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Sugar alcohol phase change materials have gained considerable attention for heat storage in recent years owing
to their higher thermal conductivity and larger latent heat compared to traditional paraffin materials. However,
knowledge about the reason of large latent heat and latent heat difference among diverse sugar alcohols as well
as the mechanism of melting process remains elusive. In this study, molecular dynamics simulation was
employed to investigate the melting process and latent heat of four sugar alcohols (glycerol, erythritol, arabi-
nitol, and mannitol). Melting points and latent heat of fusion were determined first, different melting temper-
atures were observed under different one-dimensional heat conduction directions in several sugar alcohols. It
was found that the strength of intermolecular interactions within molecular crystal layers has a positive corre-
lation with the anisotropic melting tendencies, which can be more intuitively reflected by the difference in the
number of hydrogen bonds within the molecular layers. In addition, the decomposition of the latent heat of
fusion revealed that the latent heat is mainly composed of van der Waals and Coulombic contributions, where the
interaction between hydroxyl groups accounts for a major part. Hydrogen bond analysis demonstrated that the
latent heat of fusion is partly due to the breakage of hydrogen bonds during the phase transition of melting. It
was also noted that the differences in the hydrogen bonding lifetimes between different sugar alcohols may be
related to the magnitude of latent heat of fusion. Erythritol and mannitol which coincidentally happened to have
an even number of carbon atoms can fulfill the properties of better PCMs compared to glycerol and arabinitol,
which have an odd number of carbons. Those results will pave the way for better design optimization and
performance evaluation of sugar alcohols as phase change materials.

from researchers and industry.
Generally, PCMs are categorized into organic and inorganic [4].
Many experimental works show that organic PCMs have better recy-

1. Introduction

With the development of technology and the progress of society,

energy utilization is increasing rapidly. The process of energy extraction
and use is inevitably accompanied by waste and pollution of the envi-
ronment due to its byproducts. Therefore, energy depletion and envi-
ronmental degradation are imminent problems that human society must
face and address. In order to better enhance the utilization efficiency of
energy as well as reduce waste, phase change materials (PCMs) emerged
as a new approach to thermal energy storage [1]. PCMs can undergo a
phase change at a certain condition and absorb or release a large amount
of energy during the phase change process, which is mostly helped by
latent heat. Due to this, PCMs are used in a wide range of applications in
the construction, refrigeration, and energy sectors [2,3]. Specifically,
the large latent heat of sugar alcohol PCMs has drawn much attention
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clability, weaker aggregation, and melting temperatures that are in the
range working temperatures of most thermal management systems,
which make them a more attractive choice for research and real-life
applications [5]. When considering phase change types, they can be
divided into liquid-gas, solid-solid, and solid-liquid PCMs, among which,
solid-liquid PCMs are of greatest interest because of their small volume
change during melting or solidification, and their high latent heat (latent
heat of fusion) [6]. Among such solid-liquid PCMs, paraffin wax is a
convenient and inexpensive organic PCM that has been widely investi-
gated by researchers via both experiments and simulations. On the other
hand, paraffin wax PCMs have low thermal conductivity which prevents
the stored heat from being emitted in a timely manner and leads to poor
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efficiency during applications requiring fast exchange of heat, moti-
vating further search for improvements [7]. Approaches including
introducing high thermal conductivity materials, nano-encapsulation,
and functional group modification have been applied to improve the
thermal conductivity of paraffin PCMs. Unfortunately, this enhancement
is usually accompanied by latent heat attenuation [8,9].

In recent years, as an alternative to paraffin-based ones, PCMs based
on sugar alcohols have attracted much attention because of their supe-
rior performance in terms of both latent heat and thermal conductivity.
The latent heat and thermal conductivity of sugar alcohol PCMs have
been investigated in many experiments [10-12], which show that the
thermal conductivity of most sugar alcohols, even pure materials
without any additives or functional group modifications, is often higher
than that of paraffin-based composite PCMs, which use various means to
improve heat transfer properties. Therefore, sugar alcohols have a
strong potential as a new generation of PCMs for commercial application
in the future. Reflecting such interest, there has already been a large
number of experimental and theoretical investigations of sugar alcohol
in recent years [13]. Although compared to paraffin, sugar alcohols have
better performance as PCMs due to larger latent heat, because of a high
degree of supercooling, solidification frequently happens much below
the freezing point, which is undesirable. To remedy this, nano-additives
are often added to promote nucleation that would trigger solidification
in sugar alcohols and reduce the supercooling tendencies, while also
further enhancing the effective thermal conductivity [14,15]. As more
intrinsic knowledge of the phase change mechanism in sugar alcohol
PCMs will be obtained in this work, it is hoped that it also might
eventually lead to better approaches to controlling this problem.

Several recent molecular dynamics studies on sugar alcohols have
found that the melting of different crystalline surfaces happens at
different temperatures [16,17]. It has been suggested that this is due to
the varying strength of intermolecular forces in different lattice di-
rections [18]. This anisotropic phenomenon was also observed in the
surface melting of ice in earlier experiments [19]. However, the actual
mechanism of this anisotropic melting phenomenon has not been
investigated in detail, and it is believed that this anisotropic melting
could have great potential for the future application of phase change
materials, e.g. controlling phase change temperature of a single PCM
type to satisfy diverse working conditions. On the other hand, because
sugar alcohols have the same number of hydroxyl groups as their carbon
atoms, their various physical properties are often strongly influenced by
the complex and large number of hydrogen bonds in their crystalline
states, which not only affects the phase transition process but also affects
their latent heat and other physical properties [20]. It has been shown
that the hydroxyl groups have an important influence on the physical
properties of sugar alcohols, as isomers with the same molecular formula
have been found to have different latent heat due to different hydroxyl
positions [17]. In general, for paraffin PCMs, latent heat per mole
(kJ/mol) has a proportional relation to the number of carbon atoms, but
for sugar alcohol molecules, the amount of latent heat of sugar alcohols
sometimes does not necessarily increase with an increase in the number
of carbon atoms and hydroxyl groups, and the latent heat per mole of
some short-chain sugar alcohols is known to even be larger than that of
long-chain sugar alcohols, not to mention the latent heat per unit mass
(kJ/kg) [21]. To the best of our knowledge, there have been no
comparative studies on the latent heat of sugar alcohols with different
numbers of carbon atoms to explain the causes of the latent heat dif-
ference between different sugar alcohols. The exploration of differences
in the latent heat will reveal the key factors determining its magnitude
and further deepen the understanding of sugar alcohol PCMs.

