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oom-temperature ionic liquids

(RTILs) based on bulky and asym-

metric organic cations have received
intensive scrutiny recently.'~3 RTILs, usually
liquid at or near room temperature, are
nonvolatile, nonflammable, and thermally
stable. As such, they provide an environ-
mentally benign “green” alternative to or-
ganic solvents for chemical synthesis,* ¢
extractions,”'° and biocatalysis."""'? Due to
their high intrinsic conductivity and wide
electrochemical window as well as nonvola-
tility, RTILs are also an excellent candidate
for an electrolyte in electrochemical devices
such as batteries,’>'* fuel cells,”>'® and dye-
sensitized solar cells.'” "1

Recently, Aida and co-workers?°?! found
that RTILs are capable of dispersing carbon
nanotubes. Specifically, when a powder of
ground single-walled carbon nanotubes
(SWNTs) was mixed with an excess amount
of imidazolium-based RTILs, gelatinous ma-
terials (“bucky gels”) were formed, which
can be processed into different shapes
without disrupting nanotube structures.
The formation of bucky gels is not limited
to SWNTs or imidazolium-based ionic lig-
uids. Since the original work in ref 20, sev-
eral groups have found that similar gelation
is obtained for a variety of different carbon
nanotubes and RTILs.2>~?’ Because of the
unique properties of bucky gels arising from
their composite nature, viz., nonvolatility
and thermal stability of RTILs and high elec-
tronic conductivity of nanotubes, their po-
tential application in fabrication of new soft
materials and in electrochemical devices is
of wide scope.

Properties of RTILs confined in the inte-
rior of carbon nanotubes have also been
studied.?® X-ray diffraction results seem to
indicate that 1-butyl-3-methylimidazolium
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ABSTRACT Single- and double-walled carbon nanotubes in the armchair configuration solvated in the room-

temperature ionic liquid 1-ethyl-3-methylimidazolium tetrafluoroborate (EMI*BF;’) are studied via molecular

dynamics (MD) computer simulations. Cations and anions show smeared-out, cylindrical shell-like distributions

outside of the nanotubes irrespective of the nanotube diameter. The ion distributions inside the nanotubes vary

markedly with their diameter. For example, in the case of (n,n) single-walled nanotubes, EMI* and BF; ions

separately form single-shell zigzag and chiral distributions for (8,8) and (10,10), respectively, while (12,12)

develops a second internal solvation structure. The first internal solvation shell of (15,15) nanotubes consists of

alternating layers of cations and anions along the nanotube axis. In the azimuthal direction, these cations and

anions, respectively, form a pentagonal structure, whereas the corresponding ions for (20,20) show disordered

octagonal structures. The smallest nanotube that allows solvent ions inside the tunnel is (7,7) with a diameter of

0.95 nm, which shows a single file distribution of internal ions. Imidazole rings of cations in the first internal and

external solvation shells are mainly parallel to the nanotube surface, indicating 7r-stacking between the

nanotubes and EMI* ions there.
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hexafluorophosphate (BMI*PFg) forms a
crystal structure in the inside of nanotubes.
According to differential scanning calorime-
try measurements, the crystal thus formed
is considerably more stable with a higher
melting point than bulk BMI*PFg.

Despite rapidly growing interest in com-
posite systems of carbon nanotubes and
RTILs, they are not well-understood at the
molecular level. There has been virtually no
systematic study of these systems with
simulation methods. Even efforts to under-
stand, for example, solvation of benzene-
like molecules?®~3' and graphite surfaces®
in RTILs, which have some bearing, albeit re-
mote, on nanotube—RTIL composite sys-
tems, have been quite limited to the best
of our knowledge. As an initial attempt to
gain theoretical understanding of these
composite systems, we study solvation of
small carbon nanotubes in EMI*BF; via MD
simulations.
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In this article, we analyze the structure of EMI*BF;
inside and outside of single- and double-walled nano-
tubes in the (n,n) armchair configuration. Seven differ-
ent SWNTs (ie, n = 6,7,8,10, 12, 15, and 20) are exam-
ined. For double-walled nanotubes (DWNTs), we
consider two commensurate cases, (10,10)/(15,15) and
(15,15)/(20,20), where the first and second chiral vectors
of a pair (n,m)/(n',m’) describe the configurations of
the inner and outer nanotubes of a DWNT, respectively.
In the simulations, both ends of the nanotubes were
terminated with hydrogen atoms with the Lennard-
Jones parameters ¢ = 15.2 Kand o = 242 pm and par-
tial charge +0.7e. This charge assignment is roughly
based on DFT results of ref 33. The C—H bond length
employed for the termination is 109 pm. The carbon at-
oms directly bonded to the terminal H atoms have a
partial charge of —0.1e, while all others are assumed
to be electrically neutral. The Lennard-Jones parameters
employed for C atoms of the nanotubes are e = 43.2 K
and o = 340 pm.3* For EMI* and BFy, the flexible all-
atom potential model of refs 35 and 36 was used. Dur-
ing the simulations, the nanotubes were held rigid with
carbon bond length Icc = 141.5 pm*” and nanotube
length h = 3.742 nm, defined as the end-to-end,
hydrogen-to-hydrogen distance. MD results were ob-
tained by computing averages from a 12 ns production
run in the canonical ensemble at T = 350 K.

