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We have newly developed two kinds of high-pressure cells for electric conductivity and 
X-ray diffraction measurements with a high-impact engineering plastic of poly(etherether 
ketone).  It was confirmed that the two high-pressure cells can withstand temperatures 
and pressures, at least, up to ~35 MPa and ~403 K.  With the developed apparatuses, the 
pressure effects of carbon dioxide on 1-butyl-3-methylimidazolium hexafluorophosphate 
ionic liquid were studied in view of transport phenomena and liquid structures.  The 
electric conductivity of the ionic liquid exhibited a remarkable increase due to the 
dissolution of carbon dioxide in the pressure range between 0.1 and 10 MPa.  In harmony 
with these results, it was found that a few new peaks appeared and increased as a function 
of carbon dioxide pressure in the intermolecular distribution functions, which were 
obtained from X-ray diffraction measurements. 

1. Introduction 

The solvent-free technology to reduce the use of 
harmful volatile organic compounds is one of the 
most crucial research subjects for the achievement 
of environmentally benign green chemical 
processes.  There have been several approaches 
proposed so far, for example, to use no-solvent 
systems, aqueous solutions, supercritical fluids, and 
ionic liquids.  The latter two media of supercritical 
fluids and ionic liquids have recently gained much 
attention, and also are expected to have a promising 
wide application such as extraction, separation, 
chemical reaction, and material processing media [1, 
2].  Supercritical fluids, consisting of water and 
carbon dioxide, have the merits of economical 
benefit, easy solvent removal, and readily tunable 
solvent properties by temperature and pressure.  On 
the other hand, ionic liquids with lower melting 
points are non-volatile, non-flammable, and the 
solvent properties can be modified by a choice of 
cation and anion combinations.  Thus, such a new 
class of solvents has several advantages over 
conventional liquid organic solvents.  Recently, we 
have found that the biphasic media composed of 
ionic liquid and supercritical carbon dioxide have 
potential abilities for chemical reactions [3].  
However, a lack of fundamental properties 

frequently prevents much progress of its utility.  In 
order to remove such barriers, we have developed a 
variety of high-temperature and high-pressure 
spectroscopic techniques for in-situ observation of 
supercritical fluid solutions and have made efforts 
to understand the solvent properties [4-6].  In 
particular, we favorably used some kinds of 
engineering plastics such as polyimide and 
poly(etherether ketone) because they have 
relatively high tensile strength, good machinability, 
and excellent stability for a wide range of 
chemicals; moreover, they are relatively cheap, 
non-magnetic, and transparent for radio waves.  We 
have constructed high-resolution NMR [5, 6] and 
MRI [7] cells from polymer materials, which are 
usable, at least, up to ~35 MPa and ~403 K. 

In this study, two kinds of high-pressure cells for 
electric conductivity and X-ray diffraction 
measurements are newly developed.  We present 
the details of high-pressure instrumentation and 
discuss the solution behaviors of ionic liquid in 
contact with supercritical carbon dioxide. 

2. Experimental Methods 

2.1. Electric Conductivity Cell Although several 
kinds of high-pressure cells for electric 
conductivity measurements have been proposed so 
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far [8], we develop a new type of cell for the 
measurement of certain solution in a multi-phasic 
system.  A schematic drawing of electrode is given 
in Fig. 1.  The electrode consists of a cylindrical 
tube (c) and two caps (b) at both ends, where a pair 
of Pt disks (a) is fixed.  The sample solution can 
come and go to the inside of the electrode through 
several open holes (d) in the cylindrical tube.  The 
distance (l) between a pair of Pt disks was fixed at 
15 mm.  Several cylindrical tubes with different 
inner diameters (d = 5, 7, 10 mm) were used 
tentatively.  These parts were made of a strong and 
easy-machinable poly(etherether ketone), which 
was also a good insulator.  Because this kind of 
electrode is very simple and compact, we can locate 
it in arbitrary position in the high-pressure cell.   

2.2. X-ray Diffraction Cell A schematic drawing of 
high-pressure cell for X-ray diffraction 
measurements is given in Fig. 2.  The structure is 
very simple.  A head cap (a) made of SUS 316 has 
a gas inlet/outlet hole (b).  A cell body (d) is again 
made of poly(etherether ketone) with the 
dimensions of 15 mm inner diameter, 29 mm outer 
diameter, and 35 mm length.  The seal between the 
head cap and cell body can be kept with an O-ring 

(c).  Since poly(etherether ketone) consists of 
relatively light elements, the wall thickness of the 
cell body will not bring about serious background 
noise in X-ray diffraction measurements.  

2.3. Sample Preparation and High-Pressure 
Experiments The samples of 1-butyl-3-
methylimidazolium hexafluorophosphate ([BMIM] 
PF6) ionic liquid were synthesized in our laboratory 
according to the previous procedure [9].  The 
synthesized [BMIM]PF6 was purified with 
activated charcoal and filtered through neutral 
alumina column.  The obtained colorless liquid was 
dried under vacuum at 343 K for 30 h to remove 
any excess water.  The purified ionic liquid was 
transferred into each high-pressure cell in a dry 
glove box.

Before high-pressure experiments, it was 
confirmed that each high-pressure cell withstands 
temperatures and pressures, at least, up to ~35 MPa 
and ~403 K under hydrostatic condition. 

Pure-grade carbon dioxide (Showa-Tansan, 
99.99% in purity) was pressurized with a cooled 
liquid chromatography pump (JASCO, SCF-Get).  
After the system was allowed to equilibrate, the 
pressure was measured with a digital indicator 
(Druck, DPI 145). 

