moving from the HS to the LS
state (see Figure S3, Supporting Information).

2.1.5. Energy Framework Analysis

Understanding the relationship between the crystal structure and
the physical properties of SCO complexes is a critical step in
designing materials with desirable characteristics. The energy
framework analysis is a new and convenient tool for evaluat-
ing the energetics of crystal structures and the SCO properties
that arise from these structures.[?] In the method, centroids of
molecules in the crystal structure are viewed as nodes connected
by cylinders whose diameter is proportional to the magnitude
of the interaction energy, which takes into account electrostatic,
polarization, dispersion, and exchange-repulsion interaction con-
tributions calculated using quantum mechanical methods based
on B3LYP/6-31G(d,p) molecular wavefunctions (for details see
the Supporting Information). By constructing energy difference
framework (EDF) of the HS and the LS structures, it is possible to
visualize changes in the interactions with the nearest neighbor-
ing surrounding resulting from changes in the molecular shape
due to the SCO and the expansion/contraction of the lattice. The
EDF enables identification of the molecule-molecule contacts
that are the most affected on transformation of the molecule and
provides insight into the pathways of the cooperativity.

The EDF of prF has a 3D character, as is shown in the projec-
tions of a lattice fragment in Figure 4. Out of eleven identified
unique molecular pairs (Table S3, Supporting Information), in-
teractions of eight ones are weakening with the positive change
across the transition LS-to-HS lattice reaching 15.2 k] mol,
while out of the three strengthening interactions the lowest value
is —6.1 k] mol~!. The inconsistency in number and strength

© 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. a) Crystal packing view of prF along the a axis with the highlighted repeated 1D-supramolecular chain where molecules are packed in a head-
to-head fashion. b) The 1D supramolecular chain viewed perpendicular to the a axis with the weak hydrogen bonds C—H---S as red lines.

between the weakening and strengthening interaction makes it
similar to low cooperativity SCO transition compounds of dif-
ferent types described by Reeves et al.[?*! On opposite, a con-
gener complex pr with unsubstituted propyl substituents, show-
ing hysteresis ca. 14 K wide is characterized by a larger ampli-
tude of the EDF energies, embracing values in the range —20.8—

+ 25.1 kJ mol~1.1"* The nearly balanced energy change between
the weakening and strengthening EDF interactions in the case
of the propyl-substituted complex pr and the imbalance of the
same in prF allows us to explain the different width of the hystere-
sis, which is wider for the larger amplitude of equal in strength
but opposite in sign interaction energies of EDF, as described

Figure 4. The EDF of prF, constructed using the values from the Table S3 (Supporting Information), column AE, , (HS-LS), and superimposed on a
fragment of the LS crystal lattice. The red cylinders correspond to the weakening interactions, the green cylinders to the strengthening interactions. Tube
size is scaled proportionally to the absolute value of the interaction energy, cut-offis 5 k] mol=".
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Figure 5. a) Variable pressure Raman spectrum of single crystal of prF; b) The IR absorption spectrum under pressure (the signals in the 1750-2700 cm™!

range are not considered because of the strong diamond bands at 2000-2500

cm™); ¢) Change of the UV-vis absorption spectrum of prF under pressure.

The inset shows the detailed region of the weak d—d absorption peak ° T, — > E at low- and high-pressure values; d) Contour diagram of the X-ray diffraction

pattern in the characteristic range 20 = 3—15° under increasing pressure.

by Reeves et al.?*l The fluorination of the pendant propyl sub-
stituent changes the energy framework due to the F---C/H inter-
actions, resulting in a global change of intermolecular interaction
pattern and, consequently, a low hysteretic SCO behavior ideal for
barocaloric applications.

2.2. Pressure-Induced SCO Behavior at Room Temperature and
Barocaloric Properties

Since the BCE is directly related to the pressure-induced SCO,
we have used UV-vis absorption spectroscopy,!?*) Raman!?¢//TR
spectroscopies,'?’] and powder X-ray diffraction(?®! to explore the
response of spin states to pressure at room temperature.

