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a b s t r a c t

Solid-liquid phase change is one of the most favorable means of compact heat storage in the built
environment. Recent studies propose C4-C6 polyalcohols for seasonal storage applications, for their high
latent melting enthalpy, evident supercooling effect, and low environmental impact. In this study, we
carry out a comprehensive study of xylitol as a seasonal heat storage material, using both experimental
techniques and theoretical predictions based on molecular dynamics simulations. In the experimental
measurements, the melting enthalpy of xylitol is determined to be 263(13) kJ/kg (0.95 level of confi-
dence) at a melting point of 366.15(50) K. A more than 70 K supercooling is observed during a cooling
test, with xylitol being in liquid state at around 300 K. However, at such a low temperature, the molecular
mobility is greatly reduced, causing a reduced crystal growth speed. The thermal conductivity of xylitol
liquid at 303 K is 0.42(4) W/m/K, roughly independent of the temperature. In the molecular dynamics
simulations, multiple molecular models (force fields) are tested and validated. The generalized AMBER
force field (gAff) has the best performance. Using this model, the large melting enthalpy of xylitol is
found to be related to the rich and strong hydrogen bonds in the solid state.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Phase change materials (PCMs) are extensively used in compact
heat storage systems. In such systems, the large amount of energy
stored or released by the PCMs during solid-liquid phase transition
provides a way to shift the energy demands to off-peak hours or
sunny summer days by storing and recovering the abundant solar
thermal energy. Preliminary studies have shown that sugar alco-
hols (C4-C6 polyalcohols) may be used as the next generation
seasonal heat storage materials [1,2]. These materials have high
latent heat of fusion, proper melting points (80e160 �C) for resi-
dential heating, and an evident supercooling effect for long-term
low-loss liquid storage [3]. Additionally, as by-products of the
food industry, sugar alcohols are non-corrosive, non-toxic, and
environmentally friendly. A few sugar alcohol compounds have
achieved bulk production and their prices are in the range of sub-
Euro per kilogram [4].

Ongoing researches of sugar alcohols as heat storage materials
have focused on property measurements [5e8], development of
molecular alloys [9,4], and development of sugar alcohol based
composites [10e12]. In particular, xylitol, a widely used compound
as a food additive, shows great potential. In contrast to some other
high energy storage density sugar alcohols, such as erythritol and D-
mannitol, xylitol's melting point is below 100 �C, which enables the
use of liquid water as heat-transfer fluid in the heat exchangers.
This can greatly simplify the complexity of the storage systems and
hence reduce the cost. Additionally, xylitol has the largest latent
heat within the group of sugar alcohols in the 80e100 �C melting
point range. The large latent heat reduces the storage tank's volume
and increases the system's compactness [13].

To make better use of xylitol as a heat storage material, some
practical questions need to be answered first. For example, in the
heat storage tank, it is unknown howmuch free space should be left
to account for the volume expansion and avoid mechanical failure.

mailto:h.zhang@tue.nl
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fluid.2016.12.020&domain=pdf
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Table 1
Material sample information.

Name xylitol
Formula C5 H12 O5

IUPAC name (2S, 4R)-pentane-1,2,3,4,5-pentol
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It is unknown what is the optimum layout of heat exchangers to
maximize the charge/discharge power considering the tempera-
ture dependent crystal growth rate. It is unknown what is the
maximum allowed operating temperature to avoid thermal
degradation. To answer these questions, the thermodynamic and
transport properties of xylitol need to be accurately determined.
Some of these properties are not yet studied (e.g. density, heat
conductivity, thermal stability [2,14], crystal growth speed [15e17])
and some are difficult to measure (e.g. viscosity [3], surface tension
[18]). Additionally, the measured material properties can vary
depending on the material batch and measurement technique (e.g.
latent heat and melting point [3,4,6,8,19,20]). Therefore, the first
task is to measure the properties of xylitol, or improve existing
measurement results.

Meanwhile, during the measurements, there are many mys-
teries discovered but not fully understood, which can only be
answered from the theoretical side. For example, what is the cause
for the evident supercooling effect, what is the origin of the large
melting enthalpy, and what is the underlying physics that gives a
sugar alcohol mixture a even higher melting enthalpy and/or lower
melting point [4,21]. Though these questions can be answered from
multiple perspectives, the most fundamental answer is from the
atomic scale, by building up the material without a priori knowl-
edge of its properties. In such an approach, from first principle
physics to themacroscopic properties, there is a huge gap. Selecting
and developing suitable methods to bridge the gap is therefore a
crucial step. Here, we choose molecular dynamics (MD) method.
MD simulation is an in silico experiment at a nanometer and
femtosecond level. The macroscopic properties can be directly
sampled from the simulated MD trajectory and the results can be
cross validated by experimental measurements. Presently, the
existing theoretical models forMD simulations (i.e. force fields) and
models for macroscopic properties (e.g. two-phase thermody-
namics [22e24]) are not tested for sugar alcohols working as PCMs,
and needs to be tested. A working thermodynamic theory needs to
be established and adapted to xylitol and other sugar alcohol ma-
terials. With aworkingmolecular model, we can proceed to answer
the theoretical questions aforementioned. According to previous
studies, the hydrogen bond structures are found to be important in
the phase change process [25,26] of C6 sugar alcohols. In this work,
we adopt a similar approach to study the high melting enthalpy of
xylitol during a phase change process. In addition, the validated
molecular model can lay the foundation to future works at the
nanoscale, such as studying the nanoscale heat transfer in carbon-
xylitol nano-composites [11,12].

In this paper, we perform thermal analysis, rheology analysis,
heat conduction analysis, density analysis, crystal growth mea-
surements, and Fourier transformation-infrared spectroscopy of
xylitol using various experimental techniques. The methods of
these experiments are presented in section 2. The molecular dy-
namics method, simulation setups, and two-phase thermody-
namics are introduced in section 3. In section 4, the
thermodynamic properties of xylitol using both experimental
measurements and MD simulations are given and compared. The
force field validation and comparison are also presented therein. In
section 5, the results of transport property measurements are
shown, along with MD simulation results. In section 6, the tem-
perature dependent crystal growth rate is experimentally deter-
mined and presented. In section 7, we use the validated force field
to analyze the hydrogen bond structures in both solid and liquid
xylitol and discuss about the high latent heat of xylitol.
2. Material and experiments

2.1. Material

The material investigated in the experiments is xylitol. The
detailed sample information is given in Table 1.
2.2. Thermal analysis

