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The three-phase equilibrium (pressure-temperature) relation of the difluoromethane + water binary system
containing gas hydrates was measured in the pressure range from (0.20 to about 11.0) MPa and temperature
range from (275.15 to 300.15) K. On the basis of each three-phase equilibrium curve, the quadruple point
which consists of gaseous and liquid difluoromethane, water, and hydrate was determined as 1.45 MPa and
293.16 K. The in situ Raman spectroscopy under the three-phase (gas, water, and hydrate) equilibrium
conditions showed that the crystal structure of difluoromethane gas hydrate was structure-I, where both
small and large cages were occupied by the difluoromethane molecule. The overall hydration enthalpy of
simple structure-I difluoromethane gas hydrate under the three-phase equilibrium conditions was evaluated
by means of the Clapeyron equation.

Introduction

Gas hydrates are clathrate inclusion compounds, and they
consist of host water molecules and appropriate relatively small
guest molecules. Water molecules are hydrogen-bonded and
consequently construct hydrate lattices with cavities, in which
guest molecules are encaged. Generally, the van der Waals
interaction (attractive and repulsive forces) operates on the guest
and water molecules. That is, the guest molecules encaged in
the clathrate hydrate do not participate in forming hydrate
lattices.1 Three types of hydrate cages are well-known, pen-
tagonal dodecahedron (512, S-cage), tetrakaidecahedron (51262,
M-cage), and hexakaidecahedron (51264, L-cage). Several types
of hydrate unit-cells can be formed from a few types of hydrate
cages depending on the size and physical properties of the guest
species. For example, the structure-I (s-I) hydrate lattice is
composed of two S-cages and six M-cages, and the structure-II
(s-II) hydrate lattice is sixteen S-cages and eight L-cages.
Recently, the slurries containing gas hydrates have been
considered as a potential cooling medium (heat-storage material)
for the refrigerators and air conditioners because of their large
enthalpy of hydration and dissociation temperature.

Some hydrofluorocarbons (HFCs) have received much at-
tention as a refrigerant of radiators (particularly, large-scale ones
for the institutional use) because of their thermal and chemical
characteristics that are favorable for a refrigerant material.
Although some HFCs have a relatively high global warming
potential, promised on “zero-emission” concepts, they have the
bright prospect of application as a refrigerant material. In
addition, it is possible to reduce the quantity of the cooling
medium by use of the phase-change heat of gas hydrates
prepared from HFCs. Some investigators2-6 have studied the
equilibrium (pressure-temperature) relations of various chlo-
rofluorocarbons (CFCs), chlorohydrofluorocarbons (CHFCs), or
HFC + water (or + second component) systems containing gas
hydrates and estimated their formation enthalpy. In addition,

Uchida et al.7 reported the cage occupancy of some HFC
hydrates and their hydrate structure by means of Raman
spectroscopy at 243 K and atmospheric pressure, which was
obtained under nonequilibrium conditions. These results are
quite important; however, it is essential to investigate much more
fundamental information (such as more accurate phase equilibria
and hydration enthalpy values, and the cage occupancy of guests
in hydrates and the hydrate structure under the three-phase
equilibrium conditions) of HFC hydrate systems for the ap-
plication of hydrate slurry to refrigerant systems.

In the present study, the thermodynamic stability of difluo-
romethane (CH2F2, hereafter HFC-32) + water binary system
containing gas hydrates was investigated by accurate phase-
equilibrium measurement. The quadruple point that consists of
hydrate, water, gaseous, and liquid HFC-32 was accurately
evaluated from these phase-equilibrium data. In addition, the
cage occupancy and unit-cell structure of HFC-32 hydrate under
the three-phase (gas, water, and hydrate) equilibrium conditions
were investigated by in situ Raman microspectroscopic analysis.
Finally, the hydration enthalpy of HFC-32 hydrate was estimated
from the three-phase equilibrium curve and briefly discussed.

Experimental Methods

Experimental Apparatus. The schematic illustration of the
experimental apparatus for phase equilibrium measurements is
shown in Figure 1. The experimental apparatus for phase-
equilibrium measurements consisted of the following parts: a
high-pressure glass cell (model: Taiatsu Techno HPG), a
pressure gauge (model: Valcom VPRT), and a temperature
control unit (model: Taitec CL-80R). The inner volume and
maximum working pressure were 10 cm3 and 5 MPa, respectively.

