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ABSTRACT: Thermal storage, a technology that enables us
to control thermal energy, makes it possible to reuse a huge
amount of waste heat, and materials with the ability to treat
larger thermal energy are in high demand for energy-saving
societies. Sugar alcohols are now one promising candidate for
phase change materials (PCMs) because of their large thermal
storage density. In this study, we computationally design
experimentally unknown non-natural sugar alcohols and
predict their thermal storage density as a basic step toward
the development of new high performance PCMs. The non-
natural sugar alcohol molecules are constructed in silico in
accordance with the previously suggested molecular design
guidelines: linear elongation of a carbon backbone, separated
distribution of OH groups, and even numbers of carbon atoms.
Their crystal structures are then predicted using the random search method and first-principles calculations. Our molecular
simulation results clearly demonstrate that the non-natural sugar alcohols have potential ability to have thermal storage density
up to ∼450−500 kJ/kg, which is significantly larger than the maximum thermal storage density of the present known organic
PCMs (∼350 kJ/kg). This computational study suggests that, even in the case of H-bonded molecular crystals where the
electrostatic energy contributes mainly to thermal storage density, the molecular distortion and van der Waals energies are also
important factors to increase thermal storage density. In addition, the comparison between the three eight-carbon non-natural
sugar alcohol isomers indicates that the selection of preferable isomers is also essential for large thermal storage density.

1. INTRODUCTION

Reusing a huge amount of waste heat exhausted from our daily
lives and industry is one of the most important issues for
energy-saving societies. Thermal storage, a technology that
enables us to control thermal energy, has recently attracted
much attention because the technology makes it possible to
effectively reuse such heat.1,2 Substances utilized in the
technology, i.e., thermal storage materials, are generally
classified into sensible heat, latent heat, and chemical heat
storage materials.3 In terms of the balance between the
handling of large amounts of heat and practical utility, latent
heat storage materials that store/release thermal energy by
taking advantage of phase transitions are supposed to be
particularly useful. Because of the feature of the latent heat
storage manner, those materials are also known as phase change
materials (PCMs).4−6

High performance PCMs are crucially important for the
effective reuse of waste heat. The most significant thermophys-
ical property to measure the performance is latent heat per unit

mass, which is generally called thermal storage density. Recently,
novel inorganic PCMs utilizing a solid−solid phase transition,
such as Ti3O5 and VO2, have been developed.7 These materials
have many characteristic properties other than thermal storage,
so that they are expected to be utilized as useful functional
materials. However, they store a tiny amount of thermal energy,
for example Ti3O5 has thermal storage density of ∼50 kJ/kg,7

which is much smaller than water (330 kJ/kg8). Unlike these
inorganic PCMs, typical organic PCMs include n-paraffin
series.9 They are categorized into the solid−liquid phase
transition type of PCMs which store and release thermal energy
by melting and crystallization, respectively, and are partly
utilized in practice. Organic n-paraffins also have smaller
thermal storage density than water, but they are able to treat a
medium amount of thermal energy (∼240 kJ/kg) depending on
their carbon chain lengths. Beyond the n-paraffin series, sugar
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alcohol series are widely known as organic PCMs, which have
thermal storage density comparable to that of water.10,11

Sugar alcohols are polyalcohols generated by reducing
carbohydrates. They have received much attention in food
and pharmaceutical industries12,13 due to their various unique
properties which stem from intermolecular and intramolecular
hydrogen bonds (H-bonds) formed by a number of hydroxyl
(OH) groups. In recent years, investigations that treat sugar
alcohols as PCMs have become more active in order to exploit
their large thermal storage density. For example erythritol, one
of the four-carbon sugar alcohols, has the largest class of
thermal storage density (∼340 kJ/kg) in existing organic
PCMs,6 so that a number of studies have been performed to
solve practical problems such as supercooling phenomena and
low thermal diffusivity coefficients.14,15 However, even in sugar
alcohols, an amount of stored thermal energy has an upper
bound of ∼350 kJ/kg under the present known organic
materials.6 (The best performance of ∼350 kJ/kg is obtained
from galactitol, one of the six-carbon sugar alcohols.) It has
been unclear how large thermal storage density can be achieved
potentially in the case of organic PCMs. The question is very
critical, but it has hardly been investigated, neither
experimentally nor computationally, as long as we know. If
we can drastically improve the potential ability of PCMs, the
thermal storage technology will become more promising tool
for handling waste heat and will be more broadly applied to the
modern society. This is the final goal of our research.
As a basic step toward the final goal, we first focused on sugar

