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ABSTRACT 

Semiclathrate hydrates (SCHs) have been expected to be one of the phase change materials for 

cold energy storage. The large degree of supercooling in SCH formation, however, is a major 

obstacle to practical applications of SCHs. As a way to suppress the degree of supercooling, we 

focused on the memory effect (a kind of temperature hysteresis) in the tetra-n-butylammonium 

dicarboxylate SCHs. The tartarate, malate, and succinate anions, which have similar chemical 

structures, were used as anions. As a result, the ability to retain the memory effect in the TBA-

tartarate SCH was the largest of the three SCHs. The interaction of the substituted hydroxy 

group(s) of anions with surrounding water molecules in the aqueous solution might improve the 

thermal stability of the solution structure that causes the memory effect, resulting in promoting 

the SCH reformation. 

 

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 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, fruits1, and vaccines2,3. One of the 

promising PCMs is semiclathrate hydrate (SCH). SCH is a crystalline compound consisting of 

host water molecules and appropriate guest substances4–9. The typical guest substances of SCHs 

are tetra-n-butylammonium (TBA) and tetra-n-butylphosphonium (TBP) salts. The cations are 
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enclathrated in polyhedral cages and the anions form hydrogen-bonded networks with the host 

water molecules4-9. The nitrogen atom in the TBA cation and the phosphorus atom in the TBP 

cation are placed in the center of the four cages. Unlike gas hydrates that commonly form at high 

pressures, SCH can crystallize just by cooling the TBA (or TBP) salt aqueous solution at 

atmospheric pressure. Tetra-n-butylammonium bromide (TBA-Br) SCH with the hydration 

number of 26 has the dissociation temperature of 285.57 K and the relatively large dissociation 

enthalpy (192±3 kJ∙kg-1) at 0.1 MPa10. Taking advantage of such characteristics, TBA-Br SCH 

slurry has been utilized at shopping malls and offices in Japan as air-conditioning media11. 

Thermodynamic properties of SCHs strongly depend on the combination of cations and 

anions4,5,12. 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 enthalpy of dissociation (160-220 kJ·kg-1)10-22. According as the working 

temperatures of PCMs required in cold chains, the development of SCHs with various 

equilibrium temperatures is essential. For example, SCHs with various equilibrium temperatures 

are suitable for cooling of lithium-ion batteries (288 to 308 K)23, other than for the storage of 

vegetables and fruits (280 to 283 K)1 and vaccines (275 to 281 K)2,3 and for air conditioning (278 

to 288 K)11,21.  

SCH crystallization often requires a degree of supercooling as large as that of ice, which 

prevents its practical use as a PCM. Supercooling is a phenomenon in which an aqueous solution 

does not crystallize even when cooled below its crystallization temperature. An efficient 

supercooling suppression surely reduces the energy and cost of SCH formation. Therefore, many 

studies have been conducted to suppress the supercooling of ice or SCH formation. Inada et al.24 

reported that an ultrasonic approach strongly promotes ice formation. Okawa et al.25 studied the 
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elimination of supercooling by applying an electric field to supercooled water. Researches on 

suppressing the supercooling have been also conducted in TBA-Br aqueous solution. Kumano et 

al.26 applied an electric field using various metal electrodes to suppress the supercooling of TBA-

Br SCH. Machida et al.27,28 and Oshima et al.29 reported on the hysteresis phenomenon (called 

the memory effect), which is one of the methods to suppress supercooling. The memory effect is 

a phenomenon in which crystallization occurs at a small degree of supercooling or short 

induction time when crystals are formed from the resultant aqueous solution after the SCH 

dissociation. Oshima et al.29 reported that the recrystallization of TBA-Br SCH occurs at almost 

the same place as the previous crystal dissociation. They also reported that the recrystallization 

probability decreased with physical stimuli, such as stirring the solution just after the end of 

dissociation. Machida et al.27 reported that the memory effect remained for a short period at 

temperatures up to 287.2 K, which is approximately 2 K higher than the equilibrium temperature 

of TBA-Br SCH (Teq.= 285.57 K). They also observed the scanning electron microscopic images 

of the solution structures (20 nm in diameter) remaining in the aqueous solution after complete 

TBA-Br SCH dissociation27,28. The existence of residual solution structures in the aqueous 

solution causes the memory effect.27,28 The memory effect has been also reported in gas hydrates, 

where the memory effect could be caused by the existence of anomalous dissolved gas30, 

solution structure31-35, or ultra-fine bubbles (so-called nanobubbles)36.  

