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Abstract

Differential scanning calorimetry (DSC) was used to determine the phase diagram of the binary system, trimethyloloethane

(TMEÞ þ water; a system of interest in relation to latent heat storage organic hydrate materials. A stable hydrate was formed

between the two components. The hydrate melted incongruently at 303.0 K with a latent heat of 218 kJ kg�1. The eutectic

point between the hydrate and ice was observed at 271.1 K. The composition of the hydrate estimated from the peak area of

the eutectic melting was 3 mol of water against 1 mol of TME. Since this composition of the hydrate was different from that

reported in literature, a new sample of the hydrate was prepared. After careful drying of the hydrate, gravimetric analysis gave

the stoichiometric amount of water to be (3:00 � 0:01). From a single crystal X-ray structural analysis, it was found that the

hydrate crystal had a layered structure with alternate TME and water layers. Each TME layer was linked by hydrogen bonding

through the water layer. In an asymmetric unit there was one TME molecule, and the oxygen atoms of the water molecules

were statistically located on five positions with occupancy factor of 1.0, 1.0, 0.5, 0.25, and 0.25, respectively. Therefore, the

stoichiometric amount of water against one TME molecule is 3. Hence, the X-ray diffraction confirmed the proposed

hydration number of the stable hydrate. # 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

In recent years, there has been an increased interest

in latent heat storage techniques related to advanced

utilization of energy. A wide variety of liquid and

solid materials suitable at different application tem-

peratures have been proposed [1–4]. Typical exam-

ples are water, sodium acetate trihydrate, calcium

chloride hexahydrate, and sodium sulfate decahydrate.

A special container is required for the purpose. The

container must be resistive against corrosion by

the involved ions and furthermore withstand the

volume change on melting. Phase separation of some

materials is another problem to be solved. Paraffin is

an organic latent heat storage material of relatively

low working temperature. Although paraffin is free

from the above problems, high purity samples must be

used in order to have a sharp process in cases where a

fast melting–crystallization cycle is requested. This

situation results in a high performance cost. Organic

hydrates may replace paraffin, but few investigations

have been reported.
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Solid–solid transitions with a large latent heat can

also be used for the heat reservoir. Pentaerythritol and

homologous series of polyols, (CH3)4�nC(CH2OH)n,

are good examples [5]. The transition mechanism has

been discussed based on conformational changes

of molecules induced by breaking the intermolecular

hydrogen bond [6]. The transition temperature

increases systematically with n, while the enthalpy

of transition is roughly proportional to n2 [5]. Thus,

2-hydroxymethyl-2-methyl-1,3-propanediol with n¼3

(commonly designated as trimethylolethane (TME))

undergoes a solid–solid transition at 354 K with the

associated enthalpy change of 23.1 kJ mol�1. Accord-

ingly, these substances attracted notice as latent heat

storage materials at high temperatures [7–11]. Inter-

estingly, when we prepared TME aqueous solution,

the substance was found to form a stable hydrate.

Benson and Burrows [12] applied for a patent covering

a whole range of possible hydrates TME�xH2O

with 1 < x < 20. Laugt and Teisseire [13] reported

later that there was only one stable hydrate and that

the composition was TME�4H2O, i.e. tetrahydrate.

The number of crystal water was determined by

elemental analysis of the crystal. They also analyzed

the X-ray diffraction patterns of the hydrate at room

temperature and determined the space group to be

I41/a (tetragonal) and the unit cell size as a ¼ 9:102 Å,

c ¼ 47:654 Å. The hydrate TME�4H2O is the most

efficient latent heat storage material in the binary

system TME þ H2O.

We have studied the phase diagram of the same

system; TME þ H2O. Unexpectedly, the hydration

number of the stable hydrate was determined to be 3.