2.4. Instruments Electric conductivities ( ) were 
recorded with an electric conductivity measurement 
system 369 presented by Fuso Electro Chemical 
System Co.  The cell constants of the electrodes 
were determined with a known value of  of 0.1 
mol dm-3 KCl aqueous solution at 25.00 oC [10].  
The temperature dependence of the cell constant 
was negligibly small.  The frequency was fixed at 1 
kHz.  During the experiments, the sample 
temperature was controlled at 39.97±0.01 oC.

X-ray diffraction measurements were carried out 
using a Rigaku diffractometer with Mo K radiation
(  = 0.7107x10-10 m).  The diffraction data were 
collected over a wide 2  range between 3 and 150o

at intervals of 0.2o.  The experiments were 
performed at room temperatures. 

3. Results and Discussion 
3.1. Pressure Effect of Carbon Dioxide on Electric 
Conductivity of [BMIM]PF6 The electric 
conductivity (  = 0.146±0.005 S m-1) of 
[BMIM]PF6 determined with the developed cell at 
25.00 oC and at atmospheric pressure is in a quite 
good agreement with the reported value of 
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Fig. 1. A schematic drawing of electrode for high-
pressure conductivity measurements: (a) Pt plate,
(b) cap, (c) tube, (d) open hole, and (e) electric
lead.
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Fig. 2. A schematic drawing of high-pressure cell
for X-ray diffraction measurements: (a) head cap,
(b) gas inlet/outlet, (c) O-ring, and (d) cell body. 
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0.158±0.016 S m-1 [11] within the experimental 
errors.

Carbon dioxide was introduced into the ionic 
liquid in the high-pressure cell at certain pressure at 
39.97 oC, and the time-dependence of the 
conductivity was observed with the solution being 
stirred.  After the stirring was stopped, it was 
confirmed that the variations in the sample pressure 
and the conductivity remained virtually constant 
within ±0.003 MPa and ±0.5 %, respectively.  Then, 
the electric conductivity of [BMIM]PF6 solution 
was recorded with the reading of the pressure 
indicator.  It took a few hours to equilibrate at low 
pressures.

The pressure dependence of electric conductivity 
of [BMIM]PF6 solution saturated with carbon 
dioxide was given in Fig. 3.  It was found that the 
conductivity increases remarkably and almost 
linearly with a raise of pressure up to ~10 MPa and 
is less sensitive to pressure above ~10 MPa.  This is 
mainly attributable to the fact that at low pressures 
carbon dioxide smoothly dissolves into the ionic 
liquid in proportion to pressure, whereas at higher 
pressures dissolution of carbon dioxide is expected 
not to be large very much [12].  Similarly, Liu et al. 
[13] recently reported that viscosity of [BMIM]PF6
rapidly decreases due to dissolution of carbon 
dioxide.

The developed high-pressure cell is very simple 
and enables us to precisely measure the electric 
conductivity of arbitrary solution in a multi-phasic 
system.  Moreover, it has become apparent that 
transport phenomena in very viscous ionic liquids 
can be improved effectively by the addition of 
carbon dioxide. 

3.2. Pressure Effect of Carbon Dioxide on X-ray 
Diffraction of [BMIM]PF6 X-ray diffraction 
measurements were carried out for three samples of 
neat [BMIM]PF6 and [BMIM]PF6 solutions 
saturated with carbon dioxide at 4 and 13 MPa.  
The molar ratios (x) of [BMIM]PF6 in the three 
samples are obtained to be 1, 0.5, and 0.3, 
respectively, from the solubility data [12].  The 
density of the neat sample was reported [14], and 
the densities of the saturated solutions were 
estimated from the compositions and volume 
expansions of the ionic liquid [12-14].  We also 
measured the empty high-pressure cell, which had 
broad peaks only at 2  < 15o.  The background 
correction was made for the collected diffraction 
data preliminary to further analyses.  The X-ray 
diffraction profiles arising from the intramolecular 
contributions were calculated from the structural 
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Fig. 3. Pressure effect of carbon dioxide on electric
conductivity of [BMIM]PF6 at 39.97 oC.

Fig. 4. Total distribution functions of [BMIM]PF6-
carbon dioxide solutions with different
compositions at room temperature of 25±3 oC.

Fig. 5. Intermolecular distribution functions of
[BMIM]PF6-carbon dioxide solutions with different
compositions at room temperature of 25±3 oC.
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data of the cation [15] and the anion [16] species.  
The intermolecular interference term  was obtained 
by subtracting the intramolecular interference 
contribution from the total interference term, and 
then the distribution functions were determined by 
the Fourier transforms of the interference terms. 

The total distribution functions (g(r)) of the three 
sample solutions are shown in Fig. 4.  Since the 
dissolution of carbon dioxide brings about a 
decrease in density of the solution, the peaks 
become weaker with decreasing the molar ratio of x.
The intermolecular distribution functions (ginter(r)) 
are also given in Fig. 5.  It is clearly found that two 
peaks appear at around 2.8 and 3.2x10-10 m in 
ginter(r) of the sample solution with x = 0.5.  These 
two peaks appreciably increase in x = 0.3; moreover, 
there is another peak at ~3.8x10-10 m.  Although 
these new peaks cannot be assigned at present, the 
X-ray results show that carbon dioxide can dissolve 
and interact with the ionic liquid.  This is in 
harmony with the results of electric conductivity 
measurements.  

4. Conclusions 

We have newly developed two kinds of high-
pressure cells for electric conductivity and X-ray 
diffraction measurements with a high-impact 
engineering plastic of poly(etherether ketone).  It 
was demonstrated that some kinds of engineering 
plastics are very suitable for the material of high-
pressure experiments.  With the developed 
apparatus, moreover, the pressure effect of carbon 
dioxide on ionic liquid was investigated.  
Understanding of both transport phenomena and 
liquid structures can provide reliable pictures for 
complicated matters in solutions.   
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