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Abstract: When supercritical CO; is dissolved in an ionic liquid, its partial molar volume is much smaller
than that observed in most other solvents. In this article we explore in atomistic detail and explain in an
intuitive way the peculiar volumetric behavior experimentally observed when supercritical CO; is dissolved
in 1-butyl-3-methylimidazolium hexafluorophosphate ([Bmim*] [PFs~]). We also provide physical insight
into the structure and dynamics occurring across the boundary of the CO; ionic liquid interface. We find
that the liquid structure of [Bmim*] [PFs] in the presence of CO; is nearly identical to that in the neat ionic
liquid (IL) even at fairly large mole fractions of CO,. Our simulations indicate, in agreement with experiments,
that partial miscibilities of one fluid into the other are very unsymmetrical, CO; being highly soluble in the
ionic liquid phase while the ionic liquid is highly insoluble in the CO, phase. We interpret our results in
terms of the size and shape of spontaneously forming cavities in the ionic liquid phase, and we propose
that CO, occupies extremely well-defined locations in the IL. Even though our accurate prediction of cavity
sizes in the neat IL indicates that these cavities are small compared with the van der Waals radius of a
single carbon or oxygen atom, CO, appears to occupy a space that was for the most part a priori “empty”.

1. Introduction A very puzzling phenomenon occurs when one dissolves
supercritical CQ in [Bmim™] [PFs~] and other room temper-

Room temperature ionic liquids are useful because of the wide S .
P g ature ionic liquids. The partial molar volume of @& much

variety of organic and inorganic molecules they are able to . N .
dissolvel™ The low vapor pressure that these liquids display smaller' n the lonic “qu'd (IL) phase than that in bU|k.
also makes them useful as a substitute for other more damagingf.UperC”t'C"le CQat |de_nt|cal temperature and pressure condi-
organic solvents. Recently the use of £®combination with Cl;ogzsr'nlr} faclt, tth} palr\t;atlj rirr1]0tlk£:1r lequr:ne of G so low th?:] i
different room temperature ionic liquids has been the focus of nearl 0 ecniJvels mstso ﬂf me f tfﬁ) i?sve ;’Cgufw S|Ioa<\:/e| :: S
experimental attentiot.” This is because of the need to generate early equivaient to he sum of their van der Yvaals volume.
an efficient and clean method to separate reaction products fromSeveral very |n'terest.|ng' Papers provided e.xperlmental ewdenp €
the ionic liquid phasé.Supercritical CQ is particularly ap- and cpmputatlongl insight into the _possmle causes for this
pealing as an extraction solvent because it is clean and highlybehav'og' In particular a recent art|cI§ _by Maginn and co-
soluble in the ionic liquid phase. Moreover, as Blanchard and workers© has ruled out the effect of acidic hydrogen attached

co-workers described in their paper, interestingly the ionic liquid to CZ. .(C2 IS deflned in Figure 1) as an important cause for
does not dissolve at all in the G@hasé’ solubility of CG;, in the IL phase. These results are consistent

with a recent article by Kazarian and co-workéthat through

t Columbia University. IR studies find no evidence of specific interaction of G@th
* University of lowa. the imidazolium cation indicating that the role of acidic H
(1) Anthony, J. L.; Anderson, J. L.; Maginn, E. J.; Brennecke, J.RPhys. P ; ; o
Chem. B2005 109, 6366-6374. attached '_[o C2 is not an |mportan_t factor in the solub!llty of
() Hg\gkée, C. G.; Lynden-Bell, R. Ml. Phys. Chem. R003 107, 10873~ CO,. Maginn and co-worket8 describe the strong association
10878. : ; ; ;
(3) Lynden-Bell, R. M.; Kohanoff, J.; Popolo, M. G. Paraday Discuss2005 an_d particular angular Orlentatlo_n Of_ Q@”th_ respect_ to the
4 1H23 57_J67|'3- Lunden-Bell. R. Mol Phvs.2004 102 8504 anion. Based on the fact that radial distribution functions in the
253 ARLS: Mellein Be Saurer. E. Bronnoeke, J]flphyi Chem. 2004 neat IL are essentially identical to those in the mixture, these
108 20355-20365. , authors concluded that the structure of the liquid is unchanged
(6) Scovazzo, P.; Camper, D.; Kieft, J.; Poshusta, J.; Koval, C.; Noble, R. . Vi h icle th h h
Ind. Eng. Chem. Rea004 43, 6855-6860. by Fhsso ving CQ. In the same article the aut ors propqset at
(7) Camper, D.; Becker, C.; Koval, C.; Noble, Rd. Eng. Chem. Re2005 cations and anions form a network and {f{s the interstices

44, 1928-1933.
(8) Fredlake, C.; Muldoon, M.; Aki, S.; Welton, T.; BrenneckePBys. Chem.