The experimental apparatus for Raman spectroscopic analysis
consisted of the following parts: a high-pressure optical cell
(manufactured by Nezu Industries Co., Ltd.), a pressure gauge
(model: Valcom VPRT), and a temperature control unit (model:
Tokyo Rikakikai EYELA NCB-3100). The inner volume and
maximum working pressure were 0.2 cm3 and 400 MPa,
respectively. The high-pressure optical cell had a pair of sapphire
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(Ti free) windows on both the upper and the lower sides. This
high-pressure optical cell was the same as previous one.8 The
temperature-controlled water was circulated constantly in
the exterior jacket of the high-pressure optical cell. To agitate
the contents in the cell, a ruby ball was placed inside it. This
enclosed ruby ball was rolled around through the contents by a
vibrator applied to the outside of the cell.

The system temperature was measured within an uncertainty
of 0.02 K using a thermistor probe (model: Takara D-632). The
probe was calibrated with a Pt resistance thermometer (25 Ω)
defined by ITS-90. The system pressure was measured by the
pressure gauge calibrated by the RUSKA quartz Bourdon tube
gauge (model: direct reading pressure gauge, series 6000) with
an estimated maximum uncertainty of less than 0.01 MPa.

Experimental Procedure. First of all, the dissolved air in
water was sufficiently degassed and replaced with the HFC-32
gas by a bubbling method. After that, the pretreated water was
introduced into the high-pressure glass cell, which was evacuated
by the use of vacuum pump in advance. The contents were
pressurized up to a desired pressure by supplying HFC-32 gas,
which was expected to be sufficiently higher than the equilib-
rium pressure. Then, the interior temperature of the high-pressure
cell was controlled by immersing the cell in a thermostatted
water bath. The contents were subcooled and agitated to generate
the gas hydrate. A magnetic stirrer was manipulated in a vertical
direction by use of a permanent magnetic ring from outside (up
and down) to agitate the contents. The phase behavior was
observed directly under the transmitted light. After the formation
of gas hydrate, the system pressure dropped and reached a
plateau, which was regarded as the three-phase equilibrium state
of hydrate (H), gas (G), and water (L1). The gas hydrate was
annealed by giving perturbations in temperature to avoid
metastability. The pressure and temperature was determined as
the three-phase equilibrium pressure and temperature, respec-
tively. Since then, the contents were heated, and consequently
gas hydrates partially dissociated. The system pressure rose and
reached another equilibrium value. By repeating same proce-
dures, the HL1G equilibrium curve could be obtained (when
the amount of gas hydrates was decreased, the contents were
pressurized up to a desired pressure). In the present study, not
only the three-phase equilibrium curve of HL1G but also the
other three-phase equilibrium curves consisting of HL2G and
L1L2G (the letter, L2 stands for the liquid HFC phase) were
obtained by similar procedures, except that, in the measurements
of HL2G curve, we paid attention to minimize the amount of

water (all of water was transformed into gas hydrates). The
measurements of the L1L2G curve were started from the vicinity
of the quadruple point, which was roughly estimated from the
point at the intersection of the HL1G curve with the saturated
vapor-pressure curve.

The three-phase equilibrium curve of HL1L2 was measured
by the use of a high-pressure optical cell, which was served to
the Raman spectroscopic measurements. A known amount of
gaseous HFC-32 was introduced into the evacuated high-
pressure optical cell, and then the distilled water was charged
to the cell by use of the high-pressure pump up to a desired
pressure. At this moment, the interface was between the water
and the liquid HFC-32 in the cell. After the pressurization, the
two-phase coexistence state of HFC-32 hydrate + water
appeared immediately under the experimental conditions. There-
after, the system temperature was increased gradually. The gas
hydrate started to dissociate with a rise in temperature, resulting
in the appearance of liquid HFC-32 particles. The gas hydrate
was annealed by giving perturbations in temperature to avoid
the hysteresis effect. The contents were agitated intermittently
for at least half a day to establish the three-phase equilibrium
state. After the sufficient amounts of time, the pressure and
temperature were determined as the three-phase equilibrium
pressure and temperature, respectively.