alcohols, one of the promising organic PCMs. Similar to n-
paraffin series, sugar alcohols with different carbon chain
lengths (from four to eight carbon atoms) occur naturally. In
addition, even with the same carbon chain length, there are
some stereoisomers with different OH group locations. These
two features of sugar alcohols may affect their thermal storage
density. What kind of sugar alcohols are most suitable for
handling a large amount of thermal energy? In order to answer
the question, we more recently focused on six-carbon natural
sugar alcohols and revealed the molecular mechanism of their
thermal storage and the origin of the difference of thermal
storage density between four stereoisomers using a molecular
dynamics (MD) simulation technique.16 According to the
results, we proposed three molecular design guidelines in order
to construct new sugar-alcohol-like PCMs with large thermal
storage density (more than 350 kJ/kg). The proposed
guidelines were (1) linear elongation of a carbon backbone,
(2) separated distribution of OH groups, and (3) even numbers
of carbon atoms in a carbon backbone. It was shown in that
study that in the case of sugar alcohols a majority of the
released/stored thermal energy originates from the change of
electrostatic (ES) interaction energy associated with formation/
disruption of intermolecular H-bonds in the solid−liquid phase
transition. Thus, we expected that the guideline (1) increases
OH groups, which would result in a further large change of ES
interaction energy due to the increasing difference of the
number of intermolecular H-bonds between the solid and
liquid phases. In addition, it was also shown that some six-
carbon sugar alcohol isomers are destabilized in the crystal by
intramolecular ES repulsion between two close oxygen atoms.
The solid phase with thus destabilized sugar alcohol molecules
was illustrated to result in significantly small thermal storage
density. On the basis of the fact, we also expected that the
guideline (2) would lead to isomers which form the
energetically stable solid phase. The guideline (3) was derived

from the additional statistical survey. Although these
propositions, particularly guidelines (1) and (2), were certainly
suggested on the basis of the simulation results of six-carbon
sugar alcohols, they have not been justified yet whether thus
designed molecules actually have much larger thermal storage
density compared to the existing natural sugar alcohols.
Therefore, the main purpose of this study is to demonstrate
how large amounts of thermal energy can be stored in the
molecules designed as an extension of natural sugar alcohols.
Another interest in this study is a computational strategy for

developing new PCMs. Computational approaches have
become more and more inevitable in the field of material
science.17,18 They enable us to obtain a number of relatively
high-quality information on materials at the atomic scale.
Comparing to trial-and-error approaches, material searches
based on computationally rational strategy are expected to
significantly reduce cost and time involved with developing new
materials. However, in the area of thermal storage materials, in
particular PCMs, there are very few such studies using
computational approaches, as long as we know. Therefore,
computational thermophysical property predictions for various
materials including experimentally unknown ones are in high
demand for the effective development of new PCMs in a short
period of time at low cost.
In this paper, we construct new sugar-alcohol-like molecules

in silico according to above three molecular design guidelines
and predict their thermal storage densities by MD simulations.
As mentioned above, PCMs based on solid−liquid phase
transition store heat by melting and release by crystallization,
but it is quite difficult to simulate crystallizations of such
complex molecules. Thus, we focus only on the melting (i.e.,
heat storage) process in this paper. New molecules presented
here are seven acyclic polyalcohols. They have a linear saturated
carbon chain with even numbers of carbon atoms from 8
through 20 and have an OH group on each carbon atom
(Figure 1). Straight-chain polyalcohols with more than six

carbon atoms CnHn+2(OH)n (n > 6) are rarely found in nature.
Indeed, the designed new molecules have never been reported
in nature at present. For this reason, in this paper, we call these
molecules collectively non-natural sugar alcohols and call each
molecule Cn sugar alcohol using the number of carbon atoms
n. As expected, crystal structures of these non-natural sugar

Figure 1. Chemical formulas of non-natural sugar alcohols with even
numbers of carbon atoms from 8 through 20: (a) C8, C12, C16, and
C20 sugar alcohols are, respectively, obtained by m1 = 1, 2, 3, and 4,
and they are achiral compounds. (b) C10, C14, and C18 sugar
alcohols are, respectively, obtained by m2 = 1, 2, and 3, and they are
chiral compounds. (c) Molecular structure of the C8 sugar alcohol in
the extended conformation as an example. Mannitol, one of the six-
carbon natural sugar alcohols, is obtained by m2 = 0.
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alcohols have not been obtained experimentally. Therefore, we
predict their crystal structures using computational chemistry
methods. With the predicted crystal structures we then estimate
their melting points and thermal storage densities. We examine
how these thermal storage densities were attained from the two
guidelines (1) and (2), i.e., the effect of the guidelines on
thermal storage density. Finally, we clearly demonstrate that the
non-natural sugar alcohols have potential ability to have
thermal storage density up to 450−500 kJ/kg, which is
significantly larger than the maximum thermal storage density
of the present known organic PCMs.

2. COMPUTATIONAL METHODS
For predicting thermal storage density of non-natural sugar alcohols, a
set of calculations outlined below were performed in the following
order. Practical details are given in Supporting Information.

(i) Molecular modeling. Non-natural sugar alcohols were
constructed according to the molecular design guidelines.

(ii) Crystal structure prediction: Trial crystal structure gen-
eration. A huge number of trial crystal structures were
generated by the Monte Carlo like random search method.19

In this step, geometry optimizations, energy calculations, and
provisional ranking of trial crystal structures were performed
with a molecular force field. This step guarantees that the
crystal structure prediction in this study was performed without
any help from experiments. Calculations in this step were
performed using the UPACK program package.19

(iii) Crystal structure prediction: Ranking. The candidates
selected from the trial crystal structures were ranked according
to the higher-accuracy first-principles calculations. The most
energetically stable crystal structure in this step was finally
adopted as the most likely crystal structure. First-principles
calculations were performed using the Quantum Espresso
program package.20

(iv) Thermophysical property calculation: Melting point. Before
estimating thermal storage density, we need to predict a
melting point. In this study, melting points were predicted by
the interface/NPT method, where independent NPT simu-
lations with different temperatures were performed via a solid−
liquid two-phase configuration.16,21 This method is preferable
to the present purpose to predict a melting point trend of non-
natural sugar alcohols on a semiquantitative level because it
enables to avoid some overestimates of melting points at an
affordable computational cost by introducing solid−liquid
heterogeneous interfaces.

