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Resonant phonon modes induced by molecular
rotations in a-pentaerythritol crystals†

Simin Wang, a Hongzhao Fan,b Zhe Zhang,c Liang Sun,a Jialu Chen, b

Nuo Yang, d Yanguang Zhou, *b Bing Li*c and Liang Dai *a

Solid-state cooling employing barocaloric materials, especially plastic

crystals, paves a promising way for eco-friendly refrigeration. How-

ever, inadequate understanding of the thermal properties hinders

their practical applications. Here, we take a-pentaerythritol crystals as

an example and reveal that the thermal transport is anisotropic, and

the lattice dynamics is highly anharmonic. More importantly, we find

that the two lowest-energy resonant phonon modes, associated with

two mutually perpendicular molecular rotations, play critical roles in

thermal conductivity and phase stability. The two optical modes

suppress the acoustic branches by the avoided-crossing effect and

hybridize with and strongly scatter acoustic phonons, further hinder-

ing thermal transport in a-pentaerythritol crystals. Furthermore,

pressure can largely tune the rotational dynamics, reduce the reso-

nance, and increase the phonon transmission and by adjusting the

pressure from 0 MPa to 3500 MPa, an increase of 108% and 103% in

in-plane and out-of-plane thermal conductivity, respectively, can be

achieved. Our work provides a microscopic understanding of the

rotational dynamics in a-pentaerythritol crystals, which can facilitate

designing molecules to achieve a better barocaloric effect with more

excellent thermal properties.

Introduction

Plastic crystals, such as neopentylglycol (NPG, (CH3)2C(CH2OH)2)
and pentaerythritol (PE, C(CH2OH)4), are promising next-generation

refrigerants due to their giant barocaloric effect.1,2 Plastic crystals
can undergo a disordered–ordered phase transition driven by a
relatively low pressure and belong to phase change materials
(PCMs).3,4 Strikingly, plastic crystals with a barocaloric effect can
exhibit entropy changes of up to several hundreds of joules per
kilogram per Kelvin, comparable to commercial refrigerants.1,2

Besides the barocaloric effect, the magnetocaloric effect (MCE),5

electrocaloric effect (ECE),6 and elastic caloric effect (eCE)7 can
also occur during solid–solid phase transitions in specific
materials. However, their entropy changes are one to two orders
of magnitude smaller than that of commercial refrigerants.1,2

Therefore, barocaloric materials with the advantages of being
environment-friendly, highly efficient, and cost-effective, are
undoubtedly the best candidates for the next-generation solid-
state refrigerants.

However, the thermal properties of plastic crystals, such as
thermal transport and phase transitions, have not been fully
understood on the fundamental level yet. For practical applica-
tions as refrigerants, it is known that the low thermal conductivity
(commonly below 1 W m�1 K�1) is one of the obstacles.8,9

Curiously, to our best knowledge, none of the literature has
focused on phonon transport in plastic crystals, even though low
thermal transport has also been suggested as a critical challenge
for their application as PCMs.4,10 In particular, molecular reorien-
tations are critical for the phase transitions of plastic crystals.1,11,12

Meanwhile, experimental and theoretical studies show that the
organic molecules’ rotational or torsional dynamics in weakly
interacted systems typically correspond to low-lying optical pho-
non modes.13–15 It is known that interactions between low-
frequency optical phonon modes and propagating modes,16,17

especially the resonant effect featured by flat optical bands in
the acoustic frequency range and quasi-localized hybridized
acoustic modes,18,19 significantly affect the thermal transport
in the materials. However, how the rotational dynamics affects
the phonon transport in the plastic crystal remains unknown.
Furthermore, the lack of a phase transition mechanism usually
associated with phonon collapse20 hinders the design of new
molecules to overcome the inherent drawbacks of plastic
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crystals, such as thermal hysteresis.1 Therefore, in-depth studies
on phonon properties are urgently needed and detailed micro-
scopic mechanisms are of great significance for better under-
standing and optimizing the thermal properties of plastic crystals.