RESULTS AND DISCUSSION

We begin with RTIL densities inside SWNTs and
their variations with the size (i.e., diameter) of nano-
tubes. We mention at the outset that we employ the cy-
lindrical coordinate system (r,b,z), where the center of
the SWNT under consideration is at the origin, its axis in
the z direction, and r the radial distance measured from
the z-axis. The interior region of the SWNT is defined
as the cylindrical volume of height h and diameter d,

V3\3n2
d, = -«

p (1
which is twice the radial distance from the nanotube
axis to carbon atoms. RTIL ions are considered to be in
the interior of the SWNT if their center-of-mass is lo-
cated inside the cylindrical volume thus defined.

MD results for the average cation and anion num-
bers, NI, inside the SWNTSs at 350 K are presented in
Table 1, and the corresponding number densities are
shown in Figure 1. Here and hereafter, superscripts (+)
and (—) denote cations and anions, respectively. It
should be noticed that there are no solvent ions present
inside the (6,6) nanotube. The diameter of (6,6) is too
small, and thus its tunnel is too narrow for EMI™ and BF;
to enter under normal conditions (i.e., ambient pres-
sure and temperature). The size of the smallest SWNT
that allows EMI* and BF; ions inside the nanotube tun-
nel under normal conditions is n = 7 with d, = 0.95

\\&) VOL.3 = NO.7 = SHIM AND KIM

TABLE 1. Number of Cations and Anions Inside (n,n)
SWNTs?

n do (nm) M) Mo o af
6 0.81 0 0 0 0

7 0.95 3.89 1.00 0.36 0.00
8 1.08 5.4 521 0.53 0.41
10 135 108 10.8 0.59 0.38
12 1.62 17.8 16.1 0.62 0.45
15 2.03 325 28.8 0.59 0.83
20 2.70 61.9 59.1 13 12

YValues of o are the standard deviations of cation and anion numbers inside the
nanotubes.

nm. As n increases, so does the RTIL density in the inte-
rior of the SWNT.

Except for the n = 7 case, cations and anions are
present in the SWNT tunnel in nearly equal amounts.
We nonetheless notice that, on average, there are more
cations than anions in the tunnel. Because terminal H
atoms are positively charged, BF; ions are attracted to
the entrance regions of the tunnel (see below). How-
ever, before they can enter into the tunnel, we expect
that BF; ions would linger® in the entrance regions be-
cause (i) entry to a narrow tunnel is entropically disfa-
vored and (ii) the Coulomb force exerted by negatively
charged C atoms tends to push anions back when they
attempt to enter. Cations, on the other hand, would
go into the tunnel more easily than anions because of
Coulomb attraction by the negatively charged C atoms.
We believe that this energetic difference (“edge ef-
fect”) is at least partly responsible for excess EMI* in-
side the nanotubes. Another consequence of the pic-
ture presented here is that the lingering time of ions,
viz., time they spend before they enter the tunnel,
would increase as the d, decreases mainly because of
(i). Therefore, it would take BFj ions a long time to en-
ter the tunnel of a small (7,7) SWNT. In this context, we
caution the reader that MD statistics based on a 12 ns
trajectory might not be sufficient for the n = 7 case be-
cause of its slow dynamics. This could explain ofy’ = 0
we obtained for n = 7 (Table 1). With this caveat in
mind, we investigate the solvation structure of RTIL
ions inside and outside of the nanotubes.
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Figure 1. Number densities (nm~3) of EMI* and BF; ions in
the interior of (n,n) SWNTs at 350 K. For comparison, the MD

