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Abstract

The barocaloric effect (BCE) has emerged as an intense research topic in regard to efficient and clean solid-state
refrigeration. Materials with solid-liquid phase transitions (SL-PTs) usually show huge melting entropies but cannot
work in full solid-state refrigeration. Here, we report a colossal barocaloric effect realized by exploiting high entropy
inherited from huge disorder of liquid phase in amorphous polyethylene glycol (PEG), which is solidified by
introducing 5 wt.% polyethylene terephthalate (PET). Transmission electron microscopy (TEM) combined with X-ray
diffraction (XRD) demonstrates the amorphous nature of the high-temperature phase after fixation by PET. Although
PEG loses its —OH end mobility in amorphous solid, high entropy still retains owing to the retained high degrees of
freedom of its molecular chains. The remaining entropy of amorphous PEG is up to 83% of that of liquid PEG in
PEG10000/PET15000, and the barocaloric entropy change reaches AS, ~ 416 Jkg~"K~' under a low pressure of

0.1 GPa, which exceeds the performance of most other BCE materials. Infrared spectra combined with density function
theory (DFT) calculations disclose conformational change from the liquid to amorphous state, which explains the
origin of the large entropy retained and hence the colossal BCE of the solidified PEG. This research opens a new
avenue for exploring full solid-state barocaloric materials by utilizing genetic high entropy from huge disordering of

liquid phases in various materials with SL-PTs.

Introduction

Refrigeration technology based on hydrofluorocarbons
has produced severe ozonosphere hole and greenhouse
effects, which have stimulated the exploration of highly
efficient and environmentally friendly alternatives'™>.
Materials with mechanical responses, which exhibit field-

driven caloric effects in the vicinity of phase transitions
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(elastocaloric effects under uniaxial stress and barocaloric
effects (BCE) under hydrostatic pressure), are expected to
replace the existing refrigerants"*®. BCEs have been
achieved for a variety of phase transition materials,
including inorganic/organic ferroic materials®'® and
materials undergoing spin crossover''?. What is
remarkable is the discovery of colossal BCEs for plastic
crystals''*, where barocaloric entropy change (AS,)
reaches 380—690 J-kg *K !, which is regarded as a mile-
stone in the field of BCEs. The origin of this effect is
inextricably bound to the change of intermolecular
hydrogen bonds and orientational disorder during solid-
solid phase transitions (SS-PTs)">*°,

On the other hand, materials undergoing solid crystal-
line to liquid phase transitions (SL-PTs) usually contain
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huge latent heats (150-300 J/g), even comparable to those
of conventional gas-liquid cooling refrigerants (e.g.,
Freon-based materials with latent heats of 130-280]/g),
originating from huge disorder of molecular arrangement
and fracture of intermolecular hydrogen bonds in the
liquid phase, such as paraffins and fatty acids'”'®, Typi-
cally, Lin et al. reported a colossal and reversible bar-
ocaloric effect in n-alkanes with SL-PTs, and the entropy
change reached up to ~700 J-kg "K' at a low pressure of
~50 MPa due to the twisting and random thermal
motions of the molecular chains'®. However, SL-PT
materials are prone to problems, such as liquid leakage
from the containers, phase separation caused by the
overall convective flow during the phase transition, and
supercooling during solidification, which inevitably cause
the corrosion damage of refrigeration devices and the
irreversible performance of refrigerants'>*’. Therefore, it
is of great significance to explore the curing of the liquid
phase while maintaining huge disorder and high entropy.

Polyethylene glycol (PEG, HO(CH,CH,0),H)***? is a
line-type molecule composed of -OH end groups and
flexible methylene (CH,) repeating units with a high
rotational capacity (Fig. 1a). With increasing temperature,
PEG transforms from a crystalline solid into a liquid,
accompanied by huge latent heat. The phase transition
enthalpy and entropy changes are ~150-190]/g and
400-600J-.kg "K', respectively. Considering the -OH
terminal groups of PEG, rationally engineering hydrogen
bonds may solidify the flow of PEG segments. Poly-
ethylene terephthalate (PET, C10HgOu) )2t is a
degradable crystalline saturated polyester composed of
rigid aromatic rings, CH, and polar ester groups (C=0)
with exposed oxygen acceptors (Fig. 1b). By introducing
PET for copolymerization (Fig. 1c), the terminal —OH
(black ellipse) groups at both ends of each PEG chain are
prone to connect with the PET chains by forming
hydrogen bonds (O-H--O, red ellipse) due to the lone
pairs of electrons on the exposed oxygen atoms of PET,
which solidifies the flow of PEG segments. Then, the
liquid PEG converts into an amorphous solid of PEG/
PET. However, although the PEG molecules are bound at
both ends, the molecular chains, except the terminal —-OH
groups, still retain a high rotational/vibrational degree of
freedom due to the presence of a large amount of C-C o-
bonds (CH,—CH,), which can make the huge transition
entropy change still kept.

