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Abstract Recent theoretical and simulation studies (Lueking et al. Phys Rev B
75:195425, 2007; Kim et al. J Phys Chem 115:7249-7257, 2011) on the adsorption
of Kr on suspended nanotubes yielded different commensurate phases at submono-
layer coverage than those found in a pioneering experiment (Wang et al. Science
327:552-555, 2010). This controversy between calculations and experiments is yet
to be resolved. One of the tentative explanations of the apparent discrepancy is the
possibly different chirality as the chirality of the nanotubes used in the experiment is
not known. To address the question on chirality, we calculated the adsorption poten-
tial of krypton atoms on two sets of single wall carbon nanotubes of same radii with
distinct chiralities. We found novel symmetries of the adsorption sites on a nanotube,
which systematically vary depending on its chirality with an unexpected, yet intuitive
delicacy. The same approach is equally feasible for other gases (Ar, Xe, CHy, etc.).
The results of classical grand canonical Monte Carlo simulations confirm the predicted
behavior of adsorption phases.

Keywords Single wall carbon nanotube - Chirality - Krypton adsorption phase -
Adsorption potential - Surface corrugation - Grand Canonical Monte Carlo

1 Introduction

A series of pioneering experiments were conducted by the group of Cobden and
Vilches [1,2], involving gas adsorption on a suspended single wall carbon nanotube
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(CNT). They measured the mass adsorption isotherm using a resonant frequency tech-
nique, qualitatively similar to that employed in the quartz crystal microbalance [3,4].
Specifically, to our current interest, they found that Kr forms a submonolayer phase
of fractional coverage ¢ = 1/6, which they assume it corresponds to the v/3 x +/3
R30° commensurate solid (CS). Here, the dimensionless parameter ¢ is defined as the
number of adsorbed atoms per carbon atom.

Kr is known to form a +/3 x +/3 R30° CS phase at low temperature on top of
flat graphite [5]. As the CNT is notionally a rolled-up graphene, similar CS phases
have been expected to develop on the surface of a CNT. Those phases were predicted
by ground-state energy calculations [6] and reportedly observed by Cobden-Vilches
experiments [1,2]. A later study of grand canonical Monte Carlo (GCMC) simulations
[7], however, exhibited an apparently significant disagreement for Kr; Kr forms a
submonolayer CS phase of ¢ = 1/4 for zigzag (18,0) and an IS phase of ¢ = 1/4 for
armchair (12,12) nanotubes of diameters D = 1.41 nm and 1.63 nm, respectively. As
the Cobden-Vilches group estimated their nanotube diameters to be in the range of 1-3
nm, this apparent controversy still is an open question. To resolve this discrepancy,
the precise measurement of the nanotube radius and chirality is critical.

On the other hand, we note here that the computational and theoretical studies are not
free from their own flaws. Physical adsorption of simple atoms or molecules on CNT
has been studied extensively due to their many environmental, industrial, and medical
applications [8—13]. To be able to interpret experimental data properly or to make
accurate predictions from theoretical calculations or computer simulations, one needs
accurate potential models. However, our understanding of the gas-surface adsorption
potential V(r) of CNTs is not complete. More advanced experimental, theoretical and
simulation studies are needed for corresponding comparisons to develop a better model
of V(r) on nanotubes, and the present work is in that vein.

In this paper we calculate the surface corrugation using the commonly adopted
pairwise adsorption potentials, to demonstrate how thereby obtained corrugation sym-
metries depend on the chirality and differ from that of planar graphite or graphene. The
results of the present calculations, specifically the microscopic layout (or map) of the
chirality-dependent surface corrugation symmetry, can be tested in the future not only
against the experimental observations but also against the full quantum calculations, to
obtain a better force field for the gas adsorption potential on CNTs. The results of our
calculation reveal novel symmetries of the adsorption sites on a nanotube, depending
on its chirality. These results are consistent with the analysis based on the broken sym-
metry of CNTs relative to that of planar graphite [14]. Also, the adsorption phase trend
predicted based on the chirality dependence found in the present study is confirmed
by GCMC simulations results. Even though we focus on Kr on CNT in this work, the
same approach is perfectly feasible for other gases (Ar, Xe, CHy4, etc.) some of which
are being studied by the Cobden-Vilches group.