For in situ Raman spectroscopy, first of all, the pure water
degassed in advance was introduced into the evacuated high-
pressure optical cell. The contents were pressurized up to a
desired pressure by supplying HFC-32 and then cooled and
agitated with an enclosed ruby ball to prepare the gas hydrate.
After the formation of gas hydrate, the system temperature was
increased gradually to leave a few seed crystals. Then, the
system temperature was decreased little by little to a desirable
temperature to grow the single crystal of gas hydrate. It took
more than one day to establish a three-phase (HL1G) equilibrium
condition with the existence of hydrate single-crystal. We were
careful to prepare as few single crystals as possible. A single
crystal of HFC-32 hydrate was shown in Figure 2, and this single
crystal was analyzed by in situ Raman spectroscopy using a
laser Raman microprobe spectrophotometer with a multichannel
charge-coupled device (CCD) detector. The argon ion laser beam
(wavelength: 514.5 nm, laser-spot diameter: 2 µm) from the
object lens irradiated the sample through the upper sapphire
window. The backscatter of the opposite direction was taken
in with the same lens. The spectral resolution was about 0.7
cm-1.

In the present study, to confirm the experimental reproduc-
ibility (that is, the fact that the equilibrium data was not affected
by a hysteresis phenomenon), we repeated the same equilibrium
measurements using fresh water.

Figure 1. Schematic illustration of the experimental apparatus for phase-
equilibrium measurements.

Figure 2. A photo of single crystals for the HFC-32 hydrate obtained at
281.80 K and 0.40 MPa. The circle stands for the analyzing point for the
Raman spectroscopic analysis.
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Materials. HFC-32 (mole fraction purity: 0.9999) was
purchased from the Daikin Industries, Ltd. The critical temper-
ature and pressure of HFC-32 were 351.26 K and 5.78 MPa,
respectively.9,10 Distilled water was obtained from the Wako
Pure Chemical Industries, Ltd. All of the materials were used
without further purification.

Results and Discussion

Figure 3 shows the phase-equilibrium relation for the HFC-
32 + water binary system. Table 1 summarizes the three-phase
equilibrium (pressure (p)-temperature (T)) relation of HL1G,
HL2G, HL1L2, and L1L2G. As shown in Figure 3, the HL1G
curve agrees with the literature value.3 The HL2G and L1L2G
curves lie just below the saturated vapor-pressure curve of the
HFC-32 fluid. The quadruple point, Q2 (293.16 K and 1.45 MPa)
for the HFC-32 + water binary system can be estimated
accurately as the intersection of four three-phase equilibrium
curves (HL1G, HL2G, and L1L2G).

Figure 4 represents the Raman spectra of the HFC-32 +
water binary system in the hydrate phase, which are obtained
under the three-phase (HL1G) equilibrium condition. In some
previous studies,11-14 Raman-active vibration frequencies of
HFC-32 gas were investigated experimentally and theoreti-
cally, and they reported nine vibration modes derived from
HFC-32 as follows: CH2 symmetric stretching (ν1), CH2

scissors (ν2), CF2 symmetric stretching (ν3), CF2 scissors (ν4),
CH2 twisting (ν5), CH2 asymmetric stretching (ν6), CH2

rocking (ν7), CH2 wagging (ν8), and CF2 asymmetric stretch-
ing (ν9). In the present study, we succeeded in observing
five vibration modes (ν1, ν3, ν4, ν6, and ν9) of HFC-32. Figure
4a shows the Raman spectra corresponding to intramolecular
C-H symmetric (ν1) and asymmetric (ν6) stretching vibra-
tions in the hydrate phase. The doublet peak of C-H
symmetric stretching vibration is detected at (3017 and 3025)
cm-1, and that of C-H asymmetric stretching vibration is
obtained at (2947 and 2958) cm-1 in the hydrate phase. In
each doublet peak, the peak at the higher Raman shift
corresponds to the HFC-32 in the small cage, while the peak
at the lower Raman shift does in the large cage. The ratio of
large to small cages on the peak area or intensity of HFC-32
is about 3. This indicates that the crystal structure of simple
HFC-32 hydrate is s-I type, which contains two S-cages and
six M-cages. Although the peak obtained at around 2830 cm-1