The preparation of the hydrate reported in the study

by the previous workers may be questioned. These

authors [13] have reported that the crystal was of

effloresent nature and care was taken to keep the

surface transparent by maintaining the sample in a

water-saturated air atmosphere. Hence, there might

be a possibility that the sample includes some

mother liquid. We have prepared the hydrate and

determined gravimetrically the hydration number

to be (3:00 � 0:01). Some preliminary results includ-

ing the thermal stability of the hydrate have been

reported [14]. Experimental details of the analysis

are described in the present paper. A preliminary

X-ray structural analysis of the trihydrate is also

reported.

2. Experimental

Reagent grade trimethylolethane was purchased

from Wako Pure Chemical Industries in Japan and

used without purification. The only impurity that

influences on experiments is residual moisture in

the sample. In view of hygroscopic nature of the

polyols, small amount of moisture will affect ser-

iously the water content of the samples in the study

of the phase diagram. Thus, the samples were pul-

verized and kept in a desiccator over silica gel for a

long time.

For the determination of the hydration number of

hydrate formed, the sample was purified first by

recrystallization from a methanol solution, followed

by sublimation in vacuo at elevated temperatures. The

preparation of the stable hydrate and the method used

to accurately determine the water content will be

described later.

DSC experiments were carried out with a Model

220C manufactured by Seiko Instrument in Japan.

Samples with various compositions were prepared

gravimetrically from TME crystal and distilled water,

and each sample of 2–3 mg was sealed in an aluminum

pan. Efforts were paid particularly to the homogeni-

zation of composition. A sample pan was heated with

the rate of 5 K min�1 from 293 to 320 K and held at

the temperature for 10 min. After cooling it with the

rate of 5 K min�1 from 320 to 278 K, the pan was held

at that temperature for 10 min. Then the sample pan

was cooled from 278 to 263 K, followed by a further

cooling from 263 to 243 K in the same stepwise

manner. A heating run with the rate of 2 K min�1

was subsequently started and the peaks observed

during the run were used to construct the phase

diagram. When the TME concentration in the solution

was very low, the DSC measurements were carried out

at 0.1 K min�1 of heating rate (to detect the eutectic

temperature).

X-ray structural analysis of the hydrate was done

using Model SMART 1000 CCD system made by

Bruker in Germany. X-ray beam from Mo Ka and a

single crystal of 0:7 mm � 0:7 mm � 0:2 mm dimen-

sion were used for the diffraction experiment. The

crystal was coated with paraffin oil for protecting the

sample from dehydration and flash cooled by N2 gas

stream from a cryostat to 110 K. All diffraction data

was collected at 110 K.
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3. Results and discussion

3.1. Phase diagram

Typical DSC curves are given in Fig. 1 for selected

compositions. The curves show peaks associated with

a eutectic melting and the subsequent dissolution of

remaining crystal. The eutectic temperature was taken

as the onset point of the curve, while the peak point

was used for the liquidus temperature. The points were

plotted as a function of mole fraction of TME, xTME,

for the construction of the phase diagram. The results

are drawn in Fig. 2. The diagram indicates clearly the

existence of a stable hydrate that undergoes an incon-

gruent melting at 303.0 K. The associated enthalpy

change is 218 kJ mol�1. As shown in Fig. 2, TME

hydrate and TME anhydride crystal coexist at the

composition of x ¼ 0:25. Thus, after the complete

TME hydrate melted, the dissolution peak of TME

anhydride crystal was observed at around 310 K. The

eutectic point between ice and the hydrate crystals was

found at 271.1 K. In order to determine the compo-

sition of the eutectic mixture and the stable hydrate,

the enthalpy change at the eutectic temperature was

plotted, as a function of mole fraction xTME, see Fig. 3.

Fig. 1. Typical DSC curves for selected compositions.

Fig. 2. The phase diagram of TME and water determined by DSC

measurements: L, liquid; S1, ice; S2, TME; S3, TME trihydrate.

