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Abstract

Thermal storage and transfer fluids have important applications in industrial, transporta-

tion, and domestic settings. Current thermal fluids have relatively low specific heats,

often significantly below that of water. However, by introducing a thermochemical reac-

tion to a base fluid, it is possible to enhance the fluid's thermal properties. In this work,

density functional theory (DFT) is used to screen Diels–Alder reactions for use in aque-

ous thermal fluids. From an initial set of 52 reactions, four are identified with moderate

aqueous solubility and predicted turning temperature near the liquid region of water.

These reactions are selectively modified through 60 total functional group substitutions

to produce novel reactions with improved solubility and thermal properties. Among the

reactions generated by functional group substitution, seven have promising predicted

thermal properties, significantly improving specific heat (by as much as 30.5%) and

energy storage density (by as much as 4.9%) compared to pure water.
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1 | INTRODUCTION

Thermal fluids have many applications in thermal energy transfer and

storage, playing a key role in heating, refrigeration, and power genera-

tion.[1] In an era of mounting concerns about energy use, their applica-

tions could be dramatically expanded to increase the efficiency of

vehicles, improve heating and cooling in buildings, and recover waste

heat in industrial processes.[2] The energy density of thermal storage

and transfer fluid is given by

ES =
ðThigh

Tlow

Cp Tð ÞdT ð1Þ

where Cp is the specific heat as a function of temperature T. Equa-

tion (1) shows that to achieve high volumetric or gravimetric energy

density, high volumetric, or gravimetric Cp is needed. To further

increase the energy density, a wide working temperature range is

needed.

A note on language: throughout this paper, we will use the terms

“base fluid” and “thermal fluid”. For our purposes, a “thermal fluid” is

comprised of some “base fluid,” which acts as a solvent, as well as any

additional compounds dissolved in the base fluid. When we discuss

the properties of thermal fluid, we refer to the total properties, includ-

ing the effects or contributions from the base fluid and the dissolved

species.

1.1 | Methods of thermal storage and transfer

Conventional thermal fluids store and release sensible heat through

the breaking and formation of noncovalent bonds such as hydrogen

bonds (e.g., glycols), van der Waals forces (e.g., mineral oils), or
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electrostatic interactions (e.g., molten salts). The unusually high spe-

cific heat capacity of water originates from relatively strong and

extended hydrogen bond networks that dynamically form and break

in response to changes in temperature.[3] Thus, water is usually the

best choice for thermal fluid systems operating between approxi-

mately 5–95�C. Another class of hydrogen bond-based fluids is gly-

cols (e.g., ethylene glycol), which generally have specific heat

capacities about one half that of water due to having fewer hydrogen

bonds per unit mass. Because of the lower freezing point, mixtures of

glycols and water are also commonly used as antifreeze. For example,

a 1:1 mixture (by volume) of ethylene glycol and water can operate

between approximately −30�C to 105�C, but with a reduced specific

heat capacity (�3.6 J g−1 K−1) compared to pure water. The high vis-

cosity at low temperatures (e.g., 25 cSt at −20�C) is also a disadvan-

tage of glycol/water systems.[4] For systems that are not compatible

with water or require higher operating temperatures, oils such as min-

eral, silicone, or synthetic oils are generally employed. These fluids,

based on van der Waals interactions between their molecules, typi-

cally exhibit specific heat capacities less than one half that of water

(�2 J g−1 K−1).

Covalent bonds (typical bond strengths of hundreds of kJ mol−1)

can store vastly more energy than hydrogen bonds (10–30 kJ mol−1)

or van der Waals forces (< 5 kJ mol−1). This makes thermochemical

energy systems based on the formation and breaking of covalent

bonds in the liquid phase attractively positioned to meet the increas-

ing demand for thermal storage, as they can potentially deliver high

volumetric and gravimetric energy densities.

To date, most thermochemical energy storage systems that have

been developed are incompatible with use in thermal fluids, as they

commonly rely on ionic solids, gases, or both.[5,6] However, a number

of systems have been proposed that store thermal energy in covalent

bonds via liquid-phase reactions, such as reactions between alcohols

and aldehydes[7,8] and between amines and organic acids.[9]

In this manuscript, we explore a class of thermal fluids in which

thermochemically reactive species are dissolved in a base fluid such as

water. The dissolved species can reversibly react, forming and break-

ing covalent bonds in response to a change in temperature. As the

bonds are broken, heat is absorbed, and as the bonds are formed, heat

is released. In either direction, as the reaction occurs, it increases the

effective specific heat capacity of the system, which also increases

the energy storage density as defined in Equation (1). In a previous

paper,[10] we derived the overall effective heat capacity of a thermal

fluid containing reacting species as

CP Tð Þ= ΔHrxnð Þ2
RT2Keq Tð Þ

2c+ 1
Keq Tð Þ

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2c+ 1

Keq Tð Þ
� �2

−4c2
r −

1
2

0
BB@

1
CCA+CP,fluid ð2Þ

CP,fluid =CP, base fluid × χbase fluid +
X

i
CP, i × χ i ð3Þ

where the summation in Equation (3) is overall reacting species pre-

sent in the thermal fluid, c is the concentration of the reactants before

the reaction has proceeded (no reactants have been converted to

products), CP is volumetric specific heat capacity, R is the gas constant

(8.134 J mol−1 K−1), T is the temperature in Kelvin, χ is the volume

fraction of a given species, Keq is the equilibrium constant of the

reaction,

Keq = e
− ΔHrxn −TΔSrxnð Þ

RT ð4Þ

ΔHrxn is the reaction enthalpy,

ΔHrxn =Hproduct−
X

Hreactant ð5Þ

and ΔSrxn is the reaction entropy,

ΔSrxn = Sproduct−
X

Sreactant ð6Þ

Figure 1 depicts the effective volumetric heat capacity for a ther-

mal fluid comprised of Diels–Alder reactants dissolved in water. The

area under the curve represents the volumetric energy storage den-

sity. We calculate energy storage density in three ways. The energy

storage density over the entire working temperature range (0–100�C),

represented in the figure by the gray cross-hatch, is ES. Because some

F IGURE 1 A schematic depiction of enhanced heat capacity and
energy storage density (integrated heat capacity over temperature)
for a hypothetical thermal fluid comprised of Diels–Alder reactants
dissolved in water. The shaded areas under the heat capacity curve

indicate the total volumetric energy storage density ES (gray diagonal
cross-hatch), optimal volumetric energy storage density over a 50�

range ES, 50 (green with vertical and horizontal cross-hatch), and the
optimal volumetric energy storage density over a 25� range ES, 25
(blue). The maximum volumetric heat capacity CP, max is also indicated.
For comparison, the volumetric heat capacity of water is also included
[Color figure can be viewed at wileyonlinelibrary.com]
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reactions may demonstrate heat capacity enhancement over a narrow

temperature range, we also calculate energy density over a 50�C win-

dow within the working temperature range of water (ES, 50, the green

region) and over a 25�C window within the working temperature

range of water (ES, 25, the blue region). The temperature windows for

ES, 50 and ES, 25 depend on the specific reaction; in each case, the tem-

perature ranges are chosen in order to maximize the energy density

enhancement of the reaction. In most cases, these windows are cen-

tered near the maximum effective heat capacity, CP, max.

