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Translational diffusion coefficients of diphenylcyclopropenone (DPCP), diphenylacetylene (DPA), and carbon
monoxide (CO) in carbon dioxide (CO,) mixtures of 1-butyl-3-methylimidazolium bis(trifluoromethanesulfonyl)amide
([BMIm][NTf,]) and 1-butyl-3-methylimidazolium tetrafluoroborate ([BMIm][BF,]), respectively, were determined by
transient grating (TG) spectroscopy under various pressures of CO,. With increasing CO, pressure up to 15 MPa, the
diffusion coefficients of DPCP and DPA increased by an order of magnitude, while the increase of the diffusion
coefficient of CO was relatively small. Sound velocities of the mixtures were also determined by TG spectroscopy, which
decreased by ca. 20% with increasing pressure up to 10 MPa, and then turned to increase with pressure. The solvation
structure around DPCP was also investigated by Raman spectroscopy. It was found that the vibrational spectra of solute
and solvent molecules did not show remarkable changes. Small-angle X-ray scattering (SAXS) profiles for CO, mixture
of 1-octyl-3-methylimidazolium tetrafluoroborate ((OMIm][BF,]) were measured under various pressures of CO,. The
peak observed for the SAXS profile at 3nm~! for [OMIm][BF,] did not show meaningful shift with increasing CO,
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pressure, while the peak width showed a small increase.

Some room-temperature ionic liquids (RTILs) are known to
dissolve a significant amount of carbon dioxide,! and
currently numerous studies are undertaken to apply the
mixtures for the storage of CO, and/or the further synthesis
of materials.”> From a physicochemical point of view, the
thermodynamic properties of the mixture are also quite
interesting. For example, the expansion of the liquid phase
by applying CO, pressure is small in comparison with
conventional liquids.>” According to molecular dynamics
simulation of the mixture, CO, molecules were suggested to
be dissolved into the “free volume” sites produced by the
local structure of cation and anion.®® Kanakubo et al.
measured the radial distribution function of a mixture of
CO, and 1-butyl-3-methylimidazolium hexafluorophosphate
([BMIm][PF¢]) by X-ray scattering, and obtained a structure
similar to one predicted by MD simulations.” The MD
simulations also suggested that CO, molecules more strongly
interact with anions such as BF,~ and PF—.°® IR and Raman
spectroscopic studies also suggested stronger interaction of
CO, with anion.'®'? Seki et al. measured the ATR-IR
spectrum of a mixture of several RTILs and CO,, and found
that the vibrational modes related to BF;~ or PFs~ anion show
a small shift with increasing pressure, suggesting the
interaction between CO, and anion.!! However, the changes
of the vibrational modes, especially for cation, were found to
be small and the conformational structures of cation and anion
were suggested to be almost conserved irrespective of the
concentrations of CO,.!-13

On the other hand, the dynamic properties of the mixture
dramatically change with increasing CO, pressure. For exam-
ple, Liu et al. have reported the viscosity of a CO, mixture of
[BMIm][PF¢] system along a saturated line.'* According to
their study, the viscosity of the mixture dramatically decreases
with increasing CO, pressure, and the variation is large in the
lower pressure region at lower temperature. Kanakubo et al.
reported the electric conductivity of a CO, mixture of
[BMIm][PF]" and found a more enhanced effect of CO, on
the conductivity than on the viscosity reported by Liu et al.
Demizu et al. have reported the translational diffusion
coefficients of solute molecules dissolved in a CO, mixture
of [BMIm][PF¢].'® They found that the diffusion coefficients of
the solutes dissolved in the mixture remarkably increase with
increasing CO; pressure, and that those of the larger molecules
are more remarkably dependent on the pressure. Recent MD
simulations of [BMIm][PF4] with different compositions of
CO, also indicated that the diffusion coefficients of cation,
anion, and CO, increase by an order of magnitude with
increasing the concentration of CO,; to 70mol %, and the
dependence is more significant for cation and anion than CO,."”
These observations suggest that the dynamic properties are
significantly affected by CO,, while the variation of the static
structure is small.