results for the cation and anion number densities in pure
EMI*BF; at 350 K and 1 atm are n§® = 3.7 nm™3.
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We consider distributions of EMI™ and BF; ions
along the radial and axial directions. To this end, we in-
troduce the numbers of cations and anions, N&(r,z), in-
side a cylindrical volume, which extends from z = 0 to
z = z with a base circle of radius r. N*)(r,2) is related to
local number densities p'=)(r,d,2) of cations and anions
via

r 27 Z
N(i)(r, Z) — j; '/(; j; r'dr'dqﬁ'dz'p(i)(r', ¢|’ Z’) (2)

where the center-of-mass is used to represent the posi-
tions of individual ions. In terms of N*)(r,z), the aver-
age RTIL ion numbers N in the interior of SWNTs in
Table 1 are given as

N = N®(dy/2,h/2) = NFUdy/2,—h/2)  (3)

where dy and h are the diameter (eq 1) and length of
the SWNT. We define dimensionless radial distributions
of ions as

EHn = (2nngi’rh)‘18%[N<i’(r,h/z) — N®(r, —h/2)]
(4)

where n§~) denotes the cation and anion number densi-
ties in the bulk; &(r) thus defined is characterized by an
asymptotic behavior £€4(r) — 1 as r — = just like
(spherically averaged) radial distribution functions
widely used in the analysis of liquid structures; £=)(r)
gauges variations of RTIL densities as the distance r
from the nanotube axis increases.

The MD results for £5)(r) are presented in Figure 2.
For clear exposition of number density variations with
r, the product ré®)(r) of the radial distribution and the
Jacobian r is displayed there. Except in the bulk region
far from the nanotubes, £*)(r) shows marked oscilla-
tions both inside and outside of SWNTs and DWNTs.
Hereafter, RTIL distributions in these regions will be re-
ferred to as internal and external solvation structures,
respectively. For convenience, we separately number
the internal and external solvation shells in sequence
in the order of the increasing distance from the nano-
tube surface. Thus, in this convention, the first external
shell refers to the solvation structure outside the nano-
tubes, located closest to their exterior wall, while the
second external shell corresponds to the next closest

structure. The first internal solvation shell on the other
hand refers to the inner solvation structure that is clos-
est to the interior nanotube wall, viz., the outermost
shell inside of the nanotubes.

We first consider external solvation structures which
show similar characteristics regardless of the nanotube
diameter. To be specific, cation and anion distributions
form smeared-out cylindrical shell-like structures (see
Figures 2 and 4) outside of all nanotubes studied here,
with a primary and a secondary peak located around
0.35 and 0.8 nm from the exterior nanotube surface, re-
spectively. The position of the first peak of EMI™ is
slightly closer to the nanotube wall than that of BF;.
By contrast, the peaks of other external solvation shells
of EMI* are situated farther from the nanotube than
those of BF ;.

To gain insight into this trend in peak locations, we
have analyzed the orientation of the imidazole ring of
cations, in particular, the probability distribution P(6) of
angle 6 between the normal vector to the imidazole
ring and the radial direction to the midpoint of two ni-
trogen atoms of the ring. The results in Figure 3a show
that the imidazole ring of EMI™ in the first external sol-
vation shell is mainly parallel to the SWNT surface. This
stacking orientation allows bulky cations to approach
the nanotube surface more closely than corresponding
anions in the first solvation shell. By contrast, P(6) of cat-
ions in the second external solvation shell is nearly in-
dependent of 8 (Figure 3b), indicating that their ring ori-
entation is essentially isotropic with respect to the
radial direction. It should be pointed out that stacking
of cations on the nanotube surface occurs despite the
absence of explicit w-interactions between EMI* and
nanotubes in our model description. Similar stacking
was found between imidazole rings and benzene-like
structures in prior studies.?>3%32 We ascribe this “mr-
stacking” to planar geometry of the imidazole ring and
nanotube honeycomb; for planar molecules subject to
an external pressure, stacking minimizes the system vol-
ume and thus provides a stable configuration.