We successfully synthetized PEG/PET by introducing 5
wt.% PET for copolymerization. Transmission electron
microscopy (TEM) combined with X-ray diffraction
(XRD) measurements demonstrate the amorphous nature
of the high-temperature phase after fixation by PET. The
remaining entropy in amorphous PEG is up to 83% that of
liquid PEG in PEG10000/PET15000, and the measured
barocaloric entropy change exceeds the performance of
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Fig. 1 Schematic diagram of PEG (HO(CH,CH,0),H), PET
((C40HgO4)m) and PEG/PET molecular structures. a Single PEG
molecule, where the black and blue dashed boxes denote the
terminal hydroxyl groups (-OH) and the repeating units
—CH,—CH,-0-, respectively. b Single PET molecule, where the blue
dashed box denotes the repeating unit ~C;oHgO4—. € PEG/PET, where
the molecular chain containing the aromatic ring in the middle is
the skeleton chain PET, while the molecular chains around the
skeleton are PEG. The black, pink, blue, red dashed ellipses denote the
-OH, CH, groups, C-O, O-H--O bonds, respectively. The purple dots
represent the possible hydrogen bonds formed between the oxygen
atoms and the terminal —-OH groups of PEG. The configuration of line-
type C-C o-bonds in the PEG molecule causes the whole molecule to
be highly flexible and has good conformational compliance with the
rigid PET molecule so that the shape of the PEG chains can change
with the shape of the rigid PET chains. The red, gray, and white balls
represent the oxygen, carbon, and hydrogen atoms, respectively, in
the PEG and PET molecules.

most other BCE materials. Infrared (IR) spectra combined
with density functional theory (DFT) calculations disclose
the specific conformational change from the liquid to
the amorphous state and explain the origin of the large
entropy remaining in amorphous PEG and hence the
colossal BCE in the solidified PEG.

Materials and methods
Preparation of PEG10000/PET15000

First, the raw materials PEG with Mr = 10,000 and PET
with Mr =15,000 were dried, whereby PEG was dried
with a silica gel desiccant at room temperature, and PET
was placed in a drying oven at 110°C for more than
4 hours until constant weight. Then, PEG and PET were
individually dissolved in DMSO (dimethyl sulfoxide) at
mass ratios of 1:3 and 1:20 at 40°C and 180 °C, respec-
tively. Subsequently, the resulting solutions of PEG and
PET were mixed at 180-200 °C and formed a thick paste
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quickly, which was then washed and filtered after cooling
to room temperature. After filtering, the samples were
placed in a vacuum drying oven at ~100 °C for 24 hours,
and then PEG10000/PET15000 was obtained.

Characterizations

XRD measurements were carried out on a powder
sample using a Rigaku-SmartLab diffractometer with Cu-
Ka = 1.5406 A radiation over 10°~60° with a constant step
of 0.02°, which provided variable temperature from 4 K to
1000 K. TEM and selected area electron diffraction
(SAED) measurements were carried out by a JEOL JEM-
2100F TEM with an accelerating voltage of 200kV for
specimens placed on copper grids, which provided tem-
perature environments from 100K to 300 K. The low
temperature was realized by liquid nitrogen, and the
testing process was carried out in heating mode.

Variable temperature IR spectra were collected in
the region from 1000 cm ™" to 3800 cm ' by a BRUKER
TENSOR FTIR (Fourier Transform Infrared) spectro-
meter, which provided temperature environments from
295K to 400 K. To avoid signal saturation and obtain a
high signal-to-noise ratio for the IR spectra, both single
PEG10000 and PEG10000/PET15000 were diluted by KBr
powders before measurements. For the convenience of
comparison, the same initial temperature of 295K was
selected despite the different transition temperatures (T)
for PEG10000 (339 K) and PEG10000/PET15000 (333 K),
and the temperature increments around T, were both 2 K.

Heat flow measurements were performed using a
commercial high-pressure differential scanning calori-
meter (UDSC7 evo microcalorimeter from SETARAM). A
temperature ramping rate of 1K/min was adopted for
both the heating and cooling processes. Hydrostatic
pressure ranging from atmospheric pressure to 0.1 GPa
was applied by compressed N, gas with high purity
(99.999%).

Density functional theory (DFT) calculations

Based on the Gaussian09 software package, quantum
chemical calculations of the IR spectra of PEG molecules
with free (denoted as free-PEG) and fixed —~OH groups at
both ends (denoted as fixed-PEG) were performed using
density functional theory (DFT). For simplicity, seven
repeating units (—CH,CH,0O-) of a PEG molecule were
selected, and the B3LYP function of the 6-311G* basis set
was used to optimize the molecular structure and calcu-
late the IR vibrational frequencies. Polarization functions
were used to well optimize the structure and frequency
accuracy, and the corresponding frequency correction
factor was 0.97305 during calculation, while the con-
vergence criterion was set at 10 ®eV.