In this paper, we will present the results of a further transient
grating (TG) study of mixtures of CO, and other RTILs, 1-
butyl-3-methylimidazolium bis(trifluoromethanesulfonyl)amide
([BMIm][NTf;]) and 1-butyl-3-methylimidazolium tetrafluoro-
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borate ([BMIm][BF,]), together with a study of the CO, effect
on solvation structure and nanoscale ordering. By TG, we can
determine the sound velocity of the mixtures and the diffusion
coefficients of the solute molecules dissolved in the mixture.
We utilized the photodissociation reaction of diphenylcyclo-
propenone (DPCP) into diphenylacetylene (DPA) and carbon
monoxide (CO), and determined the sound velocity and the
translational diffusion coefficients of CO, DPA, and DPCP in
CO; mixtures of [BMIm][NTf;] and [BMIm][BF,], respective-
ly. We found significant dependence of these properties on the
CO, pressure. In order to discuss the observed dynamics in
relation with the solvation structure and structure change of
the CO, mixtures of RTILs, we have also performed Raman
spectroscopic measurement to obtain the local structure
information around the solute molecule, and small-angle X-
ray scattering (SAXS) measurement to obtain the larger-scale
structure information. Previously Fujisawa et al. have indicated
that the Raman band around 1625 cm™' of DPCP assigned to
the C=0 4 C=C stretching vibration is a good indicator of
Lewis acidity of the solvent.!® By measuring Raman spectra
of the DPCP solution of the mixture, we tried to extract how
the local environment around DPCP will change with CO,
pressure. Although Raman spectra reflect the change of the
local structure of RTILs, it is insensitive to the larger size
domain structure which was proposed for RTILs.!”2% For
example, Triolo et al. measured small-angle X-ray scattering
intensity for imidazolium-based ionic liquids with different
lengths of alkyl side chains.?® They found that there appears a
peak in a few nm~! region for RTILs with longer alkyl chains
(greater than Cg), and that the peak position depends on the
alkyl chain length of the imidazolium cation. They attributed
this interference peak to alkyl chain segregation in RTILs by
referring to a report by Canongia Lopes and Padua, which
proposed the occurrence of alkyl chain segregation from MD
simulation.?* Similar results are reported for RTILs other than
the imidazolium-cation based ones,?’ and hence this nanoscale
ordering is thought to be a common nature of RTILs with a
long alkyl chain. Although the segregated structure is not
observed for BMIm-cation-based ionic liquids used for the
study of the present TG spectroscopy, it is quite an interesting
issue how this peak will be affected by the presence of CO,,
and useful information will be extracted from the study.

In the following section, the experimental methods used in
this paper and some details of the analysis of the TG signal will
be given. Then, the results of the sound velocity and the
diffusion coefficients will be presented. These values are
discussed in relation with the solvation structure and nanoscale
ordering measured by the Raman spectroscopy and the SAXS.

Experimental

Materials. [BMIm][NTf;] and [BMIm][BF,] were pur-
chased from Kanto Kagaku. 1-Octyl-3-methylimidazolium
tetrafluoroborate ([OMIm][BF,]) was purchased from Merck.
DPCP (Nacalai Tesque) was used after recrystallization from
ethanol. CO, (>99.99%) supplied by Ekika Tansan Co. and
Showa Tansan Co. was used without further purification.

TG Measurement. In TG spectroscopy, two laser pulses
are introduced into a sample solution simultaneously, which
make a transient optical grating in the solution. If photoreactive
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molecules are dissolved in the solution, the molecules are
photoexcited at the bright fringe of the optical grating which
causes heat expansion of the solution and/or a variation of
molecular species. The grating disappears due to the thermal
diffusion and molecular diffusion. These processes can be
monitored by the intensity of the diffracted light of the probe
beam incident on the grating.

Experimental setups for the TG measurement under high-
pressure CO, are described elsewhere.'® Briefly, the 355nm
(Apump) third harmonic of a Nd:YAG laser (Continuum,
Minilite 1) was used as an excitation pulse, and a 633 nm
He-Ne laser beam (Lasos Lasertechnik, LGK7654-8) was used
as a probe beam. The TG signal was detected by a photo-
multiplier tube (Hamamatsu photonics, R3896) and averaged
by a digital oscilloscope (Tektronix, DPO7104). In the
measurements, we used the high-pressure optical cell?® which
had a larger inner bottom area to use a larger magnetic stirrer
than the one in the previous report'® in order to improve the
efficiency of the CO, dissolution. The inner volume of the cell
was ca. 10cm®. The temperature of the cell was controlled by
circulating thermostated water through the water pass through
the cell.

For the TG measurement, DPCP solution of RTIL was
filtered through a membrane filter in order to remove undis-
solved solute and/or fine dust. The optical density of the
sample solution was adjusted to be around 1 for 1 cm optical
path length at 355nm (the concentration of DPCP was ca.
2 mM). After evacuation under a vacuum pump for more than
3h at 60°C, the sample solution was placed into the high-
pressure cell, and then the cell was sealed. CO, supplied from
a bomb was compressed by a high-pressure pump (Jasco
SCF-Get). After equilibration of the temperature of the cell
(40.0°C), CO, was introduced. The solution was vigorously
stirred by a magnetic stirrer. After equilibrium was attained
(more than 3 h), the TG measurement was performed at each
CO, pressure. The pressure of the system was monitored by a
strain gauge (Kyowa PGM-500KH). The equilibration was
tested by the stability of the pressure. The time required to
attain equilibrium was also confirmed by the Raman intensity
of CO,. After the experiment, the viscosity of the sample was
measured at 25°C using a viscometer (Brookfield LVDV-II,
cone plate CPE-40). The value was 50 and 96 mPas for
[BMIm][NTf,] and [BMIm][BF,], respectively, which were
close to the reported values.?’