From Equation (2), it can be seen that the form of the heat capac-

ity enhancement is closely related to both the concentration of the

reactants in the base fluid as well as the reaction thermodynamics.

Importantly, the maximum of the heat capacity enhancement occurs

near the turning temperature of the reaction T*, where

T� =ΔHrxn=ΔSrxn ð7Þ

The turning temperature defines the point at which the reactants

and the products of the reaction are equally thermodynamically favor-

able (ΔGrxn = 0) and is related to the thermal reversibility of a reaction.

A turning temperature within the working temperature range of the

base fluid is highly desirable for a thermal fluid, as it would imply that

the reaction can both release (through the forwards reaction) and

store (through the reverse reaction) useful quantities of energy within

that working range. Conversely, if the turning temperature of a reac-

tion is significantly outside of the working range of the base fluid, that

reaction will be incompatible with the base fluid for thermal storage

or transfer applications. Because either the products or the reactants

are favored throughout the working range, a reaction with a turning

temperature significantly outside of the working temperature range of

the base fluid would have a limited ability to convert heat to chemical

bonds or vice versa.

1.2 | Diels–Alder reactions for aqueous
thermochemical energy storage and transfer

As a demonstration of the potential of thermal fluids containing ther-

mochemically reactive species, we consider Diels–Alder reactions dis-

solved in water. Water was chosen as the base fluid because of its

exceptionally high specific heat capacity. Diels–Alder reactions[11] are

[4 + 2] cycloaddition reactions; the two reactants (one of which, the

diene, has two conjugated double bonds and the other of which, the

dienophile, has a double or triple bond) react to form a six-member

ring. As a result of a Diels–Alder reaction, three π bonds are broken,

and two σ bonds and one π bond are formed. These reactions have

been widely used by synthetic chemists since their discovery, as the

reaction mechanism is highly predictable and often simple to

perform.[12]

Diels–Alder reactions have previously been proposed as thermal

energy conversion materials.[13,14] These reactions are attractive

because they can attain relatively high reaction enthalpies, ΔHrxn,
[15]

which allows for high energy density. Moreover, because of the high

entropy change ΔSrxn associated with cycloaddition, the turning tem-

perature T* can often be low enough to be within the liquid phase

range of water.[16] Thus, we expect that some Diels–Alder reactions

will be reversible at moderate temperatures and that thermal fluids

based on these reactions will elevate effective heat capacity and

energy storage density within the working temperature range of

water. Despite their potential, few efforts have been made since the

initial investigations to further explore this family of reactions in ther-

mal fluid applications.[17]

1.3 | Computational screening for thermochemical
reactions

In order to identify promising reactions for applications in thermal

energy storage and transfer, we perform a computational screening of

Diels–Alder reactions. Sparks and Poling[18] noted that because the

properties of interest for thermal energy storage and transfer were

difficult to predict, especially the reaction thermodynamics and

related quantities, it was difficult to identify appropriate reactions for

use in thermal fluids. However, modern high-throughput computa-

tional calculation and screening techniques, relying on density func-

tional theory, make a selection of materials in even vast search spaces

tractable.[19–22]

A number of screening studies have previously been performed

to identify appropriate thermochemical energy storage materials for a

variety of applications. A recent review by Dizaji and Hosseini[23] pro-

vides an excellent summary. Recent work by Kiyabu et al.[24] has lev-

eraged high-throughput first-principles calculations to screen

hydration reactions for thermochemical storage applications. To our

knowledge, such a computational screening approach has not been

applied to liquid-phase thermochemical reactions generally, nor spe-

cifically to Diels–Alder reactions for thermochemical storage

applications.

In our screening, we computationally study the thermodynamics

of aqueous Diels–Alder reactions to identify candidates for efficient

thermochemical storage. We analyzed an initial test set of 52 Diels–

Alder reactions through density functional theory (DFT) calculations,

generating predicted values of reaction enthalpy, entropy, and turning

temperature. We then screened these reactions based on their com-

patibility with water in terms of aqueous solubility and turning tem-

perature. From this test set, we selected several reactions, which we

then selectively modified by functional group substitution in order to

improve the solubility, thermodynamic properties, and thermal prop-

erties of the reactions.

2 | METHODS

2.1 | Test set generation

Figure 2 depicts the sequential screening process used to generate

the test set. Candidate reactions (and the component molecules
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involved in those reactions) were obtained from the Reaxys data-

base.[25] A query was performed for reactions labeled “Diels–Alder”;

the Diels–Alder reactions were then further filtered to produce a set,

which had a yield ≥90%, which proceeded in a single step (to simplify

experimental synthesis), and which had two reactants and a single

product. From this, 1,821 reactions were obtained. Of these 1,821

reactions, 153 had been performed in an aqueous solution (defined as

any solution, including water) in the literature. Further filtering was

conducted to remove duplicate reactions, reactions involving ionic

species, and reactions in which additional species—dissolved salts—

were required. One reaction (benzaldehyde/phenylacetylene) was

removed from consideration because, though labeled as a Diels–Alder

reaction, it is not a cycloaddition reaction.

After this filtering, 66 reactions remained. To limit the computational

resources demanded, a time limit of 300 CPU-hours was placed on all

opt-freq-sp (solv) calculations (workflow described later); calculations for

13 reaction products failed to complete within that time limit. One reac-

tion (furan/maleimide endo) was removed from primary consideration

because the exo Diels–Alder reaction is typically thermodynamically pre-

ferred and so is most relevant to the present thermodynamic analysis

(results for the furan/maleimide endo reaction are presented in the

Supporting Information). The final test set thus consisted of 52 reactions.