For the crystalline state, the atomic positions of the PEG
crystalline state used for IR spectral calculations were
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derived from the optimal molecular model by minimizing
the energy of the TTT and TGT conformations, where
the molecular chain changed slightly under the energy
convergence criterion. Then, the IR spectra of the low-
temperature crystalline state for fixed-PEG were calcu-
lated by constraining the coordinates of —OH groups at
both ends, and those of the free-PEG without limitation
were calculated as well.

The possible conformations of the liquid/amorphous
state were further calculated for free-PEG and fixed-PEG.
Six possible conformations of TGT, TGG, GGG, TTT,
GTG, TTG were considered for both free- and fixed-PEG
during the calculations, and the atomic positions used for
the IR spectra calculations were derived from the optimal
molecular model by minimizing the energy of the 6
conformations.

Methods for obtaining the barocaloric entropy change
(ASp) and adiabatic temperature change (AT,)

A quasi-direct method was used to measure barocaloric
performance™’. DSC equipped with a pDSC7 evo micro-
calorimeter from SETARAM was employed to measure
the isobaric heat flow curves at different pressures in the
range 0—0.1 GPa. Moreover, the specific heat capacity C,
at ambient pressure was also measured using the same
calorimeter. Entropy as a function of temperature (S-T
curve) at different pressures is given by the following

1,1
formula’'®,

S(T1,P) = S(T0,P) + /Tll<<dQ(th’P)) (‘Z—f) 71+Cp(T7P)> ar

TOT
where ng’P) is the heat flow and ‘Z—f is the temperature
sweep rate. The measured heat flow after subtracting the
baseline was used when calculating entropy, and C,(T, P)
was approximated as C,(T) under ambient pressure (see
details given in supporting information, SI-4). Then, the
barocaloric entropy change (AS,) and adiabatic tempera-
ture change (AT,) were obtained by using the equations
AS, (T, Py = P,) =S (T, P,) — S (T, P;) and AT, (S, P, =
P)=T (S, P,)—T (S, P;), where the atmospheric
pressure was taken as the initial and end pressures for
the compression and decompression processes, respec-
tively. Moreover, the reversible entropy change (AS,.)
was reckoned as the overlapping of AS, during compres-
sion and decompression, while similarly, the reversible
adiabatic temperature change (AT.,) was obtained,
excluding the influence of thermal hysteresis'*.

Results and discussion

PEG10000/PET15000 was synthesized by reacting the
raw materials PEG (HO(CH,CH,O),H, n=~227) with a
relative molecular mass of Mr=10,000 and PET
((C10HgO4)m, m ~ 78, Mr = 15,000) in dimethyl sulfoxide
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Fig. 2 Structural evolution of PEG10000/PET15000 upon heating. a XRD patterns of PEG10000/PET15000 collected at 300 K and 353 K, and single
PEG10000 and PET15000 at 300K were also measured for comparison. For PEG10000/PET15000, TEM morphologies at b, ¢ 110K and e, f 300 K
environmental temperatures. Panels d and g show the SAED images of the red circled areas in ¢ and f, respectively. h—k SAEDs of different regions in
e and f. The dashed blue line marking the same areas in ¢ and f acts as a visual guide.
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(DMSO). The mass ratio was PEG:PET = 95:5, and the
corresponding molar ratio was 28.5:1. To observe the
morphological changes with temperature, single
PEG10000, single PET15000 and PEG10000/PET15000
were heated simultaneously. As shown in Fig. S1,
PEG10000/PET15000 remained in a shape-invariant
solid-state throughout the entire heating process, while
PEG transformed from solid to liquid around its transi-
tion temperature (Ty). That is, the liquid PEG successfully
converted into a solid in PEG/PET (SI-1). T, was identi-
fied at 340.8K and 334.6 K upon heating for single
PET15000 and PEG10000/PET15000, respectively, from
differential scanning calorimetry (DSC) measurements
(see details thereafter).

