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Abstract Two ionic clathrate hydrates with different

structures are formed in the binary system tetrabutylam-

monium fluoride–water, namely tetragonal structure-I

hydrate (TS-I) (n-C4H9)4NF � 32.8H2O, and cubic super-

structure-I hydrate (CSS-I) (n-C4H9)4NF � 29.7H2O. The

heats of fusion (DHf) of these polyhydrates were measured

calorimetrically with differential scanning calorimeter. For

TS-I polyhydrate DHf = (204.8 ± 2.3) kJ/mol hydrate, for

CSS-I hydrate DHf = (177.5 ± 3.1) kJ/mol polyhydrate.

The change of water molecules energy state in the water

lattices of TS-I and CSS-I polyhydrates are discussed.

Keywords Ionic clathrate hydrates of

tetraalkylammonium salts � Tetrabutylammonium fluoride �
Heat of fusion � Phase diagram � Structure

Introduction

The polyhydrates of peralkylammonium salts (ionic clath-

rate hydrates according to G. Jeffrey’s classification [1])

are inclusion compounds that have both hydrophilic and

hydrophobic hydration. Depending on the charge, an anion

substitutes one or several water molecules in the water host

lattice to form H-bonds (hydrophilic hydration). A cation is

also incorporated into cavities of the water-anion frame-

work displacing water molecule with nitrogen atom, so that

distances between the cation atoms and water framework

atoms are no less than a sum of their van der Waals radii

(hydrophobic hydration).

Tetraisoamyl and tetrabutyl moieties are the most potent

in clathrate formation among tetraalkyl derivatives. An

interesting feature of these compounds is that within a

narrow range of concentrations, the same salt may form

several ionic clathrate hydrates with different structures,

albeit with similar stoichiometry and thermal stability [2].

Occurrence of peralkylammonium salt–water system with

a single polyhydrate is rather exceptional. This fact

becomes obvious only upon thorough investigation of T,

X-phase diagrams of peralkylammonium–water binary

systems coupled with crystal structure research and

sometimes—together with examination of isotherms of

corresponding ternary systems. Importantly, examination

of phase diagrams is needed both for elucidation of number

of polyhydrates and their compositions as well as synthesis

of crystals with a definite structure. A very illustrative

example of this is tetraisoamylammonium fluoride–water

system for which the only polyhydrate (i-C5H11)4NF � 38

H2O (1), orthorhombic, Pbmm, a = 12.08 Å, b = 21.61 Å,

c = 12.82 Å [3] was known for a long time. It was not until

N, {-phase diagram of (i-C5H11)4NF–H2O system was

carefully examined, that the existence of additional two

polyhydrates (i-C5H11)4NF � 32.7H2O (2) and (i-

C5H11)4NF � 27H2O (3) in this system became clear. The

existence of the latter was confirmed by single crystal X-

Ray diffraction analysis: (2) is tetragonal, P42/m,

a = 23.729 Å, c = 12.466 Å; (3) is tetragonal, I41/a,

a = 16.894 Å, c = 17.111 Å [4]. Noticeably, the monoto-

nous change of equilibrium concentration of liquid phase

T. V. Rodionova (&) � A. Yu. Manakov � G. V. Villevald

Clathrate Compounds Laboratory and Thermodynamics of

Inorganic Materials Laboratory, Nikolaev Institute of Inorganic

Chemistry, Siberian Branch of RAS, 3, Lavrentyeva Ave.,

Novosibirsk 630090, Russia

e-mail: tvr@che.nsk.su

Yu. G. Stenin � T. D. Karpova

Thermodynamics of Inorganic Materials Laboratory, Nikolaev

Institute of Inorganic Chemistry, Siberian Branch of RAS, 3,

Laverntyeva Ave., Novosibrisk 630090, Russia

123

J Incl Phenom Macrocycl Chem (2008) 61:107–111

DOI 10.1007/s10847-007-9401-5



results in abrupt change of the solid phase composition due

to formation of new framework structure (first-order phase

transition).

