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ABSTRACT

Phase equilibrium (temperature-composition) relations of tetra-n-butylphosphonium formate
(TBP-For), acetate (TBP-Ace), and lactate (TBP-Lac) semiclathrate hydrate systems have been
measured. The highest equilibrium temperatures of TBP-For, TBP-Ace, and TBP-Lac
semiclathrate hydrates were 280.9 K, 284.6 K, and 283.8 K at the atmospheric pressure,
respectively, where the composition of tetra-r-butylphosphonium carboxylate was approximately
0.035+£0.001 (mole fraction) in every system. The dissociation enthalpies of tetra-n-
butylphosphonium carboxylate semiclathrate hydrates were measured by differential scanning
calorimetry. The dissociation enthalpies of TBP-For, TBP-Ace, and TBP-Lac semiclathrate

hydrates were (187+3) Jog'!, (193£3) Jeg'!, and (177+3) Jeg'!, respectively.

1. INTRODUCTION

Semiclathrate hydrates (or ionic clathrate hydrates) are crystalline compounds which consist of
a guest substance and host water cages. The quaternary onium salts have been typically employed
as the guest substances in semiclathrate hydrates. The guest onium cations are incorporated with
the water molecules to construct the hydrate framework whereas the counter anions replace water
molecules in the hydrate framework, forming the hydrate cages together with neighboring water
molecules.? Since the semiclathrate hydrates have relatively large dissociation enthalpy at
atmospheric pressures, semiclathrate hydrates have been recently regarded as potential candidates
for heat storage materials.>* For example, the quaternary ammonium salts based on tetra-n-
butylammonium (TBA, Na444) cation are well known as one of the semiclathrate hydrate formers.’

In particular, tetra-n-butylammonium bromide (TBAB, Na444-Br) has been studied because of its



commercial availability.®!? In fact, the TBA-based semiclathrate hydrate has been applied to a

cooling medium for air conditioners as proposed by Ogoshi et al.!!

Typical quaternary ammonium salts, like TBAB well investigated as a guest species for
semiclathrate hydrate formation, contain halide anions such as fluoride, chloride and bromide
anions. However, the presence of the halide anions may cause the chemical corrosion and/or give
high impact to the environment, which would restrict the industrial applications of the
semiclathrate hydrates. On the other hand, unlike halide anions, carboxylate anions have been of
great interest from the environmental aspects. For instance, the high biocompatibility of various
onium salts based on several carboxylate anions has been demonstrated for an application to the
microscope observation of diverse biomaterials.'? This advantage of using carboxylate anions has
also attracted attention to the semiclathrate hydrate application. Udachin et al.*> and McMullan et
al.!® summarized the basic physicochemical data of halogen-free carboxylate-based semiclathrate
hydrates. Nakayama et al.'* systematically evaluated the phase equilibrium relations of various
carboxylate-based semiclathrate hydrates. Muromachi et al.!> determined the crystallographic
structure of the carboxylate-based hydrates using a XRD measurement. The major quaternary
onium salts proposed as a guest species for the environment-friendly semiclathrate hydrates
include quaternary ammonium cations. The semiclathrate hydrates including a quaternary
phosphonium salt have been reported.!®!” Quaternary phosphonium salts significantly offered
relatively high chemical and thermal stabilities when compared to the corresponding ammonium
counterparts.’*?* However, to our knowledge, carboxylate-based semiclathrate hydrates
containing phosphonium cations have been rarely investigated, except a report published by Arai
et al.” In the present study, we characterized the thermodynamic properties of the semiclathrate

hydrates based on tetra-n-butylphosphonium (TBP, P44) cation in combination with several



carboxylate anions (Figure 1), investigating the relationship between equilibrium temperature and

the composition in the aqueous solutions.

C4Hq
O (o) O
C4Hg—P*—C4Hq H,C
| HJ\O' A o
H;C o
C4Hg OH
tetra-n-butylphosphonium formate acetate lactate

Figure 1. Ionic species used in the present study.