(v) Thermophysical property calculation: Thermal storage
density. Since thermal storage density is defined as the
enthalpy of fusion per unit mass, it was estimated from solid-
phase and liquid-phase enthalpies calculated by NPT
simulations at the predetermined melting point. All MD
simulations including melting point calculations were per-
formed with the AMBER force field22 combined with the OPLS
charge set.23 This hybrid force field has been shown, in our
previous study,16 to be reasonable to describe melting points
and thermal storage densities of sugar alcohols. These MD
simulations were carried out with the Gromacs program
package.24

Many studies have validated this two-step crystal structure
prediction method,25,26 but in order to obtain further confirmation
we applied the procedure to mannitol. Mannitol is one of the six-
carbon natural sugar alcohols whose crystal structure is experimentally
known. The result showed that the predicted crystal structure was
quite identical to the experimental one (D-mannitol), which indicates
that the crystal structure prediction was successfully accomplished.
Therefore, we expect that this prediction method also works well for
non-natural sugar alcohols.

3. RESULTS

3.1. Non-natural Sugar Alcohol Molecules. In accord-
ance with the molecular design guidelines mentioned in
Introduction, we first constructed new molecules as an
extension of natural sugar alcohols, i.e., non-natural sugar
alcohols (Figure 1). To our knowledge, these molecules have
never been found in nature and have also never been artificially
synthesized by chemical methods so far. A linear and long
carbon chain with the same number of OH groups as carbon
atoms satisfies the guideline (1), i.e., the linear elongation of a
carbon backbone. The guideline (2) that OH groups should be
distributed separately as far as possible is accomplished by the
two structural features: absence of 1−3 parallel interactions in
the extended conformation and structurally possible anti
conformations of vicinal OH groups. It should be noted that
the 1−3 parallel interaction is repulsive interaction between a
C−O bond and a second neighboring C−O bond with a
parallel bond direction to the former and is known to cause
large electrostatic instability in sugar alcohol molecules because
of a remarkably short distance between the two oxygen atoms
(∼2.5 Å).27 Concretely speaking, CHOH−CHOH units with
an anti conformation of OH groups are connected to each
other as newly neighboring OH groups take a gauche
conformation (Figure 1c). Furthermore, molecules with even
carbon atoms from 8 through 20 are constructed following the
guideline (3). These molecules can be regarded as the
extension of a mannitol molecule which is obtained by m2 =
0 in Figure 1b.28 It should be noted that the C8, C12, C16, and
C20 sugar alcohols depicted in Figure 1a are achiral (meso)
compounds whereas the C10, C14, and C18 sugar alcohols
depicted in Figure 1b are chiral compounds. Thus, the formers
have a slightly higher-symmetry structure than the latters.

3.2. Crystal Structures of the Non-natural Sugar
Alcohols. Next we predicted crystal structures of the non-
natural sugar alcohols constructed above. The detailed
processes and results of the crystal structure predictions are
summarized in Supporting Information. The predicted crystal
structure of the C8 sugar alcohol is displayed in Figure 2 as a
representative example. We found that the predicted C8 sugar
alcohol’s crystal structure is stabilized by its own intermolecular
H-bond networks (green line in Figure 2) and, as expected, all
OH groups are successfully incorporated in the networks. The
motif of the H-bond networks was a ring type which is formed
by four OH groups in four different molecules (Figure 2b).
Such ring motif is familiar to water and ice structures,29,30 and it
is also observed in the experimental crystal structure of
mannitol.31

Another important feature of this crystal structure is that
there are no intermolecular H-bonds between end-group layers
(Figure 2a). This is related to the molecular structure in the
crystal that the OH groups bonded to the terminal carbon
atoms are out of the plane formed by carbon atoms (Figure 2c).
In that interlayer regions, instead of intermolecular H-bonds,
weak noncovalent (such as dispersion or van der Waals)
interactions mainly attract molecules to each other. Therefore,
we found that this crystal structure is formed by the different
kinds of cohesive forces depending on the direction. These two
features are common characteristics of the predicted crystal
structures of the C8−C20 sugar alcohols.

3.3. Melting Points and Thermal Storage Densities.
With the predicted crystal structures we estimated melting
points and thermal storage densities of the C8−C20 sugar
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alcohols by MD simulations. The results are displayed in Figure
3 and Table S4. In addition to these results, we also show the
simulation results of mannitol (C6 sugar alcohol) as a
representative example of the six-carbon sugar alcohols with
relatively large thermal storage density (290−308 kJ/kg32). For
the qualitative comparison to the non-natural sugar alcohols,
the melting point and thermal storage density of the C6 sugar
alcohol were calculated with the crystal structure predicted in
the same manner as the non-natural sugar alcohols. The
calculated melting point of the C6 sugar alcohol was found to
be 480 K, which is somewhat higher than the corresponding
experimental value (∼440 K32). Thus, we found that the
present calculations may give small overestimates of melting
points of the non-natural sugar alcohols. The predicted melting
points of the C8−C20 sugar alcohols (600−840 K) were much
higher than that of the C6 sugar alcohol (480 K). These
melting points were found to increase with the carbon chain
length except between the C8 and C10 sugar alcohols. This is
because the increase in OH groups stemming from the carbon
chain elongation enhances intermolecular attractive force per
molecule through the increased intermolecular H-bonds. As a
result, the solid phase becomes hard to melt in low
temperatures as the carbon backbone becomes long.

