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ABSTRACT



Semiclathrate hydrate (SCH) has been expected to be one of the phase change materials suitable
for cold energy storage. In the present study, the equilibrium temperature, dissociation enthalpy,
and crystal structure of tetra-n-butylammonium(TBA)-Tar, tetra-n-butylphosphonium(TBP)-Tar,
and TBA-Mala SCHs were investigated, where the hydroxycarboxylate anions were malate (-
Mala) and tartarate (-Tar). The maximum equilibrium temperature of each SCH system at the
stoichiometric composition was (279.54+0.05) K for TBA-Tar SCH, (275.44+0.05) K for TBP-
Tar SCH, and (278.69+0.05) K for TBP-Mala SCH at atmospheric pressure. Each dissociation
enthalpy was (172+3) kJ-kg! for TBA-Tar SCH, (161+3) kJ-kg™! for TBP-Tar SCH, and (172+3)
kJ-kg! for TBP-Mala SCH. The SCHs with hydroxy group(s) in the anion of onium salts are more
environmentally-friendly than SCHs with halide anion. The environmentally-friendly SCHs
measured in the present study could be used as refrigerants in the logistics of vegetables and fruits

because the equilibrium temperature is suitable to preserve their freshness.



1. INTRODUCTION

Unused thermal energy has been released from various energy-consuming points, such as
vehicles, life, and factories, to environment. Phase change materials (PCMs) have abilities not only
to store the unused thermal energy but also to contribute to filling the gap between electric power
generation and demand. Ice is known as one of the famous PCMs, whereas the melting temperature
of ice is too low for storage of vegetables, fruits' and vaccines®>. So that, it is essential to develop

the PCMs with phase change temperatures suitable for various cold chains, instead of ice.

Semiclathrate hydrate (SCH) or ionic clathrate hydrate is a promising candidate as a PCM. SCH
is a crystalline inclusion compound consisting of host water molecules and appropriate guest
substance. Tetra-n-butylammonium (TBA) and tetra-n-butylphosphonium (TBP) salts have been
investigated as typical guest substances. The cations are enclathrated in polyhedral cages and the
anions form hydrogen-bonded networks with the host water molecules*’. One of the well-
investigated SCHs 1is tetra-n-butylammonium bromide (TBAB) SCH. TBAB SCH with the
hydration number of 26 has the relatively large dissociation enthalpy (192+3 kJ-kg"')®. Taking
account of its characteristics, TBAB SCH slurry was introduced to the shopping mall and office

in Japan as air-conditioning media’.

Thermodynamic properties of SCH depend on the combination of cations with anions'®-!?,

Generally speaking, the phosphonium cation decreases the equilibrium temperature of SCH
compared to the ammonium cation with the same alkyl chains as the phosphonium one.
Thermodynamic properties of SCHs are suitable for PCMs in cold chains, because of not only the
equilibrium temperatures within 270 to 300 K at atmospheric pressure but also the relatively large

dissociation enthalpies (160-220 kJ-kg!).%142* According as the working temperatures of PCMs



needed in cold chains, to develop SCHs with various equilibrium temperatures is required. For
example, SCHs with the equilibrium temperatures of 280 to 283 K are suitable for storage of
vegetables and fruits,! 275 to 281 K for vaccines, >* 278 to 288 K for air conditioning,?* and 288
to 308 K for cooling of lithium-ion battery®®. In the temperature range needed in cold chains,
especially, a repertoire of SCHs with the equilibrium temperatures around 275 to 283 K is

relatively small!®!1:19:26-31

We focused on the SCH systems with dicarboxylate anions. The maximum equilibrium
temperatures of TBA-Oxalate, TBA-Malonate, and TBA-Succinate SCHs were reported to be
289.7 K2, 287.5 K?¢, and 286.1 K'? at atmospheric pressure, respectively. Engineering a way to
develop SCHs with an equilibrium temperature of 275 to 283 K has gained considerable interests.