2. EXPERIMENTAL SECTION

The chemicals used in this study were listed in Table 1. Tetra-n-butylphosphonium
carboxylates (TBP-carboxylate) were synthesized by aqueous neutralization of tetra-n-
butylphosphonium hydroxide with the corresponding carboxylic acids. The aqueous solutions
were completely evaporated to isolate the salts, and then the products thus obtained were dried in
vacuo at 323 K for 72 h. The products were confirmed by 'H, '3C, *'P NMRs and FAB-MS. More
detail synthetic procedure and physicochemical properties of the products have been reported
elsewhere. 2* In order to confirm the purity of the obtained salts, the residual halogen content was
measured by a silver nitrate titration using an automatic potentiometric titrator (Kyoto Electronics
Manufacturing Co., Ltd, AT-710) with an uncertainty of £0.01 mL, which was found to be less

than 500 ppm or less.



Table 1. Information on Chemicals Used in the Present Study

chemical name source mass fraction purity

tetra-n-butylphosphonium  Tokyo Chemical Industry Co., Ltd. 0.402 mass fraction in

hydroxide aqueous solution

formic acid Wako Pure Chemical Industries >0.995

acetic acid Wako Pure Chemical Industries >0.999

L-(+)-lactic acid Wako Pure Chemical Industries 0.820 mass fraction in

aqueous solution

water homemade (distilled and deionized) resistivity is 0.46 MQcm

The aqueous solutions were prepared at different compositions from w = 0.10-0.50 (x = 0.007—
0.056 for TBP-For, x = 0.006-0.054 for TBP-Ace, and x = 0.006—0.049 for TBP-Lac) with electric
balance (A&D, GF-300) with an uncertainty of 1 mg. The symbols w and x represent the mass and
mole fractions, respectively. Approximately 1 ¢cm?® of the aqueous solutions were injected into
plastic tubes. The tubes were set in a water bath thermostatted with a cooling water circulator
(Taitec, CL-80R). Once all the samples were crystallized by cooling to 268 K, then the system
temperature was elevated with a step of 0.1 K. While the temperature was kept for 5 hours at each
temperature, the sample tubes were often shaken by hands. The phase equilibrium temperature was
determined when the hydrate crystal was dissolved completely. The system temperature was
measured by a platinum resistance thermometer (the uncertainty of 0.1 K) calibrated with the
thermistor thermometer (Takara, D632, reproducibility: 0.02 K. The probe was calibrated with a

Pt resistance thermometer defined by ITS-90).

The dissociation enthalpy of semiclathrate hydrates was investigated by a micro differential

scanning calorimeter (Setaram, UDSC VII evo) at atmospheric pressure. Approximately 20 mg of



the prepared TBP-Carboxylate aqueous solution was loaded into a 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 furnace temperature was decreased to 248 K at a cooling rate of
0.5 K/min and then increased to a desired temperature at the heating rate of 0.1 K/min. We
calibrated the microDSC with a dedicated Joule heat calibrator (Setaram, EJ3). In addition, water
and naphthalene were adopted as references. The uncertainty in the dissociation enthalpy is less

than3 J-g L.

All the ab initio calculations were carried out using the Gaussian09 software program.?® In order
to calculate the atomic charge distributions, we cited the X-ray structural data of TBA and TBP
cations in semiclathrate hydrates reported by Muromachi et al.!® ??° The atomic charge
distributions of TBA and TBP cations were calculated by electrostatic potential (ESP) fitting, with

the Merz-Singh-Kollman scheme®®*! from the MP2/6-311G** basis set of isolated ions.