In this paper, we report the novel contribution of chirality to the adsorption potential
of a CNT. Section 2 introduces the adsorption potential formulations and parameters
used in the calculations and Section 3 presents the results of our calculations, which
demonstrate the varying symmetry in the adsorption surface of nanotubes due to the
different chirality. Section 4 describes the results of our simulations confirming the
behavior predicted in Section 3. Finally, we present the conclusions in Section 5.
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2 Adsorption Potentials

The adsorption potential is defined as the difference between the electronic ground
state energy of the system of an atom and a substrate, at finite separation, and its
value at infinite separation. In principle one may solve the Schrédinger equation or
an equivalent density functional equation to get the electronic density. However, there
are difficulties with this approach, arising mainly from the fact that it is a many-
body problem involving a large number of electrons. The conventional way to deal
with this problem, in a system involving many atoms, is to assume that the adsorption
interaction, V(r), arises from the addition of the short-range repulsion due to the overlap
of electronic densities and the long-range attraction due to van der Waals interactions.
As more advanced experimental and simulation studies are being conducted, a better
knowledge of V(r) is in great need in order to understand the experimental observations
or make accurate predictions.

Most current experimental and simulation studies adopt V(r) as a sum of semiem-
pirical pair interactions U, (x) between the adsorbed atom (henceforth called adatom)
at r, and individual Carbon (C) atoms:

V(i) =D Us(a —Fe) = D Ua(F). (1

Here the sum is over all C atom sites (rc;), and X; is the separation between the adatom
and the i-th C atom. There are two commonly used semiempirical forms of Ux(x):
(a) the simplest isotropic Lennard-Jones (LJ) 12-6 potential and (b) the anisotropic
pair potential function adapted to include the anisotropy of the C atoms on graphite
which originates in the anisotropic 7 -bonds [15—17]. The more advanced form of the
anisotropic pair potential function is [15,16]:

U2anim(x)
= 4eac [@uc /01 + 7 [1 - 6/5) 05?6 ]} = Guc/0)°
{1+ 74 [1 —(3/2) 00329]}] . )

Here 6 is the angle between the interatomic separation vector X = r, — rc; and the
radial vector, normal to the nanotubes’s surface at the C-atom position r¢;. The values
commonly used for a system of Krypton atoms on CNT are yg = —0.54 [18,19],
ya = 0.37 [18,19], oyc = 0.36 nm [20,21], and ¢,c = 69.2 K [20,21]. This
functional form and parameters are proven to be accurate for simple gas systems on
graphite [5]. When one lets the anisotropy parameters yg = yA = 0, Eq. (2) returns
the isotropic LJ 12-6 potential, the simplest form of the pair-wise potential:

U (x) = 4eac [ (0ac/0)' = (@ac/)° ] 3
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The attractive second term in Eq. (2) is the anisotropic 2-body van der Waals interaction
and the value of yA is given by [22]:

va=—02/3)A-b)/(1+Db), 4)
act (14 Eq/Ecy))  acL )
acyy 1+ Eq/Ec1)  acy)’

The subscripts // and L refer to directions parallel and perpendicular, respectively, to
the surface normal, i.e., the radial direction of the CNT. The quantities Ea, Ec/, and
E( are characteristic energies of adatoms and C atoms, which are typically chosen
as the atomic ionization energies within the single-excitation energy approximation
commonly employed in the Drude atomic model [5]. The right-most term in Eq. (5)
is from the common assumption that Ec ) Ec, [15,16]. In the study of both
He/graphite [15,16] and He/graphene [23], the anisotropy ratio of C-atom b = 3.5
is determined based on the dielectric data [18,19,24] and found that the inclusion of
anisotropy in the pair wise interaction increases the surface corrugation. This model of
the anisotropic potential has been widely used in many studies of simple gases adsorbed
on graphite, graphene, and nanotubes. However, it is not clear if this value of b, being
estimated from planar graphite, should remain the same for C-atoms composing a CNT.
In recent years, there have been a number of studies on the polarizability of CNTs
[25-28]. While most of these studies were interested in estimating the polarizability
of a cabon nanotube itself, Langlet et.al. [25] reported the values of the anisotropic
“atomic” polarizability of C atoms on a CNT which have been fitted in order to recover
the measured polarizability of Ceo and C79 [27] as well as the results of the tight-
binding calculation for the CNT polarizability [27]. These values of the anisotropic
polarizability of the C atom are e, = 2.47 x 10~3nm? and e ;) =8.71x 10~*nm?,
from which we obtain the anisotropy ratio b = 2.906 (ya = 0.325). To the best of our
knowledge, there have been no further studies for simple gas atoms/molecules on CNT
using these parameters. For these reasons, we evaluated the adsorption potential using
anisotropic pair potentials in Eq. (2) adopting both values of b, 3.5 and 2.906. The
results, however, exhibit the same qualitative conclusions on the chirality dependence
of V(r), which is our main interest. Therefore, only the results using b = 3.5 (yp =
0.37) are presented henceforth.