Therefore, in this study, four sugar alcohols: glycerol (C3HgOs),
erythritol (C4H;004), arabinitol (CsH;205), and mannitol (CgH;40s),
which contain three, four, five, and six carbon atoms, respectively, were
chosen and the phase change properties such as melting point and latent
heat were investigated via molecular dynamics simulations. The melting
temperatures under different one-dimensional heat conduction
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directions in relation to the crystal lattice were obtained. Anisotropic
melting tendencies were found and investigated via the molecular
orientation of the crystal state and intermolecular interactions. The
latent heat of the four sugar alcohols was also calculated, and the
detailed contributions to latent heat were decomposed into the contri-
butions of various molecular interactions. Properties and behaviors of
hydrogen bonds were analyzed as well to discuss the similarities and
differences in the contributions.

2. Simulation details
2.1. Force fields and simulation setup

The OPLS-AA (all atom) force field [22-24] applied in this study has
widely been used in many studies to investigate the properties of alco-
hols [25]. The potential energy terms in the OPLS-AA force field are as
follows:

Epot = Ebonds + Eangles + Edihedrals + Eunbonded (1)

Ebonds = ZK(d - dO)Z (2)
bonds

Eangles = Y _ k(0 — 65)* 3)

angles

1
Einedrals = Z 3 {V1[1 +cos(p)] + V2 [1 — cos(2¢)] + V3[1 + cos(3¢)]
dihedrals

1 V4[l — cos(49)]}
“4)

Oij Oy 4iq;
E nbonded — ij - - e
unbonded ZEJ (riljz rS) + 2(477507'1']') 5)
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where the first three terms in Eq. (1) represent interatomic stretching,
bending, and torsion energies. d is the distance between two bonding
atoms, 0 is the angle between three bonding atoms, ¢ is the dihedral
formed by four atoms, dy, 6y are the equilibrium bond length and angle,
K, k, V are energy coefficients and subscriptsi and j are atom indices. The
last term Eyponded in Eq. (5) consists of two parts that represent inter-
molecular interactions. The first part is the 12-6 Lennard-Jones poten-
tial, which we use to describe the van der Waals (vdW) interactions,
where ¢ and o are the energy and distance parameters, respectively. The
second part describes the Coulombic energy, and q is the charge of the
atom. Detailed value of parameters described above can be found in
section S5 in Supporting Information. Unbonded interactions are not
considered for bonded atoms, often noted in literature as 1-2 in-
teractions, and for atoms connected by an intermediate bonded atom,
noted as 1-3 interactions. When atoms are bonded via two intermediate
atoms (1-4 interactions), both vdW and Coulomb interactions are scaled
to 0.5. The cut-off distance is 12 A for both vdW and Coulombic short-
range interactions. The long-range Coulomb interactions are calcu-
lated by the particle-particle particle-mesh method with an accuracy of 1
x 107° [26]. The implementation of the SHAKE algorithm [27] with an
accuracy tolerance 1 x 10™* and maximum 100 of iterations in our
simulations ensures to avoid the quick vibration of the bonds connected
to hydrogen atoms to reduce calculation complexity and speed up the
simulation. Three-dimensional periodic boundary conditions are
applied in all directions for all simulations, and the integration time step
is set to 1 fs. The velocity Verlet time-stepping algorithm is used to
update the atom motions [28]. To precisely indicate the phase change
properties of sugar alcohols, the correct crystal structure of solid sugar
alcohols is indispensable. The crystal configurations of sugar alcohols
are constructed using experimental data obtained via X-ray diffraction
technique [29-32]. All simulation calculations in this work were per-
formed by a Large-scale Atomic/Molecular Massively Parallel Simulator
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(LAMMPS) [33] and we used Visual Molecular Dynamics (VMD) [34]
software to visualize the molecular model construction.

2.2. Local equilibrium non-equilibrium molecular dynamics simulations

The melting point is an essential physical quantity that needs to be
obtained first to examine phase change. An easy and direct way to
determine the melting point is to heat a solid system at a fixed heating
rate under constant pressure, and then observe at which temperature the
volume abruptly changes. On the other hand, this is prone to over-
estimating the melting point, so-called superheating, because it is
difficult to break the energy barrier between the solid and liquid phases
at the melting point in a short time scale. This often leads to the melting
occurring at a temperature higher than the macroscopic meting point
[35].

To avoid such problems in molecular simulation, solutions with
multiple procedures to create the solid-liquid interface, such as the
interface/NPT method and the interface/NVE method have been pro-
posed [35]. In our work, an alternative and convenient approach is
adopted to determine the melting point of sugar alcohols, called the
local equilibrium non-equilibrium molecular dynamics (LE-NEMD)
method [36]. In the LE-NEMD system, heat is conducted along a specific
lattice direction due to the hot and cold heat baths, as shown in Fig. 1,
which also creates a one-dimensional temperature gradient, resulting in
a solid-liquid coexisting configuration. As solid and liquid phases
co-exist, the solid-liquid energy barrier no longer causes an over-
estimation of the melting point.