Chem. Phys2004 6, 3280-3285. (10) Cadena, C.; Anthony, J. L.; Shah, J. K.; Morrow, T. |.; Brennecke, J. F.;
(9) Blanchard, L. A.; Hancu, D.; Beckman, E. J.; Brennecke, Bleffure1999 Maginn, E. J.J. Am. Chem. SoQ004 126, 5300-5308.
399 28-29. (11) Kazarian, S. G.; Briscoe, B. J.; Welton,dhemComn200Q 20472048.
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Figure 1. (a) 1-Butyl-3-methylimidazolium ([Bmim]) hexafluorophos-
phate ([Pk]). (b) CO».

in the fluid. In a different paper Blanchard and co-workérs
show how the dilation of the C&-ionic liquid mixture is very
different from the corresponding results obtained by mixing CO
and 1-methylimidazole, the molecule from which the ionic

For CQ, the EPM2 model was selected based on its simplicity and
accuracy in describing the supercritical regié# The EPM2 model
has three collinear Lennardlones sites with partial charges on each
atom and a fixed &0 bond length of 1.149 A (Figure 1b). The LJ
parameters for this model avgc = 2.757 A, ecdks = 28.129K, 0oo
=3.033 A, andcoo/ks = 80.507 K. The coulomb parameters gee=
+ 0.6512 and qo = — 0.325@&. For Lennare-Jones interactions
between unlike atoms, standard OPt.§eometric mean combination
rules were adopted as described in eq 7.

)1/2

€ = (Eiiij)llz? 0 = (0405 (7)

In the current study, the thermodynamic state investigated=s
318.15 K andP = 200 bar which in the case of GQies in the
supercritical region.

All simulations were performed using the programs SIM and
GROMACS?6-28 GROMACS was used during the equilibration stage
while SIM was used for production runs. In Gromacs, Neldeover
temperature coupling was used for the tempeature céhtesid
Parrinello-Rahman pressure coupling was used for the pressure
control® In SIM, Nose Hoover chain (NHC) thermost#taere used
for the temperature control and an Andersétoover-type barostat was
used for the pressure contf8lLong-range electrostatic interactions
were treated in the same way as in our previous &fkAn algorithm

solvent is synthesized. A second piece of information relevant originally proposed by Ciccoftt was used to propagate the equations
to the issue of volume expansion is the correlation between ionic of motion of the rigid linear C@ molecule. Periodic boundary

liquid molar volume and C®solubility. Henry constants and
other thermodynamical properties for different £QL systems

conditions were applied in all directions.
The initial configuration of the IL/C@binary system was prepared

have also been reported recently in several experimental andfrom the two independent bulk phases. The ionic liquid bulk phase

computational paperst0.13-21

2. Simulation Methods

We performed classical molecular dynamics simulations for the
[Bmim™] [PFs"]/CO, system schematically depicted in Figure 1. The
interactions in the case of the ionic liquid were modeled by a potential
function of the form

u= Ustretch+ Ubend+ Utorsion+ ULJ + UCoqumb (1)
where
Uslretch: Kr(r - reo)z 2
bonds
Upena = Ky(0 = 09’ (3)
angles

3
Utorsion: Z Vi[l + COS@ + fi)] (4)

dihedrals I=
U,= Z‘kij [(Uij/rij)l2 - (Oij/rij)e] (5)

<]

Ucoulomb= Xqiqj/rij (6)

1<)

Stretch, bend, torsion, Lennardones, and coulomb potential energy
parameters were taken from the model developed by Margulis?ét al.

(12) Blanchard, L. A.; Gu, Z.; Brennecke, J1.Phys. Chem. B001, 105 2437
2444,

(13) Urukova, I.; Vorholz, J.; Maurer, G. Phys. Chem. B005 109, 12154~
12159

(14) shiflett, M.; Yokozeki, A.Ind. Eng. Chem. Re2005 44, 4453-4464.

(15) Shah, J.; Maginn, El. Phys. Chem. BR005 12, 10395-10405.

(16) Shariati, A.; Peters, Q. Supercrit. Fluids2005 34, 171-176.

(17) Shariati, A.; Gutkowski, K.; Peters, @IChE J.2005 51, 1532-1540.

(18) Baltus, R.; Culbertson, B.; Dai, S.; Luo, H.; DePaoli, JDPhys. Chem. B
2004 108 721-727.

consisted of 256 pairs of ions, and the bulk gfBase initially included
1024 molecules. Both bulk phases were equilibrated by a 200 ps
isothermat-isobaric (NPT) simulation. The two bulk phases were
placed in contact along thg direction. A number of excess GO
molecules were removed in order to keep the same cross section for
the simulation boxes as that in the IL phase. The final production system
contained 256 pairs of ions and 837 £@olecules. An energy
minimization of the combined system was first carried out in order to
avoid steric clashes. A very long equilibration run of 21 ns in the
constant pressure, temperature, and number of particles ensemble was
then performed to allow COmolecules to diffuse into the IL phase.
Successive 500 ps NPT simulations were performed in order to generate
five uncorrelated phase points taken from the last 200 ps. These
configurations were used as initial conditions for five 300 ps production
Microcanonical (NVE) runs. The last 200 ps of each of these NVE
simulations were used to collect data.