The purpose of the present study was to estimate the

thermodynamic properties of different ionic clathrate

hydrates of the same tetraalkylammonium salt depending

on their structure and stoichiometry. We used differential

scanning calorimetry to measure the melting enthalpies of

ionic clathrate hydrates, crystallizing in (n-C4H9)4NF–H2O

binary system. This binary system is one of a few similar

for which the phase diagram and structures of compounds

studied in detail [5–9]. Because of that, it is possible to

achieve a good result in synthesis of distinct polyhydrates

formed in this system and as well as accurately correlate

the experimentally measured melting enthalpies with

structure and stoichiometry of different polyhydrates

present in this binary system.

Experimental

Tetrabutylammonium fluoride was prepared as previously

described [8]. The crystals of cubic and tetragonal poly-

hydrates of tetrabutylammonium fluoride were grown in

accordance with the data on T, X-phase diagram of (n-

C4H9)4NF–H2O binary system (Fig. 1). After a short time

at room temperature polyhedral crystals were formed in

*40% wt.% salt solution (Fig. 2). In *15 7 20% wt.%

salt solutions under the same conditions elongated prisms

were obtained (Fig. 3). The crystals were isolated from the

solution and dried shortly between two sheets of filter

paper. A part of crystals was further placed into the flasks

for an analytical determination of composition, whereas the

other part was sealed up in 0.1 mL steel pans for mea-

surement of enthalpies of fusion. Samples’ weight was in

the range of 0.03–0.09 g. The concentration of the tetra-

butylammonium fluoride was determined by potentiometric

titration with sodium tetraphenylborate solution using ion-

selective electrode. The polyhydrates’ stoichiometry

established as described above is consistent with the fol-

lowing compositions: (n-C4H9)4NF.(32.4 ± 0.4)H2O

(elongated prisms from *15 7 20% wt.% solutions) and

(n-C4H9)4NF(28.9 ± 0.3)H2O (crystals of polyhedral

Fig. 1 T, X-phase diagram of (n-C4H9)4NF–H2O binary system in

the clathrate formation region. Dotted line is a metastable extension

of liquidus line of the CSS-I polyhydrate, dashed line is a metastable

extension of liquidus line of the TS-I polyhydrate

Fig. 2 The morphology of (n-C4H9)4NF � 29.7H2O crystals (CSS-I).

One large scale division corresponds to 250 lm

Fig. 3 The morphology of (n-C4H9)4NF � 32.8H2O crystals (TS-I).

One large scale division corresponds to 250 lm
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shape from *40% wt.% solutions). The differential scan-

ning calorimeter DSC-111 (Setaram) was used for

determination of enthalpies of fusion. An empty 0.1 mL

steel pan was used as reference. The enthalpy changes per

unit time were measured by heating the samples at the rate

of 0.5 �C per minute. The observed heats of fusion were

standardized by electric calibration suggested by

manufacturer.

Results and discussion

Based on T, X-phase diagram of (n-C4H9)4NF–H2O binary

system and chemical analysis of the isolated polyhydrates

it was previously demonstrated that within the clathrate

formation region two polyhydrates are crystallized: (n-

C4H9)4NF � 32.3H2O (m.p. 27.2 �C) and (n-C4H9)4NF

28.6 H2O (m.p. 27.4 �C) [5, 6].1 X-ray structure analysis

of the first compound demonstrated the (n-C4H9)4NF

32.8H2O stoichiometry; it was tetragonal, of space group

P42/m, a = 23.52 Å, c = 12.30 Å [7]. It was related to the

tetragonal structure-I (TS-I). The structure of the second

compound was determined as cubic, of space group I4̄3d,

a = 24.375 Å with the adjusted stoichiometry (n-

C4H9)4NF � 29.7H2O [8]. Its idealized water framework

was isostructural with cubic structure-I (CS-I) of gas

hydrates but has an eight-fold unit cell, and thus repre-

sented a cubic superstructure-I (CSS-I).