We performed XRD measurements below and above T
for PEG10000/PET15000, where single PEG10000 and
PET15000 collected at room temperature were also
measured for comparison (Fig. 2a). For the crystalline
state at 300K, the feature peaks of single PEG10000
were observed for PEG10000/PET15000 with almost the
same peak positions and shapes, suggesting an unchanged
crystal structure of PEG10000 in PEG10000/PET15000
even 5 wt.% PET was incorporated. At 353 K above T, the
XRD pattern of PEG10000/PET15000 became a broa-
dened reflection, on which the very small peaks were
consistent with the PET reflections. This result implies
that the PEG10000 in PEG10000/PET15000 undergoes a
transition from crystalline to amorphous solid.
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To further understand this phase transition, TEM stu-
dies were carried out on PEG10000/PET15000 at low
temperature (110 K) and high temperature (300 K), where
an accelerating voltage of 200kV was used during
observations. Figure 2b—g show the TEM morphology and
selected area electron diffraction (SAED) at low and high
temperatures, respectively. First, it can be seen that the
thinnest region at the edge shrank and curled upon
heating (red circled region, Fig. 2c, f), suggesting the
softening of mechanical properties. Moreover, the corre-
sponding SAED of the edge area at low temperature
features sharp and clear diffraction spots (Fig. 2d), indi-
cating an ordered arrangement of crystallinity. However,
the SAED of the same area becomes a broadening dif-
fraction halo upon heating (Fig. 2g), a typical diffraction
pattern of an amorphous phase. This confirmed the
ordered-crystalline to disordered-amorphous transition
upon heating under electron beam illumination. Although
the environmental temperature (300 K) of TEM observa-
tion was lower than the transition temperature (T, ~
334.6 K) of PEG10000/PET15000, thermal fluctuation
caused by prolonged electron beam irradiation®>~*” on the
thinnest edge region of organics can drive the transition
from crystalline to amorphous solid. Figure 2h—k shows
the SAED images of different regions of PEG10000/
PET15000 at an environment temperature of 300 K. Due
to the nonuniform thickness of the specimen, the same
irradiation of the electron beam was unable to convert
the entire illuminated area into an amorphous structure;
instead, long-range ordered (Fig. 2h, i), short-range
ordered (Fig. 2j), and disordered (Fig. 2k) information
appeared in different thickness regions.

DSC was used to measure the heat flow for single PEG,
single PET, and PEG/PET at atmospheric pressure (the
inset of Fig. 3a, b). No phase transition occurred for single
PET (Fig. 3b), while both single PEG and PEG/PET
showed notable endothermic and exothermic peaks,
indicating the occurrence of a first-order phase transition.
The T, of single PEG10000 upon heating/cooling was
identified at 340.8 K/324.0 K, while the entropy change
(ASy) during the SL-PT was calculated to be
543 Jkg K~ '. When PEG was fixed on PET, T, slightly
shifted to 334.6 K/313.0K, while the entropy of the
amorphous solid still maintained a great amplitude
despite a partial loss. The AS, during the SS-PT for
PEG10000/PET15000 was 426 Jkg "K' upon heating.
After deducting the influence of 5 wt.% PET that did not
contribute to AS,, the retained entropy of amorphous
PEG was ~83% that of its liquid state (Fig. 3a). The
entropy loss can be attributed to the conformational
change from a liquid to an amorphous solid for PEG.

To reveal the origin of the high entropy remaining in
the amorphous solid, the evolution of the O-H, CH,,
C-0O, and C-C functional groups/bonds in single
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the insets show the corresponding heat flow curves after deducting
baselines. b Heat flow vs. temperature of single PET. The DSC
measurements were performed at a temperature ramping rate of
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PEG10000 and PEGI10000/PET15000, as well as the
hydrogen bond (O-H--O) connecting PEG10000 and
PET15000 (Fig. 1c), were comparatively studied by vari-
able temperature IR spectroscopy (Fig. 4a, b). For the low-
temperature crystalline state, the vibration bands reflect-
ing the information of each functional group/bond of the
single PEG10000 all appeared for PEG10000/PET15000
(Fig. S2) with almost unchanged vibration frequencies
(295 K, Fig. 4a, b), implying that the conformations of the
PEG molecular chain in PEG10000/PET15000 remained
nearly the same as those of single PEG10000 in the
crystalline state. The complete IR spectra are shown in
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Fig. 4 Variable temperature IR spectra. IR of a single PEG10000 and b PEG10000/PET15000 covering transition temperature T.. For the crystalline
state at 295 K, the vibration bands of each functional group/bond of single PEG10000 all appeared in PEG10000/PET15000 with almost unchanged
vibration frequencies, implying that the conformations of the PEG chain in PEG10000/PET15000 remained nearly the same as those of single PEG in
the crystalline state. The main difference appears between the liquid and amorphous states above T,. The evolution of specific bands of primary CH,
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aromatic C-H deformation vibration of PET, which remains unchanged across the phase transition of PEG.
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Figs. S3, S4, and the assignments of bands are listed in
Table S1.