The LE-NEMD approach consist of two steps. First, three elongated
crystalized configurations along (100), (010), and (001) crystal lattice
directions are built with 2880, 2304, 2160, and 2400 molecules for
mannitol, arabinitol, erythritol, and glycerol, respectively, by repli-
cating the crystal unit cell from the experimental data [29-32] (detailed
information of unit cell is given in section S1 of Supporting Information).
The same number of molecules of each sugar alcohol is adopted
regardless of the crystal lattice direction. The systems are then relaxed
for 3 ns via applying Nosé-Hoover [37] barostat and thermostat (NPT)
at a pressure of 1 atm and temperatures of 250 K, 300 K, 350 K, and 350
K for glycerol, arabinitol, erythritol, and mannitol, respectively, which
are significantly below their experimental melting points of 291 K, 393
K, 373 K, and 442K [11,12], to ensure the formation of a crystal state.
This produces three stable elongated crystal configurations along the
three lattice directions for each sugar alcohol. As a second step, using the
last state of the relaxation, system-wide thermostats are removed, and
the Nosé-Hoover barostat is performed to control the pressure along the
direction of temperature gradient under 1 atm, where only the length of
this direction is relaxed. In other words, the system only expands or
shrinks along the heat conduction direction during the simulation. The
heat source and heat sink are implemented via Langevin heat baths [38]
located on one side of the system as shown in Fig. 1. The temperature of
the heat sink is kept at the relaxation temperature, while that of the heat
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source is set to 400 K, 450 K, 580 K, and 650 K for glycerol, arabinitol,
erythritol, and mannitol, respectively. It is essential to mention that the
temperature of the heat source is set to sufficiently higher than the
experimental melting point to ensure that the hot side of the system is
completely melted. After a 35 ns run, the systems become stable, and the
solid-liquid interface is established stationarily, sampling data is
collected from last 5 ns. Please note that because the position of the
interface is not directly used in our work, the solid-liquid interface
shown in Fig. 1 is a rough estimation. The determination method is
introduced in section S6 in Supporting Information. In this stable state, a
fixed temperature gradient forms along the heat flow direction, and in
the right-hand side area of the system, which is the data sampling region
of the system, as indicated in Fig. 1. Every yz slab of the region can be
assumed to be in an equilibrium state since the temperature gradient of
these sections is very small and invariant to time. Thus, the physical
quantities such as temperature, energy and density in each small section
can be independently calculated. From the sampling region of the
LE-NEMD system, the temperature and the energy are both the function
of position along the heat conduction direction, therefore the relation
between the energy and temperature can be obtained. Because a
solid-liquid interface exists, a total energy (kinetic and potential energy)
jump occurs near its interface position, which can be reflected in the
energy-temperature curve. To pinpoint the temperature of the phase
change, the energy-temperature curve in the sampling area is fitted by a
cubic spline and its derivative is taken, as shown in Fig. 2. The melting
point can then be determined as the temperature at which the derivative
has the maximum value, i.e., where the energy-temperature curve has
the highest gradient, as shown as the red arrow in the smaller embedded
graph of Fig. 2. In addition, the energy difference at the melting point
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Fig. 2. An example of the latent heat and melting point calculation method in
LE-NEMD simulations of erythritol (100) system. The blue and yellow lines are
the linear extrapolations of the temperature-energy curve, and the energy jump
represents a preliminary estimate of latent heat. The lower right window is the
derivative of the temperature-energy curve, the red arrow points to the
melting point.
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Fig. 1. Schematic of LE-NEMD system, erythritol (100) system given as an example, blue and red regions sign heat sink and heat source, gray plane indicates the

rough position of the solid-liquid interface.
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between the linear extrapolations of the temperature-energy curve from
the solid and liquid sides can be used as a preliminary estimate of the
latent heat of sugar alcohols (details can be found in section S2 of
Supporting Information), as shown as the black bidirectional arrow in
Fig. 2.

Because of the anisotropy of the crystal structures of sugar alcohols,
the melting points obtained from LE-NEMD systems constructed along
the (100), (010), and (001) directions have a non-negligible difference.
As we are also interested in the bulk properties and want to determine
the latent heat, which should not depend on the crystal direction, the
bulk melting point is chosen as the lowest value, as melting in real
materials is assumed to start from the easiest direction. Fig. 1 is one
example configuration of the LE-NEMD system, where the molecules are
aligned along with (100) direction.

2.3. Equilibrium bulk simulation

In principle, a rough estimation of the latent heat can be obtained
together with the melting point from the LE-NEMD systems described in
2.1. After knowing melting point, to reduce the analysis complexity, a
more robust and simpler method is used to determine the latent heat of
fusion. First, two equilibrium bulk systems are constructed: one in a
solid phase at the melting point, and the other in a liquid phase, also at
the same melting point and pressure. The latent heat can be then derived
as the enthalpy difference between the two phases [39], as shown in Eq.