As an illustration of our results above, a snapshot of
RTIL ions in the presence of a (8,8) SWNT is exhibited
in Figure 4. It shows a very distinctive first external sol-
vation shell of cylindrical symmetry with EMI™ ions
w-stacked on the exterior wall of the nanotube. We no-
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Figure 2. Radial distributions of EMI* (—) and BF; (- - -) inside and outside of SWNTs and DWNTs at 350 K; r is the dis-
tance (nm) from the nanotube axis, and the dashed vertical lines denote the positions of nanotube walls.
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Figure 3. P(0) for EMI* rings in the internal and external solva-
tion shells of SWNTSs; 0 is the angle between the ring normal and
the radial vector from the nanotube axis to the midpoint of two N
atoms of the ring. P(0) is normalized as [d(cos 0)P(0) = 1. Both in-
ternal and external solvation shells are numbered in the order of
the increasing distance from the nanotube wall.

tice that the low density region outside of the first
shell is surrounded by a smeared-out but discernible
second solvation shell. Ring orientations of EMI* ions
there are very randomized compared to the first solva-
tion shell. This suggests that EMI*BF; can adjust its cat-
ion ring orientations easily to its environment; the tran-
sition from ar-stacking to isotropic configurations
occurs over a distance of a mere ~0.4 nm. Rapid varia-
tions of ring orientations similar to ours were also found
for dimethylimidazolium cations confined inside two
parallel plates.> We believe that this kind of flexibility
in ring orientations and resulting easy adoption of
w-stacking play a significant role in enabling
imidazolium-based RTILs to disperse carbon nano-
tubes. In particular, our finding here supports the con-
jecture by Fukushima and Aida?' that “imidazolium ions
adsorbed on the nanotube surfaces through 1 interac-
tions... trigger the clustering of the surrounding imida-
zolium ions in the bulk phase and interconnect neigh-
boring SWNT bundles to form numerous physical cross-
links.” In this context, it would be highly desirable to
extend the present study to investigate RTIL structures
in the presence of multiple SWNTs. This will help to un-
derstand molecular details of, for example, cross-linking
of SWNTs via RTIL ions.

Returning to Figure 2, we consider the internal re-
gion of nanotubes. Since SWNTs and DWNTs are char-
acterized by very similar radial distributions of ions, we
consider only the former in detail here. One of the most
salient features of £)(r) in the interior of SWNTs is that
the number of their peaks increases with the nanotube
size. Up to n = 10 (viz., dy = 1.4 nm), only one solva-
tion shell exists inside the nanotubes. As n grows to n
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=12 (dy = 1.62 nm), a second internal structure be-
gins to appear; £*)(r) for (15,15) is characterized by a
distinct second internal peak at r = 0.3 nm. As n fur-
ther increases to n = 20, the RTIL radial distributions de-
velop a third internal shell. To avoid any confusion, we
add a remark here: in view of Figure 4, some of these in-
ternal solvation “shells” may not have a cylindrical shell
structure. We nonetheless refer to them as shells for
simplicity.

In the case of multiple internal solvation shells (i.e.,
n = 12), the peak position of the first internal shell of
the cations is a little closer to the SWNT surface than
that of the anions. Analogous to the first external solva-
tion shell, this is attributed to the stacking of the imida-
zole ring of EMI™ ions on to the interior wall of nano-
tubes (Figure 3¢). It is noteworthy in Figure 3d that the
cations in the second internal shell of (15,15) show a sig-
nificant degree of ordering in their ring orientation.
Though not shown here, we point out that the EMI*
rings there do not stack on those in the first internal
shell, probably due to strong Coulomb repulsion. In this
sense, the ring orientation in the second internal solva-
tion shell of (15,15) is not exactly m-stacking. Rather,
the available volume there is small, so that the EMI*
rings adopt a relatively ordered configuration. P(6) of
the corresponding cations of the larger (20,20) is much
more isotropic than the (15,15) case. Because of large
available volume in the former, entropy plays a more
prominent role in the determination of ring orientations
than in the latter.