3 Chirality-Dependence in the Surface Corrugation of a CNT

Planar graphene, assuming an infinitely large size so we may ignore the edge effect
[29,30], has two-dimensional translational lattice symmetry identical to that of the
graphite basal plane. As an atom approaches the surface of graphene, there are three
distinct adsorption sites; above a carbon atom (A), above a hexagonal site (S), and
above a saddle-point between two carbon atoms (SP) (see Fig. 1a). Each hexagon in
the honeycomb pattern has one S, six equivalent A, and six equivalent SP sites. S and A
are the most- and the least-favored adsorption sites, respectively, and the difference of
the adsorption potential between these two represents the surface corrugation [31,32].
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Fig. 1 Adsorption sites on a a planar graphene, b a chiral tube with chiral angle ¢, ¢ an armchair tube
with chiral angle ¢ = 30°, and d a zigzag tube with chiral angle ¢ = 0°. For a planar graphite basal plane
or a graphene, all SP-sites are equivalent and are denoted as SP. For a nanotube, each distinct SP-site is
numbered (SP1, SP2, and then SP3 for a chiral tube, for example) in the order it appears as the angle from
the chiral axis increases in the counter-clock-wise direction

However, as a graphene sheet notionally rolls up to construct a cylindrically shaped
nanotube with a certain chiral angle, a three-dimensional molecular symmetry should
be considered [33]. As a result, not all six SP sites in a hexagon share the same
symmetry any more, while all S and A sites on the nanotube remain equivalent. For
example, there are three distinct SP sites (two SP1, two SP2 and two SP3 in a hexagon)
in a chiral tube in general as shown in Fig. 1b. These three distinct SP-sites are
numbered (SP1, SP2, and then SP3) in the order they appear as the angle from the
chiral axis increases in the counter-clock-wise direction. For zigzag and armchair
tubes, there are only two distinct SP sites due to the symmetry: four SP1 and two SP2
sites in a hexagon for an armchair and two SP1 and four SP2 sites in a hexagon for a
zigzag CNT as shown in Fig. lc, d.

To assess solely the contribution of chirality on V(r), separated from the contri-
bution of curvature or radius, we have selected two subsets of three tubes {(12,0);
(11,2); (7,7)} and {(21,0), (15,9), (12,12)}. These three CNTs in each set have dis-
tinctly different chiral angles, yet have diameters (0.94 and 1.64 nm, respectively)
that are identical within a margin of a couple of hundredths of a nanometer. The chi-
ral nanotubes (11,2) and (15,9) provide an intermediate chiral angle (8.2° and 21.8°,
respectively) between those of the zigzag (0°) and armchair (30°) nanotubes. We note
here that, regardless of b values (or the anisotropy of carbon atoms), no difference
was found between right-handed and left-handed chiral nanotubes in our calculations,
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Fig.2 Adsorption potentials at S sites (solid curve and dots) and A sites (broken curve and open triangles)
for a Kr atom on armchair (7,7) and (12,12) nanotubes. The potentials of S and A sites, independently,
for all three chiralities of same radius overlap within the resolution of this graph. R 4 is the elevated radial
distance of the Kr atom above the carbon atoms on the nanotube (Color figure online)

which agrees with the findings reported in Ref. [34]. Therefore, only the results of the
right-handed chiral nanotubes will be presented henceforth.

The adsorption potentials of S and A sites are plotted in Fig. 2 as a function of
the radial distance (R4) of the Kr atom above the nanotube surface. Note that the
adsorption potential curves for all S and A sites on three nanotubes of different chirality
in each subset are indistinguishable within the resolution of the plot. This demonstrates
that V(r) and the corrugation (traditionally measured as the difference of V(r) at S and
A sites) are mainly determined by the radius of CNT, not the chirality [7,35]. Figure
2 shows that the corrugation decreases as the radius increases or as the curvature
decreases as expected. On the other hand, small but appreciable differences in the
well depth of V(r) are observed for various SP sites on each nanotube of varying
chirality as shown in Figs. 3-5. A closer inspection shows that these differences of
adsorption potential demonstrate a systematic dependence on the chiral angles, and
thus the signature pattern of surface corrugation for a tube of a given chiral angle (see
Fig. 6).