2.2 | Calculation of molecular and reaction
properties

Equations (1) and (2) are the metrics that determine the potential util-

ity of thermal fluid. For a given thermal fluid, including some reactive

species, these equations rely on the thermodynamics of the reaction

as well as the chemical composition of the thermal fluid.

The thermodynamic properties of individual molecules were cal-

culated directly using DFT (see Calculation Workflows below for

details). Specifically, the solvation-corrected internal energy (Esolv),

enthalpy (Hvac), and entropy (S) were calculated for each molecule in

the test set. The overall enthalpy of each molecule was then calcu-

lated as

H=Hvac +Hsolv≈Hvac + Esolv ð8Þ

and these values of H and S were used to calculate the reaction

enthalpy via Equation (5) and reaction entropy via Equation (6). The

turning temperature for each reaction was then calculated using

Equation (7).

The concentration c of the reacting species is limited by the solu-

bility of the species in water; that is, 0 ≤ c ≤ cmax, where cmax is the

maximum aqueous solubility of the reaction. The solubility of the

reaction as a whole is limited by the lowest solubility among its

reacting species. To determine cmax, the aqueous solubility of each

reacting species was calculated using the U.S. Environmental Protec-

tion Agency's Estimation Programs Interface (EPI) Suite.[26] EPI Suite

calculations are based on quantitative structure-property relations

(QSPR) models. They require no input parameters other than the Sim-

plified Molecular Input Line Entry System (SMILES) strings[27] of the

molecules of interest, making them easily applicable to a wide range

of molecules. In addition to the aqueous solubility, the boiling point of

each molecule was calculated using the EPI Suite. Note that all

predicted normal boiling points were calculated without considering a

F IGURE 2 A “funnel” depicting the selection process for reactions for this study. From an initial 19,741 reactions obtained from Reaxys, a
test set of 52 reactions was obtained (I. Test set generation). These 52 reactions were analyzed using DFT, as described in Calculation Workflows,
and were screened based on their calculated properties, eventually leading to four reactions with promising properties (II. Thermodynamic/
thermal screening). Finally, these four reactions were selectively modified by functional group substitution (see “Functional Group Substitutions”
in Methods), leading to a new pool of 60 reactions, of which seven have been identified as promising candidates for future study (III. Functional
group substitution) [Color figure can be viewed at wileyonlinelibrary.com]
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solvent; the actual boiling points of the molecules in water may differ

significantly from the values for the pure molecules.

Some approximations are made in the application of Equations (2)

and (3) in the present study. The sensible specific heat capacity of the

thermal fluid CP, fluid, which accounts for the contributions of the base

fluid and the organic reactants, is taken to be independent of temper-

ature. The volumetric specific heat capacity of the base fluid (water),

CP, base fluid, is set to a constant value of 4.171 J cm−3 K−1 (the volu-

metric specific heat capacity of water at 25�C), and the volumetric

specific heats of all organic reactants CP, i are assumed to be

2.0 J cm−3 K−1. This latter approximation is necessary because the

specific heat capacities of many of the molecules studied here have

not been reported in the literature. Because the densities of many of

the organic molecules studied here have also not been measured by

experiment, the volume fractions χ i are calculated based on the

assumption that all molecules have the same density as water. Con-

stant χi values are used, with the value at 25�C being chosen for each

species. The maximum aqueous solubility cmax is also taken to be inde-

pendent of temperature; the value at 25�C, as calculated in the EPI

Suite, is used throughout the working temperature range of water. It

should be noted that this is not generally the case (solubility is likely

to vary with temperature) and that this method will generally over-

estimate the solubility at low temperatures and underestimate solubil-

ity at high temperatures.

2.3 | Calculation workflows

Any necessary modifications to the studied molecules - converting a

2D to a 3D structure, adding implicit hydrogens to the structure, and

performing a preliminary geometry optimization—were completed

using pymatgen[28] and OpenBabel Python libraries openbabel[29] and

pybel.[30] After pre-processing, the atomic and electronic structures of

each molecule were calculated using the Q-Chem DFT code[31] using

one of two workflows, a coarse workflow we call “opt-freq-sp(solv)”

and a more accurate workflow we call “opt(solv)-freq(solv).”

In the coarse opt-freq-sp(solv) workflow, molecular geometries

were optimized using the ωB97X-D functional[32] with a 6-31G(d)[33]

basis set. ωB97X-D was chosen because it has been shown to have a

relatively low error when predicting the reaction energies of Diels–

Alder reactions.[34] These optimized geometries were then fed into a

vibrational frequency calculation using the same functional and basis,

yielding the molecular enthalpy and entropy. In cases where the initial

optimized geometry yielded imaginary frequency modes (indicating a

transition state or other non-equilibrium geometry), the optimization

and vibrational frequency calculations would be repeated following a

perturbation of the molecule geometry. A single-point energy calcula-

tion was made with a larger basis set (6-311++G[d,p])[35]; these calcu-

lations also used the IEF-PCM solvation model[36] with water

(dielectric constant ε = 80.4) as the solvent in order to correct for the

effect of solvation on the molecule. All basis sets were taken from the

Extensible Computational Chemistry Environment Basis Set Database,

Version 1.0,[37] as implemented in Q-Chem.

After initial calculation, using the coarse method described above,

some exceptional cases with appropriate thermodynamic properties

and reasonable physical properties (including boiling point and aque-

ous solubility) were recalculated using a more accurate method, opt

(solv)-freq(solv). Using the vacuum-optimized geometry as a starting

point, the molecules were re-optimized, and the frequencies were rec-

alculated. Both geometry optimization and frequency calculations

were made using ωB97X-D/6-311++G(d,p) in the solvent. The SMD

method,[38] which combines the electrostatic contribution from IEF-

PCM with a term based on short-range interactions, was chosen as

the solvation method. Because solvation and a large basis set were

used for optimization and vibrational frequency calculations, no sin-

gle-point calculation was needed for the accurate workflow. Again, in

the case of imaginary frequency modes, the molecules would be

repeatedly perturbed and re-optimized.

After preliminary tests on small molecules, the opt-freq-sp(solv)

and opt(solv)-freq(solv) workflows were automated using atomate,[39]

a library that builds off of the FireWorks dynamic workflow system[40]

to construct high-level computational processes for materials science.

We used atomate to automatically execute the computational

workflows that prepare input files for DFT calculations, parse outputs,

and store results on a per-molecule and per-reaction basis sensibly in

a database.