Using differential scanning calorimetry we measured

heats of fusion of the above-mentioned ionic clathrate

hydrates. The measured values and some characteristics of

the tetrabutylammonium fluoride ionic clathrate hydrates

are summarized in Table 1. The enthalpies of fusion were

calculated using the hydrate numbers obtained from crys-

tallographic and analytical data.

Melting enthalpies for the tetrabutylammonium fluo-

rides polyhydrates were reported previously by H.

Nakayama [10] ((n-C4H9)4NF � 30H2O, 184 ± 4 kJ/mol at

25 �C) and Z. Lindenbaum [11] ((n-C4H9)4NF30.22H2O,

197.3 kJ/mol at 25 �C). However, it is impossible to

compare directly these data with the DH values measured

in this study as the authors of [10] and [11] did not take into

account the possibility of the presence of two polyhydrates

in the studied system. Only one polyhydrate was found

upon examination of a phase diagram of (n-C4H9)4NF–

H2O system in [12] (although earlier studies of the same

group identified this hydrate as (n-C4H9)4NF � 28 H2O

[13]). The phase diagram of (n-C4H9)4 NF–H2O binary

system demonstrates that there is a metastable extension of

the liquidus line of the CSS-I polyhydrate in the stability

region of the TS-I polyhydrate (Fig. 1, dotted line) and a

metastable extension of the liquidus line of the TS-I

polyhydrate in the stability region of the CSS-I polyhydrate

(Fig. 1, dashed line). According to our experience, tetra-

alkylammonium polyhydrates can exist in metastable state

for a substantial amount of time. Moreover, it is not unu-

sual that more than one hydrate phase crystallizes in the

same T, X-conditions. Special procedures are often

required to get rid of the metastable phase (e.g., repeated

heating of the solution for partial melting of the crystals

followed by cooling). In the studies mentioned above the

authors discuss the sole polyhydrate with 30 water mole-

cules in this system. Under described experimental

conditions, however, a mixture of tetragonal and cubic

forms of polyhydrates can be formed. These phases, as we

have shown here, have different values of DHf.

Let us consider a hypothetical reaction of the crystalline

cubic phase polyhydrate with water at 27.7 �C that results

in formation of crystalline tetragonal phase (the following

calculations, including the heats of fusion, are based on the

crystallographic hydrate numbers):

ðn-C4H9Þ4NF29.7 H2O(cr.) þ 3.1H2O(liq)

! ðn-C4H9Þ4NF32.8 H2O(cr.) ð1Þ

The enthalpy of this reaction is DH1. This value can be

Table 1 The stoichiometry, melting points, crystallographic data and the heats of fusion of the tetrabutylammonium fluorides polyhydrates

Stoichiometry m.p.

(�C)

Crystal system,

space group,

unit cell dimension

DHf

kJ/mol hydrate

(kJ/mol H2O)
Crystal Chemical

(n-C4H9)4NF � 32.8H2O [8] (n-C4H9)4NF �
(32.4 ± 0.4)H2O

27.2 [5] Tetragonal, P42/m

a = 23.52(1) Å,

c = 12.30(1) Å [8]

204.8 ± 2.3 (6.23) for hydrate number 32.8

203.0 ± 2.3(6.26) for hydrate number 32.4

(n-C4H9)4NF � 29.7H2O [9] (n-C4H9)4NF �
(28.9 ± 0.4)H2O

27.7 [9] Cubic, I4̄3d

a = 24.375(3) Å [9]

177.5 ± 3.1(5.98) for hydrate number 29.7

174.3 ± 3.1(6.03) for hydrate number 28.9

Listed DH values represent the average of 5–7 determinations with standard deviation

1 Yet another hydrate (n-C4H9)4NF � 5.5H2O, monoclinic, was found

in the low water content region [9]. In this compound tetrabutylam-

monium cations form the host channel framework, whereas the chains

of small paired water-anion cavities are guests.
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estimated using the data from this study and the literature.