As with the melting point, the thermal storage density of the
C6 sugar alcohol was calculated and found to be ∼290 kJ/kg.
This estimate is in good agreement with the corresponding
experimental value (∼300 kJ/kg32). The thermal storage
densities of the C8−C20 sugar alcohols (∼375−500 kJ/kg)
were much larger than that of the C6 sugar alcohol (∼290 kJ/
kg). These remarkably large thermal storage densities indicate
that the potential ability of the C8−C20 sugar alcohols extends
well beyond the existing organic PCMs in terms of thermal
storage density. Unlike the melting points, however, the
thermal storage densities were observed to have a unique
trend: they do not necessarily increase with the carbon chain
length. The largest thermal storage density is provided by the
C12 sugar alcohol (∼500 kJ/kg) and the second largest is by
the C8 sugar alcohol (∼450 kJ/kg). In addition, thermal
storage densities of the C14 sugar alcohol and the longer sugar
alcohols greatly decrease compared to that of the C12 sugar
alcohol. As well as these apparent irregular patterns, the origin
of the remarkably large thermal storage density of the non-
natural sugar alcohols will be revealed in Section 3.5.

3.4. Premelting Phases of the C14−C20 Sugar
Alcohols. In this section, we show premelting phase observed
in the C14−C20 sugar alcohols before analyses of thermal
storage density. The premelting phase is important because it
links to the relatively small thermal storage densities of the
C14−C20 sugar alcohols. Figure 4 shows enthalpy-temperature
plots of the C14−C20 sugar alcohols obtained from the
interface/NPT simulations. The solid−liquid first-order phase
transition is identified by an abrupt and large change in
enthalpy, which can be seen at 780, 800, 820, and 840 K for the
C14, C16, C18, and C20 sugar alcohols, respectively. These
temperatures are regarded as the melting points (see Figure 3).
In addition to these changes, we can observe a small but
obvious change in enthalpy at 680 K for the C14 and C18 sugar
alcohols and at 740 K for the C16 and C20 sugar alcohols. This
additional change in enthalpy indicates that a solid−solid phase
transition occurs at that temperature. The solid phase at the
high temperature side has larger enthalpy compared to that at
the low temperature side. Thus, we found that the relatively
small thermal storage densities of the C14−C20 sugar alcohols
originate from the enthalpy changes in the solid−solid phase
transition. That is, the solid phase at the high temperature side

Figure 2. Crystal structure of the C8 sugar alcohol obtained by the
crystal structure prediction: (a) the view in the direction that carbon
backbones can be seen like lines, (b) the view in the direction along a
carbon backbone, and (c) molecular structure in the crystal. The green
lines connecting oxygen atoms represent intermolecular H-bonds
between the OH groups. The unit cell is shown in the panel (a).

Figure 3. Melting points (K) and thermal storage densities (kJ/kg) of
the C6−C20 sugar alcohols obtained from MD simulations. Melting
points (red color) and thermal storage densities (green color) are
displayed on the left and right vertical axes, respectively. For the C6
sugar alcohol (mannitol), the values obtained from the predicted
crystal structure are shown. In addition, the experimental melting
point and thermal storage density of mannitol are shown by an open
blue circle and an open blue square, respectively.
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already absorbs a part of fusion enthalpy (i.e., enthalpy
difference between the perfect crystal and liquid phases) before
melting. In fact, their whole thermal storage densities including
the enthalpy change associated with the solid−solid phase
transition are comparable to that of the C12 sugar alcohol or
slightly increase with the carbon chain length (Figure S3). This
result suggests that the solid phase at the high temperature side
transits partially to the liquid phase. For this reason, in this
paper, we distinguish this solid phase as the premelting phase
from the crystal phase at the low temperature side.
To characterize the premelting phases, we show representa-

tive configurations of the two solid phases of the C14 sugar
alcohol as an example. Figure 5a and b display, respectively, the
configurations of the crystal phase at 680 K and the premelting
phase at 700 K. Green dotted lines represent intermolecular H-
bonds. In the view along the magenta arrows in Figure 5a, there
are very few intermolecular H-bonds between end-group layers
in the crystal phase and the ordered H-bond networks
explained in Section 3.2 still remain. On the other hand, in
the premelting phase, we can find that intermolecular H-bonds
between end-group layers are newly formed and the H-bond
networks in that region are dissolved (Figure 5b). This
dissolution are related to the disordering of dihedral angles
around C−C bonds in the terminal CH2OH−CHOH segments
(see Figure S4). Given that almost all of these dihedral angles
in the crystal phase have a trans-type conformation, the 60−
70% of these dihedral angles adopts a gauche-type
conformation in the premelting phase, which is very similar
to the percentage in the liquid phase. Therefore, the regions
near end groups are heavily disordered by the solid−solid phase
transition. The premelting phases of the C16−C20 sugar
alcohols are characterized in the same manner as the C14 sugar
alcohol by this disordering. Such disordering in end groups is
well-known in n-paraffin series as “end-gauche defect”.33