A differential scanning calorimeter (DSC 1 Mettler Toledo) is
used to determine the melting point and the melting enthalpy. The
DSC was calibrated using indium, lead and tin. The sapphire
method is applied according to DIN 51007 to determine xylitol's
heat capacity in both solid and liquid states. The calibrations and
the measurement of xylitol are both performed in open aluminum
crucibles at a heating rate of 10 K/min, with a flow of dry nitrogen
gas purging the measuring cell. The samples calibrated and tested
are 10 mg. The thermal and cycle stability of xylitol is also inves-
tigated. The xylitol sample is placed in a furnace exposed to open air
for 100 days. The temperature of the furnace is set to 100 �C , while
it is switched off every few days to study the cycling effect. During
the process, air bubbles are constantly injected into the liquid to
promote nucleation when the furnace is switched off. The treated
sample is then collected for a DSC measurement.
2.3. Rheology analysis

The viscosity was measured using a TA Instruments AR 2000
rheometer with a parallel plate geometry with 20 mm in diameter.
The gapwas set to 1mm and calibrated (gap compensation: 1.2 mm/
K). The sample of xylitol (500 mg powder) is placed on the bottom
plate of the rheometer and heated above the melting point. After-
wards, the upper plate is lowered. The excess liquid is removed and
the remaining liquid is confined between the two plates
(gap ¼ 1 mm). First, a dynamic frequency sweep test at constant
temperature has been performed in order to check the Newtonian
behavior of xylitol at low shear rates (40e300 s�1). No non-
Newtonian behavior is observed. Afterwards, the viscosity at
different temperatures has been measured using a constant shear
rate of 100 s�1. The parallel plates are located in a furnace with its
temperature controlled by the temperature of the nitrogen inflow.
2.4. Heat conduction analysis

The thermal conductivity in solid was measured at room tem-
perature using the well known transient HotDisk method [27]. A
melt blending method was used to prepare the samples, which are
parallelepipeds of 50 mm � 50 mm side and 12 mm thickness. A
TPS 2500 instrument with a Kapton-insulated sensor of 2 mm
diameter was used in the experiments. The applied power was
25 mW. For the measurement of the thermal conductivity in liquid,
the HotDisk-based method proposed by Warzoha et al: [28,29] was
applied at temperatures ranging from 25 to 140 �C.
CAS number 87-99-0
Source Roquette
Batch E089X
Purity 98.43%
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2.5. Density analysis

The density of xylitol liquid is determined directly using a
graduated glass cylinder. Measurements are carried out at tem-
peratures ranging from 30 to 130 �C. For xylitol solid, a knownmass
of xylitol crystals is introduced into the cylinder filled with solvent
Rhodiasolv IRIS in which xylitol is insoluble. The density-
temperature curve of the solvent is known. Then the volume of
xylitol solid is deducted from the total volume.

2.6. Crystal growth measurements

Crystal growth rates have been investigated by in situ time-laps
photography method using optical microscopy. The experiments
were carried out under isothermal conditions. The crystallization is
initiated with a small crystalline seed of xylitol. The details of the
experimental set-up, as well as the description of the images and
data treatment applied, can be found in Ref. [17]. Measurements of
the crystal growth speed are carried out at temperatures ranging
from the room temperature to a few degrees below the melting
point.

2.7. Fourier transformation-infrared (FT-IR) spectroscopy

The absorption spectrum of crystalline xylitol is measured using
an ATR-FT-IR spectrometer, Spectrum Two (UATR Two), Perkin
Elmer, where ATR stands for attenuated total reflection. This
method enables a direct measurement of the infrared spectrum of
samples in liquid and solid state without further sample prepara-
tion. The ATR crystal used in this set up was a diamond crystal
having a high refractive index and good mechanical properties. The
infrared-spectrum of xylitol was measured by applying the crys-
talline, untreated xylitol with pressure on the surface of the ATR-
crystal. The ATR-crystal is irradiated by an infrared light beam
creating evanescent waves which are absorbed by the sample
leading to an attenuation of the infrared light in the ATR-crystal
[30]. The background measurement was established by air.

3. Molecular dynamics

3.1. Molecular model and methods

To simulate the xylitol molecules at molecular scale, we first
need amodel to describe the xylitol molecule. In MD, the functional
forms and associated parameters that describe the interatomic in-
teractions of a molecular system is called a force field. Because no
reactions are involved in a phase change process, we can safely
choose the computationally cheap non-reactive force fields. In
literature regarding the simulation of polyalcohols, the all-atom
version of OPLS force field [31e33] and the generalized AMBER
force field (gAff) [34,35] are the most used [36]. OPLS is optimized
for liquid phase simulations, while gAff is optimized for general
purposedmolecular design. In thework of Inagaki et al:, the AMBER
force field is combined with the OPLS charge set (A þ Oc) for sugar
alcohols [26]. In addition, the CHARMM force field has an optimized
additive subset optimized for acyclic polyalcohols (Cþ ap) [37e39].
C þ ap have more complicated atom type definitions and interac-
tion terms and can thus better reproduce the potential energy
hypersurface obtained in density functional theory (DFT) calcula-
tions [38]. The potential energy of these four force fields can all be
written as

Epðr1; r2;…; rNÞ ¼ Ebond þ Eangle þ Edih þ ELJ þ EES (1)

where Ep represents the total potential energy and ri is the
coordinate vector of the i-th atom. On the right of the equation are
the bond stretching energy, angle bending energy, dihedral
torsional energy, van der Waals interaction in 6e12 Lennard-Jones
form, and electrostatic interaction, respectively.

In a molecular dynamics simulation, the atoms are viewed as
point masses which move according to Newton's equations of
motion with forces generated from the above force fields. The co-
ordinates ðr1; r2;…; rNÞ and velocities ðv1; v2;…; vNÞ of the atoms
are outputted and saved for post processing.
3.2. Two-phase thermodynamics

In heat storage systems, xylitol works over a broad temperature
range from 0 �C to above 100 �C. This broad temperature range
covers solid, (supercooled) liquid, and glass phase. For this reason,
in the calculations, a theoretical model which treats both solid and
liquid consistently is required. Usually, the solid and the liquid
phases are treated using distinct theories. Recent liquid phonon
theory pointed out the solid-like nature of liquids that support
transverse phonon transport above Frenkel frequency and can
therefore be adapted to Debye model in a specific frequency range
[40,41]. A more detailed approach separates the phonon density of
state (characterized as the vibrational density of state, VDOS) into
solid-like and gas-like components and applies a quantum har-
monic oscillator model and hard sphere model to the two com-
ponents, respectively [22]. This VDOS separation is done by
defining a fluidicity factor f, which represents the percentage of
degrees of freedom the gas-like component occupies. When f ap-
proaches zero, the system is effectively a non-diffusing solid and is
treated using only the quantum harmonic oscillator model. The 2PT
theory is solely based on the dynamics of the molecular system and
it is therefore capable to calculate properties in a non-equilibrium
process, e.g. a phase transition process. Additionally, 2PT has a
fast convergence within 20 ps. Subsequent works extend 2PT to
polyatomic molecular systems [22e24,42] and can hence be
applied to xylitol.
3.3. Vibrational density of states