Fig. 3. The relations between the enthalpy and TME concentra-

tions calculated by the changes in eutectic peak area in the DSC

experiments.
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To our surprise, the composition of the hydrate turned

out to be close to TME trihydrate (xTME ¼ 0:25) rather

than TME tetrahydrate (xTME ¼ 0:20) reported earlier

by Laugt and Teisseire [13]. The determination of the

exact hydration number of the hydrate is important

in the practical use of latent heat storage materials,

since the existence of excess water diminishes the

enthalpy of fusion. For this purpose, a new sample of

the hydrate was prepared by using the phase equili-

brium between the hydrates and anhydride crystals of

TME when stored in a desiccator. These samples was

subsequently subjected to gravimetric analysis.

3.2. Determination of hydration number

The determination of the hydration number of the

hydrate crystal was initiated by purification of the

Table 1

The results of the determination of water in TME hydrate

TME hydrate (g) After drying (g) Mass reduction (g) Hydration number

1 0.0509 0.0351 0.0158 3.0003

2 0.0950 0.0655 0.0295 3.0019

3 0.1621 0.1117 0.0504 3.0074

Table 2

Basic thermal properties of TME hydrate

Melting point (K) 303

Heat of fusion (kJ kg�1) 218

Specific heat (kJ kg�1 K�1)

283 K 2.75

323 K 3.58

Density (g dm�3)

283 K 1.12

323 K 1.09

Heat conductivity (W m�1 K�1)

295 K 0.65

329 K 0.21

Table 3

Atomic coordinates and equivalent isotropic displacements para-

meter (A
�
� 103) for TME hydrate

x y z U(eq)a s.o.fb

O(2) 0.4797(4) 0.4929(5) 0.0415(1) 32(1) 1.000

O(3) 1.0195(4) 0.4928(5) 0.0398(1) 31(1) 1.000

C(1) 0.7501(6) 0.4758(6) 0.0415(1) 23(1) 0.944

C(2) 0.6146(6) 0.5742(6) 0.0381(1) 26(1) 0.944

C(3) 0.8854(5) 0.5756(6) 0.0381(1) 23(1) 0.944

C(4) 0.7491(7) 0.3538(7) 0.0185(1) 27(1) 0.944

O(4) 0.7484(6) 0.4098(6) �0.0100(1) 36(1) 0.944

C(5) 0.7508(7) 0.3982(7) 0.0705(1) 29(1) 0.944

C(10) 0.7620(5) 0.5280(7) 0.0414(16) 30 0.056

C(20)c 0.6244 0.4303 0.0384 30 0.056

C(30) 0.8840(4) 0.4130(8) 0.0370(2) 30 0.056

C(40) 0.7410(12) 0.6440(9) 0.0179(12) 30 0.056

O(40) 0.7340(8) 0.6060(9) �0.0118(13) 30 0.056

C(50) 0.7590(1) 0.5940(12) 0.0715(17) 30 0.056

OW1 1.01006(4) 0.4958(5) 0.0959(1) 26(1) 1.000

OW2 0.4018(4) 0.4957(5) 0.0977(1) 28(1) 1.000

OW3d 1.0000 0.7500 0.1225(1) 27(1) 0.500

OW4d 1.0000 0.2500 0.1250 27(2) 0.250

OW5d 0.5000 0.7500 0.1250 35(2) 0.250

a U(eq) is defined as one-third of the trace of the orthogonalized

Uij tensor.
b Site occupancy factor.
c The position of C(20) was fixed to refine structure.
d OW3, OW4 and OW5 are on special position. OW3 on

inversion center, OW4 and OW5 on four-fold axis.

Fig. 4. The structure of the TME trihydrate, 50% probability

displacement ellipsoids and atom-numbering scheme. Hydrogen

atoms are shown as shares of arbitrary radii.
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TME crystal in order to eliminate the effect of impu-

rities involved in the original sample. The crystal was

purified by recrystallization from a methanol solution

and subsequent sublimation in vacuo at elevated tem-

peratures, as stated earlier. Sublimation is particularly

necessary in order to remove the trapped water inside

the polyols crystals, as has been described in detail for

pentaerythritol [15]. The process destructs the crystal-

line lattice and extracts the constituents in molecule-

by-molecule fashion. This method is one of the best

ways for efficient removal of residual water absorbed

tightly inside strongly hydrophilic crystals.