Since the TG signals in the CO, mixtures of [BMIm][NTf;]
and [BMIm][BF,4] were similar to those observed in the CO,
mixture of [BMIm][PF¢], we analyzed the signals in similar
ways described in previous papers.'®*° Briefly, in the initial
several hundred nanoseconds, an oscillation signal due to the
acoustic wave was detected. From the oscillation frequency (w)
of the signal, the sound velocity (¢) of the mixture was
determined by using the relation of ¢=(w/q) (eq 1 in
Ref. 16), where ¢ is the grating lattice vector determined by
g = 47 sin(0/2)/ Apump (O crossing angle between pump puls-
es). After dumping the acoustic signal, the thermal grating
signal decayed in the microsecond time range, and the thermal
diffusivity of the mixture (Dy,) was determined by fitting the
decay to a square of an exponential function with a constant
offset. After the decay of thermal grating signals, the diffusion
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Figure 1. Typical example of TG signal for the diffusion

of CO, DPA, and DPCP in [BMIm][NTf;] at (a) 3 and
(b) 10 MPa of CO, and different g-values.

signals due to CO, DPA, and DPCP were detected over ms time
range. Typical examples of the TG signals for diffusion in a
CO; mixture of [BMIm][NTf,] are shown in Figure 1. In the
figure, the horizontal scale is g°¢. The signal was simulated by a
square of the sum of three exponential decays, each of which
corresponds to the diffusion of CO, DPA, and DPCP,
respectively, as

It6(1) o (Anco exp(—Dcog*t) + Anppa exp(—Dppag’t)

— Anppcp exp(—Dppepg’t))? (H
where Anco, Anppa, and Anppcp, are the initial peak null
differences of the refractive indexes produced by the species
gratings. Dco, Dppa, and Dppcp are the translational diffusion
coefficients. As was done previously,*® in the fitting we fixed
the ratio of AnDpcp to AnDpA (AnDPCP/AnDPA = 115) in order
to improve the fitting reliability. In the present work, we have
also assumed that the ratio of Anco and Anpps is constant
irrespective of the CO, pressure, since at higher CO, pressure
the diffusion coefficients became close to one another and the
separation of three components was difficult as is shown in
Figure 1b. We have determined the ratio (Anppa/Anco) from
the signal at 0.1 MPa as —3.60 and —4.33 for the CO, mixtures
of [BMIm][NTf;] and [BMIm][BF,], respectively. The diffu-
sion coefficients of CO, DPA, and DPCP were determined by
fitting the time profiles at different g-values simultaneously as
is shown by the solid lines in Figure 1. We have also re-
analyzed the data for the CO, mixture of [BMIm][PF¢] by
fixing the ratio Anppa/Anco as —5.40. The diffusion co-

Mixtures of CO; and RTILs

efficients of DPA and DPCP in [BMIm][PFs] were almost
unchanged from the reported values previously,'® although the
diffusion coefficients of CO at higher CO, pressures were
somewhat (ca. 10%) modified.

Raman Measurement. Raman spectrum of the mixture
was measured in a back scattering geometry using an
electronically cooled CCD camera (Princeton Instruments;
Spec-10:400BRXTE) attached to a 64cm monochromator
(Jobin Yvon; T64000) with 1800 and 600 linesmm™~' gratings
as described elsewhere.! A 514.5nm laser line of Ar" laser
(Coherent: Enterprise) was used for the Raman probe. The
sample solutions were prepared in the same way described in
the section of TG measurement. The concentration of DPCP
was ca. 25 mM. After the equilibrium was attained at 40.0 °C,
the Raman measurements were performed at each CO,
pressure.

SAXS Measurement. Small-angle X-ray scattering
(SAXS) experiments were performed at BL-15A station in
High Energy Accelerator Research Organization-Photon
Factory (KEK-PF). X-ray beam of 1.5A in wavelength was
selected and injected into a high-pressure cell. Scattering data
were collected by a position sensitive proportional counter
(PSPC). The cell we used in the SAXS measurements is
described elsewhere,?? and it was quite similar to the one used
in the TG measurement except that the cell had two diamond
windows in the opposite sides and that the optical path length
was about 1 mm. In the measurement, RTIL was poured into
the cell and the high-pressure cell was closed at first. Then CO,
was introduced into the cell. The solution was vigorously
stirred by a magnetic stirrer within the cell. After equilibrium
was attained at 40.0 °C, the high-pressure cell was placed in the
beam line, and the SAXS measurement was performed. After
measurement at one CO, pressure, the cell was moved off line
in order to apply higher CO, pressure, and then the scattering
intensity at the higher pressure was measured after equilibrium
was attained. The scattering intensities at each pressure were
corrected by the absorption of the X-ray in the sample, and
plotted as a function of the scattering vector gsax defined as
gsax = (477 5in(0/2))/ Ax.ray, in which 6 is the scattering angle
and Ax.y the wavelength.