(19) Wu, W.; Zhang, J.; Han, B.; Chen, J.; Liu, Z.; Jiang, T.; He, J.; Li, W.
Chem. Commur003 12, 1412-1413.

(20) Kamps, A.; Tuma, D.; Xia, J.; Maurer, G. Chem. Eng. Dat2003 3,
746-749.

(21) Anthony, J.; Maginn, E.; Brennecke JJPhys. Chem. B002 106, 7315~
7320.

(22) Margulis, C. J.; Stern, H. A.; Berne, B. J. Phys. Chem. R002 106,
1201712021.

(23) Harris, J.; Young, K. HJ. Phys. Chem1995 99, 12021-12024.

(24) da Rocha, S. R. P.; Johnston, K. P.; Rossky, B. Bhys. Chem. B002
106, 13250-13261.

(25) Jorgensen, W.; Maxwell, D.; Tirado-Rives,JJ.Am. Chem. Sod 996
118 11225-11236.

(26) Stern, H.; Xu, H.; Harder, E.; Rittner, F.; Pavesse, M.; Berne, B. J. “SIM
molecular dynamics simulation program”, 2000.

(27) Berendsen, H. J. C.; van der Spoel, D.; van DrunenCé&mput. Phys.
Comm.1995 91, 43-56.

(28) Lindahl, E.; Hess, B.; van der Spoel, .Mol. Mod.2001, 7, 306-317.

(29) Hoover, W.Phys. Re. A 1985 31, 1695-1697.

(30) Parrinello, M.; Rahman, Al. Appl. Phys1981, 52, 7182-7190.

(31) Martyna, G. J.; Klein, M. L.; Tuckerman, M. B. Chem. Physl992 97,
2635-2643.

(32) Martyna, G. J.; Tobias, D. J.; Klein, M. I. Chem. Phys1994 101, 4177
4189.
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3. Results and Discussion a

In a recent publicatichthe experimental pressure vs €0
mole fraction phase diagram for the mixture ZBmim™]
[PFs~] was reported. C@is highly soluble in the IL rich phase
at temperatures and pressures compatible with its critical point.
As is expected, by increasing the external pressure, larger
mole fractions of C@can be dissolved in the IL phase. A really
interesting feature of this phase diagram is that there appears
to be a maximum concentration of G@ast which increasing
the external pressure does not result in a significant change in
relative concentrations. At this particular €@ole fraction the b
slope of the external pressure vs concentration in the mixture
becomes almost infinite.
Moreover, experimental evidence indicates that the partial
molar volume of the C@dissolved in the IL phase is very small.
The molar volume of bulk C®at 318.15 K and 200 bar is
about 55 créfmol, while the partial molar volume of GQn
the CQ—IL mixture is around 29 ciimol. This number
remains unchanged even up to mole fractions ob ClOse to
0.51° For CQ, our simulations predict a partial molar volume
of 28.4 cn¥/mol consistent with the experimentally observed
value. c
Our simulations and previous work by Maginn and co-
workerd?35 indicate that the structure of the IL does not
significantly change after addition of GQtherefore several
questions arise: are there large enough cavities in the liquid
that are able to accommodate £@olecules without perturbing
the structure of the solvent and therefore without significantly
increasing the total volume of the mixture? What is the physical
explanation for the nearly infinite slope observed by Blanchard
and co-workers?Or in simpler terms, why is it impossible to
“push” more CQ into the IL past this maximum concentration?  Figure 2. (a) A snapshot of the equilibrium configuration of the simulation
In previous publications Margulis et #.have shown that  box. (b) The same as (a) except that only-Gfiolecules are shown. (c)
diffusive dynamics in this IL is very slow and that caging and "€ Same as (a) except that only the ionic liquid is shown.

trapping phenomena can be readily observed. Also work by Hu 1 ————— — : ,
and Margulig® showed that the dynamics is glassy and , — €0,
heterogeneous, with different diffusive patterns for subensembles o/ - {E;’"]’“] |

of IL molecules. It is therefore interesting to analyze the
consequences that this slow IL dynamics induces on the "g

diffusion of CQ, as molecules cross the boundary interface %0'67 f
between the two fluids. We will describe in later sections of >

this article that only small rearrangements (mostly angular) take § 0.4

place in the structure of the IL in order to accommodate, CO ©

molecules; therefore a fair picture of the £€@ynamics as it 02~

enters the IL phase is that of diffusion through a fairly rigid \ // i
and sticky maze. Through cage correlation functions, we show oLl P N S LA L I
that the set of neighbors of a G@olecule remains constant 40 -0 -2 -0 , &} 0 2 30 9

for fairly long periods of time supporting this view. Diffusion
of CO; inside the IL phase is more than an order of magnitude
slower than that in the bulk supercritical ¢Phase.