In this work, we thoroughly investigate the atomic dynamics
in a-PE crystals using molecular dynamics (MD) simulations
and density-functional theory (DFT) calculations. The thermal
conductivity is anisotropic and the lattice dynamics is highly
anharmonic. More strikingly, we find that two resonant phonon
modes, stemming from the rotations of the molecules, play vital
roles in the thermal transport and phase stability of a-PE. The
corresponding optical phonon modes not only suppress the acous-
tic phonon modes by the anti-crossing effect but also hybridize with
and strongly scatter acoustic modes and we further observe that
changes in pressure lead to shifts of the low-lying optical branches,
thereby tuning the rotational dynamics, reducing the resonance,
enhancing the phonon transmission, and significantly increasing
the thermal conductivity by a factor of 1.

Results and discussion

At temperatures lower than B459 K, pentaerythritol crystalizes
in the a phase or the ordered phase in which molecules exhibit
preferred orientations with space group I-4.21 The lattice structure
was obtained from the experiments,21 as shown in Fig. 1.
Obviously, the a-PE crystal has a layered configuration: on the
ab-plane, the molecules are connected by hydrogen bonds; while
between layers, i.e., along the c-axis, they are bound together
mainly by van der Waals interactions, which is demonstrated by
energy between layers as a function of layer spacing, as shown in
Fig. S1 (ESI†). The difference in interactions along different
directions leads to anisotropic heat transport in a-PE, which will
be described later.

Thermal conductivity

We performed all molecular dynamics (MD) simulations using
the LAMMPS22 program with a time step of 0.5 fs. The GROMOS
force field23 was adopted to model PE molecules. To verify the

accuracy of the force field, the heat capacity was computed by
integrating the product of phonon density of states (PDOS) and
Bose–Einstein distribution,24 and it is in good agreement with
experimental data in the temperature range of 275–450 K, as
shown in Fig. S2 (ESI†). After respective relaxation in the NPT,
NVT, and NVE ensembles for 1 ns successively, heat current was
collected every eight time steps for 0.5 ns, and Green–Kubo
equilibrium molecular dynamics (GK-EMD)25 was applied to
compute the thermal conductivity k in the NVE ensemble:

kij ¼
1

kBT2V

Ð t
0Ji 0ð ÞJj tð Þdt

in which subscript i and j represent different directions, kB is
the Boltzmann constant, and T and V are temperature and
volume, respectively. The brackets h i denote the ensemble
average, and Ji is the heat current in the i direction. To obtain
the convergent thermal conductivity, 40 independent GK-EMD
simulations with an autocorrelation time of 50 ps were con-
ducted, as shown in Fig. S3 (ESI†), and the statistical errors in
Fig. 2 are standard deviations.

Thermal conductivities at different temperatures were calcu-
lated, as shown in Fig. 2(a), and the average thermal conductivity
(1
2(kab + kc)) is in good agreement with the experiment.26 The

anisotropy of in-plane and out-of-plane thermal conductivities is
apparent. The in-plane thermal conductivity is 3-fold the out-of-
plane thermal conductivity, which can be attributed to the
strength of in-plane hydrogen bonds being stronger than the
out-of-plane van der Waals interactions.27–30 Moreover, the weak
interlayer interactions also lead to easily tunable layer spacing
and phonon group velocity (the slope of longitudinal acoustic
branches along the G–M direction, as shown in Fig. S7, ESI†) and
thus the dependence of thermal conductivity on out-of-plane
expansion is exponential, as shown in Fig. S4 (ESI†).31

Furthermore, as shown in Fig. 2(a), the thermal conductivity
evaluated using GK-EMD roughly obeys a temperature-dependency
of T�0.46, which seriously deviates from the typical T�1 relation-
ship. It is known that thermal conductivities of weakly anharmonic
solids, which are dominated by three-phonon scattering, follow a
T�1 dependency.32 Actually, the temperature dependency here is

Fig. 1 Perspective (a), top (b), and lateral (c) views of the a-PE conventional cell. H, C, and O atoms are shown in white, gray, and red, respectively, and
the blue dashed lines are hydrogen bonds. The molecules are connected by hydrogen bonds forming the layers on the ab-plane (b), while the dominant
interaction between the layers (c) is the van der Waals interaction. A schematic diagram of the two rotational motions mutually perpendicular
corresponding to the two lowest-energy resonant optical modes at the G point is shown in (a), with their axes in green and cyan, respectively, and the
high-symmetric path G–X coincides with the axis of mode 1. For simplicity, the phonon modes are only depicted on the central molecule of the unit cell.
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close to those of other complex crystals where temperature-
induced renormalization of the phonons is significant.20 Thus,
the a-PE crystal is highly anharmonic.20,33 As an indication of
lattice harmonicity, Grüneisen parameter g is also proportional to
dP/dT. Therefore, according to the Clausius–Clapeyron relation,
more anharmonic materials have more considerable entropy
changes.1 As mentioned above, plastic crystals exhibit a giant
barocaloric effect, while they also have low thermal conductivities,
which is consistent with the discussions here.