2.4 | Functional group substitutions

As described in “Test Set Generation”, the reactions chosen for this

study were taken from a database that is based on the available litera-

ture. This approach ensures that the reactions studied are chemically

valid, but these previously studied reactions may not be the most

appropriate for the present application. Specifically, many of the mol-

ecules studied have low boiling points and are insoluble in water. Fur-

ther, for many of the reactions studied, the turning temperature is

inappropriate for use in water (see “Selecting Reactions for Substitu-

tion” below). For these reasons, it is desirable to generate new reac-

tions to improve these deficiencies. Here, a simple method to

generate reactions not in the test set using functional group substitu-

tion is described.

The most promising reactions from the initial test set were those

that had turning temperatures within or close to the working tempera-

ture range of water, and that was primarily limited in solubility by only

one reacting molecule. In other words, the solubility of one reactant

was low, and the solubility of the other reactant was reasonably high.

These promising reactions were modified in order to improve or tune

the predicted solubility, boiling point, and thermodynamic properties.

In each of these modifications, a hydrogen atom in one of the reactant

molecules was removed and replaced with a functional group. A

hydrogen atom at the corresponding site in the product molecule was

then removed and replaced by the same functional group. The func-

tional groups considered were carboxyl (COOH), methoxy (OCH3),

nitro (NO2), methylamine (CH2NH2), amine (NH2), and hydroxymethyl

(CH2OH). These functional groups were chosen because they are
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polar and thus could be expected to improve aqueous solubility. The

addition of any functional group was expected to increase the boiling

point, as larger molecules typically boil at higher temperatures than

smaller molecules.

In order to automatically facilitate this functional group substitu-

tion, the reactant and product molecules were represented as undi-

rected graphs using pymatgen and the Python networking library

networkx,[41] with nodes representing atoms and edges representing

bonds between those atoms. Subgraph isomorphisms between the

reactant graph and the product graph were constructed such that the

bond characteristics (bond strength, bond length, etc.) were ignored,

but the atomic species of each node was matched. After creating an

atom-to-atom mapping using this subgraph isomorphism, the graphs

were then modified by eliminating a selected hydrogen node and

replacing it with a new subgraph representing the functional group of

interest. Changes to the graph were reflected in changes in the mole-

cule geometry, with initial guesses for the locations of each atom in

the added functional group being taken from pre-tabulated data in

pymatgen.

It should be noted that the functional group substitutions consid-

ered here are limited to perform a single substitution on a single reac-

tant molecule. It would in principle be possible to perform

substitutions on both reactants simultaneously or to perform multiple

substitutions on the same reactant using a similar methodology to the

one described here. However, this would dramatically increase the

number of reactions considered, especially for reactions involving

large molecules with many possible sites for substitution. Further-

more, it is possible that some of the reactions initially considered as

unpromising could be improved through the use of substitutions. For

reasons of computational cost, multiple substitutions have not been

considered here, and all substitutional studies focus only on initially

promising reactions, though such substitutions should be considered

in subsequent studies, as they could yield novel reactions with useful

properties.

2.5 | Screening and selection considerations

In the preliminary screening stage, reactions with appropriate turning

temperature T* and maximum aqueous solubility cmax were sought.

These factors determine the magnitude of the thermochemical heat

capacity enhancement, as well as the temperature range in which that

enhancement occurs. The reactions that passed through this prelimi-

nary screening were subjected to functional group substitution in

order to tune these properties and produce reactions with more prac-

tical thermal properties (see “Functional Group Substitution”).

An ideal reaction would have T* within the working range of

water (0–100�C). These reactions could reasonably be expected to

enhance the specific heat capacity of water, storing and releasing use-

ful quantities of thermochemical heat. For the preliminary screening,

this temperature was expanded to −50 to 150�C for three reasons.

First, some error in the calculated turning temperature was antici-

pated for the coarse opt-freq-sp(solv) workflow. A turning

temperature that is predicted to lie outside of the working range of

water at a lower level of theory might actually be within the working

temperature range when recalculated at a higher level of theory or in

experiments. Second, some gains in heat capacity and energy density

could be seen even if the turning temperature is outside of the work-

ing temperature range by a small amount. Finally, substitutions onto

candidate molecules can help tune the turning temperature of the

original reaction. Reactions with turning temperatures slightly outside

the working range of water were retained in this stage of the screen-

ing so that the effects of functional substitution could be explored in

the next stage.

The functional group substitution method used in this work is lim-

ited to only substitute a single functional group onto a single reactant.

Such a functional group substitution would improve the solubility of

that single reactant and the substituted product molecule. Thus, if the

solubility of the reaction is primarily limited by only one reactant,

functional group substitutions could be highly effective for improving

reaction solubility. However, if both reactants of a reaction have low

aqueous solubility, then the reaction solubility could still be signifi-

cantly limited by the reactant that did not experience a substitution.

Therefore, reactions were selected for which the solubility of at least

one reactant was greater than or equal to 0.1 M.

Reactions generated by functional group substitution were

selected on the basis of their thermal properties, namely the maximum

effective heat capacity (CP, max) and energy storage density (ES, ES, 25,

or ES, 50), as these are the primary quantities of interest for practical

thermal fluids. To maximize each of these quantities for a given reac-

tion, brute-force optimizations were performed to determine an opti-

mal reaction concentration 0 ≤ c ≤ cmax. For ES, 25 and ES, 50, the

optimal temperature ranges were also determined separately for each

reaction considered. Reactions were then selected that demonstrated

high effective heat capacity or energy storage density.

3 | RESULTS

3.1 | Selecting reactions for substitution

The calculated thermodynamic properties of the 52 reactions in the

initial screening set are plotted in Figure 3. It can be seen that the

majority of the reactions studied have turning temperatures above

the boiling point of water and are thus inappropriate for use in an

aqueous system. However, nine reactions have predicted turning tem-

peratures within an expanded temperature range (−50 to 150�C)

close to the working temperature range of water. These reactions,

hereafter the “potentially reversible reactions”, are located within the

black box in Figure 3; they are also listed in Table 1. The effective heat

capacities of these reactions as a function of temperature, calculated

according to Equation (2), are plotted in Figure 4; tables with the ther-

modynamic and thermal properties of the potentially reversible reac-

tions are provided in the Supporting Information. We note that these

values are calculated with the less accurate opt-freq-sp(solv)

workflow.