(6):

AI_Ifusion(py T) = HI(P» T) - Hs(pa T)
=E"(p.T) —E*(p,T) +p(Vi(p. T) - Vs(p, 7)), )

where the enthalpy of fusion AHgsion (p,T) is the difference in enthalpy
between the liquid and solid phases at a certain pressure p and the
melting point T, represented as H;, (p,T7) and H; (p,1),
respectively. Ei°(p, T) and E*(p, T) are the total energy of the liquid and
solid phases; and V| (p,T) and Vs (p,T) are the system volumes of liquid
and solid phases, respectively. As the temperatures are the same, the
solid and liquid phases have the same amount of kinetic energy; in
addition, compared with vaporization, the volume change of the melting
process can be considered negligible. Therefore, we can approximate
that AHgysion (p, T) is the difference in the potential energy between the
solid and liquid phases, as shown in Eq. (7):

AHﬁlSiOﬂ(T) = Efm(pv T) - Egm(pv T) +p(Vl<p~ T) - VS(p7 T))
~ {)Ot(pv T) 7Egor(p7 T)a (7)

As shown in Fig. 3 the initial configurations of the bulk systems are
also built from the crystal unit cell [29-32]. In the case of liquid systems,
the crystal lattice is first melted via annealing for 3 ns, under 1 atm and
at 450 K, 600 K, 500K, and 650 K for glycerol, arabinitol, erythritol, and

(b)

o

Fig. 3. Four sugar alcohol molecules and their bulk crystal configurations: (a)

mannitol (CgH406).
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mannitol, respectively, into a liquid phase, and then gradually cooled
down to melting temperature under 2 ns at a fixed rate, while remaining
in a liquid phase. Solid systems don’t need annealing and are relaxed
from their initial configuration. Bulk solid and liquid systems are both
relaxed and sampled under an NPT ensemble under 1 atm at the melting
point for 3 ns and 5 ns, respectively. Directional components of the
system pressure are controlled independently for solids in the triclinic
box and shear stress is not relaxed, i.e., system size can change in each
direction independently, while they are coupled for liquids. The bulk
systems consisted of 540, 512, 432, and 480 molecules for mannitol,
arabinitol, erythritol, and glycerol, respectively. Three-dimensional
periodic boundary conditions are applied to all the bulk systems. The
systems are used to determine latent heat and its decomposition analysis
in which governing factors and their contributions are evaluated.
Additionally, hydrogen bond analysis and interaction energy analysis
are carried out to further investigate the phase change properties of
sugar alcohols.

3. Result and discussion
3.1. Melting point and latent heat

The LE-NEMD (100) system of erythritol is demonstrated in Fig. 4,
where the profiles of temperature, density, and total energy at every slab
are calculated. The energy-temperature curves of all four sugar alcohols
are plotted in Fig. 5. The melting points are determined via the approach
described in Section 2.1 for each lattice direction, with the results shown
in Table 1, where experimental values are obtained from Refs. [11,12].
It is found that the melting point of mannitol in the (100) direction

Tff(?ég?“ = 456 K was lower than 7'515(’511‘6‘))6 = 488 K by approximately 32

K, and Tﬁﬁ(gllg‘))" is lower than that of Tﬁﬁ(g%‘i?" = 506 K by approximately

19 K. This means that the energy jump, observed at the solid-liquid
interface in Fig. 4, where the phase change occurs, happens at
different temperatures under different directions of heat conduction
even for the same material. In this work, we call this phenomenon as
anisotropic melting. Similarly, this anisotropic melting tendency can
also be found for arabinitol and glycerol, observed from the different
temperature-energy curves in Fig. 5 as well. On the other hand, aniso-
tropic tendencies were not apparent for erythritol. Please note that due
to the arbitrariness of lattice direction definition, the relationship be-
tween temperature-energy curve and lattice directions of different sugar
alcohols isn’t rigidly defined. It is intrinsically affected by the molecular
arrangement of sugar alcohol’s own crystal structure alongside different
lattice directions. This phenomenon is discussed in detail later in 3.2.
As mentioned in Section 2.2, the lowest computed melting temper-
ature in Table 1 is considered as the macroscopic melting point of each
sugar alcohol. Therefore, the macroscopic melting points of arabinitol

= 366 K and TG:f100:=395 K,

(d)

and erythritol are set as TGsM20s

glycerol (C3HgO3), (b) erythritol (C4H1004), (c) arabinitol (CsH;20s), (d)
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Fig. 5. Total energy as a function of temperature under different directions of heat conduction (HC): (a) glycerol, (b) erythritol, (c) arabinitol, (d) mannitol. Their
derivative curves for melting point calculation are given in section S2 of Supporting information.

Table 1
Melting temperature (K) of sugar alcohols obtained via LE-NEMD simulations.
Parentheses indicate standard errors (e.g., 276(2) = 276+2).

Sugar alcohol (100) (010) (001) Expt. [11,12]
Glycerol 276(1) 282(2) 292(4) 291
Erythritol 395(3) 400(2) 406(8) 393
Arabinitol 404(1) 391(1) 366(4) 373
Mannitol 456(3) 488(2) 506(2) 442

respectively, which has a good agreement with experiment values of 373
K and 393 K. On the other hand, the melting point of mannitol, which is
TSH20s = 456 K, is somewhat larger than the experiment value of 442
K, while the melting point of glycerol T$#0s = 276 K is smaller than the
experimental value of 291 K, both having a deviation of more than 10 K.

Nonetheless, the observed experimental melting point trends of the four
sugar alcohols, with mannitol having the highest melting point, and
glycerol having the lowest, were properly reproduced via the solid-
liquid coexistence LE-NEMD simulation, and the discrepancy between
calculated and experiment values is less than 20 K.

As the melting points have been obtained for sugar alcohols, the
liquid and solid phase bulk systems can now be constructed at these
temperatures to measure latent heat, as described in 3.1. In brief, the
latent heat of phase transition can be calculated according to Eq. (7) by
obtaining the potential energy difference. The obtained latent heat of
fusion for the four sugar alcohols is shown in Fig. 6. It is demonstrated
that there is no simple correlation between the latent heat of the sugar
alcohols and their chain length, as also observed in experiments.
Erythritol with four carbon atoms and mannitol with six carbon atoms
have similar latent heat values, which are much higher than that of
arabinitol and glycerol with five and three carbon atoms, respectively.
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Fig. 6. Latent heat calculated via bulk simulations and experiment values [11,
12], note error bars of present work are very small as given by black hy-
phen marks.