Muromachi et al. 282°

reported that, when the hydroxy group is introduced to a carboxylate anion,
the replacement of water molecules with the oxygen atoms in hydroxy groups makes the
equilibrium temperature decreases. In the present study, the thermodynamic properties of tetra-n-
butylammonium hydroxycarboxylate (TBA-HDC) and tetra-n-butylphosphonium
hydroxycarboxylate (TBP-HDC) SCHs were investigated. As hydroxycarboxylate (HDC) anions,

succinate (-Suc), malate (-Mala), and tartarate (-Tar) were used. The chemical structures of HDC

used in the present study were shown in Figure 1.

0 o} OH 0 OH
Succinate (Suc) Malate (Mala) Tartarate (Tar)



Figure 1. Chemical structures of the hydroxycarboxylate anions used in the present study.

2. Experimental section

2.1 Materials

The chemicals used in the present study are listed in Table 1. TBA-HDC and TBP-HDC salts
were synthesized by neutralization reaction of tetra-n-butylammonium hydroxide or tetra-n-
butylphosphonium hydroxide with the corresponding hydroxycarboxylic acids in the aqueous
solution. Neutralization reactions were performed for 24 hours. The products were confirmed by
'H and '*C nuclear magnetic resonance (NMR, JEOL, ECS-400). The NMR results were
summarized in the supporting information. NMR results showed no impurity-derived signals or
anomalies in the integral ratio. The purity of the synthesized TBA-HDC and TBP-HDC were equal

to or higher than that originally contained in the synthesis reagents.



Table 1. Information on Chemicals Used in the Present Study.

CAS molecular
chemical name source mass fraction purity  (formula)
reg. no. )
weight
tetra-n- . ..
bunfammonam 203 oo Chemkal 0413 mas ncionin 555
hydroxide(C16H37NO) Ty L0, LG aq
tetra-n- . ..
buiphogtonun (S5 o Chemkal 0403 s cionin 5
hydroxide(C16H37PO) fy Lo, LG aq
(L)-tartaric co.q Tokyo Chemical
acid(CsHeOs) 87-69-4  Industry Co., Ltd. 0% 150.09
. Tokyo Chemical
(L)-malic acid(C4HesOs) 97-67-6 Industry Co., Ltd, >0.980 134.09
C . 110-15- Tokyo Chemical
succinic acid(CsHeO4) 6 Industry Co., Ltd. >0.990 118.09
water(H:0) 7732- distilled resistivity 1s 0.46 MQ 18.02
18-5 cm

2.2 Apparatus and procedures

Approximately 1 cm® of aqueous solutions were prepared at different compositions from x =
0.0018—0.0229 (w = 0.061-0.452) for TBA-Tar, x = 0.0018—0.0191 (w = 0.062—0.419) for TBP-
Tar, x = 0.0030—0.0208 (w = 0.099—-0.434) for TBP-Mala using electric balance (SHIMADZU,
AUW220D) with an uncertainly of 0.2 mg. The symbols x and w represent the mole and mass
fractions, respectively. The SCHs were formed in glass vials at 263 K. The vials for TBA-Tar SCH
were put into a water bath thermostated with a cooling water circulator at 275 K (Taitec, CL-80R
or EYELA, NCB-3100). The vials for TBP-Tar and TBP-Mala SCHs were put into a propylene

glycol bath thermostated with a cooling water circulator at 270 K (Taitec, CL-80R or EYELA,



NCB-3100). The system temperature was increased by a step of 0.1 K. The temperature was
maintained for at least 4 h at each temperature with frequently stirring the samples. The
temperature at which SCH completely dissociated was measured as an equilibrium temperature.
The system temperature was measured with a thermistor thermometer (Takara, D632,
reproducibility: 0.02 K. The probe was calibrated with a Pt resistance thermometer defined by ITS-

90). The maximum uncertainty of equilibrium temperature was 0.05 K.