3.1. Density Profiles and Distribution Functions. Figure pressures. The partial miscibility of these two systems is very
2a displays a typical configuration of the two fluid phases. \nsymmetrical. This is more clearly represented in Figure 3
Figure 2b and c are identical to Figure 2a except that in Figure \yhere we see that the density of € the bulk CQ phase
2b only the CQ is displayed and in Figure 2c only the IL s gecreases across the boundary from about 0.8%erabout
shown. Itis clear from this plctu_re that even though considerable (5 ¢ g/cnd while the density of cations and anions abruptly drops
amounts of C@can be found in the IL rich phase, no IL can  om the bulk phase value to zero in the £hase. The molar
be found in the bulk C@phase. This is consistent with all  5¢ti0n of CQ in the ionic liquid phase is about 0.35, which
experimental observations on this system even at very highig smaller than the experimental value at the same thermody-

(35) Shah, J. K.; Maginn, E. Fluid Phase Equilib2004 222, 195-203. namic state. Due to the slow diffusivity that @@isplays in
(36) Hu, Z.; Margulis, C. J. Submitted to PNAS. the IL phase, it may be possible that our equilibration (about

Figure 3. Average density profile for [Bmir], [PFs"], and CQ along
the z direction.
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Figure 4. Comparison of the atomic RDFs (solid line) and corresponding intedié = f(’) pg(r)4mr? dr, in the supercritical bulk phase (black) and in
the mixture phase (red). The bulk GPhase is defined as a 20 A thick layer witi0 A < z < 10 A. The mixture phase is defined agl0 A < z < —30
Aand 30 A< z < 40 A. The RDFs in the bulk phase and in the mixture phase are normalized by the averader@ily in the bulk phase (about 0.8
g/cn?) and in the mixture phase (about 0.1 gRynrespectively. (ayce, (b) deo, (C) Joo.
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Figure 5. Comparison of atomic RDFs for the ionic liquid in the presence and absenceoff@®red lines are the RDFs in the pure ionic liquid. The
green lines represent the RDF in the IL/€@ixture. The black lines represent the RDFs in the mixture phase for only those ionic liquid molecules that are
within 3 A of a CQ molecule. The labels of atoms are defined in Figure 1g6)cs, (b) gczca (€) geacus, (d) geise, (€) dezm () ger

22 ns) was not long enough to fully capture equilibrium C—C, C—0, and G-0 radial distribution functions for C£in
thermodynamic conditions in the experiment. Henry’s constants the bulk CQ phase and in the mixture in Figure 4. It is clear
are in general difficult to reproduce by simulation, and small that some of the structure present in the bulk,@Base is still
inaccuracies in the force field should be expected. observed when Cfis dissolved in the IL phase; however
To investigate whether at the studied temperature and pressurénspection of the integral ofi(r) shows that in most cases a
different CQ molecules associate in the IL phase, we show CO, molecule is only coordinated by 1.3 G@nolecules as

J. AM. CHEM. SOC. = VOL. 127, NO. 50, 2005 17845
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Figure 6. (a) RDFgcc2 between the carbon atom in @@nd C2 atom in [Bmini] and goc2 between oxygen atoms in G@nd C2 in [Bmint]. (b) gcp
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Figure 7. (a) Definition of angle between atom P and £() Distribution of orientations of Caround atom P in [PF]. Only those CQ molecules in

the first solvation shell of atom P are counted.

opposed to the bulk in which Gs coordinated with 9.1 nearest
CO;, neighbors.

Comparing different atomic radial distribution functions for
the IL in the presence and the absence of, GOFigure 5 we
find that these distribution functions are strikingly similar. The
presence of C@appears to have little to no effect on the
structure of the IL even at large molar fractions of £O
consistent with the fact that very little swelling of this phase is
observed upon dissolution of GOEven more striking is the
fact that the ior-ion RDFs of ions closer tm3 A to a CQ
molecule differ little from the ior-ion RDFs in the neat IL,
except for the RDFs shown in Figure 5d and f corresponding
to anion—anion and aniorralkyl chain tail of the cation.

In Figure 6, we show that CQs highly associated with the
anions but not with the cations. In particular it appears that CO
is not strongly associated with the acidic H attached to C2 (C2
is defined in Figure 1). This has been experimentally cor-
roborated by IR measurementdyy substitution of this H by a
methyl group, and by computer simulatios”

The results described so far indicate that if anything at all is
changing, in the structure of the liquid in addition to £&ese

changes must be small (i.e., distances between atoms in the IL
are nearly the same as those in the bulk) and the most(©?)

the alkyl tails of the cation. It is important to notice however,
as will be discussed in detail in subsequent subsections, that
radial distribution functions may remain nearly constant while
angular distributions could potentially show more significant
changes. As opposed to the case of the cation in which CO
shows very poor association, in the case of the aniop<bOws
strong association adopting typical “T” shape configurations that
have also been observed in previous studies of Svation

with iodide38 The orientational distribution of CQwith respect

to the anions is depicted in Figure 7.