Results and Discussion

Sound Velocity and Isentropic Compressibility. Tables 1
and 2 summarize the results of the sound velocities of the CO,
mixtures of [BMIm][NTf,] and [BMIm][BF,4] under different
pressures, respectively. The sound velocities at 0.1 MPa
determined here (1206ms~! for [BMIm][NTf,] and 1524
ms~! for [BMIm][BF,4]) are slightly larger than the values
reported in the literature measured at a sound frequency of
0.5MHz (1194.5 and 1503.36 ms™!, respectively).’3* This is
the same tendency as our previous report for [BMIm][PF],'®
and we consider that the slight difference from the reported
value may be due to the sound velocity dispersion of RTILs,>
since our sound velocity is determined at somewhat higher
frequency (ca. 30 MHz). Figure 2 shows the pressure de-
pendence of the sound velocity against the CO, pressure,
together with the results for [BMIm][PF¢] previously report-
ed.!® As in the case of [BMIm][PFg], the sound velocity
decreases with increasing CO, pressure to nearly 10.0 MPa in
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Table 1. Sound Velocity (c), Calculated Values of Mole
Fraction of CO, (Xco,), Density of Liquid Phase (p), and
Isentropic Compressibility Bs under Different Pressures of
CO; for [BMIm][NTf,] at 313K

P/MPa ¢/ms™'®  Xco,”  p/gem™9  Bsg/GPa'Y
0.1 1206 0 1.46 0.472
2.0 1165 0.31 1.43 0.517
4.0 1111 0.50 1.40 0.578
6.0 1059 0.62 1.39 0.643
8.0 1008 0.69 1.38 0.712

10.0 994 0.73 1.38 0.731
12.0 995 0.75 1.39 0.728
14.0 995 0.77 1.39 0.724
16.0 999 —° —° —
17.0 1000 -9 -9 -9
19.1 1005 —° —° —

a) The error of the sound velocity is estimated as £0.5% of the
value. b) Estimated from the data in Ref. 5. ¢) Estimated from
the Xco, and the relation between AV/V of eq 4 in Ref. 5.
d) Calculated from eq 2. ¢) Data are not available.

Table 2. Sound Velocity (c), Calculated Values of Mole
Fraction of CO, (Xco,), Density of Liquid Phase (), and
Isentropic Compressibility Bs under Different Pressures of
CO; for [BMIm][BF,] at 313K

P/MPa  ¢/ms™'d  Xco,”  p/gem™9  Bg/GPa~'d
0.1 1524 0 1.17 0.368
2.0 1477 0.20 1.18 0.388
4.0 1426 0.34 1.18 0.417
6.0 1372 0.43 1.18 0.452
8.0 1335 0.51 1.19 0.473

10.0 1324 —9 —9 —9
15.0 1326 —9 —9 -9
20.0 1332 —° —° —°

a) The error of the sound velocity is estimated as £0.5% of the
value. b) Estimated from the data in Ref. 5. ¢) Estimated from
the Xco, and the relation between AV/V of eq 4 in Ref. 5.
d) Calculated from eq 2. e) Data are not available.

contrast to the case when the static pressure is applied to
RTILs.*3 Above 10 MPa, the dependence becomes quite small,
and it shows the tendency to be larger again. The sound
velocity in the low-frequency limit is related to the isentropic
compressibility B as

() _ 1

Using available information on the density of liquid phase (p)
and the sound velocity (c), the value of S5 was calculated as is
reported previously in the following manner.'® According to
Ref. 5, the system volume change with pressure (AV/V)
defined by eq 4.4 of Ref. 5 is correlated with the mole
fraction of CO, (Xco,) in the liquid phase. Using the data
in the supporting information (Table SI7 for [BMIm][NTf;],
Table S12 for [BMIm][BF,]) in Ref. 5, we have fitted AV/V to
a third polynomial function of Xco,, and estimated the density
of the liquid phase (p) as a function of Xco,. The value of
Xco, at each CO, pressure was also estimated by interpolating
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Figure 2. CO, pressure dependence of the sound velocity
of mixtures of CO, and RTILs (@: [BMIm][PF4] from
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Figure 3. Dependence of the isentropic compressibility
of mixtures of CO, and RTILs on the mole fraction
of CO; in the solution (@: [BMIm][PF¢] from Ref. 16, A:
[BMIm][NTf,], and l: [BMIm][BF,]).

the data in Ref. 5. In the calculation we neglected the sound
velocity dispersion.

The values of Xco,, 0, and Bs thus calculated are summa-
rized in Tables 1 and 2. The values of Bs are plotted against
Xco, in Figure 3. The dependence of Bs on the pressure for
CO; mixtures of [BMIm][NTf,] and [BMIm][BF,] are quite
similar to that for a CO, mixture of [BMIm][PF¢]; i.e., the
dissolution of CO, makes the isentropic compressibility of
RTILs larger up to near the saturation pressure. Since the
isentropic compressibility is proportional to the isothermal
compressibility, an increase of the density fluctuation increases
Bs. As mentioned in previous work,'® the variation of the
compressibility will be explained by the way of CO,
dissolution predicted by the MD simulation. According to
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Table 3. Thermal Diffusivity and Translational Diffusion Coefficients of CO, DPA, and DPCP in a Mixture of CO; and [BMIm][NTf;]