The hydration numbers (7) of TBA-Tar, TBP-Tar and TBP-Mala SCHs were estimated from the
stoichiometric compositions. To determine the stoichiometric compositions, the apparent
dissociation enthalpy (per mass of aqueous solution, not per mass of SCH) at each composition
was measured using a micro differential scanning calorimeter (DSC) (Setaram, uDSC Vllevo).
Apparent dissociation enthalpy reaches the maximum value at stoichiometric composition®%-2331:32
because either excess amount of water or guest salt remains at a composition except for the
stoichiometric composition. We prepared approximately 20 mg of TBA-HDC or TBP-HDC
aqueous solutions for DSC measurements. The sample mass was precisely measured with electric
balance (A&D, BM-22) with an uncertainty of 0.02 mg. The furnace temperature was decreased
to 248 K at a cooling rate of 0.5 K-min™'. After the SCH formation, to remove metastable structures
from the sample, the formed SCH was repeatedly annealed while partially dissociated®. After the
peaks derived from metastable structures disappeared completely, the furnace temperature was
decreased to 248 K again and then increased from 248 K to the desired temperature at a heating
rate of 0.02 K-min™'. We calibrated the DSC with a dedicated Joule heat calibrator (Setaram, EJ3).

In addition, water was adopted as a reference. The dissociation enthalpy of water ice was in good

agreement with the reference within an uncertainty less than 2 kJ-kg!. We have reported the



19,22,23,31,

dissociation enthalpies measured with the same DSC!!*!3: 32 The overall uncertainty in the

dissociation enthalpy measured in the present study is less than 3 kJ-kg™.

The crystal structures of TBA-HDC SCH and TBP-HDC SCH were estimated by powder X-ray
diffraction (PXRD). To compare the crystal structures of SCH, we measured the PXRD pattern of
TBA-Suc and TBA-Mala SCHs as well as that of TBA-Tar, TBP-Tar, and TBP-Mala SCHs. The
samples for PXRD measurement were prepared from aqueous solutions with the stoichiometric
compositions. The PXRD sample was crystallized in a freezer kept at 263 K and then we annealed
the samples well. The PXRD patterns were measured at 150 K and atmospheric pressure by use of
a diffractometer (PANalytical, X’Pert-MPD) with a cold stage (Anton Paar, TTK450) and Cu Ka
X-ray (45 kV, 40 mA). The PXRD measurements were performed in the step scan mode with a
scan rate of 2.7°min"! and a step size approximately 0.02°. PXRD pattern indexing and cell

refinement were carried out using the Chekcell** and PowderX> programs.

3. RESULTS AND DISCUSSION

3.1. Phase Equilibrium Relations.

Phase equilibrium relations (temperature 7 and composition x) of TBA-Tar, TBP-Tar, and TBP-
Mala SCHs obtained by the visual observation method were shown in Figure 2 and summarized
in Tables 2-4. The phase diagrams of TBA-Tar, TBP-Tar, and TBP-Mala SCHs exhibited a
congruent-type phase behavior, which is typical in SCHs. The maximum equilibrium temperature
of TBA-Tar SCH was (279.54+0.05) K at x1= (0.0162+0.0005) (rn = 61£1). The maximum

equilibrium temperatures of TBA-Mala SCH and TBA-Suc SCH were reported to be 284.2 K at



x1=0.0156 (n = 63£1)%¢ and 286.1 K at x;= 0.0157 (n = 62.6£0.6)'°, respectively. The maximum
equilibrium temperatures of TBP-Tar and -Mala SCHs were (275.44+£0.05) K at xi=
(0.0160+0.0001) (n=62+1) and (278.69+0.05) K at x1=(0.0157+0.0002) (n = 63+£1), respectively.
The maximum equilibrium temperature of TBP-Suc SCH was reported to be 282.7 K3 at xi=
0.0157 (n = 63+£2)'3. The stoichiometric composition, the hydration number, and the dissociation
enthalpy of each SCH were estimated by DSC results as will be described later in Figures 3 and
4. The maximum equilibrium temperature of each TBA-HDC SCH was higher than those of
corresponding TBP-HDC SCH (Table 5). Such trend is due to the distortion of the crystal structure
caused by the difference in bond lengths’ between C—P and C—N and the electrostatic interaction'!
between more positively-charged phosphorus atom in phosphonium cation (than nitrogen atom in
ammonium cation) and negatively charged oxygen atoms in surrounding water molecules. These
results may be caused by the differences in the electrostatic interactions on dicarboxylate anions

with phosphonium or ammonium cations.