The strong association between £&nhd the anions can be
ascribed to the large charge-quadrupole moment interaction
between the two. As opposed to the case ofs[RAn which
the charge distribution is localized, in the case of [Bmjnthe
charge distribution is delocalized around the ring and Coulomb
interactions with CQ@are likely to be weaker.

3.2. Free Space Hypothesis and the Voronoi Cavity
Distribution. Several experimental and computational articles
suggest that perhaps @@ taking up free space from cavities
already available in the rigid and intricate topography of the
ionic liquid.® Therefore it is important to quantify the size of

Deschamps, J.; Gomes, M. F. C.; Padua, A. ACHemPhysCher2004
5, 1049-1052.

predominant changes must occur with the anions and perhapg3s) Margulis, C. J.; Coker, D. . Chem. Phys1999 110, 5677-5690.
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vertex

Figure 8. A typical VP in the system is shown. The red point represents
the center of the particle with radiu#2. Green point, segment, and polygon
are examples of VP vertex, VP edge, and VP face, respectildely.the
distance between the specified vertex and the corresponding particle, an

The summation of the volume of these spheres gives a lower
bound limit to the total empty volume in the liquid. Figure 9a
shows the number of spherical cavities per ion pair with a given
radius R, and Figure 9b shows the distribution of spherical
cavities in the neat liquid and the mixture. See the footnote for
a technical details of how the Voronoi polyhedra are constructed
(ref 42).

Even though CQis not a spherical molecule, these graphs
show that pre-existing cavities in the liquid are small compared
with the van der Waals size of a carbon or oxygen atom (1.5
A), and therefore it is clear that there are no sufficiently large
cavities in the solvent that can accommodate @Gfhout some

Sort of rearrangements in the IL phase. It is therefore puzzling

o is the Lennare-Jones parameter of the particle. Therefore the radius of that radial distribution functions for the IL do not appreciably

the spherical cavity iR = D — o/2.

typical cavities in the liquid before CQOs introduced. In a recent
paper Marguli& has roughly estimated the distribution of the
size of cavities for imidazolium based ionic liquids with different

alkyl chain lengths using a simple approach based on analyzing

the free space around randomly distributed points in the liquid.
In this work, we instead use the Voronoi algoritBPn{ a more
mathematically rigorous way of studying the topology of the
cavities inside a liquid. In the Voronoi method the whole space
is divided into Voronoi polyhedra. The Voronoi polyhedra (VP)
are nonoverlapping and fill all the space of the systé®ince

the cation [Bmint] has a very anisotropic shape and different
components of the ionic liquid and G@olecules have quite
different volumes, each atom in the IL (except for hydrogens)

was described as a single spherical particle with a radius equa

change upon introduction of G@nd also that the partial molar
volume of CQ in the mixture at a C@mole fraction larger
than 0.3 is extremely small. How can we explain these two
findings?

3.3. Three-Dimensional Distributions.To better understand
the structural changes occurring in the ionic liquid phase ags CO
molecules are introduced in the system, we must take into
account not only radial distributions but also the average relative
angular orientation between different species. As mentioned
before radial distribution functions in the IL appear to be fairly
insensitive to the presence of @éven at a relatively high molar
fraction of CQ.

A way to study such combined radial-angular distributions
is by generating three-dimensional isosurfaces of the four
dimensional density defined a§ Y, Z, p(X, Y, Z). HereX, Y,

[ are relative body frame coordinateéandY lie in the plane

of the imidazolium ring withX pointing in the direction of the

to its atomic van der Waals radius. (The van der Waals radius ! ! )
of carbon atoms to which hydrogen atoms are connected wasPond between nitrogen and the first carbon atom belonging to
scaled to include the size effect of the hydrogen atom.) Using the longer alkyl chairz points perpendicular to the imidazolium
the coordinates of the atoms (except for hydrogens) and the'ng; its dlrgctlon is chosen by following the usual right-hand
method described by Ruocco et #l.we built the VP of rule (see Figure 13a).

individual atoms. All the vertices and the indices of four atoms ~ Using these definitions we computed the relative positions
whose VP share a certain vertex have been determined. A typicalof anions with respect to the aforementioned set of the fixed
VP in the system is shown in Figure 8. Since VP vertices have body frame axis in the presence and absence of. G{gure
equal distances to the adjacent four particles, they sit at the10a and b show these distribution functions from two different
centers of the possible cavities in the liquid. The radius of such angular perspectives. In both cases displayed on the left are the
cavities can be easily computed by subtracting the van der Waalsesults for the neat liquid, and on the right, those corresponding
radius of the atom from the distance between the VP vertex to the mixture.