We proceed to variations of RTIL densities inside
the nanotube along the axial direction. We introduce ra-
dially and azimuthally averaged RTIL densities in the in-
terior of nanotubes

Ly opde2 pam e
6 = @nlldya) ! [0 [ rdrdgipr,¢,2) =

10

(@nSId?/2) P

NH(dy/2,2)  (5)
which will be referred to as z distributions hereafter.
Analogous to £€9(r) in eq 4, {{¥)(z) is dimensionless. In
Figure 5, the results for {{*(2) are exhibited. For com-
parison, z distributions of EMI* and BFj in the first ex-
ternal solvation shell are also displayed. For all cases
studied here, the cation-rich/anion-deficient and anion-
rich/cation-deficient regions alternate in a very regular
manner along the z direction in the first external solva-
tion shell. We ascribe this feature of charge alternations
to the local dipole moment arising from partially
charged H and C atoms at both ends of the nano-
tubes. This is reminiscent of oscillations of RTIL charge
density induced by a central charge found in our earlier
study.>® Except for the amplitude, the oscillatory charac-
ter of the z distributions of the first external shell (e.g.,
peak locations) varies little with the nanotube diameter.
Though not presented here, DWNTs show a similar
behavior.
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Figure 4. Snapshot of EMI*BF; in the presence of a (8,8) SWNT at 350 K.

The z distributions in the interior of SWNTSs vary
quite dramatically with the size of the tunnel. For n =
7 in Figure 5a, the cations and anions are characterized
by totally different z distributions; {{*(z) shows several
peaks inside the nanotube, whereas there is only one
peak for {{7(2). The latter also has huge peaks around
z ~ *2.2 nm, indicating significant anion populations
near the tunnel entrances. While some of the aspects of
{*)(2) in Figure 5a could be an artifact arising from
slow dynamics mentioned above, they nevertheless re-
veal the edge effect of partially charged H and C atoms
on RTIL solvation structure, especially for nanotubes of
small diameter.

As we vary SWNTs from n = 7 to 8, the z distribu-
tions change drastically. A mere 0.14 nm increase in dy
(Table 1) induces a dramatic transition in internal solva-
tion structure from completely incongruent (Figure 5a)
to essentially identical z distributions of EMI* and BF;
(Figure 5b)! One of the most noteworthy features of
{*)(z) for n = 8 is their very regular oscillations; their
amplitude and period change little along z throughout

www.acsnano.org

the entire nanotube tunnel. The congruent z distribu-
tions for EMI* and BF; suggest that there is a pairing of
a cation and an anion situated at locations of the same
z. There are 5—6 such pairs (cf. Table 1) inside the (8,8)
SWNT of length 3.742 nm. The n = 10 case in Figure 5c,
on the other hand, is characterized by alternating cat-
ion and anion distributions, each with 10—11 oscilla-
tions inside the nanotube. In view of the results in Table
1, we identify each peak of {{*(2) there as the average
location of individual EMI™ and BF; ions in the tunnel
(see below).

As d, further grows from 1.35 nm (n = 10) to 1.62
nm (n = 12), the distributions of solvent ions become
disordered. This trend can be understood in terms of
the increase in available volume and thus the enhanced
role of entropy in the determination of solvation struc-
ture. Comparison of panels d and e in Figure 5, how-
ever, discloses that the trend of growing disorder with
do does not always hold; the larger (15,15) is character-
ized by more orderly behavior of {{*(z) than the smaller
(12,12). Except for a few minor structures, the alternat-
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Figure 5. The z distributions of cations (—) and anions (- - -)in

the first external solvation shell and in the interior of SWNTs. For
clarity, the z distributions of the first external solvation shell are
shifted upward with respect to those of the nanotube interior by
2.5. The dashed vertical lines denote the positions of terminal H at-
oms of the nanotubes along z (nm).

ing cation and anion distributions in the former show
very periodic oscillations of large and nearly constant
amplitude. We will return to this unexpectedly “or-
dered” internal solvation structure of (15,15) below.
The RTIL ions in the inside of (20,20) show rather homo-
geneous z distributions with minor fluctuations.

With the exception of (15,15), the z distribution of
BF; in the entrance regions of the tunnel around z =
+2.2 nm is considerably higher than that of EMI*. As
mentioned above, this result is attributed to the edge
effect, viz., Coulomb forces arising from partially
charged H and C atoms, which favor entrance of cat-
ions into the nanotube tunnel. The peak height of {{7(z)
in the entrance regions generally decreases with grow-
ing n, indicating an increasingly more important role of
entropy.