The order of maximum equilibrium temperature was TBA-Tar SCH < TBA-Mala SCH < TBA-
Suc SCH. The larger number of hydroxy groups in the guest substance makes the equilibrium
temperature lowered. This trend was observed in not only TBA-HDC SCH systems but also TBP-
HDC SCH ones. The trend was consistent with the literature®®, where the hydroxy group in lactate

anion lowered the equilibrium temperature compared to the propionate one.
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Figure 2. Equilibrium temperature (7)-composition (x) relations of the binary systems at
atmospheric pressure. Panel (a), TBA-Tar (1) + water (2) (red open circles, present study) and
TBP-Tar (1) + water (2) (red closed circles, present study) systems; Panel (b), TBP-Tar (1) + water
(2) system (red closed circles, present study), TBP-Mala (1) + water (2) system (blue triangles,

present study) and TBP-Suc (1) + water (2) system (black inverted triangles, ref. 13)
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Table 2. Phase Equilibrium Relations of Temperature (T') — Composition (Mass Fraction wy and
Mole Fraction x1) at Atmospheric Pressure in the TBA-Tar (1) + Water (2) Binary System.* The

Symbols H, I, and L stand for Semiclathrate Hydrate, Ice, and Aqueous Solution Phases.

TBA-Tar (1) + water (2)

wi X1 T/K phases wi X1 T/K phases

0.061 0.0018 272.40 I-L 0.334 0.0140  279.43 H-L
0.090 0.0028 271.95 I-L 0.351 0.0151  279.53 H-L
0.200 0.0071 275.95 H-L 0.355 0.0155  279.54 H-L
0.219 0.0079 276.89 H-L 0.362 0.0159  279.54 H-L
0.242 0.0090 277.77 H-L 0.366°  0.0162°  279.54° H-L
0.254 0.0096 278.07 H-L 0.368 0.0163  279.53 H-L
0.260 0.0099 278.54 H-L 0.389 0.0178  279.51 H-L
0.280 0.0109 278.86 H-L 0.400 0.0187  279.47 H-L
0.300 0.0120 279.09 H-L 0.452 0.0229  278.67 H-L
0.317 0.0131 279.29 H-L

4 Standard uncertainties u are u(w) = 0.005, u(x) = 0.0005 and u(7) = 0.05 K

® Maximum equilibrium temperature at stoichiometric composition
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Table 3. Phase Equilibrium Relations of Temperature (T') — Composition (Mass Fraction wy and
Mole Fraction x1) at Atmospheric Pressure in the TBP-Tar (1) + Water (2) Binary System.* The

Symbols H, I, and L stand for Semiclathrate Hydrate, Ice, and Aqueous Solution Phases.

TBP-Tar (1) + water (2)

wi X1 T/K phases wi X1 T/K phases
0.062 0.0018 272.39 I-L 0.301 0.0115 274.85 H-L
0.102 0.0031 272.04 I-L 0.309 0.0119 275.03 H-L
0.147 0.0046 271.20 I-L 0.326 0.0129 275.20 H-L
0.202 0.0068 271.55 H-L 0.340 0.0137 275.35 H-L
0.222 0.0076 272.18 H-L 0.367 0.0154 275.44 H-L
0.245 0.0087  273.22 H-L 0.376° 0.0160” 275.44° H-L
0.265 0.0096 274.01 H-L 0.384 0.0166 275.44 H-L
0.276 0.0102 274.30 H-L 0.398 0.0175 275.44 H-L
0.288 0.0108 274.64 H-L 0.419 0.0191 275.20 H-L

4 Standard uncertainties u are u(w) = 0.002, u(x) = 0.0001 and w(7) = 0.05 K

> Maximum equilibrium temperature at stoichiometric composition
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Table 4. Phase Equilibrium Relations of Temperature (T') — Composition (Mass Fraction wy and

Mole Fraction x1) at Atmospheric Pressure in the TBP-Mala (1) + Water (2) Binary System.? The

Symbols H, I, and L stand for Semiclathrate Hydrate, Ice, and Aqueous Solution Phases.