On the other hand, in the case of glycerol, there is a large discrepancy
between the present calculations and the experimental values, and it is
suspected that some imperfectness of the OPLS-AA force field results in
inadequate reproduction of intramolecular interactions of this sugar
alcohol, which will be explained in 3.3. On the other hand, the obtained
latent heat of fusion of all the other sugar alcohols is in good agreement
with the experimental values, as indicated in Fig. 6, especially for
erythritol and mannitol. Moreover, even considering the underestima-
tion for glycerol, the relative magnitude relation of latent heat for the
four sugar alcohols is in good agreement with the experimental results.
Due to this, the simulation systems can be considered to reliably reflect
the true phenomenon validating our MD analysis.

3.2. Mechanism of anisotropic melting tendencies

3.2.1. Uniaxial order parameter

As demonstrated in Section 3.1, pronounced anisotropic melting
tendencies are found in mannitol, arabinitol, and glycerol when the heat
flow is applied along different lattice directions. It is known that because
of the orientation of molecules that compose a crystal lattice, inherently
anisotropic characteristics are prevalent in single crystals, i.e., for
crystals without grain boundaries, the arrangement of molecules along
different crystallographic directions is often different. In the LE-NEMD
simulations in Section 3.1, the heat flow was along the three lattice di-
rections of (100), (010), and (001), resulting in different alignments of
the sugar alcohol molecules in relation to the heat flow. It is thought that
such structural anisotropy translated into anisotropic melting. In order
to characterize the arrangement of the molecules along a specific di-
rection, the uniaxial order parameter [40] is used to measure the mo-
lecular arrangements along the three different heat flow directions. For a
perfect molecular crystal, a single unit cell contains all the orientation
information. Fig. 7 (a) shows the structure of the unit cell of arabinitol as
an example. A carbon atom chain vector is defined as the displacement
vector between the terminal carbons, with the angle between this vector
and the direction of heat flow denoted as 6. All the molecules in the unit
cell are assigned an angle value 6, and the uniaxial order parameter Sg
can be calculated for each sugar alcohol along three heat flow directions
via Eq. (8):

/3,1
Sy = <Ecos 97§>. 8

where the subscript Fin Eq. (8) represents the heat flow direction ((100),
(010) or (001)), while the angle brackets denote a mean over all mole-
cules in the unit cell. The uniaxial order parameter has a range of
(—0.5,1) and indicates the orientation of the molecules in the unit cell.
When the angles between the carbon atom chain vector and the heat
flow direction are small, i.e., the molecules are mostly parallel to the
heat flow direction, each value of the cosine is close to 1. In other words,
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Fig. 7. (@) Unit cell of arabinitol, direction vectors and 0 definition. (b) uniaxial
order parameter of sugar alcohols and its relationship to melting point.

if Sp is close to 1, most molecules are aligned parallel to the heat flow
direction, while and if Sr is close to —0.5, most molecules are perpen-
dicular to the heat flow direction. Fig. 7 (b) plots the relationship be-
tween the uniaxial order parameter Sr and the melting temperature in
each direction of heat flow. It is found that the melting temperatures of
arabinitol and glycerol tend to linearly increase with the increase of the
order parameter. On the other hand, while S(190y and S(o10) are similar
for mannitol, the melting temperature is significantly different. It is
thought to occur because the current order parameter definition only
reflects the carbon chain orientation, while the orientation of hydroxyl
groups may also greatly affect melting. In general, it is confirmed that
there is a positive correlation between the order parameter and melting
temperature, and that the direction with the higher melting temperature
tends to have the larger order parameter. In other words, the more
carbon atom chains of molecules align along the direction of heat flow,
the higher melting temperature tends to be, the mechanism behind this
will be introduced in 3.2.2 and 3.2.3. via means of analyses.

3.2.2. Interaction energy

In 3.2.1, a correlation between the uniaxial order parameter and
anisotropic melting tendencies was demonstrated. To investigate the
mechanism, the bulk system introduced in Section 2.3 is used to carry
out interaction energy analysis.

First, consider that melting is a process in which energy is absorbed
by atoms or molecules in a crystal, and thermal fluctuation must reach a
sufficient magnitude until it can break the energy barrier between the
solid and liquid phases. For molecular crystals, it can be considered as a
process where the constraints of the intermolecular forces are broken
and thus the structure of the crystal is destroyed [18] so that molecules
are able to move more freely. When the heat conduction is in
one-dimension, similar to the LE-NEMD system in Fig. 4, but not at a
stable state with progressive melting, at the solid-liquid interface, liquid
molecules with higher energy gradually cause defects in the outermost
layer of the crystal face (molecular layer) which transforms an ordered
arrangement to a disordered state. For glycerol, arabinitol, and mannitol
molecules, different directions of one-dimension heat conduction result
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in different crystal faces that are crossed by the direction of heat flow are
needed to break. Therefore, it is expected that the analysis of the
interaction energy in relation to different crystal face structures may be
able to reveal some relevant mechanisms. Among the three sugar alco-
hols with distinct anisotropic melting tendencies, arabinitol has the
simplest triclinic crystal structure, as shown in Fig. 7(a), which makes it
trivial to classify the different crystal faces and divide them into mo-
lecular layers. Fig. 8(a) shows a schematic diagram of the molecular
layers division in the (100) direction (crystal unit cell extends in bc slab),
along which crystalline arabinitol is divided into a total of 8 such mo-
lecular layers that have identical structure, where one of the molecular
layers contains 64 molecules as indicated by a red box. The molecular
layers in (010) and (001) directions which consist of the molecules in ac
and ab slabs, respectively, are also treated in the same way and contain
the same number of molecules as molecular layers (100). For these
molecular layers, their intermolecular interactions (intermolecular po-
tential energy of Eq. (5)) are divided into the interactions within the
molecular layer, and the interactions with external molecules outside
the layer, as respectively shown by the green and black arrows in Fig. 8
(a). These two interactions are referred to as intralayer interactions and
interlayer interactions, respectively. The intralayer and interlayer
interaction energies for each condition are obtained from the mean of
the 8 corresponding molecular layers. In order to observe the variation
of these two interactions in the melting process of arabinitol, the tem-
perature of this system is gradually increased from 300 K at the crys-
talline state to realize the melting process. The system finally reaches
550K, which is a fully liquid state.