Here, we focused on the residual solution structures because semiclathrate hydrates were 

treated without any gas species. In the case of TBA-halide SCHs like TBA-Br SCH, some of the 

water molecules in the cage structure are replaced with halide anions. In the case of TBA-lactate 

SCH, the oxygen atoms in the carboxy and hydroxy groups of the lactate anion substitute the 

water molecules37. This means that the interaction of hydroxycarboxylate (HDC) anions with the 
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surrounding water molecules is different from that of halide anions. Therefore, in the present 

study, we investigated the memory effect of SCH reformation for SCHs with carboxy and 

hydroxy groups in the anions: L-malate (-Mala) and L-tartarate (-Tar), which have structures 

with one and two hydroxy group(s) to the structure of succinate (-Suc), respectively (Fig. 1). It 

has been reported that the maximum equilibrium temperatures of TBA-Tar, TBA-Mala, and 

TBA-Suc SCHs are 279.54 K38,39, 284.2 K38, and 286.1 K5,38, respectively. When the aqueous 

solution was prepared at the stoichiometric composition of SCH, the SCH was completely 

dissociated at the maximum equilibrium temperature. 

 

 

Figure 1. Chemical structures of TBA cation and dicarboxylate anions used in the present study. 
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2. EXPERIMENTAL 

 

2.1. Materials 

TBA-based salts were synthesized by neutralization reaction of tetra-n-butylammonium 

hydroxide with the corresponding acids in the aqueous solution. Neutralization reactions were 

performed for 24 hours. The products were confirmed by 1H and 13C nuclear magnetic resonance 

(NMR, JEOL, ECS-400). There were no impurity-derived signals or anomalies in the integral 

ratio. The purity of the synthesized TBA-based salts was equal to or higher than that originally 

contained in the synthesis reagents. 

 

2.2. Apparatus and procedures 

Approximately 15 cm3 of aqueous solutions were prepared at the stoichiometric 

compositions x = 0.0162 (w = 0.366) for TBA-Tar39, x = 0.0156 (w = 0.352) for TBA-Mala38, 

and x = 0.0159 (w = 0.360) for TBA-Suc5,38 with the electric balance (Shimadzu, AUW220D) 

with an uncertainly of 0.2 mg. The symbols x and w represent the mole and mass fractions of 

salts in the aqueous solution, respectively. 

Schematic illustration of the experimental setup was shown in Figure 2. Each aqueous 

solution was dispensed into the fifteen screw vials by approximately 1 cm3, which were put into 

a propylene glycol bath thermostated with a cooling medium circulator (Taitec, CL-80R). Firstly, 

the system temperature was kept at 291 K for enough duration and then decreased to 263 K at a 

cooling rate of 0.1 K/min with the program unit (Taitec, PU-5). The system temperature was 

raised at a heating rate of 0.2 K/min until the temperature reached to a target temperature (Ttarget) 

beyond the equilibrium temperature of an SCH. After the temperature was held for 30 min at 
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each target temperature, the cooling process to 263 K was started at a cooling rate of 0.1 K/min. 

The same processes were repeated while the target temperature was increased by a step of 1 K 

(Figure 3). To detect the crystallization temperature (Tcry.) in each SCH system, a T-type 

thermocouple was inserted to every screw vial. The thermocouples were connected to the data 

logger (Toho, TRM-00J). The crystallization temperature was defined as the onset temperature 

when the temperature of the aqueous solution rose rapidly by the enthalpy of SCH formation. 

 

 

Figure 2. Schematic illustration of the experimental setup. 15 screw vials were placed in a 

propylene glycol bath thermostated with a cooling medium circulator. 
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Figure 3. Schematic illustration of programmed temperature profile for the investigation of the 

memory effect. The cooling and heating rates were 0.1 K/min and 0.2 K/min, respectively. The 

holding duration at each target temperature (Ttarget) was 30 min. 

 

 

We also used a micro differential scanning calorimeter (DSC) (Setaram, DSC VIIevo). 

Approximately 20 mg of the prepared TBA-HDC aqueous solutions were loaded into the DSC 

cell. The precise sample mass of the loaded aqueous solutions was measured with the electric 

balance (A&D, BM-22) with an uncertainty of 0.02 mg. The uncertainty of the temperature in 

the DSC measurements based on the melting temperatures of water and naphthalene was 0.06 K. 