The vibration bands of 3700-3150cm ' (Fig. 4a, b,
purple zone) were mainly attributed to the end —OH
groups of the PEG chain and hydrogen bonds (O-H--O).
Due to the long molecular chain (n ~ 227) of PEG10000
(HO(CH,CH,0),H), the actual fraction of —OH groups at
ends is very low, resulting in the relatively weak vibration
information of terminated O-H for single PEG, which
remains weak even at the crystalline state (295K, Fig. 4a).
In contrast, PEG10000/PET15000 at the same tempera-
ture as the crystalline state (295K, Fig. 4b) shows a
broadened band with a significantly increased intensity,
suggesting that the strong hydrogen bond interactions
(O-H-O, red ellipse in Fig. 1c) prevailed between the
terminal —OH of PEG and the acceptors of PET***°, (see
details in SI-2.1)

For the primary CH, groups of the PEG chains, the
bands at 2888 and 2865cm ' are attributed to their
symmetric stretching vibrations (denoted as vciy,)*. A
small but similar blueshift from 2865 to 2869 cm '
occurred during the SL-PT and SS-PT for both single

PEG10000 and PEG10000/PET15000 (Fig. 4a, b, black
track line). The band at 2888 cm ' underwent a large
blueshift to 2904cm !, and simultaneously, the sur-
rounding area was significantly widened (SI-2.2). Such
evolution from the split vibration modes of CH, into
multimode vibrations with continuous frequencies is
indicative of a highly disordered molecular arrangement
caused by molecular rotation, twisting, or folding in the
liquid/amorphous state®’. This is also indicative of high
entropy in either the liquid state of single PEG or the
amorphous state of PEG/PET (see Fig. 3a).

Analogously, the CH, scissoring vibrations (denoted as
Och,) at 1469 and 1455 c¢cm ™! from the internal rotation
gauche (G) conformation similarly evolve into a wide
band with the occurrence of the SL-PT and SS-PT
(Fig. 4a, b, gray zone) for single PEG and PEG/PET****%?,
The only difference is that the new frans conformation
(T, yellow dots in gray area, Fig. 4a) formed at 1485 cm ™!
in PEG liquid became blurred and unrecognizable for the
amorphous state of PEG/PET (Fig. 4b), implying that the
rotation of the molecular chain in amorphous PEG
became more difficult than that in liquid PEG, and the
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new trans conformation did not easily form, contributing
to the entropy loss of the amorphous solid (Fig. 3a). In
addition, two bands at 1361 and 1344 cm™ ' were identi-
fied as the wagging vibrations of CH, (denoted as wcp,)
relative to the gauche conformation below T Similar
evolutions appeared for both single PEG and PEG/PET
(Fig. 4c, d). That is, the two merged into one single band
(Fig. 4a, b, yellow and purple track lines), which implies
that PEG-PEG interchain interactions weakened or even
disappeared in the liquid or amorphous state®>, Moreover,
a new wcy, from the CH,—CH, trans conformation with
a feature band at 1324 cm ' appeared for liquid PEG
(Fig. 44, green zone), but it did not appear for amorphous
PEG (Fig. 4b). The suppressed conformation number of
the amorphous state compared with that of liquid PEG
provides direct evidence for entropy loss (Fig. 3a).
Comparing PEG/PET with PEG alone, the most sig-
nificant difference in CH, vibration modes appeared in the
low frequency range of 1300—1200 cm ™. In the crystalline
state at 295K for single PEG (Fig. 4a), the bands at
1282 cm™! (Tcn,-1, green track line) and 1241 cm ™t (ten,
-2, blue track line) were attributed to the CH, twisting
vibrations (denoted as tcp,). After PEG was fixed by PET
(Fig. 4b), the corresponding tcyy, signals at 295 K appeared
at a lower frequency of 1280 cm™' (tcy,-1, green track
line) and a higher frequency of 1247 cm ™' (tcp,-2, blue
track line)’***, indicating a redshift for tcy,-1 and a
blueshift for tcp,-2, respectively. This behavior is quite
different from that of the aforementioned vycp,, dcn, and
ocH, signals, the wavenumbers of which all remained the
same for fixed and free PEG in the 295K crystalline
state (Fig. 4a, b). Moreover, with the SL-PT of single PEG,
the bands of tcp,-1/2 both showed a sharp blueshift, i.e.,
from 1282cm ' to 1298cm ' and from 1241cm™’ to

Table 1
results calculated by DFT.
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1251 cm™!, respectively (Fig. 4a, c). The opposite shifts
occurred during the SS-PT of PEG/PET, where the tcp,-1
band (1280 cm ™) redshifted to 1274 cm ™! but the TcH, -2
band (1247 cm %) blueshifted to 1257 cm ™t (Fig. 4b, d). For
PEG, the tcH, band is more closely related to C-C-O
skeletons compared to the vich,, 8ch, and @cp, bands®.
The highly disordered C-C-O skeleton of liquid PEG
aggravates both vibrations of tcy,-1 and Tcp,-2, while
possible interchain entanglement between PEG and PET in
PEG/PET may make the C—C-O skeleton less disordered
and then lead to weakening of the partial tcy, vibration.
This is also one cause for the entropy loss of amorphous
PEG. Moreover, the obviously slower shift of the tcpy,
peaks was seen during the SS-PT compared to that during
the SL-PT (Fig. 4¢, d), which agrees well with the AS,, trend
of slowing down for PEG/PET compared to that for single
PEG (Fig. 3a). Such good consistency evidences the relia-
bility of using IR spectra in the interpretation of the phase
transition process. The detailed analysis of the bands at
lower frequencies of 1200—-1000 cm ™t (red zone, Fig. 4a, b),
mainly involving the O—C-C-O skeletons of PEG chains,
is given in SI-2.3.