is not shown in Figure 4a, this peak may correspond to the
harmonic overtone of CH2 wagging mode (2ν8).11 The present
results about C-H vibration agree well with those of
reference data.7 Figure 4b shows the Raman spectra corre-
sponding to intramolecular F-C-F scissors vibration (ν4)
in the hydrate phase. As in the case with the peak of C-H
vibron, the doublet peak of F-C-F scissors is detected at
(528 and 533) cm-1 in the hydrate phase. The intensity ratio
of these two peaks also indicates that HFC-32 can be
occupied in both S- and M-cages of s-I hydrate. Figure 4c
shows the Raman spectra corresponding to intramolecular
C-F symmetric (ν3) and asymmetric (ν9) stretching vibrations
in the hydrate phase. Unlike the peak of C-H vibron and
F-C-F scissors, the single Raman peaks corresponding to
C-F symmetric and asymmetric stretching vibrations are
obtained at (1098 and 1087) cm-1 in the hydrate phase,
respectively. As in the case with the simple HFC-32 hydrate,
the single peak is obtained in the simple N2 hydrate system15

(N-N symmetric stretching vibration mode) and the simple
CO2 hydrate system8 (C-O symmetric stretching vibration
mode, the doublet peak derived from the only fermi-resonance
effect) despite the occupation of both small and large cages
in these hydrates. The reason why only a single peak is
obtained despite the occupation of guest species in both small
and large cages is still unclear. Parts d and e of Figure 4
represent the Raman spectra derived from the O-H stretching
vibration and intermolecular O-O stretching vibration of the
host water molecule for the simple HFC-32 hydrate, respec-
tively. Compared to the peak of O-H stretching vibration
in the aqueous phase, the peak of O-H stretching vibration
obtained at ∼3200 cm-1, which corresponds to the hydrogen-

Figure 3. Three-phase equilibrium relation (temperature T-pressure p
projection) for the HFC-32 (2) + water (1) binary system. b, HL1G (Akiya
et al., 1999); O, HL1G (present study); 0, HL2G (present study); 4, HL1L2

(present study); ], L1L2G (present study); 9, quadruple point (Q2, present
study). -, the saturated vapor pressure of HFC-32.

Table 1. Three-Phase Equilibrium Data (Temperature T, Pressure
p) of the HFC-32 (2) + Water (1) Binary System Containing Gas
Hydrates

T/K p/MPa T/K p/MPa

HL1G HL1G
275.50 0.20 291.19 1.15
276.47 0.22 291.69 1.22
277.42 0.24 292.14 1.29
278.43 0.28 292.65 1.37
279.47 0.31 HL2G
280.40 0.34 279.90 0.998
281.43 0.38 280.90 1.03
282.45 0.42 281.88 1.06
283.44 0.46 282.87 1.08
283.80 0.49 283.85 1.12
284.27 0.52 284.81 1.15
284.68 0.55 285.87 1.19
285.22 0.58 286.79 1.22
285.77 0.62 287.78 1.25
286.25 0.65 288.78 1.29
286.80 0.69 289.74 1.33
287.32 0.73 290.76 1.37
287.81 0.77 291.75 1.40
288.26 0.82 292.68 1.44
288.63 0.86
289.20 0.91
289.68 0.97
290.20 1.03
290.73 1.09

HL1L2 L1L2G
293.45 3.23 293.70 1.48
293.60 4.43 294.20 1.51
293.71 5.98 295.15 1.55
293.89 7.67 296.17 1.59
294.21 10.4 297.13 1.64

298.17 1.68
Q2 (HL1L2G) 299.12 1.72

293.16 1.45 300.09 1.74
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bonded O-H vibration mode,16 is larger than that of ∼3400
cm-1 corresponding to the intramolecular O-H vibration
mode. The peak shape of the O-H stretching vibration also
implies that the simple HFC-32 hydrate forms the s-I
hydrate.17 In addition, the Raman shift (∼205 cm-1) of the
peak derived from intermolecular O-O stretching vibrations
of the host water molecule supports the s-I hydrate structure
of simple HFC-32 hydrate.18 Incidentally, no Raman peak
corresponding to HFC-32 molecules was obtained in the gas
phase because of low-pressure conditions (0.40 MPa) in the
present study. However, we have already confirmed that the
Raman peaks obtained in the gaseous HFC-32 at about 1.4
MPa and room temperature are slightly blue-shifted from
those of HFC-32 hydrate in each C-H and C-F vibron
mode.