3. RESULTS AND DISCUSSION

3.1. Phase equilibrium data of TBP-carboxylate semiclathrate hydrates

The phase equilibrium data (temperature 7 -composition x relations) measured by direct
observation in the present study are summarized in Tables 2-4. The equilibrium 7-x relations of
TBP-For, -Ace, and -Lac semiclathrate hydrates are also shown in Figure 2. The highest
equilibrium temperatures of TBP-For, TBP-Ace, and TBP-Lac semiclathrate hydrates were 280.9
K, 284.6 K, and 283.8 K, respectively, where the corresponding compositions were located at x =

0.035+0.001 in every system. The highest equilibrium temperature of TBP-Ace semiclathrate



hydrates was 3.7 K higher than that of TBP-For. Similar trend has been reported in TBA-
carboxylate semiclathrate hydrates.'* !> The oxygen atoms in the carboxyl group are replaced with
water molecules to form an edge of a hydrate cage, whereas the hydrophobic group of the anion
occupies the cavity of the water framework.*>* Therefore, it is considered that the more precisely
the hydrophobic group of a carboxylate anion fits to hydrate cage, the more stable the semiclathrate
hydrate becomes. It should be noted that, in the case of TBP-Lac, the highest phase equilibrium
temperature of 283.8 K was located at x = 0.035. Despite the fact that the lactate anion has a carbon
chain longer than acetate anion, the 7-x relation of TBP-Lac semiclathrate hydrate exhibited
similar behavior to TBP-Ace one. Muromachi et al.'> reported the reason why the dissociation
temperature of TBA-Lac hydrate is lower than that of the propionate-based TBA hydrates,
indicating the hydroxyl group in the lactate anion destabilizes the hydrate structure compared with

that of the TBA propionate hydrate.

Recently, Arai et al.® reported that the highest equilibrium temperature of TBP-Ace
semiclathrate hydrate is 284.2 K at x = 0.031. The comparison of the 7-x relation in the present
study with that of ref 25 is shown in Figure 3. The highest equilibrium temperature obtained in

the present study was approximately 0.4 K higher than that reported value®.
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Figure 2. Equilibrium temperature-composition diagrams of TBP-Ace (1) + water (2) system,

circles; TBP-Lac (1) + water (2) system, squares; TBP-For (1) + water (2) system, triangles.
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Figure 3. Comparison of phase equilibrium data of TBP-Ace semiclathrate hydrate in the present

study (circles) with those in ref 25 (squares).



Table 2 Equilibrium Temperature (7) - Composition (Mass Fraction w, Mole Fraction x) Relation

of TBP-For Semiclathrate Hydrate (TBP-For: 1, Water: 2)*

wi X1 T/K
0.099 0.007 273.5
0.203 0.015 278.2
0.302 0.025 280.3
0.341 0.030 280.9
0.362 0.032 280.9
0.402 0.038 280.8
0.441 0.045 280.1
0.477 0.051 279.2
0.499 0.056 278.8

 Standard uncertainties u are u(w) = 0.002, u(x) = 0.001, and u(7) = 0.1 K.



Table 3 Equilibrium Temperature (7) - Composition (Mass Fraction w, Mole Fraction x) Relation

of TBP-Ace Semiclathrate Hydrate (TBP-Ace: 1, Water: 2)?

wi X1 T/K
0.103 0.006 274.2
0.201 0.014 281.5
0.306 0.024 283.8
0.340 0.028 284.4
0.358 0.031 284.5
0.373 0.033 284.6
0.421 0.039 284.4
0.440 0.043 284.1
0.502 0.054 282.4

 Standard uncertainties u are u(w) = 0.002, u(x) = 0.001, and u(7) = 0.1 K.
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Table 4 Equilibrium Temperature (7) - Composition (Mass Fraction w, Mole Fraction x) Relation

of TBP-Lac Semiclathrate Hydrate (TBP-Lac: 1, Water: 2)?

wi X1 T/K
0.104 0.006 273.0
0.194 0.012 278.2
0.302 0.022 283.3
0.332 0.025 283.6
0.367 0.029 283.7
0.402 0.034 283.8
0.434 0.038 283.8
0.454 0.041 283.8
0.475 0.045 283.7
0.497 0.049 283.5

 Standard uncertainties u are u(w) = 0.002, u(x) = 0.001, and u(7) = 0.1 K.
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Figure 4. DSC curves (heat flow AQ, temperature 7) of the TBP-For; black line, TBP-Ace; blue

line, TBP-Lac; red line at atmospheric pressure.