under Different Pressures of CO, at 313 K

P/MPa Xcoza) Vrb) /10_3D]t11112 ¢! /10_1D0Cr(r)12 gl /lo—DlP:r?z gl /10{)1?];?1}; ¢!
0.1 0 1 6.13 £ 0.08 7.51 £0.1 6.96 £0.3 441 4+0.3
1.0 0.17 1.03 6.22 +0.05 9.67 £0.3 104 £0.5 6.64 £ 0.4
2.0 0.31 1.07 6.08 +0.07 122 £0.6 14.6 £0.6 9.59 +£0.6
3.0 0.42 1.11 6.12 +£0.05 13.8+0.3 17.7+£0.3 11.8 £0.2
4.0 0.50 1.15 6.08 £ 0.07 164 £0.2 22.8+0.4 155+£0.2
5.0 0.57 1.19 5.98 £0.08 18.0£0.2 2754+04 19.0+04
6.0 0.62 1.23 5.97 £0.05 19.0 £ 0.6 31.7£0.6 223 40.6
8.0 0.69 1.30 6.18 +0.05 21.34+0.5 4274+ 0.6 31.0£0.5

10.0 0.73 1.35 6.01 £0.18 21.6 £0.3 48.2 £ 0.7 352406
12.0 0.75 1.39 5.94 £0.17 21.74+0.5 49.1 +1.8 358+14
14.0 0.77 1.42 5.99 +0.26 21.6 £0.5 50.5+04 36.7+0.2

a) Estimated from the data in Ref. 5. b) Estimated from the Xco, and the relation between AV/V of eq 4 in Ref. 5.

Table 4. Thermal Diffusivity and Translational Diffusion Coefficients of CO, DPA, and DPCP in a Mixture of CO, and [BMIm][BF,]

under Different Pressures of CO, at 313 K

P/MPa Xco,” g /10*?1?12 s”! /10*%1?12 s”! /102 P! /10131??13 s
0.1 0 1 9.03 £0.22 477 +0.1 4.66 £+ 0.1 2.824+0.1
2.0 0.20 1.04 9.25+0.10 7.14+£023 8.48 £0.2 5.53+04
4.0 0.34 1.09 9.02 £ 0.09 9.26 + 0.4 13.5+0.6 8.87 £0.6
6.0 0.43 1.14 8.93 £+ 0.09 11.0+0.4 18.0 £ 0.4 12.0£0.2
8.0 0.51 1.19 8.96 + 0.08 11.6 £0.9 220417 14.740.5

10.0 — — 9.11+0.17 11.8+0.6 23.1+1.0 15.8+0.9
15.0 —9 —9 9.04 £ 0.11 124+03 25.84+0.8 17.8 +£0.9

a) Estimated from the data in Ref. 5. b) Estimated from the Xco, and the relation between AV/V of eq 4 in Ref. 5. ¢) Data are not

available.

Table 5. Translational Diffusion Coefficients of CO, DPA, and DPCP in a Mixture of CO, and [BMIm][PF¢] under Different Pressures of

CO, at 313K
P/MPa XCOZ @ Vrb) /lofe)C;Z S71 /loel[):r/:Z S71 /10?1?];;}; S71
0.1 0 1 3.80 £0.1 2.12+£0.2 1.25 +0.1
1.0 0.14 1.01 543 £0.1 3.82+0.1 2.48 +£0.2
2.0 0.25 1.04 6.62 £ 1.0 5.62 £0.6 346 £0.5
3.0 0.34 1.07 8.00 £0.8 7.54 £03 4.69 £ 0.4
4.0 0.41 1.10 9.324+0.2 9.64 +0.2 6.14 £ 0.3
6.0 0.51 1.15 10.8 £0.7 13.9£0.2 9.04 £0.2
8.0 0.57 1.17 13.6 £ 0.5 20.2£0.8 134+£0.5
10.0 0.61 1.19 13.8 £ 0.7 212+ 1.1 142 +0.8
15.0 0.66 1.20 13.8 £04 22.6 £0.7 15.1£0.5

a) Estimated from the data in Ref. 5. b) Estimated from the Xco, and the relation between AV/Vof eq 4 in Ref. 5.

MD simulations of CO, dissolved in [BMIm][PF¢], CO,
molecules are suggested to be localized around the sites of
PFs anion.”!” By the occupation of CO, on specific sites in
RTILs, the interaction between cation and anion may become
loose due to the shielding effect of Coulombic interaction. As a
result, the mean distance between ions becomes large as is
represented by the occupation volume of ions. In Tables 3-5,
we show the relative volume expansion of the mixture, V,
which is defined as the ratio of the volume of the CO, mixture
with 1 molar RTIL to the molar volume of pure RTIL. These
values were calculated using the data in Ref. 5. As shown in

Tables, V; increases with increasing Xco,, suggesting that the
ion concentration per unit volume becomes small. Therefore
it is reasonable that the density fluctuation increases with
increasing the CO, pressure.