3.5. Analyses of Thermal Storage Densities: Effect of
Carbon Chain Elongation. In Section 3.3, we found that the
potential ability of the C8−C20 sugar alcohols greatly exceeds
existing organic PCMs in terms of thermal storage density. To
clarify what interactions contribute to the remarkably large
thermal storage densities and how the carbon chain elongation
influences each contribution, we performed a decomposition
analysis of thermal storage density. Thermal storage density is
extremely well approximated by the potential energy difference
between the solid and liquid phases at the melting point,34 and

potential energy is easily decomposed into several energy terms
in the case of the classical force-field based simulation. In the
present study, potential energies in each phase were
decomposed into three energy terms: a bonded energy term
including bond, angle, and dihedral angle (BAD) and two
nonbonded energy terms, electrostatic (ES) and van der Waals
(vdW) energies. The BAD energy comes from the distortion of
molecular structures, and the vdW energy is somewhat related
to molecular mass density (for example, packing density of
crystals). In the case of sugar alcohol series, the ES energy
originates mainly from interaction between OH groups, such as
H-bonds. Since the thermal storage densities of the C14−C20
sugar alcohols are affected by their premelting phases, it may
not be appropriate to directly compare their decomposed
energies with those of the C6−C12 sugar alcohols. Thus, we
first focus on the C6−C12 sugar alcohols, and the C14−C20
sugar alcohols are considered later.
Figure 6 and Table S5 compare the contributions of the

BAD, ES, and vdW energies to the thermal storage densities of
the C6−C12 sugar alcohols. From the figure we found that the
ES energy contributes largely to the thermal storage densities of
the C6−C12 sugar alcohols (∼150−210 kJ/kg). This large
contribution is attributed to the dissolution of intermolecular
H-bond networks during the melting process. Following the
leading ES energy, the BAD and vdW energies have the second
and third largest contributions, respectively. These results are

Figure 4. Plots of enthalpy per molecule (kJ/mol) along temperature
(K) of the C14−C20 sugar alcohols obtained from the interface/NPT
simulations. The plots of the C14, C16, C18, and C20 sugar alcohols
are shown in red, green, blue, and magenta colors, respectively. The
lines are drawn as the discontinuities of plots become clear.

Figure 5. Representative solid phase configurations of the C14 sugar
alcohol at 680 K (a) and 700 K (b) obtained from the interface/NPT
simulations. Green lines and magenta arrows represent intermolecular
H-bonds and end-group layers, respectively.
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qualitatively consistent with that of the previous study of the
six-carbon sugar alcohols.16

Effect of Carbon Chain Elongation on the ES Contribu-
tion. We then analyzed the carbon chain elongation effect on
each contribution. The ES contribution is first considered.
Figure 6 shows that the ES contribution seems to be affected by
several factors because it does not necessarily increase with the
carbon chain length. We found that two factors are related
mainly to this behavior of the ES contribution: the melting
points and the ES stability in the solid phase. It was
demonstrated by MD simulations that the high temperature
leads to the large difference of ES energy between the solid and
liquid phases (Figure S5a). This indicates that a sugar alcohol
with a higher melting point provides the larger ES contribution
to thermal storage density. Since the rising melting point
originates from the carbon chain elongation as shown above
(Figure 3), the ES contribution is indirectly affected by the
carbon chain length through melting points. The results that
the ES contribution of the C6 sugar alcohol is especially small
compared to others and the C10 sugar alcohol has smaller ES
contribution than the C12 sugar alcohol are attributed to their
lower melting points.
However, the largest ES contribution of the C8 sugar alcohol

cannot be interpreted by the melting point effect because its
melting point is comparable to the C10 sugar alcohol’s one and
is much lower than the C12 sugar alcohol’s one. Since the ES
energy in sugar alcohols is greatly influenced by intermolecular
H-bonds, we investigated the relationship between the H-bonds
and the carbon chain length in order to find a clue to the
understanding of the largest ES contribution of the C8 sugar
alcohol. Figure 7 plots the number of intermolecular H-bonds
per OH group in the solid (300 K) and liquid (900 K) phases
separately along the carbon chain length.35,36 Performing this
analysis at the given temperatures allows us to exclude the
melting point effect. It should be noted that although the
absolute values of that number of H-bonds depend on the given
temperatures, the relative ones among the C6−C12 sugar
alcohols are almost not affected by the temperatures. Also, each
C6−C12 sugar alcohol can be in stable solid and liquid phases
at those temperatures. From this figure, we found that the
number of H-bonds in the liquid phase monotonically increases
with the carbon chain length. However, the changes of the
number of H-bonds in the liquid phase are smaller than those
in the solid phase, which implies that the ES contribution is
largely affected by the solid phase rather than by the liquid

phase. In addition, more importantly, those changes in the solid
phase do not correlate with the carbon chain length. This
indicates that the difference of the number of intermolecular H-
bonds between the solid and liquid phases does not necessarily
increase with the carbon chain length. Looking at the largest ES
contribution of the C8 sugar alcohol with these H-bond
changes in mind, we found that its slightly larger number of
intermolecular H-bonds in the solid phase (compared to those
H-bonds of the C10 and C12 sugar alcohols) seems to cause
the largest ES contribution. That is, the C8 sugar alcohol has
the irregularly stable solid phase in terms of ES energy,
compared to the other sugar alcohols. Actually, the irregularly
low ES energy in the solid phase of the C8 sugar alcohol was
observed (Figure S6). From these results, it was suggested that
the ES contribution excluding the melting point effect depends
largely, not on the carbon chain length, but on the ES stability
in the solid phase of each sugar alcohol.