2142 SPOTTE-SMITH ET AL.



Both solubility and boiling point limit the utility of most of the

potentially reversible reactions (see Supporting Information for

detailed results). The solubility of the reacting species in water tends

to be low, in many cases less than 0.01 M. This is unsurprising, given

the nature of the species (in many cases, cyclic or even multicyclic

organic molecules with relatively few, if any, polar groups). These

extremely low-solubility systems are expected to exhibit minimal

energy storage gains. In Figure 4, the modeled heat capacity curves

for the reactions with the lowest aqueous solubility—(2), (3), (5), and

(6)—are barely visible, indicating near-zero heat capacity enhance-

ment; reactions with moderate solubility, such as (9), show noticeable

gains in heat capacity. In addition, several of the reacting molecules,

notably furan (H4C4O) and cyclopentadiene (H6C5) have boiling points

significantly below that of water (noted in Figure 4 as black “x” marks),

potentially reducing the working range of the system if the boiling

point of the solution is similarly low.

3.2 | Modified reactions

Of the reactions with an acceptable turning temperature, only in the

furan/acrylonitrile system (8) and the furan/maleimide system (9) did

all components (reactants and products) of the reaction have solubil-

ities greater than 0.1 M (in both of these systems, the solubility is lim-

ited by furan). In several other reactions, namely cyclopentadiene/

crotonaldehyde (1) and cyclopentadiene/2-methylpropenal (4), the

solubility is strongly limited by the diene (cyclopentadiene); the solu-

bilities of the dienophiles in reactions (1) and (4) are greater than

0.1 M. In an attempt to tune the properties of these reactions,

increasing the boiling points and solubilities of furan and

cyclopentadiene, additional candidate reactions were generated from

reactions (1), (4), (8), and (9) by substituting functional groups onto the

diene and the product molecules. This process is described in

Methods and is further illustrated in Figure 5 for the addition of an

amine group to site 2 of furan in the furan/maleimide exo reaction. In

addition to improving solubility and increasing boiling point, these

functional groups were expected to affect the reaction thermodynam-

ics of (1), (4), (8), and (9), potentially affecting the turning temperature.

Note that substitutions onto cyclohexadiene/nitrosobenzene (7) were

also attempted, but as none of these substitutions led to significant

enhancements in heat capacity or energy density, they have been

excluded from subsequent analysis (these results are reported in the

Supporting Information).

We also analyzed substituted reactions with modified

dienophiles, including on acrylonitrile for reaction (8) and maleimide

for reaction (9). These substituted reactions generally led to small

improvements in heat capacity or energy density, since the overall

reaction solubility was still limited by the relatively insoluble furan.

Furthermore, reactions with substituted maleimide and acrylonitrile

molecules frequently resulted in turning temperatures significantly

outside the desired temperature range. The full results of these substi-

tutions are included in the Supporting Information.

The thermodynamic properties of the reactions generated by

selective functional group substitution were calculated using the

coarse opt-freq-sp(solv) workflow. The predicted effective heat capac-

ity curves for these modified reactions are plotted in the first three col-

umns of Figure 6 (see the Supporting Information for predicted

aqueous solubility values as well as normal boiling points for the furan

derivatives). Among the substitutions modeled using opt-freq-sp(solv)

workflow, several emerge as having favorable properties for aqueous

thermochemical storage. Reactions 2-methylaminocyclopentadiene/

crotonaldehyde (10), 2-aminocyclopentadiene/crotonaldehyde (11),

2-methylaminocyclopentadiene/2-methylpropenal (12), 2-aminocyclo-

pentadiene/2-methylpropenal (13), 2-aminofuran/maleimide, and 2-

hydroxymethylfuran/maleimide (16) are predicted to achieve high

effective heat capacity with a turning temperature within the working

temperature range of water. 1-aminocyclopentadiene/2-methylpropenal,

2-hydroxymethylfuran/acrylonitrile (14), 3-hydroxymethylfuran/acryloni-

trile (15), 2-aminofuran/acrylonitrile, and 3-hydroxymethylfuran/

maleimide exo also demonstrate high heat capacity, but with turning tem-

peratures slightly outside of the working temperature range. We analyzed

these reactions, as well as the unmodified reactions (1), (4), (8), and (9),

with the more accurate opt(solv)-freq(solv) workflow in order to better

understand their thermodynamic and thermal properties. The effective

heat capacity curves for these reactions as calculated with the more accu-

rate opt(solv)-freq(solv) workflow can be seen in the fourth column of Fig-

ure 6. This column represents the most accurate results calculated in this

paper on the final set of reactions of interest.

Figure 6 illustrates the effect of functional group substitution on

the thermodynamic and thermal properties of Diels–Alder reactions.

The predicted aqueous solubility of the diene molecules (and, thus,

the reactions) increased for all functional group substitutions. The

most significant solubility improvements occurred with additions of

methylamine, amine, and hydroxymethyl groups, increasing the

F IGURE 3 Predicted turning temperature T* plotted against
enthalpy ΔHrxn for all reactions in the test set, calculated using opt-

freq-sp(solv). The lines denote constant reaction entropy ΔSrxn;
reaction entropy is also represented by the color of the points. The
box contains all reactions with turning temperature in the range (−50
to 150�C), the “potentially reversible reactions” [Color figure can be
viewed at wileyonlinelibrary.com]
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aqueous solubility of the diene by several orders of magnitude. This

increase in solubility is the main factor driving the improved heat

capacities seen in Figure 6. However, the reaction thermodynamics

also changed as a result of functional group substitutions. For a given

unsubstituted reaction, the turning temperature of the substituted

reactions can vary widely as a result of different choices of functional

group and even substitution site. The site-specificity is especially pro-

nounced for the amine, carboxyl, and methylamine substitutions,

where the choice of position frequently modifies the turning tempera-

ture by more than 75�C. The entropy of reaction changed little (at

most 13.5% for 2-carboxylfuran/acrylonitrile), but in most cases did

become slightly more negative with functional group substitution. On

average, ΔSrxn changed by −0.704 cal mol−1 K−1 following functional

group substitution, an average change of 1.5%. Reaction enthalpy is

more tunable; ΔHrxn changed by as much as 67.4% for 3-

methylaminofuran/acrylonitrile and on average changed by

−1.397 kcal mol−1, or 8.8%. As specific heat and energy density are

dependent on ΔHrxn and concentration c, our results suggest that the

thermal properties of Diels–Alder reactions can be tuned by appropri-

ate functional group substitutions.