To solve this contradiction, two strategies can be adopted.
One is to improve the thermal transport of plastic crystals
directly. Our calculations, shown in Fig. 2(b), demonstrate that
when the pressure increases from 0 to 3500 MPa, the in-plane and
out-of-plane thermal conductivities follow P3 and P1 dependency
and increase by around 108.5% and 103.2%, respectively.9 This
can be attributed to the suppression of rotational dynamics by
pressure, reducing the resonance between the propagating modes
and optical modes, thereby enhancing the phonon transmission
and thermal conductivity. In addition, compositing plastic crystals
with other components with high thermal conductivity, such as
graphite, could significantly enhance heat transfer.10

Resonant phonon modes

To further understand the thermal transport in a-PE, the vibra-
tional properties were investigated under the harmonic approxi-
mation via the finite displacement method implemented using
VASP34 combined with Phonopy35 (see ESI† for details). The static
harmonic phonon dispersions along selected high-symmetric paths
of the primitive cell are shown in Fig. 3(a)–(d) and the complete
phonon dispersions are shown in Fig. S5 (ESI†). It is seen that the
acoustic phonon branches are remarkably suppressed by the optical
phonon branches around 2 THz in the G–X, G–N, and G–S0

directions and the avoided-crossing or anti-crossing15,36–40 between
the lowest-energy optical phonon band and longitudinal acoustic

(LA) phonon band persists for more than half of the Brillouin zone.
In addition, the sizeable gap between the flat bands indicates a
remarkably high coupling strength or hybridization between optical
and acoustic modes,40 whereas in the G–M direction, the LA branch
overlaps the lowest optical branch directly, again indicating the
dramatic interaction between the optical and acoustic modes.

While the avoided-crossing involving acoustic and optical
phonon branches is widely found in phonon-glass thermoelectric
materials with cage-like or layered frames,36–38 this phenomenon
is not ordinary in an organic crystal. In phonon-glass thermo-
electric materials with cage-like or layered frames, the heavy
metal atoms fill the lattice voids or interlayer gaps. However, in
the a-PE crystal, there are no such rattles. To understand the
nature of the two low-lying optical modes around 2 THz, we
visualized the modes by eigenvectors.38,40 For the lowest-lying
optical mode of 2.43 THz at the G point, we can see that the
atoms in a PE molecule rotate around an O–C–O axis, as shown in
Supplementary Movie 1 (ESI†). The axis is along the G–X direction
and is marked in green in Fig. 1(a) in the conventional cell. The
rotational axis is on the ab-plane, i.e., the hydrogen bond network
plane, while the molecule’s rotation is perpendicular to the
plane. Similarly, the second-lowest optical mode of 2.43 THz at
the G point recorded in Supplementary Movie 2 (ESI†) is also a
rotational motion, while its axis (marked in cyan in Fig. 1(a)) is
another O–C–O axis, perpendicular to the axis of the lowest-lying
optical mode. Thus, the flat bands are induced by two mutually
perpendicular rotations of molecules. The rotations are symme-
trical due to the spherical shape of the PE molecule,41 hence
forming closed eigenvector loops. Correspondingly, two peaks at
2.15 and 2.25 THz are observed in the Raman spectrum at 300K,
highlighted in Fig. S6 (ESI†), verifying the calculations.