Effect of Carbon Chain Elongation on the BAD
Contribution. In contrast to the ES contribution, the BAD
contribution among the C6−C12 sugar alcohols was found to
increase with the carbon chain length (Figure 6). To elucidate
the mechanism, we considered the BAD energies of the solid
(300 K) and liquid (900 K) phases separately at the given
temperatures as with the intermolecular H-bond analysis above.
It should be noted that the result shown below is almost
unchanged even if the other temperatures were selected for this
analysis. The relative BAD energies of the C8−C12 sugar
alcohols with respect to the C6 sugar alcohol ΔEBAD

phase(n) (=
EBAD
phase(n) − EBAD

phase(6), n stands for the carbon chain length) are
depicted for both phases in Figure 8.37 Compared to the
relative BAD energy in the solid phase ΔEBAD

solid(n) (red curve in
Figure 8), that in the liquid phase ΔEBAD

liquid(n) (green curve in
Figure 8) greatly changes with the carbon chain length. This
indicates that the dependence of the BAD contribution on the
carbon chain length stems from the BAD energy in the liquid
phase. Since the increase in ΔEBADliquid(n) is favorable to the large
BAD contribution, this result is consistent with the increase in
the BAD contribution shown in Figure 6. Therefore, we
concluded that the BAD contribution is enhanced by the direct
effect of the carbon chain elongation regardless of the melting
points.
In order to elucidate the mechanism of the increase in

ΔEBAD
liquid(n), we divided a linear structure of sugar alcohol into

three parts, i.e., two terminal regions and one middle region,
and analyzed their contributions to ΔEBADliquid(n) qualitatively.
The terminal regions are defined as the two CH2OH−CHOH

Figure 6. Changes of the contributions of bonded (BAD, red),
electrostatic (ES, green), and van der Waals (vdW, blue) energies to
thermal storage density along the carbon chain length. Unit in kJ/kg.

Figure 7. Number of intermolecular H-bonds per OH group obtained
by the solid phase simulations at 300 K (red, left axis) and by the
liquid simulations at 900 K (green, right axis).
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segments at each end of a molecule, and the middle region is
defined as the remaining part between them (see Figure S7). It
is clear that the linear carbon chain elongation increases the
ratio of the number of CHOH units in the middle region to the
total number of CHOH and CH2OH units in a molecule
(denoted by Pmiddle, see Figure 8). Around an OH group in the
middle region, there are more OH groups to act as an
intramolecular H-bond donor or acceptor, compared to an OH
group in the terminal regions. Consequently, in the liquid
phase, more intramolecular H-bonds are formed in the middle
region than in the terminal region (Figure S8). The formation
of such intramolecular H-bonds causes the distorting molecular
structure, thus it leads to the increase in the BAD energy.38 In
this way, we can naturally come to the conclusion that the
carbon chain elongation directly causes the increase in
ΔEBAD

liquid(n) shown in Figure 8. In addition to the monotonic
increase behavior, we obviously found that a gradual decrease in
the increment of ΔEBADliquid(n) with the carbon chain length is also
attributed to the ratio Pmiddle. Therefore, the changes of the
BAD contribution are well explained by clarifying the difference
between the terminal and middle regions in a carbon backbone.
This strategy for the interpretation may be related to the well-
known idea in a polymer system that regions near end groups
in a polymer act as potential impurities or defects.39,40

Effect of Carbon Chain Elongation on the vdW
Contribution. The vdW contribution is also shown in Figure
6. This contribution increases with oscillation, not monotoni-
cally, as the carbon chain becomes longer. This oscillation is
correlated very well with molecular mass density of the crystal
(Figure S9a), which is likely to originate from the difference of
molecular symmetry between chiral (C6 and C10) and achiral
(C8 and C12) sugar alcohols. In addition, we found that the
increase behavior of the vdW contribution comes from the
effect of the rising melting points as the ES contribution does
(see Figure S5c and S9b).
Thermal Storage Densities of the C14−C20 Sugar

Alcohols. At the end of this section, we consider thermal
storage density of the C14−C20 sugar alcohols. As mentioned
above, the C14−C20 sugar alcohols melt through their
premelting phases with broken intermolecular H-bond net-
works in the carbon-chain end groups. The result that the ES
contribution decreases significantly compared to that of the

C12 sugar alcohol (green plot in Figure 6) is clearly due to the
partly broken H-bond networks. The BAD contribution also
decreases in the C14−C20 sugar alcohols relative to the C12
sugar alcohol (red plot in Figure 6). This is also attributed to
the liquid-like disordered end groups of a carbon backbone in
the premelting phase. Furthermore, this disordering in the end
groups increases in some degree the system volume (Figure
S10), resulting in the decrease in molecular mass density of the
solid. This decrease leads to the unstable solid phase in terms of
vdW energy. Thus, in spite of the high melting points of the
C14−C20 sugar alcohols, their vdW contributions are
comparable to that of the C12 sugar alcohol.