To determine the possible difference in conformation
order for the low-temperature crystalline state and high-
temperature liquid/amorphous state, DFT calculations on
the IR spectra of the PEG molecules with free (denoted as
free-PEG) and fixed —OH groups at both ends (denoted as
fixed-PEG) were performed. Since the scissoring (Scm,),
wagging (wcp,), and twisting (tcy,) vibrations of the CH,
primary group in the PEG chain reflect the main differ-
ence before and after PEG solidification (particularly for
the high-temperature liquid/amorphous phase, see Fig. 4a,
b), we mainly focused on these 3 vibration modes for
analysis (Table 1).

For specific vibrational modes, a comparison of the experimental IR results (marked in bold) and the theoretical

1

Vibration mode Wavenumber (cm™ ')

Exp. PEG10000 Cal. free-PEG Exp. PEG10000/ Cal. fixed-PEG
PET15000

295K 353K LT HT 295K 353K LT HT
Sch, (gauche) 1469, 1455 1461 1475, 1462 1471 1469, 1455 1468 1475, 1462 1471
Scn, (trans) 1485 1489
wch, (gauche) 1361, 1344 1351 1393, 1379 1392 1360, 1344 1347 1393, 1379 1388
wcH, (trans) 1324 1350
TCH,-1 1282 1298 1319 1337 1280 1274 1318 1312
TCH,-2 1241 1251 1291 1300 1247 1257 1298 1308

LT and HT denote low-temperature and high-temperature, respectively.

The bold values represent the IR results obtained by the experiments, which has been labeled in the caption of the table.
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Fig. 5 DFT calculated results for the PEG chain based on infrared spectra. Conformations of PEG chains in the a crystalline state for free-PEG and
fixed-PEG, b liquid state for free-PEG, and ¢ amorphous state for fixed-PEG. d Schematic diagram of the conformational change of the -O-C-C-O-

c Amorphous state

For the crystalline state of the PEG molecule, the
internal rotation conformations of the O-CH,,
CH,-CH,, and CH,-O bonds in the C-C-O skeletons
mainly involve TGT and TTT (“T” denotes trans while
“G” denotes gauche, see Fig. 5a) according to the litera-
ture®>®, Although the calculated wavenumbers of the IR
spectra were slightly different from the experimental
observations, the evolution trend was entirely the same
for fixed-PEG and free-PEG (see details given in SI-3),
suggesting that the PEG molecules after fixation by PET

still had the two modes of TGT and TTT conformations
in the crystalline state.

The possible conformations of the high-temperature
liquid/amorphous state were further calculated for free-
PEG and fixed-PEG. In the O-CH,-CH,-O skeleton
chains of the PEG molecule, each pair, i.e., O-CH,,
CH,—-CH,, and CH,-0, have two possible conformation
orders, trans (T) and gauche (G). Once CH,—CH, is fixed
as gauche or trans, the possible conformations are TGT,
TGG, GGG or TTT, GTG, TTG (see Fig. 5b).
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For the liquid phase of free-PEG, the calculations indi-
cated that the double bands of gauche dcn, (1475 and
1462 cm™ ') merged into a single band (1471 cm 1), which
still corresponds to the gauche conformation between
C-C bonds. The wavenumber of 1471 cm™ " appeared for
both the calculated TGG and GGG conformations.
Moreover, a new trans conformation of dcp, (1489 cm™ Y
appeared for the calculated GTG conformation. Similarly,
for the gauche wcy, signal, the calculated double bands
(1393 and 1379 cm ') also collapsed into a single band
(1392 cm™') during the SL-PT, which appeared in the
calculated TGG. Furthermore, a new trans conformation
of wcp, (1350 cm ™) also appeared in the calculated GTG
conformation. For the tcy, band reflecting the degree of
disorder of the C-C-O skeleton®?’, the calculated
wavenumbers (1312, 1308 cm ') appeared in each con-
formation of TGT, TGG, GGG, TTT, GTG, TTG. All
these calculated results are in line with the experimentally
observed evolution of the gauche conformations of Scpy,
and wcy, and the emergence of new trans conformations
of 8¢, and wcy, during the SL-PT (Fig. 4a and Table 1).
Therefore, it is reasonable to infer that all 6 conforma-
tions of TGT, TGG, GGG, TTT, GTG, and TTG coex-
isted in the high-temperature liquid phase of free-PEG,
which is also consistent with previously reported Raman
and theoretical results®*>*,