To apply the above 2PT method, we need to calculate the
vibrational density of states (VDOS), S, as a function of vibrational
frequency n. The VDOS is essentially the phonon modes of the
system, and can be quantified using infrared spectroscopy mea-
surements. In a polyatomic molecule system, SðnÞ is defined as the
mass weighted sum of atomic spectral densities [22],

SðnÞ ¼ 2
kBTNm

X
k¼x;y;z

XNm

j¼1

XNa

l¼1

lim
t/∞

ml

2t

������
Zt

�t

vkj;lðtÞe�i2pntdt

������
2

; (2)

where Nm is the number of molecules in the system, Na is the
number of atoms in a molecule, vkj;l is the velocity of leth atom in
the j-th molecule in the k direction,ml is the mass of l-th atom. The
molecular motion can be decomposed into translations, rotations,
and internal vibrations. Each motion has its own VDOS. The
translational VDOS is

StrnðnÞ ¼ 2
kBTNm

X
k¼x;y;z

XNm

j¼1

lim
t/∞

M
2t

������
Zt

�t

vkc;jðtÞe�i2pntdt

������
2

; (3)

where M ¼ P
ml is the mass of the molecule, vc ¼

PðmiviÞ=M is
the mass center velocity. Similarly, the rotational VDOS is



H. Zhang et al. / Fluid Phase Equilibria 436 (2017) 55e6858
SrotðnÞ ¼ 2
kBTNm

X
k¼1;2;3

XNm

j¼1

lim
t/∞

Ikj
2t

������
Zt

�t

uk
j ðtÞe�i2pntdt

������
2

; (4)

whereuk denotes the angular velocity of the k-th principle axis, and
Ik is the k-th principle moment of inertia. The VDOS of internal
vibrations is simply calculated as

SvibðnÞ ¼ SðnÞ � StrnðnÞ � SrotðnÞ: (5)

Note that
R
SðnÞdn is the total degrees of freedom of a molecule, andR

StrnðnÞdn ¼
R
SrotðnÞdn ¼ 3.

3.4. Simulation setups and details

When solvnanosecondsing the Newton's equations of motion, a
leap-frog integration scheme is used with a time step of 1 fs. To
calculate the thermodynamic properties of xylitol using 2PT, we
adopt a temperature scanning approach. In this approach, the
pressure is set to 1.0 bar. The temperature is set to linearly increase
from 100 to 650 K in the first 11 nanoseconds, and then linearly
decrease from 650 to 200 K during 11e20 ns. The pressure and
temperature are controlled using Berendsen thermostat and
barostat with time constants tT ¼ 0.1 ps and tp ¼ 0.5 ps, respec-
tively [43]. During the simulations, the coordinates and velocities
are saved every four iterations, namely every 4 fs. The whole tra-
jectory is cut into segments of 20 picoseconds in length. Within
each segment, the temperature is considered constant, and the
macroscopic properties averaged in each segment can thus be
considered as the properties at the mean temperature of the
segment. In this way, the thermodynamic properties are “scanned”
as the temperature goes up and down.

The initial configuration consists of 256 xylitol molecules in
solid phase. This is done by replicating 4� 4� 4 crystalline lattices
[44], each containing 4 xylitol molecules, in x, y, and z directions.
Periodic boundary conditions are applied to all directions in all the
simulations.

In this study, the translational, rotational, and vibrational VDOS
for each trajectory piece is calculated using equations (2)e(5). The
time span t therein is set to 20 ps, the same as the trajectory
segment lengths. The VDOS separation is done only for the trans-
lational and rotational degrees of freedom.

3.5. Hydrogen bond characterization

The molecular conformation and hydrogen bond (HB) structure
comparison between the solid and the liquid phases is done by
comparing two additional simulations, one in solid phase and the
other in liquid phase. In both simulations, the temperature is kept
constant at 366 K and the pressure is kept constant at 1.0 bar using
the same thermostat and barostat parameters aforementioned. A
number of 2048 xylitol molecules are used in both simulations and
Table 2
Experimental values of melting point Tm and melting enthalpy DHm at pressure p ¼ 101

Reported in Source Mass purity

Present work Roquette 98.43%
Diarce et al:[4] Alfa Aesar 99%
Zhang et al:[3,19] Sigma 99%
Gunasekara et al:[6] Alfa Aesar 99%
Tong et al:[8] Acros Organics 99%
Tong et al:[8] Acros Organics 99%

Standard uncertainty uðpÞ ¼ 2:5 kPa, and the combined expanded uncertainty Uc is liste
adiabatic calorimetry.
the configurations are saved every 5 ps for a simulation length of
4 ns. The HBs are recognized by a 0.35 nm cutoff in donor-acceptor
length and a 30� cutoff in hydrogen-donor-acceptor angle. The
energy of a hydrogen bond is determined solely by the short range
electrostatic energy among the three atoms (H e O … O) involved.
4. Thermodynamic properties and force field validation

4.1. Experimental results on thermal analysis

The most measured properties of xylitol as a heat storage ma-
terial are the melting point Tm and the melting enthalpy DHm.
Literatures report values of Tm between 93 �C and 95 �C and of DHm

between 33.26 kJ/mol and 41.08 kJ/mol using various experimental
techniques [6]. Table 2 summarizes the most recent experimental
data on the melting point Tm and the melting enthalpy DHm of
xylitol. For the melting point, the results of different works are
roughly in line. For the melting enthalpy, our result is close to the
works of Zhang et al: and Diarce et al: where xylitol is investigated
as a heat storage material. In the work of Gunasekara et al:, bulk
xylitol material is used in a climate chamber simulating real PCM
working conditions. However, a much lower latent heat is obtained
compared with other experimental results. This might mean the
obtainable heat from xylitol in a heat storage setup is lower than
that given by its material property. The results of Tong et al: is given
for the thorough coverage on many thermodynamic properties of
xylitol using not only DSC, but also adiabatic calorimetry. However
the melting enthalpy values are at the lower end compared with
other works.

As a material with evident supercooling effect, the heat capacity
at the meta-stable supercooled state is also important. The sensible
heat loss associated with the cooling of heat storagematerial can be
influential to the overall heat stored. Therefore, the cp measure-
ment needs to be extended to the supercooled liquid phase. The
experimental measured cp values are given in Table 3. We see the
heat capacity of liquid xylitol, including supercooled liquid xylitol,
is much higher than that of the solid phase.

In our thermal and cycling stability test, the sample is exposed
to air at 100 �C using the method described in section 2.2. After 100
days and roughly 20 freezing-melting cycles, xylitol shows only a
less than 2% drop in the melting enthalpy. This means xylitol has
good thermal and cycling stability under air exposure, in contrast to
D-mannitol [2].
4.2. Vibrational density of states (VDOS)

Using the simulation method described in section 3.4 and
equation (2), the VDOS of each simulation segment is calculated.
Here, to show how 2PT works, only the results of gAff (generalized
AMBER force field) is given. Throughout the 20 ns simulation, there
are 1000 segments and are therefore 1000 VDOS curves. To illus-
trate all these curves, a gray scale image (Fig. 1) is made with each
kPa for xylitol.