To gain better understanding of pronounced
changes of internal solvation structure with the SWNT
diameter, we examine relative orientations of individual
RTIL ions in the first solvation shell inside the nano-
tube tunnels. Before we embark on our analysis, we
take a brief look at snapshots of EMI* and BF; ions in
the interior of nanotubes. Figure 6 exposes striking
changes of the first internal solvation shell structure

\
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with dy. For (7,7), which is the smallest nanotube that al-
lows RTIL ions inside the tunnel, we have a single file
distribution of ions. This changes to a zigzag distribu-
tion of cations and similarly for anions inside of (8,8). For
additional insight, the same snapshot configurations in-
side the n = 7 and 8 SWNTs are displayed in Figure 7
in the space-filling representation of RTIL ions. We no-
tice that there is empty space between imidazolium
ions inside (7,7) arising from their direct Coulomb repul-
sion. This explains its low internal ion density, com-
pared to the n = 8 case (cf. Figure 1).

Returning to Figure 6, we notice that the solvation
structure in the interior of (10,10) is characterized by he-
lical distributions of RTIL ions, while it becomes rather
disordered inside (12,12). As noted above, (15,15) shows
ordered internal solvation structure. Specifically, the
cation and anion distributions in its first internal solva-
tion shell separately develop pentagonal structures,
which are in a staggered configuration. Figure 6f shows
a mostly disordered first internal solvation shell for
(20,20). Nevertheless, EMI* and BF; ions there appear
to form a weak octagonal structure.

To obtain a quantitative picture for EMI* and BF; dis-
tributions inside nanotubes and to check if the snapshots
in Figure 6 properly depict ensemble-averaged solvation
structures, we proceed as follows: We first order ions of
our interest by their position, in particular, in the descend-
ing order of their z coordinate values. Thus, positions
(r,diz) of the ordered group of ions satisfy z; >z, > z3
>.., where i labels the ions. We define the rotational angle
between two neighboring ionsiand i + 1 as

V=i — ¢ (—180 <, < 180) ©6)

Thus if we rotate the radial vector of i by iy, it will be in
the direction of that of i + 1. If the sign of {5; does not
change for the group of ions under consideration, their
distribution is, in general, chiral. In this case, positive
(negative) ;; corresponds to counterclockwise (clock-
wise) progression. If Js; = =180°, the resulting ion distribu-
tion has a zigzag structure.

We have calculated s; values for cations and anions
in the first internal solvation shell of SWNTs by using
100 configurations, each sampled every 100 ps from the
first 10 ns of MD trajectories. The results are shown in
Figure 8. For n = 8, |s| ~ 180° for both EMI* and BF;
ions. This confirms that cations and anions separately
form zigzag distributions inside the (8,8) nanotube tun-
nel. Near perfect pairing of EMI™ and BF; ions men-
tioned above is also confirmed by the excellent agree-
ment of their z values.

The majority of cations and anions in Figure 8b are
characterized by {; =~ 130°, revealing the helical nature
of their distributions inside of (10,10). Furthermore, the
positive sign of y5; for both the cations and anions shows
that their distributions have the same chirality, viz.,
counterclockwise progression. For additional insight,
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we have analyzed rotational angles by treating cations
and anions as a single group rather than separating
them into two different groups by species. With a few
exceptions, we obtained {;; = —120° (Figure 8c). This
means that EMI* and BF; ions together also form a he-
lical distribution, but its chirality is the opposite of that
of respective cation and anion distributions. This struc-
ture is possible only if the individual cations and anions
alternate in the z direction (cf. Figure 5c¢), and each in-
tervening, say, cation occupies the interior wall oppo-
site from its two neighboring anions. We consider an
example for illustration. Suppose two neighboring an-
ions at z; and z;;; occupy, for instance, the 12 o'clock
and 8 o'clock positions inside the nanotube, respec-
tively, when we look through its tunnel. Then the orien-
tation of the intervening cation situated between z;
and z;.; is in the 4 o'clock direction. For comparison,
the yj; results for the (10,10)/(15,15) DWNT are displayed
in Figure 8d. Though considerably disordered com-
pared to the (10,10) case, its EMI* and BF; distribu-
tions also show a non-negligible degree of chirality.