(a)
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The magnitude and variation of intralayer and interlayer interaction
energies of molecular layers of three directions in relation to tempera-
ture are shown in Fig. 8(b)-(c). The black, yellow, and blue dots indicate
the interaction energies of the molecular layers in the (100), (010), and
(001) directions, respectively, the negative energy values show attrac-
tive interactions. For this system, it is found that both the interaction
energies of interlayer and intralayer start to show a sharp increase at
around 400 K, where it is assumed that solid-liquid phase transition
begins. It should be mentioned that for this kind of uniform heating
system, the temperature required for the melting phase transition, i.e.,
melting point, is often overestimated due to the difficulty of breaking the
solid-liquid energy barrier in a perfect solid crystal [41]. Nonetheless, it
is possible to qualitatively assess the differences among different crystal
faces. As mentioned earlier in this section, melting requires overcoming
energy barriers between the solid and liquid states, and this should be
reflected in the interaction energies of the molecular layers. As shown by
the orange dotted line in Fig. 8(b)-(c), the interlayer interactions in
Fig. 8(b) reach their maximum value at a lower temperature than the
intralayer interactions in Fig. 8(c), which implies that the energy bar-
riers of the interlayer interactions are easier to be overcome. On the
other hand, more energy is needed to break the energy barriers of the
intralayer interactions, which can be reflected by the amplitude of the
energy jump that is defined as the energy difference between extremum
value and the linear approximation of solid parts, as shown in Fig. 8(b)-
(c). Therefore, it can be considered that the intralayer interaction plays a
more critical role in the melting of one-dimensional heat conduction, as
the key factor affecting the melting temperature. Intralayer energy
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barriers that need to be overcome to melt are shown in Fig. 8(c): the
(100) molecular layer has the largest energy barrier, followed by (010),
with (001) being the smallest. This is well correlated to the melting
temperatures obtained by the LE-NEMD method in Table 1. Therefore, it
is speculated that the energy barrier size that the molecular layer needs
to overcome might directly determine anisotropic melting temperature
tendencies that were observed in the case of one-dimensional heat
conduction in 3.1. The same mechanism is possibly valid for other sugar
alcohol molecules with anisotropic melting tendencies under different
one-dimensional heat conductions, i.e., intralayer intermolecular in-
teractions play an important role in the melting process. Moreover, it has
been observed that interlayer interactions exhibit a decline after
reaching their peaks as shown in Fig. 8(b). In our speculation, consid-
ering the intralayer interaction as the kay factor affecting melting, the
interlayer energy change appears to be a passive result due to the
intralayer structure change, but the mechanism under this phenomenon
haven’t been fully understood.

3.2.3. Intralayer hydrogen bond

As it has been established that intermolecular energies play an
important role in determining melting properties, attention is directed to
hydrogen bonds. Arabinitol molecules have abundant hydroxyl groups,
which are prone to forming hydrogen bonds with strong interactions. It is
believed that the formation of hydrogen bonds is a good indication of the
overall degree of intermolecular interactions. Therefore, the number of
hydrogen bonds within the molecular layers of different orientations for
arabinitol has been analyzed via the same bulk system used in 3.2.2 as well.
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Fig. 9(a) shows the geometrical hydrogen bond definition adopted in
this study, where the acceptor and donor oxygen cut-off distance is
chosen as 3.5 A. The cut-off distance was determined based on the radius
distributional function (RDF) of oxygen atoms (see section S4 of Sup-
porting Information). The cut-off angle was set to be 30° since the
hydrogen bond would break if the amplitude of its librational move-
ments surpasses 30° [42]. Fig. 9(b) shows an illustration of hydrogen
bonding inside the molecular layer of three different orientations, and
we can observe that the (100) molecular layer has a denser intralayer
hydrogen bond network in comparison with the other two. The response
of the number of hydrogen bonds to temperature is shown in Fig. 9(c).
The hydrogen bond number inside the molecular layer in the (100) di-
rection is always highest, followed by (010), and (001) in the temper-
ature range of about 300-410 K, where the crystal structure is still
present. At higher temperatures, the number of hydrogen bonds tends to
become the same, as the system becomes liquid, and there is no longer
memory of the initial layer configuration. The higher number of
hydrogen bonds correlates with a larger intralayer potential energy
barrier observed in Fig. 8(b) and a higher melting point indicated in
Table 1. We can expect the crystal structure to be harder to break apart if
it has a denser hydrogen bond network. This indicates that hydrogen
bond information can be used as an important indicator of melting
tendencies.
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3.3. Analysis of latent heat

3.3.1. Decomposition of latent heat

To obtain a deeper understanding of the mechanism determining the
latent heat, it is decomposed into contributing components for the
equilibrium bulk systems. The latent heat of fusion of the sugar alcohols
is divided into three main components according to their potential en-
ergy composition as described in Eq. (1): the intramolecular bonded
component (bond, angle, and dihedral), the van der Waals (vdW)
component, and the Coulombic component.