Method Tm [K] DHm [kJ/mol]

DSC 366:15±0:5 40:02±2:001
DSC 367.85 36.53
DSC 368.3 38.25
T-history 366.2 � 24:19
AC 369.04 33:26±0:17
DSC 367.52 33:68±0:34

d in the table (0.95 level of confidence). DSC: differential scanning calorimetry; AC:



Table 3
Experimental values of specific heat capacity cp of
temperature T and pressure p ¼ 101 kPa for xylitol
solid and (supercooled) liquid.

Tm [K] cp [J/kg/K]

293.15(S) 1240±24:8
303.15(S) 1270±25:4
313.15(S) 1300±26:0
323.15(S) 1340±26:8
333.15(S) 1400±28:0
353.15(L) 2540±50:8
363.15(L) 2570±51:4
373.15(L) 2600±52:0
383.15(L) 2620±52:4
393.15(L) 2650±53:0
403.15(L) 2650±53:0

Standard uncertainties u are uðTÞ ¼ 0:5 K and
uðpÞ ¼ 2:5 kPa. The combined expanded uncertainty
Uc is listed in the table (0.95 level of confidence). L:
(supercooled) liquid; S: solid.

Fig. 2. Vibrational density of states of xylitol at 367 K for both solid and liquid phases
vs FT-IR transmittance spectrum.
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horizontal pixel line representing one VDOS curve. The brightness
of the pixels gives the logarithmic magnitude of SðnÞ, as indicated in
the color bar. From bottom to up in the gray scale image is the
temporal evolvement of the VDOS. The corresponding simulation
time and temperature are given in the labels. Recall the simulation
temperature is set to increase till 650 K before it is tuned down. The
maximum temperature is labeled out using the white dashed line
in Fig. 1, separating the image into two parts. In the lower part, i.e.
the heating-up stage, a clear transition can be observed in the
spectral map close to 8 ns, at a temperature close to 500 K. Below
this point, the spectral image has higher contrast. This means the
VDOS curves have sharper peaks. Above this point, the spectral
image looks blurred. Actually, the transition observed at roughly 8
ns is a phase transition, from crystalline solid to liquid. The ~500 K
transition temperature is the overheated melting point, Tþ. The
phenomenon of overheating is stated in the article of Wang et al.
[45] and is used to analyze the solid-liquid interfacial free energy
[18]. During the cooling stage (above the white dashed line), no
phase transition is observed and xylitol seems to remain in its
liquid state.

To highlight the difference in the VDOS between the solid and
the liquid phase, the VDOS of both phases at 367 K is plotted in
Fig. 2. In general, the solid VDOS has higher peak intensities. The
physical meaning of the VDOS is actually the phonon modes and
can be measured using infrared spectroscopy. Therefore, in Fig. 2,
Fig. 1. Vibrational density of states of xylitol throughout the 20 ns simulation. Each horizon
lines are placed from bottom to top in chronological order of the simulation. The heating-up
line.
the FT-IR transmittance curve of the crystalline xylitol sample is
also plotted. The transmittance is calculated using 100% minus the
absorption spectrum measured using the method described in
section 2.7. Roughly speaking, the FT-IR transmittance curve
matches the VDOS curves. At frequency above 3000 cm�1 where
the vibrational modes are associated with hydrogen atoms, the FT-
IR result shows more dispersed peaks. It may require additional
works to compare the peak positions in order to label out the
phonon modes of the molecular system.

4.3. 2PT results on thermodynamic properties

Using the VDOS data of each simulation segments in the pre-
vious section based on gAff, the thermodynamic properties are
calculated. The results are plotted in Fig. 3, together with some
referenced experimental results introduced in section 4.1.

� Enthalpy is plotted as a function of temperature in Fig. 3a. The
upper black line is fitted for liquid and the lower blue line is
fitted for solid. Using 2PT, the melting enthalpy can directly be
calculated by the difference of the upper and the lower curve. At
the experimental melting point of 366 K, the melting enthalpy is
al pixel line corresponds to a VDOS curve mapped into the gray scale image. The pixel
stage and the cooling-down stage of the simulation is separated by the white dashed



Fig. 3. Thermodynamics properties calculated using 2PT theory with experimental references. The black lines are fitted for the liquid phase (L) and the blue lines are fitted for the
solid phase (S). In the temperature range 250e450 K, the fitted quantities are HS � HS;300K ¼ �0:46ð150Þ � 10�4x2 þ 0:307ð36Þx� 8:23ð182Þ [kJ/mol];
HL � HS;300K ¼ 1:88ð44Þ � 10�4x2 þ 0:281ð17Þxþ 22:49ð145Þ [kJ/mol]; cp;S ¼ 1:303ð54Þ � 10�3x2 þ 0:4377ð64Þxþ 200:1ð4Þ [J/mol/K];
cp;L ¼ �0:710ð152Þ � 10�3x2 þ 1:290ð19Þxþ 222:4ð10Þ [J/mol/K]; GS � GS;300K ¼ �1:512ð232Þ � 10�3x2 þ 0:121ð37Þx� 2:61ð129Þ [kJ/mol];
GL � GS;300K ¼ �0:778ð60Þ � 10�3x2 � 0:245ð23Þxþ 26:46ð190Þ [kJ/mol]; RS ¼ 8:47ð53Þ � 10�4x2 þ 0:5284ð75Þxþ 133:12ð39Þ [J/mol/K];
RL ¼ 1:22ð39Þ � 10�4x2 þ 1:054ð13Þxþ 169:00ð95Þ [J/mol/K]; with 0.95 level of confidence and x ¼ T ½K� � 273:15. References: Tong et al:[8] van Wissen [19]. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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DHð366 KÞ kJ/mol. This is lower than the experimental result
obtained in this work.

� The molar heat capacity is plotted in Fig. 3b. The solid cp (blue
line) is well in accordance with the experimental results (blue
cross of this work, and the referenced work of van Wissen [19]
and Tong et al:[8]). However in the liquid phase, the heat ca-
pacity is underestimated compared to all the above experi-
mental results. This underestimation can be partly ascribed to
the VDOS at lower frequencies. Here, the word “lower” refers to
the frequencies whose vibrational temperature is below Tm. i.e.
Tvib ¼ hn=kB < Tm, or n<255:4cm�1 (labeled in Fig. 2). In the
quantum harmonic oscillator model, each degree of freedom
with eigenfrequency below nvib contributes approximately 1.0kB
to the overall heat capacity [46]. Above this frequency, the
contribution of each degree of freedom decreases and ap-
proaches zero. As major cp contributors, the low frequency
VDOS of liquid and solid do not differ very much (Fig. 2), making
their overall heat capacity comparable to each other. Never-
theless, the liquid always has larger cp than the solid at the same
temperature. As a phase change material with large super-
cooling effect, this difference in cp can compromise the amount
of latent heat stored when inducing phase transition at T much
lower than Tm.