The hybridized modes at the Brillion zone boundary, i.e.,
q = 0.5, are recorded in Supplementary Movies 3 and 4 (ESI†).
For the 1.79 THz mode, the vibrations remain perpendicular to

Fig. 2 Temperature (a) and pressure (b) dependency of thermal conductivity of a-PE crystals evaluated with GK-EMD and experimentally. The average
thermal conductivities (green triangles) match well with the experimental data (black diamonds in (a)) in ref.26 in the temperature range from 300 to
450 K. The theoretical thermal conductivities were exponentially fitted from 100 to 450 K. In (b), the calculated thermal conductivity increases with
pressure by a factor of 1 from 0 MPa to 3500 MPa at 300 K.
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the high-symmetric path, which follows the feature of the
transverse acoustic (TA2) mode. However, in Supplementary
Movie 3 (ESI†), we can still identify the rotational motions
around the axis along the G–X direction, similar to the motions
observed in Supplementary Movie 1 (ESI†), even though the
phase difference of the motions is evident for the hybridized
mode. The hybridization between the second-lowest optical
bands with LA mode is vigorous at 2.16 THz. The atomic
motion becomes utterly perpendicular to the G–X direction,
as shown in Supplementary Movie 4 (ESI†), resulting in a zero
phonon group velocity and a quasi-localized acoustic band on the
spectrum. Thus, because of the different rotational motions at
the G point, the lowest and second-lowest optical branches are
hybridized with the TA2 and LA acoustic branches, respectively.

It is worth noting that the resonance induced by molecular
rotations in the a-PE crystal differs from the standing wave in
the branched silicon nanowires.39,40,42 In the latter, there is no
such rotational motion and the standing wave is induced by the
total reflection of waves at the end of symmetrical branches.
Similarly, heavy guests in phonon-glass thermoelectric materials
vibrate independently and the wave can be reflected between the
guests,37 indicating the localized nature of the vibrations in the
flat bands. The essential difference between the above three
mechanisms is reflected by the motions of low-lying optical
phonon modes at the G point. In the a-PE crystal, the symme-
trical molecular rotations at the G point form closed eigenvector
loops, resulting in standing waves, while in the phonon-glass
thermoelectric materials, the opposite translational vectors of the
guest and host atoms at the G point cancel each other out.37

Undoubtedly, the interactions and hybridizations between
optical and acoustic modes at low frequencies significantly
affect the properties of the a-PE crystal. To investigate the effect
on thermal transport, the non-equilibrium molecular dynamics
(NEMD) simulations were performed and the phonon transmission
coefficient PT(o) was calculated by the frequency domain direct

decomposition method (FDDDM) combined with Landauer
theory:43,44

PT oð Þ ¼ 1

kBDT

X
i2L

X
j2R

Re

ðþ1
�1

@Uj

@~rij

����
t

~vi 0ð Þ�
@Ui

@~rij

����
t

~vj 0ð Þ
� �

e�iotdt
� �

where DT refers to the temperature difference between the left
and the right thermostats and U and -

v are the interatomic potential
energy and velocity of the atom, respectively and rij

-

denotes the
distance between atom i and atom j. In the NEMD simulations, the
hot and cold thermostats were applied next to the two fixed ends,
with a temperature difference of 60 K and a distance of 11.8 nm.
The trajectories of atomic velocities were output every eight time
steps to calculate the phonon transmission after the heat current
and the temperature gradient were stable. For comparison, the
ballistic transmission coefficient is also shown in Fig. 4(a). The
transport length was set as 0.6 nm when calculating the ballistic
transmission coefficient, which is short enough to ensure that all
the phonons are transported ballistically.

The PT(o) reported in Fig. 4(a) demonstrates that at 300 K,
phonons below 2 THz have a higher phonon transmission coeffi-
cient because low-frequency phonons have a longer wavelength.45

The transport is close to the ballistic transport below 1.65 THz.
However, the abrupt drop in the phonon transmission after the
turning point at 1.65 THz suggests that the interactions between
acoustic branches and low-lying optical branches are pretty
strong even far from 2 THz. Furthermore, as shown in
Fig. 4(a), the phonon transmission calculated at different tem-
peratures demonstrates that not only the intensity of the peaks
decreases, but also the positions of the peaks shift as the
temperature increases from 200 to 400 K. These collapses and
shifts indicate the high anharmonicity in the a-PE crystal,
leading to a T�0.46 temperature-dependency of thermal conduc-
tivity, as shown in Fig. 2(a). Among the peaks, the first peak
collapses and shifts to a lower frequency apparently as the