and the four nearest particles (see Figure 8). In this way we One interesting finding is that no significant anionic density
obtained the largest radius of a spherical cavity which can exist is present right above or below the imidazolim ring neither in
at the vertex. After all the vertices were investigated, we the neat liquid nor in the solution phase. The distributions are
computed the size distribution of spherical cavities in the liquid. similar in both cases except that in the case of the mixture anions
are angularly closer to the plane of the ring. As one can
appreciate in Figure 10, the contour surfaces above and below
the ring are connected in the mixture, while in the neat IL they
are separated.

Using the same coordinate system we computed distribution
functions of the relative position between cations and the center
of mass of CQ. We only considered those cations within 3 A
of a CG, molecule. The results are displayed in Figure 11. Itis
separating two adjoining VP of two adjacent particles is a VP face, an clear t.ha.t mOSF of the Cflensity can be found perpendicular
assembly of points equally far from these two particles. Three neighboring t0 the imidazolium rings, both above and below, as well as near
adjacent partclos, Each vertox i dentiiad by three v faces and has equartie 109 alkyl chain. From the Voronoi polyhedra analysis we
distances to four particles, the VP of which share the same vertex. A typical kKnow that there are no sufficiently large cavities to accommodate
VP is shown in Figure 8. (As has been discussed before in previous CO, molecules in the neat IL. What sort of rearrangement takes

publicationsi®4in a molecular liquid, there is only a very small probability .
for four VP faces to intersect at the same point.) place in order to accommodate O

(39) Okabe, A.; Boots, B.; Sugihara, ISpatial Tessellations: Concepts and
applications ofvoronoi diagrams;Wiley: New York, 1992.

(40) Ruocco, G.; Sampoli, M.; Vallauri, R. Chem. Physl992 96 (8), 6167
6176

(41) Jedlovszky, PJ. Chem. Phyf00Q 113 (20), 9113-9121.

(42) The Voronoi algorithm is a method that belongs to the classical problem
of computational geometry of disordered systéiBy definition, any point
in the voronoi polyhedra (VP) of a particle is always closer to this particle
than to any other particles in the system. The union of all the VPs is known
as the Voronoi diagram, which is a spatial tessellation and unequally divides
the space into polyhedra without any overlapping. The key to building the
VP is to find the vertices, the edges, and the faces of every VP. The face
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Figure 9. (a) Average number of cavities per ionic liquid molecule [BmfRFs~] with certain radius vs the radius in the pure IL (black line) and in the
IL/CO, mixture (red line). (b) Distribution of radii of all spherical cavities in the neat IL (black line) and in the IL/@Rture (red line) generated by
Voronoi analysis.

Figure 11. (a) Three-dimensional probability distribution around [Brmim

in the IL—CO, mixture for those ionic liquid molecules that are within 3

A of a CO, molecule. The contour surfaces in red enclose regions containing
an excess of P in [RF]. The cutoff value for these regions is 7 times the
average concentration of P in the liquid. The contour surfaces in blue enclose
regions containing an excess of C in £0he cutoff value for these regions

is 5 times the average concentration of C in the liquid. (b) The same as (a)
except from another perspective.

f;“,’:‘;ff;gunéa[)BrTnTﬁ?ig'rr:gt‘?(')?]?f:iqu%bgg#;znﬂ'?;rlﬁgtiﬁ%g AN our data that these angular displacements do not significantly
(right). In the IL—CO, mixture, only those ionic liquid molecules that are ~ affect radial distribution functions while still permitting GO
within 3 A of a CQ m_olecule are _used for the computation. The contour  to fit in “empty” volume originally available in the ionic liquid.
surfaces enclose regions containing an excess of P. The cutoff value for xg o \ioronoi calculations prove, this empty volume in the
these regions is 7 times of the average concentration of P in the liquid. (b) . . .. .
The same as (a) except from another perspective. neat liquid is mostly available not as cavities of the size of a
CO, molecule but as a collection of smaller cavities that
Figure 12 explains pictorially how, by introducing small r_eorganize intoqsmaller number of larger vgids_ upon introduc-
anionic angular displacements toward the plane of the imida- tion of CO.. This phenomenon of reorganization of “empty
zolium ring, enough space can be created above and below the’Pace” in the liquid accounts for the small change in volume as
ring that can accommodate GQmolecules. This can be CO:is added to the ionic liquid phase.
appreciated in Figure 10 but is most clearly demonstrated in  One outstanding issue remains to be addressed. As can be
Figure 13. In Figure 13 we show the relative orientational appreciated from the phase diagram reported in a previous
distribution functionf(6,¢) for anions that are withi 6 A of an article? there exists a maximum G@oncentration above which
imidazolium ring (the coordinate system is shown in the Figure no more molecules can be dissolved even when very high
13a). Only those IL molecules withi3 A of a CG molecule pressures are imposed on the two phase system~{CO
are considered. Results are displayed in the case of the neamixture/pure supercritical C{) The diagram of the pressure
liquid and the mixture. versus mole fraction displays a nearly infinite slope at a mole
It is clear from Figure 13b that the angular distribution is fraction of CQ of about 0.8. We conjecture that at this mole
nearly identical in the neat liquid and in solution. The addition fraction most of the cavities that can be generated by small
of CO, molecules only causes significant changes at values of angular displacements have already been occupied and further
cosgp) = —1. These changes are due to the small angular insertion of CQ would require “breaking” the cohesive structure
displacements described in Figure 12. It is also evident from of the ionic liquid.
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Figure 12. (a) The sketch shows the relative positions ofdARand [Bmim*] in the neat IL. The arrows approximately indicate the directions in which
anions displace to accommodate £ solution and the most probable location of £0