Latent heat decomposition result is shown in Fig. 10(a). We have
found a significant underestimation of the latent heat only for glycerol,
as mentioned in 3.1. Now it can be concluded that is due to the intra-
molecular bonded component that exhibits a large negative value which
is very different from other alcohols in this work. A further examination
reveals that the specific cause of this large negative bonded energy is due
to a very large negative dihedral potential’s contribution (see section S3
of Supporting Information). This is resulting from the fact that the OPLS-
AA force field produces a high energy value in the dihedral potential at
the crystalline state. It has been found in a study that the OPLS-AA force
field has some deficiencies when describing glycerol [43]. It is believed
that if the dihedral description can be improved, the latent heat
assessment of glycerol would be closer to the experimental value. In
addition, it is found that the intramolecular bonded component con-
tributes negatively to the latent heat also in mannitol. That is because
the molecules are in a regular arrangement in the crystalline state due to
mutual constraints but in the liquid state the constraints are broken,
leading to greater freedom. Energetically, for mannitol and glycerol, the
liquid phase is more stable if only considering bonded interactions. On
the other hand, the vdW and Coulomb components consistently
contribute positively to the latent heat, and the magnitude of the
contribution of those two unbonded components is always larger than
that of the bonded component for all sugar alcohols. For example, in the
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Fig. 10. (a) Latent heat decomposition into contributions from bonded, van der
Waals, and Coulombic interactions, (b) unbonded components decomposition
into contributions from CH and OH group interactions. Values represented by
dots are the summations of all contributions.
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case of erythritol, the contribution of the van der Waals component and
the Coulombic component is 258.90 kJ/kg, which is about 77% of the
total latent heat 337.39 kJ/kg, demonstrating the substantial contribu-
tion of unbonded interactions.

To get an alternative perspective of latent heat composition, the
unbonded components have been also decomposed by the interacting
atom groups. Since sugar alcohols possess a large number of hydroxyl
groups, atoms are divided into OH and CH,, groups and contributions to
latent heat due to OH-OH, CH,—CH,, and OH-CH,, interactions are
computed. The decomposition is shown in Fig. 10 (b), where it is found
that the CH,~CH,, and OH-OH interactions both have positive contri-
butions to latent heat, with OH-OH being the main contributor. On the
other hand, the OH-CH,, interaction contribution is negative. Since the
steric hindrance in molecular structure, i.e., hydroxyl groups distribute
in the outmost part of a sugar alcohol molecule, result in closer OH
groups than CH,, groups, which is also confirmed with RDF (see section
S4 of Supporting Information) and explains the larger OH-OH contri-
bution. Taking into account the abundant amount of hydroxyl groups in
sugar alcohols and that OH-OH interactions are the biggest contributors
to latent heat, hydrogen bond analysis may provide further insight into
the mechanism of latent heat.

3.3.2. Analysis of hydrogen bonds

The hydrogen bond network has a significant effect on the properties
of materials due to hydrogen bonds having very strong interactions. The
geometric hydrogen bond definition is given in Fig. 9(a), and the same
equilibrium bulk simulation systems in Section 3.3.1 are used for
hydrogen bond analysis.

The hydrogen bond number per molecule in the solid and liquid
phases of the four sugar alcohols is displayed in Table 2. For all sugar
alcohols, the solid phase tends to have more hydrogen bonds than the
liquid phase, while the hydrogen number difference between two phase
is similar among different molecules. In other words, it can reflect that
there is about one hydrogen bond lost during melting. Therefore, it can
be considered that latent heat is partly due to the energy that is needed
to break the hydrogen bonds during phase change. The average
hydrogen bond length in Table 2 is defined as the mean O-O distance.
While there is no significant difference among different sugar alcohol
types, the hydrogen bonds in solid are slightly shorter than that in liquid
states, which can be interpreted as solid phase having stronger attractive
interactions.

Strictly speaking, the hydrogen bond number and length are not
enough to describe all characteristics of hydrogen bonding, as stability is
also another important factor that will affect hydrogen bonding states.
To investigate hydrogen bond differences that are not reflected in mean
numbers and length, hydrogen bond lifetime was also investigated.

The hydrogen bond lifetime [44] was evaluated via the MDanalysis
Python package [45-47]. Eq. (9) gives the expression of continuous
hydrogen bond lifetime C(t):

2 hy(to)hy(to + 1)
Cl)= (&0 Y 9
(t) < Sy (to)? > ©)]

where h; = 1 indicates the continuous presence of a hydrogen bond
between atoms i and j. h; = 0 denotes a lack of hydrogen bond and will
remain at h; = 0 even if the hydrogen bond is reestablished later. The

Table 2
Hydrogen bond number (per molecule) and length (A) of sugar alcohols in solid
and liquid state, left-side values are number, right-side values are length.

Sugar alcohols Solid Liquid

Glycerol 2.68, 2.81 1.89, 2.81
Erythritol 2.74,2.82 1.72, 2.87
Arabinitol 3.39, 2.81 2.14, 2.85
Mannitol 2.84, 2.85 2.18, 2.89
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summation is performed over all possible atoms, where all oxygen atoms
are considered possible acceptors and donors. The angular brackets
indicate an average over many different starting times in the trajectory.