TBP-Mala (1) + water (2)

wi X1 T/K phases wi X1 T/K phases

0.099 0.0030  272.05 I-L 0.322 0.0130 278.50 H-L
0.201 0.0069  274.88 H-L 0.346 0.0144 278.69 H-L
0.218 0.0077  275.70 H-L 0.364 0.0156 278.69 H-L
0.236 0.0085  276.44 H-L 0.365° 0.0157° 278.69° H-L
0.258 0.0095  277.25 H-L 0.391 0.0175 278.59 H-L
0.284 0.0109  277.95 H-L 0.434 0.0208 278.01 H-L
0.308 0.0122  278.40 H-L

“Standard uncertainties u are u(w) = 0.003, u(x) = 0.0002 and u(7) = 0.05 K

® Maximum equilibrium temperature at stoichiometric composition
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Table 5. Stoichiometric Composition (Mass Fraction w and Mole Fraction x), Hydration Number

(n), Dissociation Enthalpy A¢H, and Maximum Equilibrium Temperature (7) of SCHs in the TBA-

HDC or TBP-HDC (1) + Water (2) System.

Compound X1 wi n AdH / kJ kg ! T/K
present study 0.0159° 0.360% 63? 192° -
TBA-Suc ref. 10 0.0159 0.360 62.6 - 286.1
ref. 26 0.0161 0.353 61 - 285.2
present study 0.0156° 0.352° 63° 183° -
TBA-Mala
ref. 26 0.0156 0.352 63 - 284.2
TBA-Tar  present study 0.0162°¢ 0.366°¢ 61°¢ 172¢ 279.54°¢
TBP-Suc ref. 13 0.0157 0.360 63 - 282.7
TBP-Mala  present study 0.01574¢ 0.3659 63 ¢ 1724 278.69¢
TBP-Tar  present study 0.0160° 0.376°¢ 62°¢ 161° 275.44°

@ Standard uncertainties u are u(x) = 0.0003, u(w) = 0.005, u(n) = 1, and u(H) = 3 kJ-kg™.

b Standard uncertainties u are u(x) = 0.0007, u(w) = 0.009, u(n) = 2, and u(H) = 3 kJ-kg™'.

¢ Standard uncertainties u are u(x) = 0.0005, u(w) = 0.005, u(n) = 1, u(H) = 3 kJ-kg™!, and u(T) =

0.05 K.

d Standard uncertainties u are u(x) = 0.0002, u(w) = 0.003, u(n) = 1, u(H) = 3 kJ-kg"', and u(T) =

0.05 K.

¢ Standard uncertainties u are u(x) = 0.0001, u(w) = 0.002, u(n) = 1, u(H) = 3 kJ'kg"!, and u(T) =

0.05 K.
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3.2. Dissociation Enthalpy Measured by DSC.

The composition ranges in the DSC measurements were x1= (0.0146—0.0177 for TBA-Tar SCH,
x1= (0.0146—0.0175) for TBP-Tar SCH, and x;= (0.0144—0.0170) for TBP-Mala SCH. Typical
DSC thermograms of TBA-HDC and TBP-HDC SCHs at a heating rate of 0.02 K/min are shown
in Figure 3. From the vertices of the apparent dissociation enthalpy curves in Figure 4, we
determined the stoichiometric compositions and true dissociation enthalpies (AdH) of
SCHs?%233132 The obtained dissociation enthalpies (AaH) of TBA-HDC and TBP-HDC SCHs are
summarized in Table 5. The dissociation enthalpy of TBA-HDC and TBP-HDC SCHs was slightly
larger than that of non-halide-based SCHs which have equilibrium temperatures close to the TBA-