2.2.1. Raman and IR Spectroscopy under Pressure
The pressure dependence of the Raman spectrum of prF

(Figure 5a) is similar to the above-described temperature-

Adv. Funct. Mater. 2024, 34, 2315487 2315487 (6 0f13)

dependent Raman spectrum. In the HS state and at ambi-
ent pressure, the NCS- stretching vibration modes appear at
2069 and 2103 cm™! but above 2.5-3.0 kbar, the low-frequency
mode disappears, while the intensity of the high-frequency one
reaches a maximum value, indicating the complete SCO tran-
sition in this pressure range. In addition, the C=N stretching
vibrations mode shifts to a lower frequency as the pressure
increases.

Similar to Raman spectroscopy, in the IR spectra, the stretch-
ing vibration mode of C=N shifts toward lower wave num-
bers from 1630 to 1610 cm™ when moving from 2.7 to
3.8 kbar respectively (Figure 5b). In addition, the stretch-
ing vibration mode of the C—H bonds also shows varia-
tions due to the large structural changes induced in the lat-
tice caused by the SCO in the same pressure range. The
higher range of SCO transitions compared to Raman mea-
surements is due to the non-hydrostatic conditions, since KBr
rather than liquid oil is used as the pressure transmitting
medium.?®)
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Figure 6. a) Temperature-dependent isobaric heat flow dQ/dT at different pressures, after subtracting the baseline. The upper and lower curves corre-
spond to the exothermic peak of the HS to LS transition during cooling and the endothermic peak of the LS to HS transition during heating respectively.
b) Transition temperature as a function of pressure. Below 0.8 kbar blue and red symbols correspond to HS—LS and LS—HS transitions, respectively,
and above 0.8 kbar blue, red, green, and yellow symbols correspond to mS—LS, LS—mS, HS—mS, and mS—HS, transitions, respectively (the steps are
calculated from room temperature). The inset shows the evolution of the isobaric entropy change associated with the SCO as a function of pressure.
The integral range of isobaric entropy change is from T,, — 7 Kto T,, + 7 K, where T, is the peak position of the latent heat peak.

2.2.2. UV-Vis Absorption Spectra

The evolution of UV-vis absorption spectra with pressure
(Figure 5c) envisages the spin state change of the compound
under pressure.[?’) At ambient pressure, the characteristic low-
intensity d—d absorption peak (°T, — °E) typical for the HS Fel
ion is observed at ~800 nm. With the pressure increase, the ab-
sorption peak weakens and eventually disappears, while the in-
tensity of the broad and complex charge-transfer (CT) band em-
bracing the range 400-600 nm significantly increases. Partic-
ularly characteristic is the relatively strong absorption band at
~630 nm, which appears abruptly at 1.3 kbar and reaches satura-
tion at 2.7 kbar, and that was attributed to the ' A; — ' T transition
of the Fe!! ion in the LS state.3%] This indicates that abrupt SCO
occurs within this pressure range.

2.2.3. Powder X-Ray Diffraction (PXRD)

The variable pressure PXRD method was used to investigate
the lattice parameters transformation under pressure-induced
SCO. The contour plot of diffractogram as a function of pres-
sure (Figure 5d) shows a discontinuous change in the position of
diffraction peaks with increasing pressure, corresponding to the
crystal structure change caused by the abrupt change of the spin
state. The evolution of the unit cell parameters with increasing
pressure is evaluated by indexing the X-ray diffraction patterns at
each pressure value. Upon the HS-to-LS transition, the contrac-
tion of Fe—N bonds leads to the reduction of octahedral coordina-
tion environment and eventually causes the volume contraction
and distortion of unit cell, clearly visible by the change of unit cell
parameters in the interval of 1.8-3.0 kbar (Figure S4, Supporting
Information). From the obtained data, the change in the unit cell
volume due to SCO is estimated to be ca. 16 A (~2.5%). This
large change leads to a high sensitivity of the transition tempera-
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ture (T,) to external pressure, resulting in an easily observable
reversible BCE of prF (vide infra).

Summarizing the results, it can be concluded that the
pressure-induced SCO transition of prF at RT under hydrostatic
conditions takes place in the pressure range 1.5-3.0 kbar, which
is consistent with the extrapolation results from the calorimetric
measurements under applied pressure, presented below. Also,
all the methods used confirm the recovery of the initial HS state
after pressure release.