We note that dissolving more of the reacting species in water is

not always beneficial. Because water has a higher sensible heat capac-

ity than organic molecules in general, dissolving the organic molecules

actually depresses the base sensible heat capacity (Equation (3)). The

thermochemical heat capacity enhancement due to the reaction

(Equation (2)) must overcome this reduction in sensible heat capacity

for the net effect to be beneficial. For energy density (Equation (1)),

which considers a range of temperatures, a net benefit in one temper-

ature region must overcome a net deficit in other temperature regions

for the reaction to be beneficial overall. For some reactions shown in

Figure 6, there was no available concentration at which the energy

density could overcome the loss in sensible heat capacity.

Seven of the substituted reactions analyzed using the more accu-

rate opt(solv)-freq(solv) workflow, reactions (10)–(16), show great

promise for use in thermal storage and transfer applications. These

reactions are listed and depicted in Table 2. Their predicted thermody-

TABLE 1 Names and reaction diagrams for potentially reversible reactions [Color table can be viewed at wileyonlinelibrary.com]

Number Name Diagram

(1) Cyclopentadiene/crotonaldehyde

(2) Cyclopentadiene/3-nitrocoumarin

(3) Cyclopentadiene/3-(4-nitrophenyl)-2-propenal

(4) Cyclopentadiene/2-methylpropenal

(5) Cyclopentadiene/menadione

(6) Cyclopentadiene/3-phenyl-propenal

(7) Cyclohexadiene/nitrosobenzene

(8) Furan/acrylonitrile

(9) Furan/maleimide exo

Note: Numbers will be used in subsequent discussion.
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namic properties are also listed in Table 2, and their thermal storage

properties are given in Table 3. The utility of these reactions for ther-

mal storage applications varies depending on the application of inter-

est. For low-temperature applications (T < 50�C), reaction (14) offers

the greatest gains in energy storage density, at 10.0% over the 50�C

range. In the upper half of the working temperature range

(50�C < T < 100�C), reactions (15) (10.4% gains) and (16) (11.9%

gains) are most promising, though for reaction (15) boiling may still

present problems. Over a narrower temperature range (75–100�C),

reaction (16) displays especially high energy storage density, with a

22.3% improvement over pure water, and with low risk of boiling

(predicted Tb > 100�C). Reactions (10) and (15) have the highest

predicted energy storage densities over the entire working tempera-

ture range (improving over the base fluid by 4.1% and 4.9%, respec-

tively), and reaction (16) has by far the highest effective heat capacity,

at 5.445 J cm−3 K−1 (a 30.5% improvement over the base fluid).

The 2-hydroxymethylfuran/maleimide exo reaction (16) signifi-

cantly increases the effective heat capacity of water through the intro-

duction of a thermochemical mechanism. Previously, Sparks and

Poling[18] modeled a thermal fluid based on the 2-methylfuran/maleic

anhydride Diels–Alder reaction in a 7 M solution with 1,4-dioxane. The

effective heat capacity for this system was modeled to be as high as

7.37 J cm−3 K−1. The 2-methylfuran/maleic anhydride reaction was not

considered in our study because it has not proceeded in water in the lit-

erature. While the heat capacity obtained by Sparks and Poling is higher

than any reaction considered here, including (16), the reactions identi-

fied here benefit from water solubility. Water has a marginally wider

working temperature range than dioxane (which is only liquid between

11.8–101.1�C). More importantly, water benefits from a lower cost

when compared to dioxane, and it is already commonly used and read-

ily available as a thermal fluid. This means that in general, the reactions

identified here could more readily be applied to existing systems.

4 | DISCUSSION

4.1 | Context and performance of screened
reactions

The results reported here are consistent with previous computational

explorations of Diels–Alder reactions. Shi et al.[42] found previously

that substitutions onto Diels–Alder diene molecules can cause

changes (62.2% and 64.2%) in ΔHrxn. These values are similar to the

more significant changes observed in the substituted furan reactions

(maximum 67.4%) and lend support to the idea that functional group

substitution can be effective for tuning the reaction enthalpy. In addi-

tion, Boutelle and Northrop[43] specifically predicted changes in the

Gibbs free energy of modified furan/maleimide reactions (ΔG ranging

F IGURE 5 (a) From top to bottom, mapping of furan and
cyclopentadiene positions; (b) depiction of the generation of 2-
aminofuran and the 2-aminofuran/maleimide exo-product from the

initial reactant and product. In this study, substitutions were made
onto sites 2 (symmetrically equivalent to site 5) and 3 (symmetrically
equivalent to site 4) of furan and onto sites 1, 2 (symmetrically
equivalent to site 5), and 3 (symmetrically equivalent to site 4) of
cyclopentadiene. The functional group, in this case, an amine group,
replaces a hydrogen atom at the site indicated by the curved arrow in
both the reactant and the product [Color figure can be viewed at
wileyonlinelibrary.com]

F IGURE 4 Predicted effective specific heat capacities Cp(T)for
aqueous thermal fluids containing the potentially reversible reactions
with T* in range (−50, 150) �C. The reactions are labeled according to
the numbering in Table 1. All curves are plotted from Tlow to Thigh,
where Tlow is the temperature at which the solution is predicted to be
1% reactant, and Thigh is the temperature at which the solution is
predicted to be 99% reactant. For all curves, the reaction
concentration is equal to the maximum solubility of the reaction, cmax

(based on the solubility of the least soluble molecule involved in the
reaction). Dashed lines in the dark area indicate regions outside the
working temperature range of water (light area). Curves that lie
outside of the working range could not be expected to proceed in
water but are shown for completeness. Black “x”s indicate the lowest
predicted boiling point of any of the reacting species of a reaction, if
this value is below 100�C. It is assumed that no boiling occurs below
the boiling point of water. Thermodynamic values are based on the
less accurate opt-freq-sp(solv) workflow [Color figure can be viewed
at wileyonlinelibrary.com]
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from −9.4 kcal mol−1 to 0.9 kcal mol−1) where functional groups

(including methyl, methoxy, and formyl groups) were substituted onto

the furan 2 and 3 positions.

4.2 | Kinetic considerations

In this study, thermodynamic equilibrium was assumed for all calcula-

tions. However, for practical thermal storage applications, non-equilib-

rium properties are likely to be important. This study offers no

information about the energy barriers to either the forwards or retro

Diels–Alder reaction. Further calculations involving the transition

states, energy barriers, and reaction rate constants should be

conducted in the future to determine the practical reversibility of

these reactions.[44,45] Predictions of reaction rates, as well as other

dynamical properties such as thermal conductivity, will be of great use

in the design of thermochemical storage systems using Diels–Alder

reactions. We also emphasize that screening only on thermodynamic

criteria, which is a necessary but not sufficient condition for a practi-

cal thermal fluid, already screens out roughly 90% of candidate reac-

tions. Thus, a good portion of screening can be conducted through a

thermodynamic analysis.