For the calculated high-temperature amorphous phase
of fixed-PEG by constraining —OH groups at both ends,
although the collapse of double bands (1475 and
1462 cm ') into a single band (1471 cm™ ') for gauche
Ocn, was still observed during the crystalline—~amorphous
SS-PT, the wavenumber 1471cm™" only appeared for
TGG but disappeared for GGG, implying the possible
disappearance of the GGG conformation. Moreover, the
new trans conformation of 8cp, (1489 cm™Y) observed for
the GTG conformation of free-PEG disappeared for the
calculated fixed-PEG, suggesting the disappearance of the
GTG conformation for the amorphous solid state of
PEG. Analogously, gauche wcn, underwent similar evo-
lution during the SS-PT; that is, the double bands (1393
and 1379 cm™ ) merged into a single band (1388 cm Y,
which still appeared for the calculated TGG conforma-
tion. However, the new trans wcy, signal (1350 cm ™)
observed for the GTG conformation of free-PEG also
disappeared, further proving the disappearance of the
GTG conformation. Moreover, for tcy,, the calculated
wavenumbers (1312, 1308 cm '), observed for each of the
TGT, TGG, GGG, TTT, GTG, TTG conformations of
free-PEG, disappeared for the calculated GGG and GTG
conformations, while they only appeared in the TGT,
TGG, TTT, TTG conformations for fixed-PEG, further
suggesting the disappearance of both the GGG and GTG
conformations for the amorphous solid state of PEG (see
the diagram shown in Fig. 5¢).
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The formation of various conformations in the high-
temperature liquid/amorphous phase is closely related to
the rotations of the C-O bonds in the -O-C-C-O-
skeletons activated by temperature. The rotation of one
C-0 bond in ~-O-C-C-0O- is enough for the formation of
TTG/TGG from TTT/TGT (Fig. 5d). That is, the rotation
of any C-O on the left or right hand of the -O-C-C-0O-
skeleton can equally convert TGT into TGG and TTT
into TTG. However, simultaneous rotations of at least two
C-0O bonds in ~O-C-C-0O- are required for the forma-
tion of GGG or GTG (Fig. 5d). Thatis, TTT->GTG/GGG;
TGT—-GGG/GTG. Such a conversion has a larger resis-
tance and requires higher energy. Therefore, after the
—OH groups at both ends of PEG are fixed, the free
rotations of the C—O bonds will be limited, making the
formation of GGG and GTG conformations more difficult
or causing these conformations to even disappear for
amorphous PEG.

The DFT calculations reasonably indicated the con-
formational changes when the liquid PEG was fixed into
an amorphous solid by PET. There were 6 conformations
of TGT, TGG, GGG, TTT, GTG, TTG coexisting in the
liquid free-PEG, while only 4 conformations of TGT,
TGG, TTT, TTG coexisted in the amorphous fixed-PEG.
The reduction in the conformation order explains the
reduced entropy experimentally observed for amorphous
PEG. However, since the theoretical statistical weights of
the GGG and GTG conformations are small (i.e., GGG: 1/
64 and GTG: 1/128)°, the entropy and hence the BCE
still remain large for the fixed-PEG (Fig. 3a, Fig. 6).

To determine the BCE and its reversible features for
PEG10000/PET15000, we studied BCE by a quasi-direct
method"”. A commercial high-pressure DSC was
employed to measure the variable pressure heat flow
curves. The measured heat flow after subtracting the
baseline is shown in Fig. 6a. The transition temperature T,
exhibited a high sensitivity to pressure, and T increased
almost linearly with pressure by a driving rate of
approximately dT./dP = 97 K/GPa (inset of Fig. 6a). Based
on the heat flow curves, the calculated entropy without
and with including specific heat capacity are shown in
Fig. 6b and its insets. Then, the barocaloric entropy
change (AS,, Fig. 6c) and adiabatic temperature change
(AT, Fig. 6d) were obtained by the equations AS,, (T, P;
— Py) =S (T, Py) — S (T, P,) and AT, (S, Py~ P,) =T (S,
DP,) — T(S, P,), where the atmospheric pressure was taken
as the initial and end pressures for the compression and
decompression processes, respectively. Accordingly, the
maximum AS, driven by a low pressure of 0.1 GPa
reached 416J-kg "K', almost reaching the maximum
ASy ~ 426)kg "K' during the SS-PT (Fig. 3a). The
achieved AS, is larger than that of many other BCE
materials (Table 2). Similarly, the obtained AT, was 7.3 K
under 0.1 GPa.
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including specific heat. ¢ Barocaloric entropy change AS, and d adiabatic temperature change AT, measured under a pressure of P < 0.1 GPa. e AS,
and f AT, obtained by linearly extrapolating the S curves to P =04 GPa, and accordingly the obtained reversible g ASi., and h AT.,. The
atmospheric pressure and P were taken as the initial values for the compression and decompression processes during the calculations.
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Table 2 Comparison of the barocaloric properties of PEG/PET and other previously reported barocaloric materials.