2.2.4. Thermodynamic Behavior of prF Under Pressure

Although SCO is a purely molecular phenomenon and is de-
termined by microscopic parameters, the relationship between
microscopic and thermodynamic parameters of the transition
under external stimulil®!l permits to describe it by thermody-
namic parameters — changes in heat capacity, entropy, volume,
and interaction energy. Therefore, in order to explore the poten-
tial of prF for applications in the barocaloric refrigeration, iso-
baric calorimetry measurements were performed at multiple hy-
drostatic pressures. The baseline-corrected heat flow curves 49
associated with the heating and cooling induced SCO at differ-
ent pressures are shown in Figure 6a. Upon pressure increase,
the exothermic and endothermic peaks related to the HS-LS and
LS-HS transitions move up in temperature. This behavior is con-
sistent with pressure favoring stabilization of the LS state with
lower volume. The single latent heat peak associated with the
HS©LS transition shows a linear pressure dependence at pres-
sures below 0.8 kbar, with ‘22 of 18.0 + 0.3 K kbar~! for heat-

P

ing and 18.8 + 0.1 K kbar™! for cooling. These values are consis-

ar,
B

tent with the result predicted by the Clapeyron equation

AV = 19.4 K kbar™!, where AV is derived from the structural

S
data obtained under pressure (Figure S4, Supporting Informa-
tion). The small hysteresis evaluated from the peak maxima is
constant in this pressure range. At a pressure above 0.8 kbar, a
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single peak of latent heat splits into two consecutive peaks, indi-
cating the appearance of a new mixture state (mS) of HS and LS
states. Two-step transition may be caused by the different com-
pressibility of LS and HS complexes and the appearance of the
inner inhomogeneity pressure or by structure transition.*?l By
d
i
line, entropy changes under different pressures are evaluated and
shown in the inset in Figure 6b. In the studied pressure range,
the entropy change (AS) decreases with the pressure, which may
be caused by pressure suppression of the vibration entropy away
from SCO temperaturel!'¢33] It is worth noting that the entropy
change AS = ASHSomS  ASmSLS ghove 0.8 kbar is essentially
consistent with the entropy change AS = ASH5°LS in the low
pressure range. In addition, combined with the isobaric entropy
changes of heating and cooling under multiple pressures (Figure
S5, Supporting Information), ASHS<P ~ ASIP<LS at 1 kbar indi-
cates that the transition profile of prF may change (single-step
SCO to two-step SCO). Considering that in the case of a struc-
tural transition there should be a change in entropy, and in the
experiment, we see only a change in entropy associated with the
spin transition, we believe that the cause of the splitting of the
latent heat peak is the influence of the internal inhomogeneous
pressure.

integrating the heat flow curve % after subtracting the base-

2.2.5. BCE and Barocaloric Performance

Due to the challenge of strictly maintaining isothermal and
adiabatic conditions in calorimetric experiments with vari-
able pressure, we utilize the quasi-direct method to evalu-
ate the BCE. The isobaric entropy, through and on each
side of the transition, as a function of temperature and
pressure was obtained with respect to the baseline value,
Sy, initial temperature, T,, and atmospheric pressure. For
this purpose, we proceed as described in references [3*
and assume that the specific heat of all states is independent of
pressure:

-

T LS
s (T,, P)+T/CT”dT T<T
0
T
s (T P)={s* (T, P)+f%<CP+Z—?)dT T,<T<T, (1)
Tl

T,<T

s (T, P)+ 1 Sar
(T, )+szT

where T, and T, are the starting and ending temperatures of
the SCO, respectively. CIS and C}° are the specific heat of the
HS and LS states (Figure S6, Supporting Information), respec-
tively, while C, =y, CHS + (1 — y,5)C5° is the specific heat in
the SCO process, where y, is the high spin fraction obtained
by normalized isobaric entropy. Equation (1) can also be used for
the two-step SCO processes. Due to the high compressibility of
metalorganic materials, the contribution to entropy of the pres-
sure dependence of specific heat below temperature T, should
be considered.[>3] This part of the additional entropy, known
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as the elastic thermal contribution, is evaluated by the formula
aV aS

obtained from the Maxwell relation (=) = —(=2)_:
aT’p JaP’'T
Trav
AS, (P,—P) = -1 <ﬁ)dp 2)