cosd ’ Il ) cos@ cosd ' cos@

In the pure IL In the mixture

Figure 13. (@) Coordinate system. The origin is the center of mass of all the atoms on the five-member ring. Aagtks are defined. (b) The angular
distribution (cosd, cos¢, P(cosf, cose)) of atom P in [Pk ] in the shel 0 A to 6 A around [Bmint] is shown in the neat ionic liquid (the graph on the
left) and in the Il—-CO;, mixture (the graph on the right). In the HCO, mixture, only those ionic liquid molecules that are wittdi A of a CQ molecule
are used for the computation.

3.4. Cage Correlation Functions and Diffusive Dynamics Table 1. Diffusion Constants of CO», [Bmim*], and [PFs~] in the
across the Interface.In previous sections we described the Various Phases
diffusive behavior of CQin the ionic liquid phase as that of a Co, bulk CO, phase mixture phase
particle percolating through a quasi rigid maze. What we mean D (A2/ps) 1.83+ 0.05 0.040+ 0.007
by this is not that the IL is not fluid but that the time scale on
which ions move in the mixture is much slower than the time
on which CQ does. Table 1 shows diffusion constants for D (A%ps) 0.00&+ 0.002 0.007 0.0009
molecules and ions computed from our simulations. The
diffusion constant of C@in the IL is about 10 times larger
than that of the ions and is about 46 times smaller than that in
the bulk supercritical C® phase. The slow IL diffusive
dynamics observed here is consistent with previous work by zolium hexafluorophosphate and the work of Hu and Margtlis
Del Popolo and Votf? describing the non-Gaussian behavior indicating that this and other similar ILs show the signs of
of van-Hoove correlation functions in 1-butyl-3-methylimida- heterogeneity typically found in glassy environments. Figure

[Bmim*] neat ionic liquid mixture phase

[PFg7] neat ionic liquid mixture phase
D (Azlps) 0.007+ 0.002 0.0068t 0.0009
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Figure 14. (a) Comparison of the mean square displacement for the center of mass ofd@€xules in the bulk CPphase (black) and in the CO,
mixture (red). (b) Comparison of the mean square displacement for the center of mass of [Rbiank) and the center of mass of [PF (red) in the

IL—CO; solution phase.

14 displays a comparison of the mean square displacement as
a function of time for the different species in each of the phases.

From this we see that both the ions and @i@play nonballistic,
nondiffusive intermediate caging regimes that last for a few

picoseconds before the diffusive regime is established. During

this nondiffusive regime C@s able to explore a larger volume

than the ions as can be appreciated by the fact that at 2.5 ps the

msd for CQ in the IL rich phase is about 32Awhile in the
case of the ions the MSD is less than 2 Ahe diffusion
constants computed here for g@nd [Bmim'][PFs] were
obtained from 5 NVE simulation of 200 ps in duration. It is
likely that the results for C@are more accurate than those for
the IL for which longer simulations might be required in order
to fully reach the linear diffusive regin¥é.

It is instructive to analyze the diffusion constant of £&%
molecules cross the interface from the bulk supercritical fluid
to the mixture. Figure 15 showBy diffusion constants in
different slices of liquid along th& direction ¢ is taken as the
vector perpendicular to the interface). The diffusion coefficients
of different slices of liquid parallel to the interface were
computed in the following wa§?

2
D (a,b) = lim ) o

o 27P(7) ®)

where,

121
AX) L ==Y — (t+72) — x> ©
X0 T;N(t) ieggﬂ) Ot +2) = x(®)° ()

and
1T Nt t+7)

P -
M=72 N()

(10)

Herel(t, t + 7) represents the set of all particles that stay in
the layer{a, b} during the time interval betweenandt + .