It is noteworthy that the effect of CO, is more remarkable for
[BMIm][NTf,] than for [BMIm][PFs] and [BMIm][BF,]. It is
reported that there exist two conformers of NTf,™ anion (s-cis
and s-trans conformers), and that they are in conformational
equilibrium in RTILs.3® Due to the shielding effect of the
Coulomb force by CO,, the conformation equilibrium is
expected to change, which may result in the enhancement of
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Figure 4. Dependence of translational diffusion coefficients
of CO (O), DPA ([J), and DPCP (2) on the mole fraction of
CO; in solution together with the inverse of viscosity (@)
for a mixture of CO, and [BMIm][PFg] from Ref. 14. Blue
marks represent [BMIm][NTf;], green [BMIm][BF,], and
red [BMIm][PF¢], respectively.

the structure fluctuation. However, as is mentioned later that the
variation of the conformer is quite small, and the reason for the
larger effect on [BMIm][NTf,] may be ascribed to another
reason such as the molecular symmetry of anion. However, at
present we do not have a clear answer.

Pressure Dependence of the Diffusion Coefficients.
Tables 3-5 summarize the thermal diffusivity and the transla-
tional diffusion coefficients of CO, DPA, and DPCP under
various pressures of CO, in [BMIm][NTf,] and [BMIm][BF,],
together with those in [BMIm][PF¢]. As is shown in the tables,
the thermal diffusivity of the mixture is insensitive to the CO,
pressure within the accuracy of our experiments, as observed
for the case of [BMIm][PF¢].!® Figure 4 plots the diffusion
coefficients against the mole fraction of CO, together with the
inverse of the viscosity of the CO, mixture of [BMIm][PF¢].'*
As is shown in Figure 4, the translational diffusion coefficients
of CO, DPA, and DPCP increase significantly with increasing
the mole fraction of CO, in solution. According to the Stoke—
Einstein (SE) relationship, the diffusion coefficient is inversely
proportional to the viscosity (7) and the radius of the solute
molecule (7) as

ksT

- Crnr )

where kg, and T are the Boltzmann constant and the temper-
ature, respectively. The constant C is dependent on the
boundary condition of the surface flow (4 for the slip, 6 for
the stick boundary condition). As is shown in Figure 4, the
diffusion coefficients in the mixture solutions increase with
decreasing viscosity of the mixture solution in the case of
[BMIm][PF¢] as is predicted by eq 3. Although there is no
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Figure 5. Dependence of the ratio of the diffusion coef-
ficients (filled symbols: Dppcp/Dco and open symbols
Dppa/Dco) against the mole fraction of CO, in RTILs
(@O: [BMIm][PFs], AA: [BMIm][NTf,], and ML
[BMIm][BFy4]).

available information on the viscosity for other RTIL mixtures
used here, viscosities of the mixtures are also expected to
decrease with increasing CO, pressure, since the cation—anion
interaction is weakened by the presence of CO, as is discussed
in the previous section.

However, as mentioned in a previous paper,'® detailed
comparison of the viscosity dependence of different solute
molecules reveals that the SE relation does not hold; i.e., the
viscosity dependences of Dpps and Dppcp in the CO, mixture
of [BMIm][PFg] are much larger than is expected from the SE
relation, while the dependence of D¢ is small. Similar trends
are observed for the CO, mixtures of [BMIm][NTf,] and
[BMIm][BF,]. For example, the diffusion coefficients of the
larger molecule (DPA and DPCP) in the CO, mixture of
[BMIm][NTf,] at 10 MPa (Xco, = 0.73) are nearly ten times
larger than those under ambient conditions, while the diffusion
coefficient of the smallest molecule (CO) at 10 MPa is only
about 3 times larger than that under ambient conditions.
Figure 5 shows the dependence of the ratio Dppcp/Dco on the
mole fraction of CO,. The dependence is somewhat smaller for
the CO, mixture of [BMIm][NTf;].

In the previous paper, we have proposed two probable
reasons for the size dependence of the solute diffusion. One is
the void volume effect produced by the structure composed by
cation and anion and the other is the inhomogeneity effect.!® It
has been reported that small molecules like CO can move much
faster than the estimation from the SE equation, and this is
often ascribed to the voids of RTILs.>** When the solute
molecule moves from one void to another, solvent reorganiza-
tion is subtle and therefore, the friction for the small solute is
smaller than the Stokes friction estimated from the solvent
viscosity. By dissolving CO,, the voids are gradually filled
with CO, molecules and the void effect on the diffusion
gradually diminishes and comes to follow the ordinal diffusion
mechanism. In this interpretation, the size dependence is
ascribed to the extraordinarily fast diffusion of the small solute
molecule under ambient conditions. From this point of view,
the volume expansion of the mixture may be related to the
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change of the ratio of the diffusion coefficients e.g., (Dppcp/
Dco and Dppa/Dco) (Figure 5). The ratio is smallest in
[BMIm][PF¢] at 0.1 MPa (Xco, = 0). This is probably because
the size effect is more significant in the viscous RTILs*** and
[BMIm][PF;] is more viscous (260 mPas) than other RTILs
used here under ambient conditions. As is shown in the figure,
the ratio increases with increasing Xco, and the dependence is
moderate in [BMIm][NTH;]. If we simply calculate the volume
for CO; in the mixture by subtracting the pure molar volume of
RTIL from the volume of the CO, mixture of 1 molar RTIL, the
CO; mixture of [BMIm][NTf;] gives the largest among the
RTILs studied here if compared at the same mole fraction of
CO, (the volume is ca. 42 cm?® mol~! for X¢o, = 0.3 in the CO,
mixture of [BMIm][NTf,], while it is ca. 28 and 34 cm> mol~!
in the CO, mixture of [BMIm][PF¢] and [BMIm][BF,],
respectively. These values are calculated by V; in Tables 3-5
and p at 0.1 MPa without CO, in Tables 1 and 2). This
relatively large space for CO, in [BMIm][NTf,] may be used
for the diffusion of the smaller molecule CO, which results in
the relatively smaller dependence of Dppcp/Dco and Dppa/
Dco against Xco, in [BMIm][NTf,] shown in Figure 5. Of
course, the variation of the viscosity of the mixture by applying
CO; will be strongly coupled with the ratio change, which
should be discussed in the future.