The program of the DSC furnace temperature was almost the same as that in the direct 

measurements with screw vials. In the DSC measurements, the effect of the holding duration at 

each target temperature was investigated. 
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3. RESULTS AND DISCUSSION 

 The degree of supercooling (ΔTsup.) was defined as the difference (Teq.–Tcry.) between the 

equilibrium temperature (Teq.) and the crystallization temperature (Tcry.). The crystallization 

temperature Tcry. of TBA-Tar SCH was 268.2±1.0 K in the aqueous solution without the memory 

effect as well as fresh aqueous solution experiencing no SCH crystallization, where the average 

ΔTsup. was 11.3 K because the Teq. of TBA-Tar SCH was 279.54 K. With the memory effect, 

TBA-Tar SCH recrystallized at Tcry. = 274.2±1.5 K which is 6.0 K higher than the Tcry. without 

the memory effect.  

To investigate the temperature durability of the memory effect, the Tcry. of TBA-Tar SCH 

was measured with changing the target temperature (Ttarget) from 285.2 K to 296.2 K by a step of 

1.0 K, as shown in Figure 3. The temperature was held for 30 min at each Ttarget. Note that the 

period where the temperatures were beyond Teq. = 279.54 K (heating period from Teq. to Ttarget 

and cooling from Ttarget to Teq.) might be a significant factor to bear in mind. The effect of the 

temperature-holding duration at a Ttarget will be discussed later. The obtained ΔTsup. are shown in 

Figure 4a. ΔTsup. in the cases of Ttarget from 285.2 K to 290.2 K were suppressed within 5.3 K, 

whereas ΔTsup. were approximately 11.3 K in the cases of Ttarget over 292.2 K where the memory 

effect disappeared. The Ttarget between 290.2 K and 291.2 K was the border where the memory 

effect can be retained for 30 min in the TBA-Tar aqueous solution.  

In addition to the TBA-Tar SCH, the temperature durability of the memory effect for 

TBA-Mala (Teq.=284.2 K) and TBA-Suc (Teq.=286.1 K) SCHs was also investigated. The 

obtained ΔTsup. are shown in Figures 4b and 4c. The crystallization temperatures (Tcry.) of TBA-

Mala and TBA-Suc SCHs in the aqueous solution without the memory effect were 269.5±1.0 K 

and 270.0±1.0 K, where the average ΔTsup. were 14.7 K and 16.1 K, respectively. With the 
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memory effect, the average ΔTsup. of TBA-Mala and TBA-Suc SCHs were suppressed to 5.9 K 

and 6.5 K respectively, though ΔTsup. for TBA-Mala SCH has a dispersion slightly larger than 

that of TBA-Tar and TBA-Suc SCHs. The border (Tborder) of the target temperatures where the 

memory effect can be retained for 30 min were between 291.2 K and 292.2 K for TBA-Mala 

SCH and between 292.2 K and 293.2 K for TBA-Suc SCH.  

The equilibrium temperature (Teq.) and the border (Tborder) of the target temperature for 

TBA-Tar, TBA-Mala, and TBA-Suc SCHs are summarized in Table 1. TBA-Suc SCH with the 

highest Teq. had the highest Tborder of three SCHs. This is reasonable because the solution 

structure, remaining in the aqueous solution after complete SCH dissociation above Teq., causes 

the memory effect27–29. To compare the effects of the anions, we considered the difference 

between Tborder and Teq. as listed in Table 1. Considering the temperature durability of the 

memory effect through the difference between Tborder and Teq., the temperature range where the 

memory effect can be retained in the TBA-Tar SCH system was the widest of the three SCH 

systems investigated in the present study. The temperature ranges where the memory effect was 

retained in the TBA-Mala and TBA-Suc SCH systems were narrower than that of the TBA-Tar 

SCH system, but much wider than that of the TBA-Br SCH system27. 
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Figure 4. Effect of target temperatures (Ttarget) on the degree of supercooling (∆Tsup.) in the SCH 

formation of (a) TBA-Tar, (b) TBA-Mala, and (c) TBA-Suc. The temperature was held for 30 

min at each Ttarget.   
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Table 1. Equilibrium temperature (Teq.), the border (Tborder) of the target temperature where the 

memory effect can be retained for 30 min, and these difference (Tborder–Teq.) in the TBA-Tar, 

TBA-Mala, and TBA-Suc SCHs. 