We should mention that we have not found chiral
distributions with {5; < 0, viz., clockwise progression, in-
side of (10,10); that is, our simulations yielded only the
counterclockwise progression with is;; > 0 (Figure 8b).
This suggests that chiral distributions of EMI™ and BF;
inside of (10,10) are very stable, and as a result, transi-
tions between distributions of differing chirality, {; > 0
and {5; < 0, occur slowly, probably on a time scale con-
siderably longer than 12 ns employed for production
runs in our simulations.

The scattered Uj; plot in Figure 8e indicates disor-
dered distributions of ions inside the (12,12) SWNT. By
contrast, Figure 8f presents clear evidence of well-
ordered first internal solvation shell structure for (15,15).
Specifically, the concentration of the distributions at U5;
~ *70 and *140° demonstrates that, on average, the
cation and anion solvation structures have a five-fold
rotational symmetry. We speculate that these pentago-
nal structures result because they are a perfect fit in-
side the (15,15) nanotube tunnel. In this context, the
relative size of ions compared to the pore is among the
key factors that determine internal solvation struc-
tures. Cations and anions also alternate along zin a
very regular fashion, as expected from Figure 5e. Fur-
thermore, their respective z values do not vary with ;.
This indicates that the first internal solvation shell of
(15,15) consists of alternating layers of cations and an-
ions along the nanotube axis. As in Figure 8c, we also
analyzed ys; for the first internal solvation shell of (15,15)
by treating all ions there as a single group. The results
are exhibited in Figure 8g. We notice that in addition to
[Us] =~ 70 and 140° (Figure 8f) the distribution of rota-
tional angles shows a significant population around |{s|
= 35,110, and 180°. These i5; values indicate that orien-
tations of ions in the first internal solvation altogether
have an approximate 10-fold symmetry. Since cations
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Figure 6. Snapshots of RTIL ions in the first internal solvation shell
of SWNTs. Red and green balls represent locations of center-of-

mass of EMI* and BFy, respectively.

and anions form pentagonal structures, we conclude
that their structures are in a staggered configuration.

The results for (20,20) in Figure 8h show that the dis-
tributions of EMI* and BF; in the first internal solva-
tion shell are characterized by significant probabilities
at [{5] = 45, 90, 135, and 180°. This indicates that,
though disordered, the cations and anions separately
form octagonal structures on average.

Our analysis of {;; summarized in Figure 8 confirms
that most of the observations we made for Figure 6
above are valid for solvation structures of (n,n) nano-
tubes. This indicates that the snapshot configurations
there indeed provide good representations of the
ensemble-averaged first internal solvation shell struc-
tures. It also implies relatively high stability of ordered
solvation structures in that their main characteristics are
maintained during the MD simulations.

CONCLUDING REMARKS
In this article, we have studied solvation of single-
walled and double-walled carbon nanotubes in the

Figure 7. Internal solvation configurations of Figure 6a,b in
the space-filling representation of RTIL ions.
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Figure 8. Rotational angle ys; for EMI* and BF; ions in the first internal solvation shell of
nanotubes. Red and green markers represent the results for the cations and anions, respec-
tively, while those in blue are obtained by treating both species as a single group.

(6,6) nanotube tunnel spontaneously un-
der normal conditions.

The formation of ordered structures
inside nanotubes has been known for
some time. For example, water mol-
ecules confined in the nanotube tunnel
develop different solvation structures,
such as helical and hexagonal distribu-
tions, depending on the nanotube size
and thermodynamic conditions (and po-
tential models employed), according to
several prior simulation studies.*°~# The
structure and optoelectronic properties
of crystallites of simple ionic systems
such as Kl and Csl inside nanotubes were
also studied.*’~>° Our analysis here
shows that, despite bulky ion size and
complete lack of symmetry for cations,
EMITBF; shows rich solvation structures
of ordered and disordered nature inside
nanotubes, and small modulations of d,
induce major changes in the internal sol-
vation structures. This finding clearly ex-
poses that nanoscale confinement exerts
a far-reaching influence on RTIL ion dis-
tributions inside a pore. In addition to
electrostatic interactions which we be-

armchair configuration in EMI*BF; using MD simula-
tions. We have found that solvent cations and anions
form smeared-out cylindrical shell structures outside of
the nanotubes. For all cases we studied, viz,, (6,6) (7,7),
(8,8), (10,10), (12,12), (15,15), and (20,20) SWNTs and
(10,10)/(15,15) and (15,15)/(20,20) DWNTs, the imida-
zole ring of EMI™ ions in the first external solvation shell
tends to mw-stack on the exterior nanotube wall. By con-
trast, cations in the second external solvation shell
show nearly isotropic ring orientations with respect to
the radial direction. We conjecture that this kind of
good adaptability of ring orientations to differing envi-
ronments is one of the important factors contributing
to imidazolium-based RTILs" good capability of dispers-
ing carbon nanotubes.