3.2. Dissociation enthalpies of TBP-carboxylate semiclathrate hydrates

The DSC curves of the TBP-carboxylate semiclathrate hydrate dissociation at x = 0.035 are
shown in Figure 4, where each semiclathrate hydrate has the highest equilibrium temperature. The
onset, peak, higher inflection, and offset temperatures and dissociation enthalpy are listed in Table
5. All DSC curves had neither metastable nor ice peak. The higher inflection and offset
temperatures of DSC were in good agreement with the equilibrium temperatures by direct
observation. This behavior was the same as that in the literature** *°. The dissociation enthalpies
of TBP-carboxylate semiclathrate hydrates were around (180 to 195) Jeg!. The dissociation

enthalpy of TBAB semiclathrate hydrate (TBAB * 26H,0) is (192+3) Jeg!.3® This means that

12



TBP-carboxylate semiclathrate hydrates are also allowable as thermal storage media for an air-
conditioner system. The TBP-Ace semiclathrate hydrate system has the largest enthalpy (193+3)
Jog'! among three TBP-carboxylate semiclathrate hydrates, which agrees well with the literature

value of 192 Jekg!.2

Table 5 Experimental Dissociation Temperature (Onset Temperature 7on, Peak Temperature 7peax,
Higher Inflection Temperature Tend, Offset Temperature 7ofr) and Dissociation Enthalpy A/ of the

TBP-For, TBP-Ace, and TBP-Lac Semiclathrate Hydrates at Mole Fraction of TBP-Carboxylate

x=0.035+0.001%

Semiclathrate hydrate ~ Ton/K Tpeak/K Tend/K Toit/K AaH/T g1
TBP-For 280.04 280.50 280.69 280.78 187
TBP-Ace 283.99 284.57 284.69 284.80 193
TBP-Lac 282.85 283.56 283.72 283.84 177

@ Standard uncertainties u are u(T) = 0.06 K, and u(H) =3 I-g ..

3.3. Effects of cations and anions on equilibrium temperatures

The equilibrium temperature of TBA-Ace semiclathrate hydrate was 288.0 K.'* Therefore, the
difference between the equilibrium temperatures of TBP-Ace and TBA-Ace was 3.4 K. This
difference is similar to that (4.0 K) between TBA-Br (285.2 K) and TBP-Br (281.2 K). Figure 5
indicates the comparison of the equilibrium temperatures of the TBP-carboxylate semiclathrate
hydrates (obtained in the present study) with those of TBA-carboxylate semiclathrate hydrates.!”
The differences (AT) of equilibrium temperature between TBA with TBP semiclathrate hydrates

were decreased with increasing the carbon numbers of anions.

13
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Figure 5. Highest equilibrium temperatures (a) and their difference (b) of semiclathrate hydrates
based on formate, acetate and lactate anions. Closed circles and squares represent TBP and TBA'°

carboxylate systems, respectively.

Muromachi et al. have suggested the differences of equilibrium temperature between TBA and
TBP semiclathrate hydrates from the viewpoint of the cation sizes.'® The C-P bond length of TBP

cation was 0.02 nm longer than the C-N bond of TBA cation. The TBA cation mainly contained
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trans-type chains; however, the butyl groups in TBP become gauche type. Therefore, the difference
of cation size considerably influenced the equilibrium temperature of semiclathrate hydrates. On
the other hand, it is still unclear how anions influence the equilibrium temperatures
comprehensively, even though the size of anions is one of the important factors.