Fig. 3 Phonon dispersions calculated by the finite displacement method along the G–X (a), G–N (b), G–S0 (c), and G–M (d) directions. The G–X path is on
the ab-plane and along the axis of mode 1, as shown in Fig. 1(a) and the path G–M is along the c-axis. The avoided-crossing between the lowest optical
phonon branch and the LA branch is remarkable in (a), (b), and (c). The LA branch (blue line) overlaps the optical branch (red line) in (d).
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temperature increases, which could be attributed to the soft-
ening of phonons. Hence, here, the role of the low-lying optical
phonon in thermal transport becomes clear. The low-lying optical
branches suppress the acoustic branches by the avoided-crossing
effect, as shown in Fig. 3(a)–(c), which causes the acoustic
phonon group velocity to drop dramatically to zero around 2
THz.37,39,40 Furthermore, the anharmonic hybridizations between
the acoustic and optical phonon modes span an extensive
frequency range and inevitably scatter phonons, reducing the
portion of heat transferred by acoustic phonons further.14,38,46,47

In addition to the shifts of peaks of the phonon transmission
coefficient, the temperature-dependent phonon dispersions calcu-
lated by the spectral energy density (SED) method48 also show the
renormalization of phonons. The SED analysis, which is the
function of wave vector q and the frequency o, was performed
using the EMD simulations and calculated by projecting the
atomic velocity in the crystal onto the normal modes of vibration:48

F q;oð Þ ¼ 1

4pt0

X
a

3
XNa

b

mb

Nu

XNu

l

ðt0
0

va;b;l tð Þeiq�r
l
0 e�iotdt

�����
�����
2

in which t0 is the total time to collect the velocity of atoms, mb is
the mass of the bth atom, and rl

0 is the equilibrium position of the
lth unit cell and Na and Nu are the number of atomic types and
total unit cells, respectively. va,b,l(t) is the velocity of the bth atom
in the lth unit cell along the a (x, y, z) direction at time t.

The phonon dispersion calculated by the finite displace-
ment method is within the harmonic approximation, while the
results of the SED method can contain anharmonicity. To check
the consistency of the two methods, the phonon dispersions
along the G–X and G–M paths are plotted in Fig. 5 for compar-
ison. It is seen that the phonon dispersions calculated by the
SED method at 10 K and VASP at 0 K are in reasonable
agreement. Overall, the reasonable agreement between phonon
dispersions calculated by the two different methods indicates
that our calculations based on molecular dynamics simulations
should be physically meaningful. The phonon dispersions at
different temperatures are plotted in Fig. 4(b). It is seen that the
lines throughout the spectra become more blurred, indicating
the increased scattering between phonons and the decreased
phonon lifetimes when the temperature increases from 200 to
400 K.49 In addition to being broader, the lines between 2 and

Fig. 4 Frequency-dependent transmission coefficients calculated by the frequency-dependent direct decomposed method (FDDDM) in the frequency
range of 0–14 THz at different temperatures (a) and pressures (c). Phonon dispersions computed by the spectral energy density (SED) method at different
temperatures (b) and pressures (d) with a resolution of 0.025 � 0.005 THz.
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4 THz are significantly shifted compared to lines in other
frequency ranges, especially from 200 to 300 K. These shifts
manifest the large anharmonicity of phonons in this frequency
range.13,38,50,51 Thus, unavoidably, these phonons interact with

acoustic phonons and scatter them strongly, consistent with
the discussions above.

Effect of pressure

As mentioned above, the high thermal conductivity of plastic
crystals is necessary for their applications as refrigerants and PCMs.
Therefore, enhancing phonon transport becomes critical. The
results in Fig. 2(b) show that when the pressure is increased from
0 to 3500 MPa, the in-plane and out-of-plane thermal conductivities
increase substantially from 1.0 and 0.32 W m�1 K�1 to 2.1 and
0.65 W m�1 K�1, respectively. To figure out the reasons, phonon
transmission and phonon dispersions were calculated. As seen from
Fig. 4(c), the peaks around 2 THz shift to a higher frequency after
applying pressure and phonon transmission increases significantly.
This suggests that high pressures can reduce the resonance between
the optical and acoustic phonon modes, leading to a significant
increase in thermal transport.