HDC and TBP-HDC SCHs.'37:2029.31.36

Mala or Tar anions have one or two hydroxy group(s) in anion. The dissociation enthalpies of
TBA-Mala and -Tar SCHs were larger than that of TBP-Mala and -Tar SCHs, respectively,
whereas the dissociation enthalpy of TBA-Suc SCH (Suc anion has no hydroxy group) was equal

to that of TBP-Suc SCH within uncertainty.
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3.3. Powder X-ray Diffraction Profiles of SCHs.

PXRD patterns of TBA-HDC and TBP-HDC SCHs measured at 150 K were shown in Figures
5 and 6, respectively. The pattern of TBA-Suc SCH measured in the present study agreed with
that (tetragonal, P4/mmm) reported in the literature, ' although there was a slight difference caused
by different measurement temperatures. TBA-HDC and TBP-HDC SCHs measured in the present
study have almost the same tetragonal structure because all of them have similar PXRD patterns.
The estimated lattice parameters of TBA-HDC and TBP-HDC SCHs were summarized in Table

6.

18



TBA-Tar SCH

l ’ TBA-Mala SCH

11k

TBA-Suc SCH
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Figure 5. Powder X-ray diffraction (PXRD) patterns of TBA-Tar (red, top), TBA-Mala (blue,
middle), and TBA-Suc (black, bottom) SCHs measured at 150 K and atmospheric pressure. The

tickmarks indicate reflections from each SCH listed in Table 6.
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Figure 6. Powder X-ray diffraction (PXRD) patterns of TBP-Tar (red, top) and TBP-Mala (blue,
bottom) SCHs measured at 150 K and atmospheric pressure. The tickmarks indicate reflections

from each SCH listed in Table 6.
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Table 6. Crystal structure and Lattice Parameters of SCHs measured at 150 K in the present study

lattice parameters

SCH crystal structure
a/nm c/nm

TBA-Tar present study tetragonal 2.333+0.001 1.228+0.001
TBA-Mala present study tetragonal 2.330+0.001 1.227+0.001

present study tetragonal 2.335+0.002 1.228+0.001
TBA-Suc

ref. 10 tetragonal 2.36 (at 263 K) 1.26 (at 263 K)
TBP-Tar present study tetragonal 2.321+0.001 1.239+0.001
TBP-Mala present study tetragonal 2.329+0.001 1.227+0.001
TBP-Sucl3 ref. 13 tetragonal 2.359 (at 150 K) 1.247 (at 150 K)

21



4. CONCLUSION

The purpose in the present study was to explore an environmentally-friendly SCH with an
equilibrium temperature from 275 to 283 K. The combination of TBA or TBP cation with
hydroxycarboxylate anion was investigated as environmentally-friendly guest onium salts. The
maximum equilibrium temperatures of TBA-Tar, TBP-Tar, and TBP-Mala SCHs at atmospheric
pressure were (279.54+0.05) K at x;= (0.0162+0.0005), (275.44+0.05) K at x1= (0.0160+0.0001),
and (278.69+0.05) K at x1= (0.0157+£0.0002), respectively. The dissociation enthalpies of TBA-
Tar, TBP-Tar, and TBP-Mala SCHs were (172+3), (161+3), and (172+3) kJ-kg!, respectively. An
increase in the number of hydroxy groups led to decrease in the equilibrium temperature.
Additionally, the cation replacement of TBA with TBP results in a decrease in the equilibrium
temperature. SCH with environmentally-friendly hydroxycarboxylate instead of halide has the
potential to be a promising phase change material (PCM) in the transportation of food and

pharmaceuticals.
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The 'H, 1*C, and *'P NMR results of the salts prepared in the present study are summarized in
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