Before the discussion on the local structure around DPCP by
Raman spectroscopic study, we mention the effect of the
heterogeneity of RTILs. Several spectroscopic studies have
revealed that there is heterogeneity of the solvation in
RTILs.'8374% For example, Mandal et al. found that the
fluorescence of 2-amino-7-nitrofluorene showed excitation
wavelength dependence (red-edge effect) in RTILs,’ suggest-
ing that the solute molecule is differently solvated in RTILs
depending on the local environment. This kind of heterogeneity
is suggested to be due to the existence of the polar and nonpolar
parts of the cation molecule. If DPCP molecule is solvated by
the polar part of the cation and CO molecule is preferentially
solvated by the nonpolar part, the solvent effect on the
diffusion may be different. It is plausible that the effect of this
preference solvation may be reduced by applying CO, as
mentioned in the previous paper.'® However, it will be shown
in the next section that the molecular interaction between solute
and cation or anion is not strongly affected by the presence of
CO;. Further the segregated structure observed for the RTILs
with the longer alkyl-chains, which is considered to be a typical
example of the structure heterogeneity, is not strongly affected
by the presence of COs,.

Solute—Solvent Interaction Measured by Raman Spec-
troscopy. Figure 6 shows the Raman spectra around the finger
print region of the solution of DPCP in the CO, mixture of
[BMIm][PF¢]. Almost no shift was detected for the Raman
bands assigned to the [BMIm][PFg] vibrations, and only the
Fermi splitting band of the stretching vibration of CO, shows
an increase of the relative strength with increasing the CO,
pressure.!> The inset shows the magnification of the band
assigned to the C=C + C=0 stretching vibration of DPCP
(around 1625cm™'). It has been shown that this band is a
good indicator of the solvent acceptor number (AN).'® With
increasing electrophilicity or Lewis acidity of the solvent,
solvent interaction with the oxygen atom of DPCP weakens the
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Figure 6. Raman spectra of the DPCP solution of the
mixture of CO, and [BMIm][PF¢] under various pressures
of CO,;. The inset shows the magnification of the region
corresponding to the C=C + C=0 band of DPCP.

C=0 bond, which results in the shift of the Raman band. As
is shown in Figure 6, the Raman band of DPCP is almost
unchanged with increasing CO, pressure, which means that the
Lewis acidity of [BMIm][PF¢] is almost unchanged by the
presence of CO,. According to previous studies, the ANs of
RTILs are mainly determined by the species of cation, and the
present result indicates that the local interaction between cation
and DPCP is not strongly affected by the presence of CO,.
The same result was also obtained for the CO, mixture of
[BMIm][NTf;]. Therefore the change of the diffusion coef-
ficient of DPCP with an increase of CO, may not come from
the direct change of the cation-DPCP interaction. The
insensitivity of the solvation structure to CO, has also been
demonstrated by solvatochromic parameters. Fredlake et al.
have measured the CO, pressure dependence of the absorp-
tion spectra of 4-nitroaniline, N,N-diethyl-4-nitroaniline and
Reichardt dye 33 and determined the Kamlet-Taft parameters
of 7*, &, and ,3.‘” According to their results, these parameters
are almost insensitive to the presence of CO,, irrespective of
the species of anion which composes the RTILs. Therefore,
although the anion—CO, interaction is suggested to be stronger
than cation—CO, by the MD simulations,®”!” the interaction of
the organic solute molecule with cation or anion is stronger
than the interaction of the solute with CO,, and the presence of
CO, does not disturb the local solvation structure.

Figure 7 shows the Raman spectra of [BMIm][NTf,] around
250 to 450 cm™~! region. It is reported that these Raman bands
belong to the vibrations of NTf,™ anion due to the different
conformers. In particular two bands around 400 cm™' represent
the conformational equilibrium of s-cis and s-trans conformer
of the NTf, anion.*? The peak positions and relative strengths
of these bands are hardly dependent on the CO, pressure, and
the conformational equilibrium is not strongly affected by the
presence of CO,. This also suggests that the interaction
between CO, and anion is not strong enough to affect the
conformational structure of anion, although CO, molecules are
suggested to be preferably solvated by anion molecules in
RTILs.