Many Diels–Alder reactions suffer from high reaction energy bar-

riers, requiring high temperatures and long reflux periods in order to

achieve appreciable chemical yield. However, there exist a number of

Diels–Alder reactions with exceptionally low energy barriers. Such

F IGURE 6 Modeled heat capacities (including aqueous solvent) over the temperature range −100 to 200�C for cyclopentadiene/
crotonaldehyde (1) (a–d), cyclopentadiene/2-methylpropenal (4) (e–h), furan/acrylonitrile (8) (i–k), and furan/maleimide exo (9) (l–n) reactions with
diene sites modified. Reactions depicted in the first column (a, e) had the 1-site modified, reactions in the second column (b, f, i, l) had the 2-site
modified, and reactions in the third column (c, g, j, m) had the 3-site modified. Calculations for these first three columns were performed with the
coarse opt-freq-sp(solv) workflow. Some reactions were selected for more accurate calculation with the opt(solv)-freq(solv) workflow; these
calculations are depicted in the fourth column (d, h, k, n). For all curves, the reaction concentration is equal to the maximum solubility of the
reaction, cmax (based on the solubility of the least soluble molecule involved in the reaction). Dashed lines indicate regions outside the working
temperature range of water (light area); curves that lie outside of the working temperature range could not be expected to proceed in water.
Black “x”s indicate the lowest predicted boiling point of any of the reacting species of a reaction when this value is below 100�C [Color figure can
be viewed at wileyonlinelibrary.com]
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reactions have been used in dynamic covalent chemistry (DCC) at

moderate temperatures and with fast rates.[46,47] In addition, activated

Diels–Alder reactions can be achieved by the addition of a Lewis acid

catalyst.[48,49] We expect that Reactions (1), (4), (8), and (9), as well as

their functionally substituted counterparts, will not suffer from high

energy barriers and poor kinetic behavior. Because the dienophiles

involved in these reactions, namely crotonaldehyde, 2-met-

hylpropenal, acrylonitrile, and maleimide, have strongly electron-with-

drawing groups (nitrile in the case of acrylonitrile, and carbonyl in the

case of crotonaldehyde, 2-methylpropenal, and maleimide), the

TABLE 2 Reaction diagrams, predicted thermodynamic properties, solubility cmax (based on the solubility of the least soluble molecule
involved in the reaction), and boiling point Tb (based on the lowest normal boiling point among the reactants of a given reaction) for several
promising substituted reactions, based on values from the opt(solv)-freq(solv) workflow and EPI suite [Color table can be viewed at
wileyonlinelibrary.com]

Reaction Base reaction Diagram ΔHrxn (kcal mol−1) ΔSrxn (cal mol−1 K−1) T* (�C) cmax (M) Tb (�C)

(10) (1) −18.241 −51.591 80.42 0.592 92.35

(11) (1) −19.589 −51.441 107.66 0.592 92.35

(12) (4) −16.218 −53.096 32.29 0.454 76.22

(13) (4) −17.897 −52.152 70.03 0.454 76.22

(14) (8) −15.426 −51.289 27.62 0.854 94.65

(15) (8) −18.008 −49.890 87.80 0.854 94.65

(16) (9) −20.446 −54.372 102.90 2.173 170.16

TABLE 3 Predicted thermal properties (heat capacity, energy density) of several promising substituted reactions

Reaction
CP, max

(J cm−3 K−1)
Gain
(%) ES (MJ L−1)

Gain
(%)

ES, 25
(MJ L−1) Gain (%)

Temp.
Range (�C)

ES, 50
(MJ L−1) Gain (%) Temp. range (�C)

(10) 4.566 9.5 0.4344 4.1 0.1136 9.0 55.26–80.26 0.2246 7.7 39.47–89.47

(11) 4.581 9.8 0.4272 2.4 0.1139 9.2 75.00–100.00 0.2229 6.9 50.00–100.00

(12) 4.510 8.1 0.4234 1.5 0.1121 7.5 3.95–28.95 0.2204 5.7 0.00–50.00

(13) 4.507 8.1 0.4328 3.8 0.1122 7.6 39.47–64.47 0.2221 6.5 26.32–76.32

(14) 4.733 13.5 0.4298 3.0 0.1174 12.6 7.89–32.89 0.2294 10.0 0.00–50.00

(15) 4.689 12.4 0.4376 4.9 0.1166 11.8 67.11–92.11 0.2302 10.4 50.00–100.00

(16) 5.445 30.5 0.4255a 2.0a 0.1275 22.3 75.00–100.00 0.2334 11.9 50.00–100.00

Note: Three values of energy density are given: ES, the energy density over the entire working temperature range of water (0–100�C); ES, 25, the maximum

energy density over a 25� range, and ES, 50, the maximum energy density over a 50� range. Where appropriate, the temperature range is given. The propor-

tional gain, or gain, for a quantity, is defined as the difference between the quantity in the thermal fluid and the quantity in pure water, divided by the

quantity in pure water. Except where noted, all calculations are made using the maximum solubility cmax as the concentration.
ac = 0.572 mol L−1 for this value.
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reactions should have sufficiently low energy barriers for applications

in thermal energy storage and heat transfer. Diels–Alder reactions

based on furan derivatives and maleimide derivatives with sufficiently

low energy barriers for DCC applications have already been identi-

fied,[43] further supporting the idea that for such modified furan/

maleimide reactions as (16), kinetic limitations should not be prohibi-

tive. Moreover, Lewis acid catalysts can be identified to accelerate

these reactions.

Recent experiments have focused on applications of thermally

reversible Diels–Alder reactions for self-healing polymers. Liu and

Chuo,[50] in their review on the topic, highlight the use of reactions

based on the furan/maleimide system to achieve reversibly

crosslinked polymer chains. Experimental results such as these, which

have used moderate temperatures (80–150�C) to achieve high healing

efficiency in solid polymers (as high as 90%) suggest that thermal

reversibility and even repeated thermal cycling should in principle be

feasible for all-liquid Diels–Alder systems.

It should be noted that high reaction enthalpy ΔHrxn, while desir-

able for its role in energy density, turning temperature, and heat

capacity, could have a negative impact on reaction kinetics. The Bell-

Evans-Polanyi principle[51,52] states that as ΔHrxn increases within a

particular class of reactions, the activation energy of the reaction

increases. This suggests that a moderate reaction enthalpy change

may be ideal in order to allow both the forwards and reverse reactions

to proceed at reasonable rates.