� As an advantage, 2PT can directly calculate free energy and en-
tropy of a molecular system. In Fig. 3c, the gibbs free energy is
plotted and fitted. The intersection of GS and GL is at 372.2 ±
6.0 K, as pointed out by the arrow in the figure. This 372.2 K
melting point calculated based on 2PT is only slightly higher
than the experimental results.

� Entropy is plotted and fitted in Fig. 3d. To compare with the
experimental result of Tong et al: [8], the entropy values are
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shifted up such that S(273.15 K) ¼ 0. The 2PT result is roughly in
line with the referenced experimental result.
4.4. Force field comparison and density

It is a challenge to parameterize a force field for a molecule to
function well in both solid and liquid state. It is therefore very
important to check if the force fields can reproduce the crystalline
structure and the equation of state at a constant pressure. Here we
use the same temperature scanning approach to calculate the
density of xylitol, as a function of temperature. Four force fields are
tested here, namely gAff, OPLS, A þ Oc, and C þ ap (see section 3.1
for full names). The simulations run at 1 bar and the temperatures
are tuned up from 100 K with a 0.05 K/ps heating rate. After the
xylitol crystals fully melt and reach a maximum temperature, the
temperatures are decreased (except AþOc) to 100 Kwith 0.05 K/ps
cooling rate. The density values predicted by these four force fields
are plotted in Fig. 4. Also plotted is the density experimentally
measured using the method described in section 2.5 in black
crosses. The experimental values of density r are listed in Table 4.

Comparing the results of the four force fields with the experi-
mental result, gAff and A þ Oc has the best performance. Imple-
menting the OPLS charge set on the AMBER force field has no
significant improvement on the equation of state, instead, the
Fig. 4. Simulated density of xylitol using different force fields. Also given is the
experimental results obtained using the method described in section 2.5.

Table 4
Experimental values of density r at temperature T and pressure p ¼ 101 kPa for
xylitol solid and (supercooled) liquid.

T [K] rS [kg/m3] rL [kg/m3]

303.15 1497.1 e

313.15 1495.4 1374.6
323.15 1492.5 1365.1
333.15 1488.5 1355.7
343.15 1483.3 1346.4
353.15 1477.0 1339.7
363.15 1469.6 1333.9
373.15 e 1328.1
383.15 e 1322.4
393.15 e 1316.8
403.15 e 1311.5

Standard uncertainties u are uðTÞ ¼ 3:0 K and uðpÞ ¼ 2:5 kPa. The combined
expanded uncertainty Uc is UcðrÞ<0:01r (0.95 level of confidence). L: (supercooled)
liquid; S: solid.
larger charges in the OPLS charge set increased the superheated
melting points Tþ (represented by the sudden drop in the density
curve during the heating-up stage). In the lack of further reasoning
of applying OPLS charge set to AMBER, we consider gAff the best
choice.

Unexpectedly, themore complicated OPLS and Cþ apwithmore
interaction terms and more complicated atom-type definitions
behave much worse than gAff. The densities deviate very much
from the experimental curve; the superheated melting points Tþ,
being 876 K and 993 K, respectively, are much higher than the
experimental melting point of 367 K.

Besides concluding gAff as the best performing force field, we
would also like to know why C þ ap, specifically optimized for
acyclic polyalcohols, with more interaction terms and parameters,
is not good in reproducing the equation of state os xylitol. Certainly
C þ ap best matches the DFT electronic energy, which corresponds
to a static state at zero Kelvin. However in an MD simulation, the
situation is much more complicated when dynamics is involved
[47]. Here we show the VDOS of the heating-up stage of xylitol
modeled using C þ ap in Fig. 5. The temperature increases from
100 K to 1100 K from 0 to 20 ns. In the gray scale image, several
regions can be identified. (1) From 100 to about 360 K, the image
shows more contrast: some vertical lines are much thinner and
brighter. It seems these are the unscattered harmonic phonons that
resonate in their eigen frequencies. Corresponding to this stage, the
density of C þ ap in Fig. 4 displays multiple horizontal plateaus. (2)
From about 360 to 650 K, the spectral image resembles the image of
gAff in Fig. 1. At roughly 650 K, there seems to be a transitionwhich
separates the spectral map. Correspondingly, we have a sudden
increase in density shown in Fig. 4. (3) Between 650 K and 993 K is
the second solid phase. A transition can be seen at roughly 993 K
separating the second solid phase to the liquid. The complexity in
the Cþ ap clearly added more features to the solid phase and solid-
liquid phase transition. Whether these stages actually exist could
be an interesting topic to be studied in future work.

Because of the good performance of gAff in reproducing xylitol's
lattice parameters, phase equilibrium, and other thermodynamic
properties, the MD simulations in the following sections are based
on gAff only.

5. Transport properties

5.1. Self-diffusion coefficient and fluidicity

The self-diffusion coefficient, or diffusivity, D, is linked to the
zero-frequency VDOS and can be calculated using [22].

Sðn ¼ 0Þ ¼ 4MnD
kBT

; (6)

where n ¼ 66 is the total number of degrees of freedom in a xylitol
molecule, M is the mass of a xylitol molecule. The diffusivity result
is plotted in Fig. 6 as a function of temperature. In the heating-up
stage, the diffusivity stays at a very low value until the tempera-
ture reaches the overheated melting point at roughly 500 K. Then
the simulation xylitol transforms into the liquid phase. In the
cooling-down stage, the diffusivity continuously decreases and
there is no clear phase transition observed.

The translational and rotational fluidicity factors ftrn and frot are
also plotted in Fig. 6. These factors describe the percentage of VDOS
the gas-like components occupy, with f ¼ 0 being completely solid
and f ¼ 1 being completely gas. In the liquid phase, ftrn and frot are
almost equal to each other. It means the rotational diffusion and
translational diffusion of xylitol have the similar strengths. This is in
contrast with, for example, water, where frot is significantly less



Fig. 5. Vibrational density of states of xylitol simulated using C þ ap (only the heating up stage).
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than ftrn [23].
5.2. Shear viscosity

The shear viscosity m of xylitol is an important transport prop-
erty that is linked to the nucleation and crystal growth kinetics [48].
In general, supercooled liquid xylitol is a viscous fluid at room
temperature. Using the rheometer described in section 2.3, the
viscosity of liquid xylitol is listed in Table 5 and plotted in Fig. 7.
Viscosity is very temperature dependent. In the range of our
experimental measurement, the viscosity changes two orders of
magnitude.