In the p-T phase diagram, the slope of (dp/dT)equil can be
calculated at each data point on the HL1G curve. From the
combination of (dp/dT)equil and the molar volume of the HFC-
32 hydrate, water, and gaseous HFC-32, the overall enthalpy
change of hydrate formation, ∆Hhyd, can be calculated with
Clapeyron equation (eq 1) as follows:

(dp/dT)equil ) ∆Hhyd/(∆VhydT) (1)

where the total volume change ∆Vhyd is defined by eq 2:

∆Vhyd ) VG
HFC-32 + q·VL

H2O
- VH (2)

where VH is calculated from the lattice constant of the s-I hydrate
(1.20 nm)19 and VG

HFC-32 is obtained from the Lee-Kesler
equation of state.20 The hydration number q is assumed to be
5.75 (ideal s-I hydrate), which denotes that the HFC-32 molecule
can occupy both S- and M-cages. The overall enthalpy change
of hydrate formation, ∆Hhyd, over the entire temperature range
of HL1G regardless of the Q2 point is summarized in Table 2.
Although the ∆Hhyd of the HFC-32 hydrate exhibits weak
temperature dependency in the HL1G region, the value averaged
from (275 to 292) K is given as 70 ( 3 kJ ·mol-1. In the low-
temperature range (< 280 K), the ∆Hhyd of the HFC-32 hydrate
is similar the value of those of the simple CO2 hydrate.

Conclusion

The four three-phase equilibrium curves of HL1G, HL2G,
HL1L2, and L1L2G (having no hydrate phase) for the HFC-32
+ water binary system were measured accurately in the
temperature range from (275.15 to 300.15) K and pressure range
up to 11.0 MPa. The invariant quadruple point of Q2 (HL1L2G)
is located at 293.16 K and 1.45 MPa. The Raman spectra
obtained under the three-phase (HL1G) equilibrium conditions
reveal that the HFC-32 molecule occupies both S- and M-cages
in the s-I hydrate. The overall enthalpy change of HFC-32

Figure 4. Raman spectra obtained in the hydrate phase for the HFC-32 + water binary system under three-phase (HL1G) equilibrium condition of 281.80
K and 0.40 MPa. (a) Intramolecular C-H symmetric stretching vibration, (b) intramolecular F-C-F scissors vibration, (c) intramolecular C-F symmetric
stretching vibration (the peak detected around 577 cm-1 is due to the sapphire window of high-pressure optical cell), (d) O-H stretching vibration (bottom:
hydrate phase, top: aqueous phase), and (e) intermolecular O-O symmetric stretching vibration.
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hydrate formation is virtually constant (average value: 70 ( 3
kJ ·mol-1) in the HL1G region.
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Table 2. Overall Enthalpy Change of Hydration ∆Hhyd along the
HL1G Line for the HFC-32 Hydrate

T ∆Vhyd (dp/dT)equil ∆Hhyd

K cm3 ·mol-1 MPa ·K-1 kJ ·mol-1

275.50 11150 0.02 66.95
276.47 9999 0.02 67.38
277.42 9217 0.03 69.57
278.43 8066 0.03 68.68
279.47 7121 0.04 68.64
280.40 6509 0.04 70.09
281.43 5779 0.04 70.37
282.45 5220 0.05 71.78
283.44 4746 0.05 73.44
283.80 4464 0.06 72.12
284.27 4222 0.06 72.13
284.68 3986 0.06 71.52
285.22 3763 0.07 71.99
285.77 3511 0.07 71.73
286.25 3327 0.08 71.98
286.80 3136 0.08 72.45
287.32 2946 0.09 72.41
287.81 2756 0.09 71.80
288.26 2601 0.10 71.49
288.63 2440 0.10 70.09
289.20 2290 0.11 70.40
289.68 2141 0.11 69.70
290.20 2002 0.12 69.35
290.73 1878 0.13 69.30
291.19 1764 0.13 68.76
291.69 1640 0.14 67.84
292.14 1534 0.15 66.93
292.65 1429 0.16 66.26
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