(43) Popolo, M. G. D.; Voth, G. AJ. Phys. Chem. B004 108 1744-1752.
(44) Liu, P.; Harder, E.; Berne, B. J. Phys. Chem. B004 108 6595-6602.
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Figure 15. Plot of the diffusion coefficienDy in different slice of liquid
parallel to the interface.

N(t, t + 7) is the number of such particleN(t) is the number

of particles in the layer at time T is the total number of time
stepsP(7) is the survival probability. Several interesting pieces
of information can be extracted from these calculations. The
“local” diffusion constant of C@changes monotonically from

the value in the bulk C@®phase to the value inside the IL rich
phase on a length scale of about 10 A. Notice that the change
in Dy happens on a longer length scale than the actual density
profile change in Figure 3. This phenomenon has been observed
before?® in water liquid—vapor simulations.

To better understand the disparity of time scales for dynamics
occurring in the C@—IL mixture, we computed cagecage
correlation functions originally introduced by Berne and co-
workers?® These correlation functions accurately measure the
time scale on which a COmolecule loses memory of the
identity of its neighboring molecules.

(45) Liu, P.; Harder, E.; Berne, B. J. Phys. Chem. B005 109, 2949-2955.
(46) Rabani, E.; Gezelter, J. D.; Berne, B.JJ.Chem. Phy4997 107 (17),
6867-6876.
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Figure 16. Cage correlation functions for GQ@nolecules in the IL rich
phase and in the supercritical @Phase. [Bmimi] (black), [PR] (red),
neat CQ phase (blue).

The cage correlation function is defined in the following way,

Coedt) = (1L — n™(0, 1)) (11)

Here the labeli” stands for the center of mass of €@olecule
“i7, and n®(0, t) is the number of neighboring molecules that
have left moleculei’s original neighbor list at time. The

quantityn®0, t) is easily computed as
(0, 8) = | O = 1,(0) - 1i(t) (12)

where the generalized neighbor listis a vector of lengtiN
defined as

f(riy)
I, = : (13)
f(rin)
andf (riy) is the Heaviside function.
1 ifri <r.
f(ry) = O(rpise — 1) = {O oth”erwiglzt (14)

rmist IS the neighbor list cutoff radius which in the present study
was chosen as the first solvation shell in the liquid.

From these definitions it is easy to see thiat)|? is the
number of atoms i's neighbor list at time, while 1;(0) - 1;(t)
is the number of molecules that areiis neighbor list both at
time O and at time.

By looking at the cagecage correlation functions in Figure
16 we see that in the bulk GQphase a C@molecule loses
memory of its neighbors within about 2 ps. On the other hand
in the ionic liquid at time scales of 20 ps or even longer the
natural logarithm of this correlation function is essentially zero
indicating no loss of memory. In fact the loss of memory occurs
on a much longer time scale.

4. Conclusions

When CQ at supercritical conditions shares an interface with
[Bmim™][PFs7], it readily dissolves in the IL phase but the IL

does not dissolve at all in the G@hase. In fact our studies
indicate that this dissolution is characterized by a process very
similar to percolation through a “quasi static” glassy material.
The separation of time scales between the diffusion of O
the IL phase and that of the ions reflected both in our computed
diffusion constants and cage correlation functions supports this
view of CO, percolating through a semirigid and sticky (due to
strong Coulomb attractions) glassy structure. This view is
consistent with observations by Hu and Margifliznd by Del
Popolo and Vot describing the non-Gaussian characteristics
of some room-temperature ILs. We also find that when we plot
the diffusion constant profile for C{as it crosses the interface,
this function varies on a longer length scale than the changes
in the density itself indicating that boundary effects extend
several A inside each of the fluid phases.

Not only is the dynamics of the IL slower than that of the
CO, dissolved in it, but also we have recently found in
preliminary studies that even when applying pressures several
orders of magnitude higher no significant changes in the volume
of the IL rich phase is observed even though the volume of the
supercritical C@significantly diminishes. The IL rich phase is
highly incompressible, and its vapor pressure is negligible. We
also conclude from this work and from previous experimental
and computational studies that the volume of the IL does not
change significantly upon dissolution of high concentrations of
CO,. We have analyzed this phenomenon in detail and find from
our simulations that most of the space occupied by ©Qhe
IL phase consists of very localized cavities of larger size than
those spontaneously forming in the neat IL as opposed to the
previous hypothesis found in the literature. These larger cavities
are for the most part not generated by expansion of the IL phase,
but instead they are formed by small angular rearrangements
of the anions. With these small angular rearrangements that do
not significantly change radial distribution functions in the
liquid, CO; is able to fit above and below the imidazolium ring.
CQO; is also typically found close to the long alkyl tail of the
imidazolium ring. From the experimental work of Blanchard
and co-workers we see that there is a maximum concentration
of CO, above which applying higher pressure on the system
will not significantly increase the COnole fraction. We believe
that above this maximum concentration, the liquid structure of
the ions would have to significantly change in order to
accommodate more GO
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