In the MD simulations, the viscosity can be obtained through
either equilibrium method or non-equilibrium MD method. How-
ever, the former method is subject to low convergence [49] and the
latter is dependent on the shear stress applied [50]. Here, a much
simpler approach is adopted to estimate the shear viscosity, via the
Stokes-Einstein equation [51].

D ¼ kBT
cpmr

; (7)

where r is the hydrodynamic radius of a xylitol molecule, and c ¼ 6
Fig. 6. Self-diffusion coefficient and fluidicity factors of xylitol. The arrows point out
the heating-up stage of crystalline solid and the cooling-down stage of liquid.
assuming a slip condition. The hydrodynamic radius is an unknown
factor. For the purpose of a rough estimation, we assume xylitol is
spherical, and take the geometrical radius as the hydrodynamic
radius. i:e:

4
3
pr3 ¼ V

NA
p; (8)

where V is the temperature dependent molar volume calculated
from the densities in section 4.4, NA is the Avogadro's number, and
p ¼ 0:634 is the maximum incompressible irregular packing factor
of hard spheres [52]. Using the diffusivity calculated in section 5.1,
the viscosity values are calculated and plotted in Fig. 7 in black dots.
In the range of our experimental measurement, the viscosity is
greatly underestimated. The underestimation is from the limited
time span t used in equation (2). At very low temperature, when
the system is at a glass or solid state, all atoms have only oscillatory
motions and the system is non-diffusive (at the time scale of our
MD simulation). This means Sð0Þ ¼ 0 and hence D ¼ 0. However,
for any finite t, equation (2) can only give Sð0Þ>0 and hence D>0.
Therefore, the viscosity values calculated using equations (7) and
(6) provide only the lower bound of the viscosity. At higher tem-
peratures, when molecules start to diffuse, the lower bound is
closer to the true simulated results. Indeed, we see the difference
between the experimental results and the calculated results de-
creases as the temperature increases. If the experimental result
could be extrapolated to even higher temperatures, there are rea-
sons to believe the two results would converge.
5.3. Thermal conductivity

Thermal conductivity k is another important transport property
to be characterized. The k value directly influences the discharge
rate of the heat storage tank and hence the heat output power. The
organic PCMs are, in general, low in the thermal conductivity.
Therefore, conduction enhancement techniques are sometimes
required [11,53,54]. In this work, the thermal conductivity is
experimental measured in (supercooled) liquid state and solid
state. The results are listed in Table 6. The thermal conductivity of
liquid is not very dependent on the temperature. For solid, the
conductivity is much higher.

The MD calculation of heat conductivity is not included in this
work. However in a recent publication using also gAff, the liquid
xylitol's thermal conductivity is determined to be 0.49(1) W/m/K at
380 K using a non-equilibrium MD method [12]. This value is only
slightly higher than our experimental measurements listed in



Table 5
Experimental values of shear viscosity m at temperature T and pressure p ¼ 101 kPa for xylitol (supercooled) liquid.

T [K] m [Pa s] T [K] m [Pa s] T [K] m [Pa s]

313.15 68:0543±0:8941 336.15 5:7544±0:0330 359.15 0:8772±0:0077
314.15 60:2608±0:3204 337.15 5:2462±0:0265 360.15 0:8149±0:0057
315.15 53:4374±0:5977 338.15 4:8004±0:0259 361.15 0:7659±0:0046
316.15 47:5473±0:1433 339.15 4:3879±0:0298 362.15 0:7120±0:0037
317.15 42:1923±0:4998 340.15 4:0058±0:0330 363.15 0:6665±0:0047
318.15 37:7081±0:1935 341.15 3:6711±0:0223 364.15 0:6247±0:0031
319.15 33:4827±0:4126 342.15 3:3435±0:0157 365.15 0:5865±0:0025
320.15 30:1007±0:2179 343.15 3:0719±0:0167 366.15 0:5475±0:0028
321.15 26:6993±0:2242 344.15 2:8335±0:0076 367.15 0:5154±0:0024
322.15 23:8556±0:1157 345.15 2:6112±0:0144 368.15 0:4823±0:0025
323.15 21:3396±0:1018 346.15 2:4016±0:0140 369.15 0:4557±0:0017
324.15 19:2735±0:0540 347.15 2:1983±0:0157 370.15 0:4297±0:0018
325.15 17:2586±0:1391 348.15 2:0194±0:0234 371.15 0:4050±0:0020
326.15 15:5345±0:0877 349.15 1:8449±0:0107 372.15 0:3783±0:0024
327.15 13:9600±0:0232 350.15 1:6935±0:0087 373.15 0:3566±0:0017
328.15 12:6017±0:0917 351.15 1:5584±0:0114 374.15 0:3345±0:0029
329.15 11:4289±0:0758 352.15 1:4389±0:0054 375.15 0:3165±0:0013
330.15 10:2665±0:0847 353.15 1:3320±0:0067 376.15 0:3003±0:0011
331.15 9:3201±0:0887 354.15 1:2437±0:0079 377.15 0:2869±0:0008
332.15 8:4248±0:0613 355.15 1:1577±0:0043 378.15 0:2742±0:0009
333.15 7:6590±0:0131 356.15 1:0783±0:0038 379.15 0:2637±0:0010
334.15 6:9339±0:0595 357.15 1:0045±0:0049 380.15 0:2533±0:0007
335.15 6:3123±0:0329 358.15 0:9440±0:0031 381.15 0:2441±0:0011

Standard uncertainties u are uðTÞ ¼ 0:2 K and uðpÞ ¼ 2:5 kPa. The combined expanded uncertainty UcðmÞ is given in the table (0.95 level of confidence).

Fig. 7. Shear viscosity of xylitol measured using a rheometer and estimated using
Stokes-Einstein equation from MD simulations.

Table 6
Experimental values of thermal conductivity k at
temperature T and pressure p ¼ 101 kPa for xylitol
solid and (supercooled) liquid.

T [K] k [W/m/K]

303.15 (L) 0:42±0:04
323.15 (L) 0:45±0:007
343.15 (L) 0:39±0:007
363.15 (L) 0:40±0:03
373.15 (L) 0:40±0:01
298.15 (S) 1:30±0:08

Standard uncertainties u are uðTÞ ¼ 3:0 K and
uðpÞ ¼ 2:5 kPa. The combined expanded uncertainty
UcðkÞ is given in the table (0.95 level of confidence). L:
(supercooled) liquid; S: solid.
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Table 6. This again proves the effectiveness of gAff.
6. Crystal growth measurements

6.1. Growth inside a liquid layer

The crystal growth experiments are carried out using super-
cooled xylitol liquid placed on a glass substrate. The liquid sample
consists of 300 mg xylitol. When the nucleation is triggered, the
optical camera records the evolution of the growth contour. In
Fig. 8, the growth speeds are plotted versus the liquid temperature.
The multiple dots at the same temperature are speeds traced using
different parts of the growth contour. The crystal growth speed
initially increases with the degrees of supercooling DT ¼ T � Tm,
and reaches a maximum. This behavior is in agreement with the
theory of crystal growth for diffusion-limited kinetics. At the
melting point, melting and solidification are in equilibrium and the
crystal growth velocity is hence zero. As the temperature is low-
ered, the driving force of crystallization grows and the xylitol
crystallization occurs faster, until it becomes limited by the dy-
namics of molecular diffusion and rearrangements. At sufficiently
low temperature liquid mobility is effectively suppressed (e.g.
below the glass transition temperature) such that themolecules are
unable to undertake crystal formation. The crystal growth becomes
hence zero. The maximum growth rate of xylitol is at roughly 335 K
with a rate of roughly 3.5 mm/s.