It is also known that the pressure plays a vital role in the
phase transition of plastic crystals.1,11 As observed in Fig. 4(b),
when the temperature increases from 200 K to 400 K, the second
lowest-energy branch moves significantly downward, and the two
lowest-energy optical branches gradually merge. As mentioned
above, the two lowest-energy phonon modes correspond to two
mutually perpendicular rotational motions. Therefore, the phase

Fig. 5 Comparison of phonon dispersion calculated by DFT and MD
along G–X (a) and G–M (b) paths. Blue dashed lines are DFT results (finite
displacement method) and the contour map is the MD result (SED method)
at 10 K.

Fig. 6 Orientations of molecules in the a-PE crystal. The directions of molecules are defined by angles a and y in (a). The eight clusters in (b) represent
two orientations of molecules at 0 MPa and 100 K. Comparing the distributions in (c) and (d), the reorientations of molecules are significantly suppressed
by the pressure at 300 K.
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becomes unstable as the temperature increases, while the two
motions become more isotropic. The shifts of the lowest-lying
phonon branches are also observed when strain or stress
perpendicular to the hydrogen bond network is applied, as
shown in Fig. S7 (ESI†). Identical with the G–X path, among
optical branches, only the two lowest optical phonon branches
shift significantly as the strain or stress changes along the G–M
path. This is attributed to overlaps of optical modes and acoustic
modes, as shown in Fig. 3(d). On the other hand, the critical role
of the low-lying optical branches in the phase stability is again
illustrated. The pressure-dependent phonon dispersions of the
a-PE crystal are plotted in Fig. 4(d). It can be seen that as the
pressure increases from 0 to 800 MPa, remarkably, the two
lowest optical branches separate. Therefore, we can conclude
that high pressure and low temperature stabilize the a-PE
crystal by hindering the isotropy or degeneration of the two
lowest rotational phonon modes. Meanwhile, the hybridizations
of optical and propagation modes are reduced due to the
upward movement of the optical branches, consistent with the
discussions above.

To further elucidate the effect of pressure on molecular
rotations, we defined four vectors, pointing from the center
carbon atom to carbon atoms in a methanol group and the
orientations of molecules indicated by angle a and y, as
illustrated in Fig. 6(a). Obviously, after a 1 ns equilibrium MD
simulation, two molecular directions appear at 0 MPa and
100 K, while at 300 K, the eight spots merge into four ellipses
due to the intensive thermal fluctuation and volume expansion,
indicating a reorientation process of the molecules from 100 K
to 300 K. Then, applying a pressure of 3500 MPa, it is strikingly
seen in Fig. 6(d) that the eight clusters separate again at 300 K
and the distributions are similar to those at 0 MPa and
100 K in Fig. 6(b). Therefore, the pressure can suppress the
rotations of the individual molecule and enhance the energy
barrier of rotations,1,11 thereby stabilizing the low-entropy
phase. In summary, the pressure can effectively suppress
the collective and individual molecular rotational dynamics,
stabilizing the phase, reducing the phonon scattering, and
significantly increasing the thermal transport.

Conclusions

In summary, we observed that the two lowest-energy optical
phonon modes play a crucial role in the thermal transport and
phase stability of the a-PE crystal. The two modes were proven
to be resonant modes induced by two mutually perpendicular
rotational motions, which have been observed for the first time
in bulk crystals. These two optical phonon branches suppress
the acoustic phonon modes by the avoided-crossing effect. In
addition, the lowest and the second-lowest optical phonon
modes are significantly hybridized with transverse (TA2) and
longitudinal (LA) phonon modes, respectively. Meanwhile,
the two lowest-energy optical phonon modes are highly anhar-
monic and thus strongly scatter the acoustic phonons, hindering
the thermal transport in the a-PE crystal. However, the rotational

dynamics can be suppressed by pressure, which stabilizes the
phase, reduces the hybridization or resonance between acoustics
and optical phonon modes, and increases phonon transmission
around 2 THz, resulting in a significant increase in thermal
conductivity. The insights provided by our work into the atomic
dynamics of the a-PE crystal may facilitate the understanding and
optimization of the properties of barocaloric materials. Further-
more, the molecular rotations that we discovered in this work are
a novel mechanism for inducing the resonance, enriching the
knowledge of resonance, and benefiting the thermal manage-
ment of materials.
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