Materials P (GPa) Hysteresis (K) |dT/dp| (K/GPa) |as,] Ukg K" |AS,e,| kg KT Ref.
PEG10000/PET15000 0.1 218 97 416 356 This work
PEG10000/PET15000 04 218 97 426 426 This work
MnCoGeBys 0.17 18 100 54.06 30 e

MnsGaN 0.139 8 6.5 223 — /
(NH.),SO,4 0.1 0.135 45 60 — 8
Fes(bntrz)s(tcnset)s 026 2 250 — 120 h
TRIS(NH,)C(CH,OH)3) 0.25 756 15 600 0 1
AMP((NH,)(CH3)C(CH,0H).) 0.25 51 85 690 0 "
NPA((CH3)3C(CH,0H)) 0.1 203 119 2466 0 "
NPG((CH5),C(CH,0H)-) 057 14 93 510 510 E
CieHss® 0.152 ~45 ~18 ~7753 762 8
CrgHsg® 0.232 ~4.2 ~185 ~7253 711 18

Agl 0.25 25 128 60 — 8

Cu,Se 1 87 87 175 — #
1-Cl-ada 0.1 9 274 175 150 0

Applied hydrostatic pressure (p), thermal hysteresis, pressure sensitivity of T, (dT/dP), barocaloric entropy changes (ASy), and reversible barocaloric entropy change

(ASrey). “||" represents the absolute value.
2Solid-liquid phase transition.

Due to the pressure limitation of our DSC with an
available maximum P = 0.1 GPa, we could not directly
obtain the BCE behavior at a higher pressure by the
quasi-direct method. Fortunately, T; shows an almost
linear dependence on pressure at P <0.1 GPa (see the
inset of Fig. 6a). If we suppose dT/dP remains constant
at a higher pressure P < 0.4 GPa, AS,, and AT, at 0.4 GPa
can be accessed by linearly extrapolating the S curves to
higher hydrostatic pressure, as shown in Fig. 6e, f. Thus,
one can see that a slightly higher driven pressure, i.e.,
0.13 GPa, can be enough to complete the phase transi-
tion and make the AS, reach the maximum, i.e., AS, ~
426 kg “K .

Subsequently, the reversible isotherm entropy change
(AS;ey) and reversible adiabatic temperature change
(AT \ey) can be straightforward, as shown in Fig. 6g, h. The
overlap of AS, when applying and removing pressure
represents the AS,,, while the AT,, was similarly
obtained excluding the influence of thermal hysteresis'*. It
is expected that AS,, can reach the maximum, i.e., AS¢, ~
426 kg "K', while AT,, ~ 126K at 0.4GPa. Such
performance of BCE is indubitably attractive compared to
that of most other BCE materials (Table 2). Note that
there is almost no reversible entropy change under a small
pressure, even 0.4 GPa, for NPG ((CH3),C(CH,OH),),
AMP  ((NH,)(CH3)C(CH,OH),), and TRIS ((NH,)
C(CH,OH)3). The giant BCE of PEG/PET originates from
the large latent heat of the SS-PT owing to the remaining

large entropy in the amorphous state and the high-
pressure sensitivity of T, (dT./dP = 97 K/GPa).

Conclusions

In conclusion, a new type of full solid-state colossal
barocaloric material around room temperature was fab-
ricated by exploiting the amorphous high entropy inher-
ited from huge disorder of liquid phase in solidified
PEG10000 by introducing 5 wt.% PET15000 for copoly-
merization. The formed hydrogen bonds between the
terminated —OH of PEG and the rigid PET chains soli-
dified the flow of PEG segments. As a result, liquid PEG
converted into an amorphous solid, while colossal latent
heat retains. TEM combined with XRD measurements
demonstrated the amorphous nature of the high-
temperature phase after fixation by PET. The SS-PT
showed a high sensitivity to pressure, and hence colossal
AS, of ~416 Jkg "K' under a low pressure of 0.1 GPa
was measured, which exceeds the performance of most
other BCE materials.

To disclose the origin of the high remaining entropy of
the amorphous solid phase, IR measurements and DFT
calculations were performed. The conformation orders
remain the same for the crystalline states of free- and fixed-
PEG. For the PEG amorphous phase, compared to its liquid
phase, the experimental disappearances of wagging (wcti,)
vibrations at ~1324 cm™ ! and scissoring (8cy,) vibrations at
~1485 cm ™' suggested the conformational reduction of the
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PEG chain. DFT calculations gave the specific conforma-
tional changes from a liquid to an amorphous solid state.
The disappearance of the GGG and GTG conformations,
which account for small statistical weights, explained the
reduced but still large entropy change observed during the
SS-PT. The large remaining entropy of the amorphous solid
and its high sensitivity to pressure make PEG/PET an
attractive potential full solid-state refrigerant for refrigera-
tion applications. Our work provides a new strategy for
exploring novel solid-state barocaloric materials by utilizing
the high entropy inherited from huge disordering of liquid
phases in various SL-PT materials.
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