3.6. Thermal Storage Densities of C8 Isomers: Effect
of OH Group Distribution. In the previous study,16 we
proposed preferable isomers for large thermal storage density.
The proposition argues that such isomers must locate OH
groups separately as far as possible in order to avoid unstable
molecular structures in the crystal. To confirm this proposition,
we considered other two isomers of the C8 sugar alcohol
employed above. They are shown in Figure 9. One is a

molecule formed from the C8 sugar alcohol by replacing the
OH group with the hydrogen atom in the C2-position (Figure
9a). The other molecule is formed from the former by further
replacing the OH group with the hydrogen atom in the C6-
position (Figure 9c). In this paper, we will call the former and
latter molecules C8I and C8II sugar alcohols, respectively.
These exchanges between an OH group and a hydrogen atom
give the 1−3 parallel interaction in their extended conforma-
tions: the C8I sugar alcohol has a parallel orientation between
the C2−O and C4−O bonds, and the C8II sugar alcohol has
another additional one between the C6−O and C4−O bonds.
Next, we predicted crystal structures of the C8I and C8II

sugar alcohols. The molecular structures in their predicted

Figure 8. Relative BAD energy with respect to the BAD energy of the
C6 sugar alcohol, i.e., ΔEBAD(n) = EBAD(n) − EBAD(6), along the
carbon chain length: red and green curves were obtained from MD
simulations at 300 K (solid) and 900 K (liquid), respectively.
Additionally, the ratio of the number of CHOH units in the middle
region to the total number of CHOH and CH2OH units in a molecule,
Pmiddle, is also plotted by blue squares along the carbon chain length.
See the main text for the definition of the middle region.

Figure 9. Chemical formulas and molecular structures in the crystal of
two eight-carbon non-natural sugar alcohol isomers. (a) and (b): C8I
sugar alcohol, the OH group and the hydrogen atom at the C2-
position are replaced each other with respect to the C8 sugar alcohol.
(c) and (d): C8II sugar alcohol, the OH group and the hydrogen atom
at the C6-position are further replaced each other with respect to the
former. The index of carbon atoms is represented by green numbers.
The atoms and groups altered from the C8 sugar alcohol are
represented by blue colors.
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crystal structure are also shown in Figure 9. It is well-known
that molecules with the 1−3 parallel interaction in the extended
conformation are likely to form a bending molecular structure
in the crystal,27 but we found that the C8I sugar alcohol has the
extended conformation despite the 1−3 parallel interaction
between the C2−O and C4−O bonds. A closer look at these
bonds revealed the intramolecular H-bond between these OH
groups. The distance between the hydrogen and the acceptor
oxygen atoms (R(H−Oa)) was 1.895 Å and the angle O−H···O
(∠OdHOa) was 143.8° at the first-principles level, which are
obviously classified as an H-bond. On the other hand, the C8II
sugar alcohol in the crystal bends at two positions of the C2
and C6 atoms. This bending conformation is a result from the
avoidance of two 1−3 parallel interactions. Another feature of
this structure is an intramolecular H-bond between the OH
groups connected to the C4 and C7 atoms, where R(H−Oa) =
1.720 Å and ∠OdHOa = 162.3° at the first-principles level. It
should be noted that in compensation for these intramolecular
H-bonds some intermolecular H-bonds are lost in those crystals
(Table S6). In the case of sugar alcohols, it is rare to find
intramolecular H-bonds in the crystal, but they are not
unknown at all. Such H-bonds are indeed observed
experimentally in the artificially synthesized ten-carbon sugar
alcohol.41

With the predicted crystal structures we evaluated melting
points and thermal storage densities of the C8I and C8II sugar
alcohols. The results are listed in Table 1. We found that the

C8I sugar alcohol has the lower melting point (480 K) and the
smaller thermal storage density (∼260 kJ/kg) compared to the
original C8 sugar alcohol. For the C8II sugar alcohol,
compared to the C8I sugar alcohol, the further decreases in
melting point and thermal storage density to 400 K and ∼135
kJ/kg were observed, respectively. (Fortunately, we were able
to find the experimental melting point of the C8II sugar
alcohol, which was about 395 K.42) From the decomposition
analysis, it was found that these decreases in thermal storage
density originate directly from the significantly unstable solid
phases (see Table S7). These unstable solid phases are
attributed to the destabilized ES energy which is caused by
the loss of intermolecular H-bonds. In addition, the solid phase
of the C8II sugar alcohol is also quite unstable in terms of vdW
energy (Table S7). This may be related to its complicated
bending molecular structure in the crystal which is unlikely to
form the dense crystal packing.