The additional entropy change is due to the pressure offset
of the entropy caused by thermal fluctuations. Assuming that
the coeflicient of thermal expansion of the material is indepen-
dent of pressure, the extra entropy will be able to be expressed as
follows.[11e3¢]

AS, = —[(%>P=O]AP= —(Vxa)x AP (3)
where Vis the volume, a = (‘)};‘TV)P_0
expansion at ambient pressure, and AP = P, — P, is the driving
pressure. Here, P, and Pyare the initial and final pressures of the
process, respectively. Therefore, the isobaric entropy is expressed
as S;, (T,P) = S* + AS, after considering the effect of pressure
on the specific heat.

Using the heat flow curves at different pressures, the spe-
cific heat data at atmospheric pressure and the coefficient
of thermal expansion (referring to the studied thermal ex-
pansion coefficient considered in this paper for SCO com-
pounds is assumed to be 2.5 10~* K~'),!""*fl the isobaric en-
tropy change ASy (T, P) = Sy(T, P) — Sy(Ty, Py refer
ring to temperature T, = 240 K was obtained as a function
of temperature and pressure. The isobaric entropy changes
AS,;, for the heating and cooling processes are shown in
Figure 7a,b, respectively. The isothermal entropy change (AS;,)
and adiabatic temperature change AT,,, which are important pa-
rameters for characterizing the BCE, can be directly obtained
according to the isobaric entropy change curves at different
pressures.

is the coefficient of thermal

AS, (TP, — P;) = AS,, (T, P;) - AS,, (T P,) 4)
AT, (TP, — P;) = T(ASy, Pr) - T(ASy, P) (5)
For materials with typical BCE (%) >0, compression

corresponds to the exothermic process and decompression
corresponds to the endothermic process. Thus, AS; and AT,y
for the pressurization process are obtained from the curves for
the cooling process, while AS, and AT, for the decompression
process are obtained from the curves for the heating process. AS;,
and AT, of prF at different pressures are shown in Figure S7
(Supporting Information) as functions of temperature and start-
ing temperature, respectively. The reversibility of solid materials
with the BCE during pressure cycling is one of the key factors
in the practical application of cooling devices. The reversible
isothermal entropy change AS; ., (0« P) is obtained by the over-
lap of AS,(T,0 —» P) and AS,(T,P — 0). (Figure 7c). The adiabatic
reversible temperature change is calculated according to the
equation |ATad,rev(T’ OHP)| = |T(Asib,cooling’ P) - T(Asib,heating’
0)| (Figure 7d). Due to the small hysteresis width and a high-
pressure sensitivity, compound prF shows a large reversible BCE
under lower pressure. The values AS; ... AT ewmae and
RC,,, are plotted as functions of pressure in Figure 7e,f, where RC
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Figure 7. Temperature-dependent isobaric entropy curves at different pressures on a) cooling and b) heating; c) Reversible isothermal entropy change
(ASit rey) as a function of temperature at different pressures. d) Reversible adiabatic temperature change (AT, ) at different pressures as a function of

the starting temperature. e) Maximum reversible isothermal entropy changes (AS;

it reymax) @nd adiabatic temperature change (AT, e, max) @s a function

of operating pressure. f) Reversible refrigeration capacity (RC,.,) as a function of operating pressure.

is an important parameter that characterizes the refrigerant ca-
pacity of the material.[%+37] At 1 kbar, prF exhibits the colossal BCE
with AS; ., # 11443 Jkg™! K" and AT,y ., = 15.92 K. Moreover,
at this pressure it exhibits excellent refrigerant performance,
RC = [AS; ., dT ~ 2496 ] kg™!, which is comparable or exceeds
the performance of the excellent barocaloric materials previously
studied: (C,,H,;NH;),MnCl, (RC = 3500 ] kg™!, 1 kbar),>*
Cqo (RC ~ 500 ] kg~!, 1 kbar),3*] (NH,),SO, (RC ~ 276 ] kg!,
1 kbar),?¥) Mn,;GaN (RC ~ 125 ] kg™!, 0.9 kbar),’®! TMA (RC
~ 1701 ] kg™!, 0.9 kbar).??! In addition to the excellent BCE
of prF, its region of operation is near the freezing point of