The purified TME was dissolved in hot distilled

water. Highly efflorescent hydrate was obtained easily

by cooling of the solution. The crystal including

mother liquid was stored with a mixture of the hydrate

and anhydride crystals. The amount of the anhydride

crystals should be sufficient to absorb the excess

water. As long as the mixtures of crystals were present,

the space inside the desiccator can keep the equili-

brium saturation vapor pressure of the hydrate. The

desiccator was kept at 300 K until the thermal equili-

brium inside the vessel was established. Excess water

is absorbed by anhydride crystals until the equilibrated

composition of the hydrate is realized. The thermal

equilibrium can be examined by measuring the sample

mass, which became almost constant after 2 weeks.

Since interior excess water molecules will diffuse out

slowly, the desiccator was kept for further 2 weeks to

secure a good product.

The hydrate crystal prepared by the method given

above was weighed and desiccated over silica gel in

an evacuated vessel until the dehydration is completed.

Three gravimetric analyses are summarized in Table 1.

The results show that the hydration number is 3:003�
0:010. Thus, the correct composition is TME trihydrate.

Fig. 5. The hydrogen bonds networks in the TME hydrate. Gray, Red and Green balls represent carbon, oxygen disordered parts of TME

hydrate and oxygen of water molecules, respectively. Green broken lines represent hydrogen bonds.
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3.3. Basic physical properties of TME trihydrate

The basic physical properties of TME trihydrate thus

determined are summarized in Table 2. The temperature

and enthalpy of fusion of the crystal were determined

by the present DSC measurement. Specific heat capa-

city was determined by the Agune Technical Center in

Japan using DSC-7 produced by Perkin-Elmer Co. Ltd.

Thermal conductivity was measured by Shinku-Riko

Inc. model TH-1000 using a hot-wire method. Density

was measured by using an Archimedes principle. The

hydrate has an enthalpy of fusion of about 218 kJ kg�1

and a density more than 1. Because of its large latent

heat of fusion per unit volume, the hydrate must be seen

as a promising latent heat storage material for the

relatively low temperature range.

3.4. X-ray structural analysis

Since Laugt and Teisseire [13] have determined

only the space group and lattice constants of the

hydrate crystal, we carried out X-ray structural ana-

lysis of the trihydrate to elucidate the structure of the

TME molecule and the positions of water molecules in

the lattice. The main crystallographic parameters are

following.; tetragonal, space group I41/a a ¼ 9:046

(9) Å, c ¼ 46:718 (4) Å, V ¼ 3823 (5) Å3, Z ¼ 16.

The numerical value in parentheses is standard devia-

tion. In an asymmetric unit there was one TME

molecule, and the oxygen atoms of the water mole-

cules were statistically located on five positions with

occupancy factor of 1.0, 1.0, 0.5, 0.25 and 0.25,

respectively. Therefore, the hydration number relative

Table 4

Hydrogen bond lists for one TME molecule

Donor Acceptor Symmetry operation Distance (Å)