4. DISCUSSION
As mentioned in Introduction, high performance PCMs with
large thermal storage density are highly demanded for the
effective reuse of waste heat. Yet the limit of existing organic
PCMs is still ∼350 kJ/kg of thermal storage density provided
by natural sugar alcohols. It has been unclear how large thermal
storage density can be achieved by organic PCMs potentially,
and the question has hardly been investigated as long as we

know. In this study we answered the issue, in the sugar alcohol
case as an example of polar organics, using the computational
approach. We found that it is in principle possible to achieve
remarkably large thermal storage density (∼450−500 kJ/kg),
which goes beyond the limit of existing organic PCMs, by
modeling sugar-alcohol-like molecules in accordance with our
molecular design guidelines. This insight gives us great hope
and possibility of finding new high performance PCMs in both
experimental and computational researches.
The remarkably large thermal storage density in this study

was achieved by the carbon chain elongation and selection of
preferable isomers of sugar alcohol molecules. From the
analysis of the carbon chain elongation effect, it was suggested
that the BAD and vdW contributions also play an important
role in increase in thermal storage density even in the case of
H-bonded molecular crystals where the ES energy contributes
mainly to thermal storage density. In particular, the BAD
contribution directly increases thermal storage density by the
elongation regardless of the melting points. Although the
resultant elongation effect was different from the original intent
(see Introduction and ref 16), the elongation was certainly
shown to make a critical impact on thermal storage density.
However, it was also indicated that the excessive carbon chain
elongation is unfavorable to large thermal storage density due
to the occurrence of the solid−solid phase transition observed
in the much longer molecules such as the C14−C20 sugar
alcohols. As well as the carbon chain elongation, the
distribution of OH groups was confirmed to be a critical
viewpoint for achieving large thermal storage density through
the comparison between the eight-carbon sugar alcohol
isomers. However, it should be noted that the guideline is
still not completely accepted because we investigated no more
than two molecules among a large number of isomers.
Nevertheless, the result that the C8I and C8II sugar alcohols
have much smaller thermal storage densities than the C8 sugar
alcohol suggests the deep relationship between thermal storage
density and molecular structures of isomers. Therefore, in order
to achieve large thermal storage density, the guidelines
employed in this study, in particular linear elongation of a
carbon backbone and separated distribution of OH groups, can
be valuable suggestions for sugar-alcohol-like PCMs.
In addition, we clearly demonstrated, through the thermal

storage density calculations of the non-natural sugar alcohols,
that the computational approach is a powerful way to predict
the concerned thermophysical properties of experimentally
unknown PCMs. The present calculations were performed by
conventional computational methods, so that they are not
specific to sugar alcohol series. Therefore, the computational
approach can be effectively utilized not only to propose some
molecular design guidelines for new PCMs but also to validate
the propositions and screen candidate materials. We believe
that this powerful approach comparable to experimental one
further accelerates the development of high performance
PCMs.
Finally, we briefly remark on the melting points of the non-

natural sugar alcohols as PCMs. Although the thermal storage
densities of the non-natural sugar alcohols were successfully
increased, their melting points were not optimized for practical
usage. Indeed, the melting points of the C12−C20 sugar
alcohols (>700 K) may be too high for their usage as PCMs
because of a risk of molecular degradation. In the viewpoint of
practical applications of PCMs, melting point (i.e., temperature
of operation) must be one of the important factors. Therefore,

Table 1. Melting Points (K) and Thermal Storage Densities
(kJ/kg) of the Eight-Carbon Non-natural Sugar Alcohols

sugar alcohol melting point thermal storage density

C8 600 440
C8I 480 257
C8II 400a 136

aThe corresponding experimental value is 395 K.42
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future work should pay attention to this issue as well as the
main subject of the increase in thermal storage density.
Nevertheless, it is also true that organic PCMs which work at

high temperature have advantages in thermal management
applications. It is well-known that there is a huge amount of
waste heat whose temperature is in the range between 400 and
600 K (∼100−300 °C) in various systems, such as automobile
engines and industrial plants. At present, we have no organic
PCMs which can handle such high temperature heat. If we
prepare the non-natural sugar alcohols with the relatively high
melting point (∼600 K), we will be able to reutilize these waste
heat by using PCM technology. We expect that such organic
PCMs with high melting points and large thermal storage
densities will extend the range of thermal management
applications in the various social systems and stimulate the
development of the waste heat recovery systems for high
temperature applications.

5. CONCLUSIONS

In this study, we computationally predicted thermal storage
density of the non-natural sugar alcohols as a basic step toward
the development of new PCMs with large thermal storage
density. These sugar alcohols were constructed in silico in
accordance with the three molecular design guidelines: linear
elongation of a carbon backbone, separated distribution of OH
groups, and even numbers of carbon atoms, and their crystal
structures were predicted by the random search method and
first-principles calculations. As a result, it was demonstrated that
thus constructed non-natural sugar alcohols have potential
ability to have thermal storage density up to ∼450−500 kJ/kg,
which is significantly larger than the maximum thermal storage
density of the present known organic PCMs (∼350 kJ/kg). It
was found that the BAD contribution was a key factor to
directly increase thermal storage density by the carbon chain
elongation regardless of the melting points. For the ES and
vdW contribution, the elongation indirectly increases thermal
storage density through the rising melting point. These results
suggest that even in the case of H-bonded molecular crystals
like sugar alcohols, where the ES energy contributes mainly to
thermal storage density, the other molecular distortion (i.e.,
BAD) and vdW energies are also important factors to increase
thermal storage density. Furthermore, the comparison between
the three eight-carbon sugar alcohol isomers indicated that the
selection of preferable isomers is also essential for large thermal
storage density. Overall, the present computational study
suggests that it is in principle possible to achieve large thermal
storage density that goes beyond the limit of existing organic
PCMs by properly designing sugar-alcohol-like molecules.
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