 

 

 

 

 

 

 

 

The duration for which the memory effect can be retained is significant and interesting. 

The memory effect of TBA-Br SCH (Teq. = 285.57 K) can be retained for at least 30 min at 286.2 

K and only for approximately 20 sec at 287.2 K27. We focused on the effect of the temperature-

holding duration at three Ttarget of 288.2 K, 289.2 K and 290.2 K in the TBA-Tar SCH system 

(Teq. = 279.5 K). The results are shown in Figure 5. The memory effect persisted even after held 

at 288.2 K and 289.2 K for 8 hours and 5 hours, respectively. At 290.2 K, by contrast, it was 

retained for 30 min, whereas it disappeared after held for 1 hour. These results reveal that the 

lifetime of the memory effect gets shorter as the target temperature approaches the border 

temperature. 

  

SCH Teq. / K Tborder / K (Tborder- Teq.) / K 

TBA-Tar 279.5 290.7±0.5 11.2±0.5 

TBA-Mala 284.2 291.7±0.5 7.5±0.5 

TBA-Suc 286.1 292.7±0.5 6.6±0.5 
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Figure 5. DSC results of the memory effect of TBA-Tar SCH reformation at Ttarget of 288.2 K, 

289.2 K, and 290.2 K. The results at 288.2 K and 289.2 K were independent of the temperature 

holding duration measured in the present study, whereas the memory effect disappeared after the 

temperature holding at 290.2 K for 1 hour.  



 14 

Why did the TBA-Tar SCH system have such a temperature-resistant memory effect 

stronger than TBA-Br SCH? We believe that this results from the hydrogen-bonded interaction 

of the Tar anion with the water molecules. It has been reported that the hydration numbers of the 

TBA-Tar, TBA-Mala, and TBA-Suc SCHs are 60.839, 6338, and 62.65,38, respectively. The 

hydration number of the TBA-Tar SCH is approximately 2.0 smaller than those of TBA-Mala 

and TBA-Suc SCHs despite having the same crystal structure. This means that the two hydroxy 

groups, as well as the two carboxy groups included in the Tar anion, take part in the cage 

structure instead of two water molecules, whereas the hydroxy group of TBA-Mala SCH would 

not replace water molecule in the cage structure because TBA-Mala and TBA-Suc SCHs have 

almost the same hydration number. In addition, in the TBA-Br SCH, Br anion also takes part in 

the cage structure instead of a water molecule. According to recent quasi-elastic neutron 

scattering studies40, water reorientation around the Br anion is quite fast. Such fast water 

reorientation causes relatively early breakage of the residual solution structures. 

 

4. CONCLUSION 

The memory effect in the reformation of the SCHs with environmentally-friendly anions 

was investigated. In the present study, we focused on the memory effect of SCHs including three 

kinds of hydroxycarboxylate anions: Tar (2OH groups + Suc); Mala (OH group + Suc); Suc. 

These SCHs had a relatively strong memory effect, rather than TBA-Br SCH previously 

reported27. The type of anion affected how long and how high temperature the memory effect of 

SCH reformation can be retained.  

The temperature durability of the memory effect was evaluated through the difference 

between the border temperature and the equilibrium temperature. As shown in Table 1, the 
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temperature difference of the TBA-Tar SCH was the largest of the three SCHs. Those of TBA-

Mala and TBA-Suc SCHs were comparable. More hydrogen-bonded interactions of the Tar 

anion with the water molecules would result in such a highly temperature-resistant memory 

effect in TBA-Tar SCH reformation.  

In the TBA-Tar SCH system where the most temperature-resistant memory effect was 

exhibited, we investigated the duration for which the memory effect could be retained. As the 

target temperature approached the border temperature, the lifetime of the memory effect in the 

aqueous solution got shorter. At a temperature 10 K higher than the equilibrium temperature, 

nevertheless, the memory effect persisted for more than 5 hours in the TBA-Tar SCH system.  

From the viewpoint of the memory effect, SCHs with environmentally-friendly 

hydroxycarboxylate (-Tar and -Mala) anions, instead of halide anions, have the potential to be 

promising phase change materials. 
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