O2(TME) O4 1.000 � X, 1.000 � Y, 0.000 � Z 2.67

O40 1.000 � X, 1.000 � Y, 0.000 � Z 2.54

OW2 0.000 þ X, 0.000 þ Y, 0.000 þ Z 2.72

O3(TME) O4 2.000 � X, 1.000 � Y, 0.000 � Z 2.67

O40 2.000 � X, 1.000 � Y, 0.000 � Z 2.74

OW1 0.000 þ X, 0.000 þ Y, 0.000 þ Z 2.72

O4(TME) O2 1.000 � X, 1.000 � Y, 0.000 � Z 2.69

O3 2.000 � X, 1.000 � Y, 0.000 � Z 2.67

O40 0.000 þ X, �0.500 þ Y, 0.000 � Z 2.94

O40(TME) O2 1.000 � X, 1.000 � Y, 0.000 � Z 2.54

O3 2.000 � X, 1.000 � Y, 0.000 � Z 2.74

O4 0.000 þ X, 0.500 þ Y, 0.000 � Z 2.94

OW1(Water) O3 0.000 þ X, 0.000 þ Y, 0.000 þ Z 2.72

OW2 1.000 þ X, 0.000 þ Y, 0.000 þ Z 2.73

OW3 0.000 þ X, 0.000 þ Y, 0.000 þ Z 2.77

OW4 0.000 þ X, 0.000 þ Y, 0.000 þ Z 2.76

OW2(Water) O2 0.000 þ X, 0.000 þ Y, 0. 000 þ Z 2.72

OW1 �1.000 þ X, 0.000 þ Y, 0.000 þ Z 2.73

OW3 �0.250 þ Y, 1.250 � X, 0.250 � Z 2.77

OW5 0.000 þ X, 0.000 þ Y, 0.000 þ Z 2.78

OW3(Water) OW1 0.000 þ X, 0.000 þ Y, 0.000 þ Z 2.77

OW1 2.000 � X, 1.500 � Y, 0.000 þ Z 2.77

OW2 0.750 þ Y, 1.250 � X, 0.250 � Z 2.77

OW2 1.250 � Y, 0.250 þ X, 0.250 � Z 2.77

OW4(Water) OW1 0.000 þ X, 0.000 þ Y, 0.000 þ Z 2.76

OW1 2.000 � X, 0.500 � Y, 0.000 þ Z 2.76

OW1 0.750 þ Y, 1.250 � X, 0.250 � Z 2.76

OW1 1.250 � Y, �0.750 þ X, 0.250 � Z 2.76

OW5(Water) OW2 0.000 þ X, 0.000 þ Y, 0.000 þ Z 2.78

OW2 1.000 � X, 1.500 � Y, 0.000 þ Z 2.78

OW2 �0.250 þ Y, l.250 � X, 0.250 � Z 2.78

OW2 1.250 � Y, 0.250 þ X, 0.250 � Z 2.78
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to one TME molecule is 3 (Table 3 and Fig. 4). The

space group was determined as given above. However,

the final R value (R ¼ 0:139 at 223 K) was slightly

large. We also carried out X-ray diffraction measure-

ments at 110 K, but the R value (R ¼ 0:127 for 1673

reflections (I > 2s(I))) could not be improved. As

shown in Table 3 and Fig. 4, the TME molecules

are disordered. Atom labels C10, C20, C30, C40, O40 and

O50 represent disordered parts, and the site occupancy

factor (s.o.f.) of disordered parts is low (0.056). The

rather poor final R value is thought to be the result of

this nature of the hydrate. There are no evidence for a

order–disorder transition of the TME trihydrate for

temperature above 110 K in the present DSC measure-

ments. Still, TME trihydrate might undergo a ordering

phase transition at temperatures below 110 K. In order

to attain more definite results, neutron scattering might

be useful to determine the positions of hydrogen

atoms.

TME hydrate has a layer structure composed of

alternating TME and water layers (Fig. 5). TME mole-

cules were linked by hydrogen bonding between O4

and O2 of the next TME molecules (1:00 � x, 1:00 � y,

0:00 � z) and O3 (2:00 � x, 1:00 � y, 0:00 � z), and

each TME layer was linked by hydrogen bonding

through the water layer (Figs. 4 and 5 and Table 4).

In the water layer each water molecules were linked

by hydrogen bonding to the next water molecules.

In Table 4, all the distance of the hydrogen bonding

and the symmetric relation between donors and accep-

tors are shown. In this way TME molecules and water

molecules make a hydrogen bond network all over the

TME hydrate.

On the other hand, it is very interesting that the

TME forms a hydrate. Homologous polyalcohols such

as pentaerythritol and 2,2-dimethyl-1,3-propandiol do

not form a hydrate. This suggests that the hydrophobic

methyl group which plays a very important role to

form the TME trihydrate. Also, the hydroxymethyl

groups in TME molecule may be of importance.
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