Adv. Funct. Mater. 2024, 34, 2315487 2315487 (9 Of13)

water, indicating that it can be used in domestic refrigerators.
In order to evaluate the refrigeration efficiency of a material
during the refrigeration process, the coefficient of refrigerant
performance (CRP),! defined as CRP = |22 ;AT‘“‘I‘*""‘““l
has been calculated. Here W is the mechanical work required to
drive a reversible refrigeration cycle, which is calculated as W =
1/2PAV. At P = 1 kbar, CRP of prF is estimated as 1.99 = 0.10,
which is close to the maximum possible value and higher than in
any SCO barocaloric materials previously reported. In Table S4
(Supporting Information), the thermodynamic properties of
the title compound (transition temperature, hysteresis width,

it,rev, max
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Figure 8. The refrigerant performance coefficient (CRP), reversible adia-
batic temperature change, and reversible isothermal entropy change of
different materials reported in the literature (see Table S5, Supporting In-
formation) together with the data of prF at1 kbar.

entropy change, and pressure sensitivity of the transition tem-
perature) are compared with the known Fe'! SCO compounds
for that the BCE has been investigated. The small hysteresis
loop width, large entropy change, and high-pressure sensitivity
indicate that the title compound is an excellent solid cooling
material with low driving pressure.

As shown in Figure 8 and Table S5 (Supporting Information),
compound prF has high cooling efficiency and strong cooling ca-
pacity due to the high adiabatic transition temperature change.
The excellent BCE is exhibited at low pressures, which opens
perspectives for the practical application as a barocaloric mate-
rial. Since the properties of SCO compounds can be regulated
by modification of ligands to adapt to the temperature range re-
quired for application, our results will further stimulate research
on SCO compounds in solid-state refrigeration. As is shown in
this work, it is possible to rationally design Fe" SCO compound
by adjusting hysteresis width with subtle modifications of the pe-
ripheral aliphatic chains.

3. Conclusion

In SCO complexes, the change in the spin state of the Fe'! center
serves as a trigger for larger-scale molecular and lattice changes
that determine the thermodynamic properties of the material. Al-
though from a general point of view the task of designing com-
plexes with high SCO entropy change is not straightforward, a
gentle modification of the intermolecular contact of the periph-
eral groups of a hysteretic compound can be an acceptable strat-
egy. We have demonstrated in this work, that terminal fluorina-
tion of the pendant propyl groups of the hysteretic material af-
fords an Fe' complex with a low-hysteretic high entropy SCO be-
havior just below the RT. The obtained compound prF exhibits a
reversible colossal isothermal entropy change of 114 ] kg™! K~!

Adv. Funct. Mater. 2024, 34, 2315487 2315487 (10 of 13)

www.afm-journal.de

and a reversible adiabatic temperature change of ~16 K at a driv-
ing pressure of 1 kbar, demonstrating an exceptionally high re-
frigerant performance coefficient compared to other solid-state
and SCO materials. The reason for this significant pressure re-
sponse is the relatively large volume change associated with the
molecular and intermolecular rearrangements during the SCO
event, as suggested by the performed exhaustive studies. The ti-
tle compound demonstrates the potential that SCO compounds
can offer to the search for advanced functional materials with
barocaloric properties, as the right choice of ligand can dramat-
ically affect the BCE, and therefore there remains ample oppor-
tunity to explore other SCO materials with even more intriguing
properties. We expect that the here reported results to stimulate
further investigations into the BCE and shed light to the design
principles that can lead to resilient abrupt non-hysteretic SCO
behavior at required temperature, with a significant volume vari-
ation allowing low driving pressure. In our opinion, the search
should be continued among low molecular weight neutral com-
plexes with peripheral groups prone to display order-disorder
structural transitions (pendant or bridging aliphatic, halogenated
aliphatic), which can additionally contribute to the entropy- and
volume variation across the SCO transition.