In the diffusion-limited kinetics model, the growth speed can be
expressed in terms of a few thermodynamics quantities [17].

v ¼ C1exp
�
C2
T

�
2kBT
pmðTÞ

�
1� exp

�
� DHmDT
kBNATTm

��
; (9)

where C1 and C2 are constants to be fitted, NA is the Avogadro's
number. Taking DHm ¼ 40:02 kJ/mol and Tm ¼ 366:2 K, C1 is fitted
to be 1:011� 104m�2, and C2 is fitted to be 9218.2 K�1. The fitting
procedure is given in the supplementary material. As a comparison,
for erythritol, another promising sugar alcohol to be used as a heat
storage material, C1 ¼ 1:017� 106 m�2 and C2 ¼ 8591:8 K�1 [17],
which gives it a much faster crystal growth speed than xylitol.



Table 7
Decomposed classical potential energy of xylitol in both solid and liquid phase.

[kJ/molxyl] Liquid Solid EL � ES

Bond 15.56(0) 15.77(0) �0.21(0)
Angle 47.44(1) 45.94(0) 1.50(1)
Dihedral 41.16(1) 44.63(0) �3.47(1)
LJ �35.04(1) �40.86(0) 5.82(1)
ES 35.73(1) 13.48(0) 22.25(1)
Total 104.87(2) 78.96(0) 25.91(2)

Data in parenthesis are standard deviations of the last digits.

Fig. 8. Temperature dependent crystal growth rate of xylitol measured using a thin
layer of liquid placed between two transparent slides. The solid line is the fitted result
using a diffusion-limited kinetics model.
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6.2. Growth morphology in bulk liquid

When performing the above quantitative measurements for
crystal growth speed, we observed that the growing solid front may
have different shapes depending on the degree of supercooling. In
general, as the degree of supercooling increases, the solid-liquid
interface become more fractured. To better observe this phenom-
enon, another set of experiments are carried out to mimic the
growth in a bulk liquid environment. In these experiments, the
liquid droplet is placed on top of a glass slide without the cover
slide. When a crystal seed is put in, the crystal can grow in all di-
rections. At low degrees of supercooling (< 30 K), the seed tends to
Fig. 9. Optical images of growing xylitol crystal at (a) and (b) 35 �C, (c) and (d) 80 �C. Imag
frame rate is 1.0 Hz. The arrow points out the growing crystal fronts labeled with dashed c
keep its faceted shape, with flat solid surfaces. A typical example is
given in Fig. 9c and d. As the degree of supercooling increases,
surface nucleation is more likely to happen and the solid tends to
form a spherical shape. A typical example is given in 9a and 9b.

7. Molecular conformation and HB structures

To further understand why xylitol has the unique properties
studied in this work, the xylitol molecular conformation and the
hydrogen bond (HB) structures are analyzed in this section using
two independent simulations described in section 3.5. According to
the work of Inagaki and Ishida, sugar alcohols with energetically
stable solid phase are preferred for heat storage applications [26].
This is because sugar alcohols with the same number of carbon
atoms are close in the liquid phase potential energy, and therefore
the isomer with lower solid phase energy results in a larger melting
enthalpy. To start with, we compare the potential energy compo-
sitions of xylitol of both solid and liquid phase at the melting point
Tm, according to the energy terms on the right hand side of equa-
tion (1). The results are listed in Table 7. Because the kinetic energy
at the same temperature is the same, the melting enthalpy is
therefore equal to the potential energy difference. From Table 7 it
can be seen that the major melting enthalpy comes from the non-
bonded interactions, i.e. the van der Waals interaction in Lennard-
Jones (LJ) form, and the electrostatic (ES) interaction.
es (a) and (c) are taken prior to images (b) and (d) in the crystal growing process. The
oncentric circles. The scale bars are 200 mm in all the images.



Fig. 10. The linear and non-linear conformation of xylitol in the solid and the liquid
phases. The non-linear conformation is taken from the crystalline structure [44].

Table 8
HB energy and number of xylitol in both solid and liquid phase.

Liquid Solid EL � ES

Intra E ¼ �3.82(1) E ¼ 0.00(0) �3.82(1)
N ¼ 1.18 N ¼ 0.00

Inter E ¼ �4.77(1) E ¼ �22.07(2) 17.30(2)
N ¼ 2:78 N ¼ 4.19

Sum �8.59(2) �22.07(2) 13.48(3)

Data in parenthesis are standard deviations of the last digits. E in kJ/molxyl and N in
molHB/molxyl.
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For the bonded interactions, the major (negative) contribution
comes from the dihedral torsional energy. In the solid phase, all
xylitol molecules adopt a non-linear conformation shown in
Fig. 10b. While in the liquid phase, approximately half number of
molecules turn into a linear conformation shown in Fig. 10a which
has a lower torsional energy.

For the non-bonded interactions, the major contribution to the
melting enthalpy comes from the electrostatic energy. As a material
with multiple hydroxyl groups, xylitol can form multiple hydrogen
bonds within or betweenmolecules. As an important component of
the electrostatic energy, the HB energy terms are computed and
listed in Table 8. To analyze the HB's number and energy, the HBs
are categorized as either intra-molecular HB or inter-molecular HB.
In terms of the total HB number (interþintra), both liquid and solid
have roughly four HBs per xylitol molecule. However, the HB en-
ergies in the two phases are very different. The solid HBs are much
stronger than those in the liquid. To further compare the difference,
the HB number and HB energy are decomposed based on donor-
acceptor pairs and are plotted in Fig. 11. In the solid phase
(Fig. 11c1 and c2), there is no intra-molecular HBs and the inter-
molecular HBs fall into the five bars. In the liquid phase, most
intra-molecular HBs are formed between the second neighbours
(Fig. 11a1 and a2). For inter-molecular HBs in the liquid phase (11b1
and b2), the outmost oxygen atoms tend to form slightly more HBs
as donors (Fig. 11b1), and these HBs are much stronger (Fig. 11b2).