4.3 | Impact of solvent

We have noted previously that water has an exceptional specific heat

capacity, making it a strong choice for thermal energy storage for

applications within its working temperature range. While organic sol-

vents will, without exception, be able to contribute less sensible heat

storage to a thermal fluid than water, they offer several benefits that

merit their consideration. First, an organic solvent could allow for

thermal energy storage applications outside of the working tempera-

ture range of water. A number of reactions have been identified in this

screening study that exhibits significant heat capacity enhancements

outside of the working range of water. Reactions such as 2-

aminofuran/maleimide exo, 2-hydroxymethylfuran/maleimide exo (16),

and 3-hydroxymethylfuran/maleimide exo appear to show promise for

thermal transfer and storage at elevated temperatures (100–300�C).

The 2-aminofuran/acrylonitrile reaction, which shows elevated heat

capacity at low temperatures, could be used in a refrigeration system

if paired with a fluid with a low melting point. Studying the thermody-

namic and thermal properties of Diels–Alder reactions in different sol-

vents could lead to a range of Diels–Alder-based thermal fluids that

can be employed for different applications. Moreover, while func-

tional group substitution has proven effective in improving the solubil-

ity of insoluble reactants, the work of Sparks and Poling18 hints at

even further gains in effective heat capacity that would be possible

with more soluble Diels–Alder reactants. It is reasonable to expect

that high solubility could be achieved with organic solvents,

potentially resulting in even higher heat capacities and energy storage

densities than those predicted here.

4.4 | Comparing computational methods

The less accurate opt-freq-sp(solv) calculations generally underesti-

mate the values of ΔHrxn and ΔSrxn for the reactions examined when

compared to the more accurate opt(solv)-freq(solv) workflow (see

Table S.8.1 in the Supporting Information). On average for the 15

reactions analyzed with opt(solv)-freq(solv), ΔHrxnfor opt(solv)-freq

(solv) was 16.3% more negative than for opt-freq-sp(solv), while

ΔSrxnwas 2.1% more negative. The opt-freq-sp(solv) also under-

estimated the turning temperature in 14 of the 15 cases examined. In

several cases, the more accurate opt(solv)-freq(solv) calculations clar-

ify that reactions that initially showed promise based on the coarse

opt-freq-sp(solv) workflow are most likely inappropriate for aqueous

thermal storage. It should be noted that the turning temperatures of

reactions (11) and (16) predicted by the opt(solv)-freq(solv) method

are also slightly outside of the working temperature range of water.

Although this limits the utility of reactions (11) and (16) for aqueous

thermal storage applications, the gains in heat capacity and energy

storage density are still considerable for these reactions.

We used the more coarse opt-freq-sp(solv) workflow in order to

screen a large number of reactions at a relatively low computational

cost. It is worth asking if the use of this relatively coarse level of theory

could have adversely affected the reactions selected during this study.

We believe that this is not the case. Because there were no reactions

that could have, by underestimation of T*, been excluded from the set

of potentially reversible reactions, it is unlikely that any reactions with

actual turning temperature within the working range of water were

overlooked during screening in this study. Nonetheless, we advise the

use of more precise methods such as opt(solv)-freq(solv) whenever pos-

sible for future screening efforts. Such high-precision calculations,

which directly incorporate the solvent environment, should also be used

for the analysis of Diels–Alder reaction pathways, kinetics, and

stereoselectivity.[53]

4.5 | Future work

In the computational screening by Kiyabu et al.,[24] the authors devel-

oped design rules based on select descriptors of the hydrates and

hydroxides studied. Future work on Diels–Alder reactions could fol-

low suit, developing a more thorough understanding of the physical

principles underlying the properties of the cycloaddition reaction fam-

ily and their suitability for thermal storage. Such design rules and

descriptors could accelerate both computational and experimental

selection of reactions for thermochemical storage and heat transfer.

The search space of Diels–Alder reactions for thermal storage

and transfer applications has barely been explored. The test set used

for this study should be expanded to include more reactions with a

wider array of functional groups. Each of the potentially reversible
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reactions identified could be further analyzed as the cyclopentadiene/

crotonaldehyde (1), cyclopentadiene/2-methylpropenal (4), furan/

acrylonitrile (8), and furan/maleimide exo (9) reactions were; as we

have shown, reaction systems with improved solubility and tunable

ΔHrxn and T* can be constructed through the addition of even simple

functional groups. For those systems that already saw some functional

group substitutions, the possibility exists to greatly expand the num-

ber and type of functional groups used. Multiple substitutions on the

same reactant or simultaneous substitutions on both reactants could

also yield novel and promising reactions.

5 | CONCLUSIONS

In this study, we analyzed the thermodynamic properties of a set of

Diels–Alder reactions to identify candidates with properties appropri-

ate for use in aqueous thermochemical storage systems. From an ini-

tial test set of 52 reactions, we identified nine potentially reversible

reactions with turning temperatures within the working temperature

range of water. In addition to their favorable turning temperatures,

several of these reactions demonstrated modest improvements in the

heat capacity and energy density of water. We selectively modified

four of the potentially reversible reactions with moderate solubility

(thecyclopentadiene/crotonaldehyde, cyclopentadiene/2-methylpropenal,

furan/acrylonitrile, and furan/maleimide exo reactions) through the addi-

tion of functional groups, generating 60 reactions that were not initially in

the test set. Of these substitutions, several were predicted to show signifi-

cantly elevated effective heat capacity within or near the working temper-

ature range of water; we subjected these reactions to additional analysis

with a more precise workflow, opt(solv)-freq(solv). Through this analysis,

we have identified seven reactions (2-methylaminocyclopentadiene/

crotonaldehyde, 2-aminocyclopenta

diene/crotonaldehyde, 2-methylaminocyclopentadiene/2-methylpropenal,

2-aminocyclopentadiene/2-methylpropenal, 2-hydroxymethylfuran/acry-

lonitrile, 3-hydroxymethylfuran/acrylonitrile, and 2-hydroxymethylfuran/

maleimide exo) with highly promising properties for thermal energy storage

in a variety of applications. These reactions are predicted to enhance the

maximum heat capacity of water by as much as 30.5%. Furthermore, they

are predicted to improve the thermal energy density of water by as much

as 22.3% over a 25�C range, 11.9% over a 50�C range, or 4.9% over the

entire 100�C working temperature range of water. Experimental studies to

validate the results of this study are ongoing.
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