4. Experimental Section

Materials:  All chemicals were purchased from commercial suppli-
ers and used without further purification (Aldrich, Enamine). Complex
[Fe(py)4 (NCS),] was synthesized following the method reported in the
literature.

Synthesis of 1-(3-Fluoropropyl)—1H-1,2,3-Triazole-4-Carbaldehyde:  This
aldehyde was synthesized following a modified protocol by Fletcher
etal.l'] (Scheme 2). To a 100 mL flask was added CuSO,, (0.32 g, 2 mmol),
L-ascorbic acid sodium salt (0.79 g, 4 mmol), water (40 mL), t-butyl al-
cohol (40 mL), 1-azido-3-fluoropropane (1.0 g, 9.7 mmol) and propargyl
aldehyde diethyl acetal (1.57 mL, 11 mmol). The vial was then capped and
stirred at 70 °C overnight. To the reaction mixture was then added 5%
NH,OH (aq) (50 mL) and the suspension repeatedly extracted by CHCl;
(3 X 50 mL). The organic extracts were combined, dried over MgSO,, and
filtered through a paper filter. The solvent was removed by rotary evapora-
tion to yield a brown-orange product (x1.1 g), which was used for NMR
spectroscopic study and GC, and whose purity was estimated at 80%. No
further purification was performed. "H NMR (300 MHz, CDCl;): § 10.27
(TH, s, CHO), 8.12 (1H, s, CH'?), 4.59 (2H, t, | = 6.8 Hz, and NCH,),
4.46 (2H, dt, )1 = 53.0 Hz, J> = 5.2 Hz, and CH,F), 2.35 (2H, dt, ]! =
26.6 Hz, )2 = 6.1 Hz, and CH,). MS ESI m/z (rel. int.): theor. calcd 157.1
[M+] (100.0%). Found 158.0 [M+H-] (100.0%).

Synthesis of prF: To a boiling solution of [Fe(py)4(NCS),] (100 mg,
0.2 mmol) and excess of the crude 1-(3-fluoropropyl)—1H-1,2,3-triazole-
4-carbaldehyde (240 mg) in MeOH (10 mL), 2,2-dimethylpropane-1,3-
diamine (24 ulL) was added (Scheme 2). The orange-brown solution
formed was quickly filtered while hot through a plug of cotton and left
overnight at room temperature. The needle-like red crystals formed were
filtered off, dried with cold methanol, and air dried. Yield 65 mg, 59%.
Elemental analysis caled (%) for CigHygF,FeNqoS,: C, 41.31; H, 4.74; N,
25.35. Found: C, 41.58; H, 4.55; N, 25.65.

Variable-Temperature Magnetic Susceptibility Data: These data were
recorded on a sample of prF (15 mg) at 1 K min~" rate between 10 and
400 K using a Quantum Design MPMS2 SQUID susceptometer operat-
ing at 1 T magnetic field. Elemental CHN analysis was performed after
combustion at 850 °C using IR detection and gravimetry by means of a
Perkin—Elmer 2400 series Il device.

Single Crystal X-Ray Diffraction Data: These data were collected
on a Nonius Kappa-CCD single crystal diffractometer using graphite
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Scheme 2. Synthesis of prF.

mono-chromated Mo K, radiation (4 = 0.71073 A). A multi-scan ab-
sorption correction was performed. The structures were solved by direct
methods using SHELXS-2014 and refined by full-matrix least squares on
F2 using SHELXL-2014.142] Non-hydrogen atoms were refined anisotrop-
ically and hydrogen atoms were placed in calculated positions refined
using idealized geometries (riding model) and assigned fixed isotropic
displacement parameters. CCDC files, 2310141 and 2310142 contain the
supplementary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.