From the results above, upon melting, the strong inter-
molecular HBs in solid break off and form weaker intra and inter-
molecular HBs in liquid. In the liquid phase, the head and tail car-
bon as donors form the strongest HBs. For the design of a phase
change material with high melting enthalpy, we look for sugar al-
cohols with high potential energy in the liquid phase. Clearly, the
ones with less or weaker liquid phase HBs are energetically less
stable and are therefore preferred (in terms of only the melting
enthalpy). According to the HB energies calculated in this work,
sugar alcohols with longer carbon chains in the linear form may be
a possible solution because they have a minimized portion of head
and tail OH groups that may form strong HBs. Though this
conclusion is in agreement with thework of Inagaki and Ishida [26],
we argue that the explanation using HB energy instead of HB
number as explained therein is more convincing. Furthermore, we
advice when decomposing the HB numbers and energies based on
OH groups, donor OH and acceptor OH should be separately
considered.

8. Discussions

In this work, a thorough characterization of xylitol is carried out
for its potential applications in seasonal heat storage systems. The
characterization covered xylitol's thermodynamic and transport
properties, thermal stability, crystal growth kinetics, and molecular
structures, using both experimental techniques and theoretical
calculations based on molecular dynamics. As a phase change
material, we obtain a melting enthalpy of about 40 kJ/mol, which
translates to 263 kJ/kg, or 390 MJ/m3, at a melting point of 366 K.
Such properties put xylitol at a reasonably good position in the
melting enthalpy-melting point chart presented in Refs. [55,56]. As
a general trend, the higher a PCM's melting point is, the higher
melting enthalpy it has. However, for a predefined application, the
melting point should satisfy a given range. For example, for resi-
dential heating, when water is used as the heat-transfer fluid, we
need a PCMwith Tm lower than 100 �C, but higher than the heater's
temperature. The melting point of xylitol situates exactly in this
range. For seasonal storage, to minimize the insulation costs, the
PCM should have an evident supercooling effect. In our experi-
ments, xylitol turns into a very viscous state at room temperature
and remains liquid unless a crystalline seed is inserted. Therefore,
thermal insulation for xylitol storage is not a concern. For the above
considerations, xylitol is a suitable choice for seasonal heat storage
in residential heating applications. However, the loss of sensible
heat in the cooling process cannot be ignored, because the super-
cooled xylitol liquid has a much larger heat capacity than its solid
state. Also to be noted is the roughly 10% density change upon
melting. In the design of the storage system, the density change
should be considered to avoid mechanical failures.

Another popular alternative for seasonal heat storage is the
thermochemical heat storage, which has multiple GJ/m3 storage
capacity and negligible heat loss [55,13]. However sugar alcohols, in
particular, xylitol, has a much lower melting point and can utilize
liquid water as the working fluid. Besides, in this work we find
xylitol has a good cycling stability and a relatively good thermal
stability, in contrast to the thermochemical materials [57]. Addi-
tionally, as by-products in the food industry, sugar alcohols are
non-corrosive, non-toxic, and relatively cheap. In the family of
phase change materials for heat storage, there are inorganic PCMs
and organic PCMs. Compared with the inorganic PCMs, the afore-
mentioned environmental considerations are the advantages of
sugar alcohols. Within the organic PCM class, sugar alcohols have
relatively large storage capacity than the paraffins. This is because
the strong HBs formed in the solid phase greatly increase their
melting enthalpy, and partially, the melting points. Additionally,
sugar alcohols have higher density than paraffins and can therefore
store more energy per unit volume. Within the sugar alcohols,
xylitol has both higher melting enthalpy and lower melting point
than its C5 isomers [13,58]. For the above considerations, xylitol is a
very promising candidate as a seasonal heat storage material.

However, during this study, we also find a few drawbacks. Be-
sides the high supercooling effect, the triggering of nucleation from
the supercooled state is very difficult. Currently, this is achieved by



Fig. 11. HB number (NHB) and HB electrostatic energy (EHB) of (a) (b) liquid and (c) solid xylitol decomposed into donor-acceptor pairs. The shaded bars indicate the sum of HB
number or energy contributed by a specific donor or acceptor. Note that the solid intra-molecular results are not plotted here because they have nearly no contribution to either the
total HB number or the total HB energy. For detailed heights of the bars, see Table S1 in the supplementary material.
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the air bubbling method described in section 2.2 or the seed
insertion method described in section 2.6. Also, due to the lack of
molecular mobility, the crystal growth speed is only in the order of
magnitude of mm/s. The thermal conductivity is also low, although
this seems to be a drawback of all organic PCMs [59] and efforts are
made to increase their conductivity [11,53,54,60,61]. Despite of
these, xylitol remains a very good candidate for seasonal heat
storage applications, especially for systems requiring a 80e100 �C
working temperature, or systems that have particular economical
environmental considerations.
9. Concluding remarks

Xylitol (C5 H12 O5) is investigated as a potential phase change
material for seasonal heat storage applications. Using various
experimental techniques, we measured the density, heat conduc-
tivity, viscosity, crystal growth speed, thermal and cycling stability
of xylitol. Also measured are the latent heat and specific heat ca-
pacity in the supercooled liquid state. We obtained a melting
enthalpy of 263(13) kJ/kg (0.95 level of confidence), or roughly
390 MJ/m3, at a melting point of 366.15(50) K. The evident super-
cooling effect of xylitol is confirmed up to room temperature.
However, at such a low temperature, xylitol shows a two orders of
magnitude higher viscosity, resulting in low molecular mobility
which hinders the nucleation and crystal growth process. The
crystal growth speed is observed to increase as the degree of
supercooling increases, before it reaches amaximum at 330e340 K.
We also observed distinct growth morphologies under different
degrees of supercooling. In the measurement of the thermal
conductivity, xylitol liquid has roughly 0.40 W/m/K conductivity
regardless of the temperature, which, though not high, falls into the
range of commonly used organic PCMs. On the theoretical side, four
classical force fields are tested to model xylitol at the molecular
scale. Among all, the generalized AMBER force field (gAff) has the
best performance which correctly reproduces xylitol's equation of
state, thermal conductivity, melting point, solid state heat capacity,
and other thermodynamic properties. The validated force field can
be used in many future researches at the molecular scale, for
example, to study the nanoscale heat transfer in carbon-xylitol
composites. Using gAff, the origin of the melting enthalpy of
xylitol is studied based on molecular dynamics simulations. We
found the energetically stable hydrogen bond structure in the solid
phase is responsible for the large melting enthalpy obtained. In
summary, the thorough investigation of xylitol for seasonal heat
storage has provided many details of the material itself, including a
whole set of thermodynamic and transport properties in a wide
range of temperatures. The gAff used here is proven reliable and
can be applied to future researches. In practice, xylitol can be a very
good candidate for seasonal heat storage systems requiring a
80e100 �C working temperature.
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