To assess the “preference” of a Kr atom towards a given adsorption site, the potential
difference AV (r) defined as the difference between the adsorption potential of a non-
A-site and an A-site is calculated as a function of the radial distance (R 4 ) of the Kr atom
above the tube surface (see Figs. 3-5). A positive AV (r) represents an energetically
less favored region than site A. For planar graphite/graphene, AV (r) would be negative
at all SP and S sites. The values of AV(r) for all CNTs of varying radius and chirality
we have studied reveal that S is consistently the most favored adsorption site, a result
that agrees with the graphene/graphite case. Also, both SP2 and SP3 remain favored
over A-site independent of the chirality, which again agrees with graphene/graphite
case. On the other hand, SP1 site remains consistently the least favored regardless of
the chirality within the first monolayer adsorption range of 0.25 < R4 < 0.55 nm we
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Fig. 3 The potential difference AV (r) of adsorption potential at sites [S, SP1 and SP2] to that at site A
as defined in the text for two zigzag nanotubes of different radius. The curves without and with symbols
represent the AV (r) for CNTs (12,0) and (21,0), respectively. Note that positive AV (r) corresponds to the
region which is energetically less favored than site A. Here, SP1 becomes less favored than the A site at
R4 =0.267 and 0.291 nm, respectively for CNTs (12,0) and (21,0), and remains unfavorable for greater
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Fig. 4 The potential difference AV (r) of adsorption potential at sites [S, SP1, SP2, and SP3] to that at site
A as defined in the text for two chiral nanotubes of different radius. The curves without and with symbols
represent the potential difference AV(r) for CNTs (11,2) and (15,9), respectively. Note that positive AV (r)
corresponds to the region which is energetically less favored than site A. Here, SP1 becomes less favored
than the A siteatR 4 =0.270 and 0.313 nm, respectively for CNTs (11,2) and (15,9), and remains unfavorable

for greater R 4
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Fig. 5 The potential difference AV(r) of adsorption potential at sites [S, SP1, and SP2] to that at site A
as defined in the text for two armchair nanotubes of different radius. The curves without and with symbols

represent the potential difference AV(r) for CNTs (7,7) and (12,12), respectively. Note that positive AV (r)
corresponds to the region which is energetically less favored than site A. Here, SP1 becomes less favored
than the A site at R 4 =0.312 and 0.342 nm, respectively for CNTs (7,7) and (12,12), and remains unfavorable

for greater R 4

Fig. 6 Contour plot of the adsorption potential of a Krypton atom on a single wall nanotube: zigzag (12,0),
chiral (11,2) and armchair (7,7) from left to right. The radial distance (R4) above the CNT is 0.35 nm.

The contour plot is colored in blue (the most attractive adsorption sites), green, yellow and red (the least
attractive adsorption sites) in the order of the strength of the adsorption potential (Color figure online)

have explored. This simple and intuitive, yet unpredicted, result has not been discussed
elsewhere to the best of our knowledge.

Specifically, in the smaller radius CNT subset, SP1 becomes less favored than the

A site at R4 equal to and larger than 0.267, 0.270, and 0.312 nm, respectively, for
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zigzag (12,0), chiral (11,2), and armchair (7,7) tubes. Similarly, in the larger radius
subset, SP1 becomes unfavored over A site at the range of R4: 0.291, 0.313, and
0.342 nm, respectively, for zigzag (21,0), chiral (15,9), and armchair (12,12) tubes.
The corrugation on a planar graphite/graphene substrate is traditionally measured as
the difference between the most favored (S) and the least favored (A) sites. Following
this conventional definition of surface corrugation and based on our findings, we
conclude that the corrugation of a CNT should be measured as the difference between
the most attractive (S) and the least attractive (SP1) sites. Note that the difference
between the S and A sites remains intact regardless of its chirality and the level of
“disfavorability” of the SP1 sites over A sites decreases as the chiral angle increases.
Since the armchair tube exposes the smoothest surface with the least AV (r) to adsorbed
atoms than CNTs of other chiral angle, including zigzag tubes, the armchair nanotube
is expected to have a greater tendency to form an incommensurate ordered phase. This
expectation is confirmed by the results of the grand canonical Monte Carlo (GCMC)
simulations described in the next section and in our previous study [7], which find
commensurate and incommensurate ordered phases for Kr monolayer on zigzag and
armchair CNTs, respectively. This novel change in the adsorption environment, due
to the different symmetry in the surface corrugation on a given chiral nanotube, stands
in marked contrast to the planar graphene/graphite case.

4 Grand Canonical Monte Carlo Simulations of Krypton Adsorbed on
Armchair and Zigzag CNTs.

The results described in the previous section show that the surface corrugation changes
systematically with the chirality. It is expected, therefore, that a zigzag nanotube would
offer a more favorable environment for a CS phase than an armchair nanotube of the
same radius.