Energy Framework Analysis Calculations: These calculations were per-
formed by using CrystalExplorer21.123b] Electrostatic potential and inter-
molecular interaction energies, which were partitioned into electrostatic,
polarization, dispersion, and repulsion energy components, were calcu-
lated based on the B3LYP/6-31G(d,p) wave functions that were obtained
by using the structural data from the corresponding CIF files. The ob-
tained interaction energies were further utilized to map the network of en-
ergy frameworks across different pairs as cylinders connecting centroids
of molecules, which radii were proportional to the strength of the corre-
sponding intermolecular interactions.

Differential Scanning Calorimetric Under Pressure (HP-DSC):  Heat flow
data as a function of temperature and pressure were collected using a
high-pressure differential scanning calorimeter (uDSC7, Setaram). About
20 mg of samples were sealed in a high-pressure vessel made of Hastelloy
alloy. Hydrostatic pressures of up to 1 kbar in the high-pressure vessel
were achieved by compressed nitrogen and precisely controlled through
the high-pressure panel. Constant pressure scans were performed on a
sample at0,0.2,0.4,0.6, 0.8, and 1kbar at a rate of 1 K min~", respectively.

Specific Heat Measurement: Measurements of specific heat (C,) were
performed on a commercial differential scanning calorimeter NETZSCH
DSC 200F3 Maia under ambient pressure at a rate of 5 K min~'. The G
values were obtained by the sapphire comparison method.

Variable Temperature Raman Spectroscopy: Raman spectra were mea-
sured with the Horiba Jobin Yvon HR800 confocal spectrometer, us-
ing a 532 nm laser as the excitation source. The Raman signal was
recorded by a Princeton Instruments CCD detector and collected in
the frequency range of 100-2400 cm™". The Rayleigh scattering was re-
moved using a holographic notch filter. In order to avoid laser dam-
age to the sample or the formation of local heat at the laser focus that
affects the true temperature of the sample, the intensity of excitation
light is <1 mW. The temperature control of the variable temperature
process was performed by the temperature control platform LINKAM
THMS600/TMS94. The temperature was stabilized for 5 min before each
temperature point was measured to keep the temperature even and
accurate.

UV-Vis Absorption Spectra Under High Pressure:  The absorption spec-
trum of the sample under hydrostatic pressure was measured by the
Ocean Optics QE65 Pro scientific research spectrometer. Diamond anvil
cell composed of a pair of lI-type diamonds was used as a pressure gener-
ating device. A single crystal of moderate thickness was placed in a pres-
sure chamber composed of a drilled stainless-steel gasket, and silicone oil
was used as a pressure transmitting medium. The pressure in the sample

Adv. Funct. Mater. 2024, 34, 2315487 2315487 (11 of 1 3)

www.afm-journal.de

N N
oS
NH, NH,  SCN- —Q—-—NCS
[Fe(py)s(NCS),] N-N N-N

chamber was calibrated by the pressure dependence of the ruby’s fluores-
cence emission.

Raman Spectroscopy Under Pressure: Raman spectra at high pressure
were measured with the Horiba Jobin Yvon HR800 confocal spectrometer.
The excitation source was a 532 nm laser. Diamond anvil cell composed
of low fluorescent I-type diamond was adopted, and silicone oil was used
as the pressure transmission medium.

High Pressure Infrared Spectroscopy: In situ high-pressure infrared
spectra in the range of 3500-600 cm™~' were measured on the Bruker spec-
trometer (VERTEX 80v). Diamond anvil cell composed of a pair of Il-type
diamonds was used as a pressure generating device. Potassium bromide
(KBr) as a pressure transfer medium. KBr should be dried before each ex-
periment to avoid the influence of the vibration pattern of water molecules.

Powder X-Ray Diffraction Under Hydrostatic Pressure: The polycrys-
talline sample was loaded into a diamond anvil cell (DAC) for the exper-
iment. High-pressure X-ray diffraction data were obtained using graphite
monochromated Mo-k,, radiation (4 = 0.71073 A) on Rigaku Synergy Cus-
tom FR-X Diffractometer equipped with a Hybrid Photon Counting (HPC)
X-ray detector (HyPix-6000HE). The CrysAlis software package was used
for data collection and initial data reduction. Rietveld refinement was per-
formed using GSAS software to obtain the evolution of unit cell parame-
ters with pressure.
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