The following scheme can be used:

where DHf2 and DHf3 are our experimental values of heat

of fusion for cubic polyhydrate and heat of crystallization

for tetragonal polyhydrate, correspondingly; UL—heat of

dilution. Heats of dilution of (n-C4H9)4NF solutions at

25 �C are reported in [14] and apparent molal heat content

are evaluated by equation

UL ¼ 64:7 þ 2502:4m þ 992:3m2 � 266:5m3; ð2Þ

where m is the concentration of solution in mol/kg of water,

UL is expressed as calories per mole. This Eq. 2 is valid for m

in the range of 0.1135 to 1.837 mol/kg. Extrapolating UL for

higher concentrations (composition of (n-C4H9)4NF � 29.7

H2O corresponding to m = 1.869 mol/kg water, slightly

higher than the upper limit for Eq. 2), yielded 2.6 kJ for

dilution process (n-C4H9)4NF29.7H2O(liq.) ? (n-C4H9)4

NF32.8 H2O(liq.). Although the discussed process takes

place at 27.7 �C that is higher than the temperature for which

the Eq. 2 is valid (25 �C), the resulting error is negligible.

Thus DH1 = DHf2 - UL - DHf3 = -29.9 kJ/mol.

The data in Table 1 show that the enthalpy of fusion per

one mole water is higher for TS-I than for CSS-I polyhy-

drate. Thus we conclude that the water molecules are

bound stronger in the framework of tetragonal hydrate than

in the framework of cubic hydrate. Noticeably, both values

are somewhat lower than the hypothetical melting enthalpy

for ice Ih at 27.7 �C (6.98 kJ/mol [15]). In order to quan-

titatively estimate difference between the energy states of

water molecules in the frameworks of these polyhydrates,

DH1 of the reaction (1) may be calculated by an alternative

approach. The essential contribution to DH1 value is made

by the heat of crystallization of 3.1 moles of liquid water to

form the water framework of tetragonal structure and

equals 3.1 9 6.23 = 19.3 kJ (6.23 kJ/mol water is the

value obtained for the heat of fusion of TS-I polyhydrate in

this study, see Table 1). Thus, simplified, one can assume

that the difference -29.9-(-19.3) = -10.6 kJ for reac-

tion (1) is related to the change in energy state of water

molecules in the water lattices between TS-I and CSS-I

polyhydrates in (n-C4H9)4NF–H2O binary system.

Since there is some discrepancy in polyhydrate com-

positions found by chemical analysis and XRD method

(possibly a loss of some quantity of water may occur upon

sampling), all calculations described above were repeated

using hydrate numbers obtained by chemical analysis. The

following values were obtained: DH1 = 31.7 kJ/mol, the

heat of crystallization of 3.5 moles of water—21.9 kJ and

the difference in energy state of water molecules in the

water lattices of TS-I and CSS-I polyhydrates comes to

9.8 kJ per mole hydrate, which is similar to the previous

result of 10.6 kJ.

The evaluated difference in energy state of water mol-

ecules in the water lattices of TS-I and CSS-I polyhydrates

(9.8 7 10.6 kJ per mole hydrate) could result from a

combination of (a) difference in the energy of the idealized

water frameworks of these two hydrates, (b) distortions

introduced upon the guest inclusions, (c) difference in the

guest–guest and (d) host–guest interactions. Presently, it is

impossible to discriminate between contributions of these

factors. Undoubtedly, a small difference in water frame-

work energy of different hydrates results in formation of

several phases that differ in structure but are similar in

composition and melting temperature. Thermodynamical

characterization of these phases, based on the full and

reliable information on the phase diagram of the corre-

sponding systems (the actual number of clathrate phases,

their composition and melting temperature) together with

the structural analysis of the forming hydrates will allow to

get quantitative correlation between the compositions,

structural and energy characteristics of the hydrate frame-

works. These data can become useful for the analysis of the

water states in biological macromolecules, thermodynam-

ical modelling of the clathrate hydrates and beyond.
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