Another possibility is the effect of the atomic charge distributions on ammonium and
phosphonium cations. The calculated cation structures were depicted in Figure 6 and the obtained
atomic charge distributions were listed in Table 6. A cation accommodated in hydrate cages has
some different stable structures. In order to ensure the reliability of the charge density calculation
of cations, two reliable conformation models were selected according to published papers. The
data of TBP shown in Figures 6 (a) and (b) are cited in references'®?’. Similarly, the data of TBA
shown in Figures 6 (c) and (d) are cited in references® %,

The calculation of atomic charge distributions showed that the nitrogen and phosphorus atoms
in TBA and TBP cations were positively charged; however, a large difference was observed in
atomic charge distribution in each cation. In the TBP cation, the atomic charge distributions on the
phosphorus atom (0.638 and 0.736 in Figures 6 (a) and (b), respectively) were more positive than
that on the nitrogen atom (0.382 and 0.380 in Figures 6 (c) and (d), respectively) in the TBA cation.
Such a difference allows us to infer that the hydrate cages might be distorted by the interaction
between positively charged center atom in phosphonium cation and negatively charged oxygen
atoms in water molecules, resulting in the lower equilibrium temperatures of the TBP semiclathrate
hydrate. The atomic charge distribution on the hydrocarbon chain of TBP cation tended to show
slightly less positive charge distribution than that on the hydrocarbon chains of the TBA cation.
However, the differences of the atomic charge distribution on the hydrocarbon chains between

TBP and TBA cations were smaller than those on the center atoms of cations.
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(c) TBA

Figure 6. Structural illustrations of calculated cation models. (a) TBP'®; (b) TBP?’; (c) TBA?S; (d)
TBA? were cited as calculated cation structures. The atoms constituting the cation were defined

as nitrogen atom (@), phosphorus atom (@), carbon atom (@), hydrogen atom (@®).
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Table 6 Atomic Charges Obtained by Electrostatic Potential Fitting Using Kollman’s Scheme

from the MP2/6-311G** Wave Functions. The Atoms Constituting the Molecule are shown in the

Labels of Figure 6.
Atomic charge
Atom
(a) TBP (b) TBP (c) TBA (d) TBA

P 0.638 0.736 - -

N - - 0.382 0.380
a 0.094 0.098 -0.085 -0.034
b -0.098 -0.094 0.080 0.053
c 0.184 0.226 0.159 0.158
d -0.045 -0.049 -0.032 -0.037
e 0.043 -0.031 -0.012 -0.106
f -0.040 0.000 0.078 0.120
g 0.166 0.134 0.135 0.151
h -0.037 -0.036 -0.032 -0.044
i -0.167 -0.173 -0.020 0.008
Jj 0.139 0.072 0.034 0.067
k 0.134 0.190 0.152 0.130
/ -0.043 -0.064 -0.031 -0.032
m -0.232 -0.291 0.027 0.050
n 0.182 0.228 0.050 -0.007
0 0.125 0.113 0.161 0.188
P -0.042 -0.058 -0.044 -0.046

4. CONCLUSIONS
We have proposed a new class of semiclathrate hydrates in combination with TBP cation and
carboxylate anions, demonstrating their phase equilibrium and thermal behaviors. TBP-For, TBP-

Ace, and TBP-Lac semiclathrate hydrates showed the maximum phase equilibrium temperatures

17



0f 280.9 K, 284.6 K, and 283.8 K at the atmospheric pressure with mole fraction x = 0.035+0.001,
which indicated that the TBP-based semiclathrate hydrates showed lower phase equilibrium
temperature than TBA-based semiclathrate hydrates. These findings were also supported by the
estimated results on the bond lengths and atomic charge distributions in cations. Furthermore, the
dissociation enthalpies of TBP-For, TBP-Ace, and TBP-Lac semiclathrate hydrates were (187+3)

Jog!, (193+3) Jeg!, and (177+3) Jeg™!, respectively.
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