Nanoscale Structure. In this section, we will focus a
larger-scale structure of RTILs. Figure 8 shows the SAXS
profiles of the mixture of CO, and [OMIm][BF,] under the
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Figure 7. Raman spectra of a CO, mixture of
[BMIm][NTTf,] under various pressures of CO,.

I(gsax) / a.u.

4
Gsax/ nm

— 10 MPa
—— 6 MPa
— 3 MPa
| 0.1 MPa | |

0 2 4 6 8
1
Qsax / nM

Figure 8. SAXS profiles of the CO, mixture of
[OMIm][BF,] under various pressures of CO,. The inset
shows the scaled intensity at each pressure in order to
compare the peak position and the band width. The mole
fractions of CO, (Xco,) are estimated to be 0.35 (3 MPa),
0.54 (6 MPa), and 0.66 (10 MPa) from Refs. 5 and 43. The
relative volume changes of 1 molar [OMIm][BF4] (V}) are
1.07 (3MPa), 1.15 (6 MPa), and 1.21 (12MPa) from
Ref. 3.
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several CO, pressures. The values of X¢o, and V; are evaluated
by interpolating the values in the literature,>* which are listed
in the figure caption. At the highest pressure (10 MPa), Xco,
and ¥, are 0.66 and 1.21, respectively. Around gsax = 3nm™!
region, a peak is observed as was reported previously, which is
assigned to the local ordering of RTILs.?*?” Here we show the
result for the different ionic liquid ((OMIm][BF,]) from those
studied by TG and Raman, because the SAXS profiles of
BMIm-cation-based ionic liquids do not show a peak corre-
sponding to the nano-order scaling.** Interestingly, the inten-
sity of the SAXS profile increases with increasing the CO,
pressure and the peak position of the SAXS profile scarcely
shifts with increasing the CO, pressure. The increase of the
SAXS intensity may be correlated with concentration fluctua-
tion and density fluctuation of the solution. The trend is similar
to the increase of the density fluctuation of the mixture
observed for BMIm-cation-based ionic liquids. However, we
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will not discuss the intensity change furthermore in this paper,
because we cannot deny the possibility that the relative SAXS
intensity is affected by the replacement of the high pressure cell
from the beamline at each pressure as is mentioned in the
experimental procedure. The correction using the absorption of
X-rays is naive and more careful experimental procedure will
be required to discuss the relative intensity. Hereafter we will
concentrate on the SAXS profile around the peak position.

In order to see the peak profile at gsax = 3nm™!, the SAXS
profiles normalized by the relative intensity at the peak value to
the value at gsax = 8nm™' are shown in the inset figure of
Figure 8. It is clearly shown that the peak position is almost
unchanged with the CO, pressure. This means that the size of
the structure ordering is not affected by the presence of CO,.
The results seem to be consistent with the prediction by the MD
simulation suggesting that the CO, molecule is dissolved into
the void space.%” On the other hand, the width of the peak
increases with increasing the CO, pressure, suggesting that the
fluctuation of the domain-structure increases. The fluctuation of
the nanoscale ordering indicates that the interaction which
forms the ordering is disturbed by the dissolved CO,. It is
possible that such disturbance of the interaction may loosen the
structure and affect the dynamics properties such as viscosity.
Although the present work is for long alkyl-chain RTIL
([OMIm][BF,4]), a similar enhancement of the structure
fluctuation may possible for shorter alkyl chain RTILs, because
the value of fBs increases by increasing CO, pressure as shown
in the previous section.

Conclusion

In this paper, we presented the diffusion coefficients of
solute molecules dissolved in CO, mixtures of [BMIm][NTf;]
and [BMIm][BF,], together with structural information such
as isentropic compressibility, the vibrational spectra of the
mixture solution, and the SAXS profile. The CO, pressure
dependence of the diffusion coefficients of CO, DPA, and
DPCP were consistent with previous results for CO, mixtures
of [BMIm][PF¢]. The CO, effect on the isentropic compressi-
bility was more significant for [BMIm][NTf,] than that for
[BMIm][PFs] and [BMIm][BF4]. According to the SAXS
results, the length of the nanoscaling of [OMIm][BF,4] was not
affected by the presence of CO,, although an increase of the
fluctuation of the nanoscale ordering was observed. By
summarizing these observations, the enhanced translational
diffusion coefficients are mainly due to the change of the
solution viscosity. The variation of the viscosity comes from
the enhanced fluctuation of the bulk structure as is represented
by the larger isentropic compressibility. The solute size
dependence of the diffusion coefficients is suggested to be
related with the structure of RTILs. Raman spectra of the
mixture suggested that the presence of CO, does not strongly
affect the solvation structure on DPCP as observed for the other
dye molecules used for the solvatochromic probes.*! By the
present study, however, we did not see the dynamics related the
local environment of the solute molecule. It is an interesting
issue whether or not the local dynamics are affected by the
presence of CO,. In order to see this point, we are now
evaluating the solvation dynamics of the mixture solution, and
the results will appear in the near future.
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