We found that RTIL distributions in the interior of
nanotubes vary rather dramatically with the nanotube
diameter. To be specific, solvation structures of EMI*
and BFy inside of (n,n) SWNTs are characterized by a
single file distribution of cations and anions (n = 7 and
do = 0.95 nm), zigzag distributions with ion pairing (n
= 8 and dy = 1.08 nm), chiral distributions (n = 10 and
do = 1.35 nm), disordered structure (n = 12 and dy =
1.62 nm), staggered pentagonal first solvation shell
structures with alternating layers of cations and anions
(n = 15 and dy = 2.03 nm), and disordered octagonal
structures in a staggered configuration (n = 20 and dy
= 2.70 nm). EMI" and BF; ions do not enter into the
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lieve are mainly responsible for various

patterns of cation and anion alternations,
relative size, and shape of ions compared to the pore
seem to play a central role in the determination of or-
dered and disordered internal solvation structures and
their stability. We thus think that the anomalous behav-
ior of specific capacitance with the pore size*'*? found
recently for micropores of size =1 nm is directly related
to the startling changes of solvation structure of
EMI*BF; inside small nanotubes with their diameter.
Also, the formation of various ordered structures of RTIL
ions with high stability we found inside nanotubes
seems to be in excellent accord with recent X-ray dif-
fraction and differential scanning calorimetry measure-
ments. 2

It would be worthwhile in the future to extend the

present study in several different directions. First, it
would be interesting to investigate how the confine-
ment affects dynamic properties of RTILs, such as dy-
namic heterogeneity.> Along this avenue, we are cur-
rently analyzing transport properties of RTIL ions inside
nanotubes. Second, it would be worthwhile to study
the influence of internal solvation on electronic proper-
ties of nanotubes and its variations with the nanotube
diameter. Another very important extension would be a
detailed analysis of external solvation of multiple nano-
tubes. As mentioned above, this will help to under-
stand the RTILs’ good capability of dispersing nano-
tubes and thus clarify its gelation mechanism at the
molecular level. Finally, improvement of the potential
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model for nanotubes with account of, for example, po-
larizability and r-electron density would be desirable.
According to previous simulation studies in normal>*~¢
and RTIL% solvents, the solute polarizability can exert a
non-negligible influence on solvation structure and dy-
namics. To be specific, while it tends to decelerate sol-
ute and solvent dynamics,>*>” both enhancement and
reduction of solvent structures around polarizable sol-
utes, compared to nonpolarizable solutes, have been

SIMULATION METHODS

The simulation cell comprised either a (n,n) single-walled or
a (n,n)/(m,m) double-walled carbon nanotube immersed in
EMI*BF;. Seven different SWNTs, n = 6, 7, 8, 10, 12, 15, and 20,
and two different DWNTs, (10,10)/(15,15) and (15,15)/(20,20),
were examined. We employed 400 pairs of EMI* and BF; to sol-
vate the (20,20) SWNT and (15,15)/(20,20) DWNT. For all other
cases, 344 pairs were used.

The MD simulations were performed using the DL_POLY pro-
gram.*® To determine the densities of nanotube —RTIL systems,
we first conducted simulations in the NPT ensemble at 350 K and
1 atm for 6 ns after annealing from 1000 K. RTIL ions were al-
lowed to move in and out of the nanotube tunnel during the
simulations. Using the density thus obtained, we then simulated
molecular dynamics in the canonical ensemble at 350 K. The
long-range electrostatic interactions were computed via the
Ewald method, resulting in essentially no truncation of these in-
teractions. The trajectories were integrated via the Verlet leap-
frog algorithm using a time step of 2 fs. Simulations in the ca-
nonical ensemble were carried out with 4 ns equilibration,
followed by a 12 ns trajectory from which averages were
computed.
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