Fig. 11 shows the hydrogen bond lifetime curve of four sugar alco-
hols in solid and liquid phases at the same temperature, respectively. It
can be observed that hydrogen bond probability decreases to zero for all
cases. This happens even in solids, because the strong vibration of hy-
droxyl groups at melting point would eventually causes temporary
breakage of hydrogen bonds. Double exponential functions are used to
fit the lifetime curve:

=t =t

C(t) ~ A-en + B-en (10)
where A and B represent the weight factors of the two exponentials, and
77 and 75 are the time constants. Double exponential functions have been
used is previous literature [48,49] because of different decay scales of
hydrogen bonds, which cannot be fully described by only a single
exponential function. The overall lifetime can be obtained as 7 = Az; +
Bry. This overall lifetime can quantitatively explain the stability of
hydrogen bonds, i.e., a larger lifetime would indicate stronger hydrogen
bonds, which are harder to break. Hydrogen bond overall lifetimes are
shown in Fig. 12. For all cases, hydrogen bond lifetime in solid phase is
always larger than that in liquid phase, which indicates higher stability
in solid. Furthermore, there appears to be some correlation between
hydrogen bond lifetimes and latent heat of sugar alcohols. As indicated
in Fig. 12 and Fig. 6, during melting, even number carbon atoms sugar
alcohols, i.e., erythritol and mannitol whose hydrogen bond lifetimes
are lower but have higher latent heat values which is counter-intuitive
since longer hydrogen bond lifetimes usually reflect stronger in-
teractions and should exhibit larger latent heat when they are broken. In

T T
o G Liquid-lifetime ~ *
GL Fitted
Z ¢ G Solid-lifetime ~®

Glycerol GS Fitted

0.8

0.6 t t
= C(t) = 0.38e e+ 0.61e 7309
O __t __t
0.4k C(t) = 0.54e 765+ 0.44e 123
0.2 -
O | | |
0 50 100 150 200
t[ps]

T T
A Liquid-lifetime  +
AL Fitted

A Solid-lifetime &
AS Fitted

0.8

0.6 —
\d t t
0.4 - C(t) = 0.52e 9+ 0.48e 102
t t
C(t) = 0.49¢ 200+ 0.51e27
02 F —

l

100
t[ps]

150 200

International Journal of Heat and Mass Transfer 234 (2024) 126104

T T T T
70 Solid @ -
Ligid =
60 - High latent heat Wl _|
- Low latent heat
& 50k g B i
£ 2
'% 40 - 330 kJ/kg ., i
= F
= 30F 328kJ/kg -
o
S 20
10+ 53 kJ/kg 7
0 1 I | |

Glycerol Erythritol Arabinitol Mannitol

Fig. 12. Hydrogen bond lifetime constant of sugar alcohols and comparison
with their latent heat.

our conjecture, in the melting process, if hydrogen bonding tends to be
broken easily, what shows it is easy to absorb heat, may induce this
material can have higher latent heat of fusion. But the reason behind this
is still not very clear, the analysis here we adopted in this chapter is only
particularly for hydrogen bonds since we speculated it contributes
largely to latent heat. Besides hydrogen bonding, we think there may be
other factors that can affect the latent heat of sugar alcohols, and further
exploration will give a better expression.
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10



S. Cheng et al.

4. Conclusions

In this study, the melting process and the latent heat of four sugar
alcohols: glycerol (C3HgOs), erythritol (C4H;004), arabinitol (CsH;20s),
and mannitol (C¢H;40¢) have been investigated via molecular dynamics
simulations.

By using a local-equilibrium non-equilibrium molecular dynamics
(LE-NEMD) approach, the melting temperatures of the four sugar alco-
hols at 1 atm under the (100), (010), and (001) crystal lattice directions
of one-dimensional heat conduction were calculated. Anisotropy of
melting, i.e., different melting temperature depending on the crystal
lattice direction was found. When the heat flow is applied along
different sugar alcohol crystal lattice directions, the melting tempera-
tures of mannitol, arabinitol, and glycerol are significantly different, i.e.,
anisotropic melting tendencies, correlated to molecular orientation were
observed. To understand this phenomenon, the intermolecular in-
teractions of molecular layers during the melting process of arabinitol
crystal lattice were analyzed. It was found that the intralayer in-
teractions have a more important influence on the anisotropic melting
tendencies than the interlayer interactions. It appeared that larger en-
ergy barriers of intralayer interactions during phase change correlated
to higher melting temperatures in each specific crystal lattice direction.
This was also investigated via hydrogen bonding within the molecular
layers, where a higher number of hydrogen bonds indicated stronger
constraints within the molecular layer and are thought to lead to higher
melting temperatures.

The latent heat of fusion of sugar alcohols was calculated and a good
agreement with the experimental trends was observed. To reveal the
mechanism of the latent heat, the latent heat has been decomposed into
separate contributions based on atomic interactions. Unbonded in-
teractions, composed of van der Waals (vdW), and Coulombic energies
made up the largest contributions to latent heat. It was found that
because the numerous hydroxyl groups in sugar alcohols are in close
proximity to each other, a large portion of the contribution to latent heat
comes from the interaction between hydroxy groups. Specifically, it was
found that the number of hydrogen bonds decreases during melting,
indicating that hydrogen bond breakage has a large effect on latent heat.
There was also a correlation, where sugar alcohols with an even number
of carbon atoms and the shorter hydrogen bond lifetimes had larger
latent heat values. It is expected that sugar alcohols with higher positive
vdW and Coulombic contribution to the latent heat tend to have higher
latent heat and are therefore considered better candidates for phase
change materials.

These results contribute to the innovative design of phase change
materials based on sugar alcohols and give us a better understanding of
their phase change mechanisms.
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