As we mentioned before, in our previous study [7] we found a CS phase in a zigzag
(18,0) nanotube, and no evidence of any such a phase in an armchair (12,12) nanotube.
Here we extend the study to pairs of armchair and zigzag nanotubes of equal radius.
For this sake, we have run a series of Grand Canonical Monte Carlo simulations for
Krypton adsorbed on two pairs of CNTs with diameter from 1.64 and 2.58 nm. Our
method of simulation is described in Ref. [7]. The potential interaction between the
Kr atoms and the carbon atoms is given in Eq. (3), with parameters yg = —0.54 and
yA = 0.37. All the simulations were done at a temperature of 77.4 K.

We inspect the results of our simulations searching for features that may indicate
the occurrence of a CS phase. These features are steps in the energy isotherms: a step
down in the energy gas-surface usually indicates a transition to a commensurate state.
Once the features are identified, we confirm the phase by inspecting the structure of
the adsorbate. We calculate two functions to test the structure: the two-dimensional
radial distribution function (RDF) and the structure function. The RDF is defined as

g(r) = Nr/Q27 r dr®) (6)
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Fig. 7 Partial coverage ¢ (top),
Egs (middle) and Egg (bottom) as
a function of the pressure of the
vapor for Kr adsorbed in CNTs
(12,12) and (21,0) as indicated
in the legend. The temperature is
77.4 K. The arrows indicate the
formation of the CS phase
(Color figure online)
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Fig. 8 Schematic view of the 1:4 CS phase (adapted from Ref. [7]). Light blue circles represent C atoms
while the asterisks represent Kr atoms (Color figure online)

where N, is the number of atom-pairs at a distance between r and r + dr in the unrolled
plane, and ® is the number of atoms per unit area. We refer the reader to Ref. [7] for
the description of the structure function, basically the Fourier transform of the pair
correlation function. The results of our simulations are displayed in Figs. 7—-10.
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In Fig. 7, we plot the fractional coverage (¢), defined as the number of Kr atoms
adsorbed per carbon, the gas-surface energy per particle (Eg) and the gas-gas energy
per particle (Eg,) as functions of the vapor pressure, for the pair of CNTs armchair
(12,12) and zigzag (21,0) (both with diameter 1.64 nm). We recognize the first step
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Fig. 10 Partial coverage ¢ 0.3
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in the coverage that corresponds to the condensation of a monolayer, at a pressure Py
=2.56 x 1073 atm, for both the armchair and zigzag CNTs. We call this pressure
“uptake pressure”, Py. The transition is accompanied by a decrease in the Eyo and an
increase in Egs, a consequence of a rise in the density of the adsorbate. We note that the
value of P, is independent of the chirality of the CNTs. At a higher pressure P, = 7.0
x 10 73 atm, we observe a step down in Egs only for the zigzag CNT, indicating the
formation of a commensurate phase. We notice that, at the same pressure, the Egq
decreases by 38 K; hence the phase formed favors both the gas-surface and gas-gas
interactions. The fractional coverage of this CS phase is ¢ = 0.24, close to the value
observed in Ref. [7] (¢ = 1/4).

We confirm the commensuration by inspecting the RDF and the structure function
for two sample configurations at pressures below and above P... For the calculation of
s(k) we assume k = mjb; + myby, where (mj, my) are integer numbers and (bg, by)
are the reciprocal lattice vectors corresponding to the 1:4 CS phase found in Ref. [7].
This lattice is made of S and SP sites as schematically shown in Fig. 8.

In Fig. 9, we plot the RDF and the structure function of two configurations, I and
II. The first configuration correspond to P = 5.5 x 10~3 atm (below P,) with Egs =
—1081.3 K. The second one corresponds to P = 7.3 x 107> atm (above P.) and
E,s = —1087.1K. We observe that the structure function of configuration II presents
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pronounced peaks, opposite to that of configuration I, confirming that II is a CS phase.
Comparing the RDF of I and II we notice that configuration I seems closer to a liquid
phase than II. For the armchair CNT (12,12), there is no indication of a CS phase
since the Eg; increases monotonically. The Egg, on the other hand, steps down by
42 K at a higher pressure than the zigzag counterpart. We believe that this indicates
the formation of an incommensurate solid phase.

The results for the armchair (19,19) and zigzag (33,0) CNTs, both with diameter
2.58 nm are shown in Fig. 10. The behavior is qualitatively the same as for the 1.64
nm-pair: Kr forms a CS phase in the zigzag tube only at P. = 1.2 x 10™* atm with a
gas-surface energy decrease of 4K.

5 Conclusions

We have analyzed and discussed how the adsorption potential, and thus the surface
corrugation, varies based on the chirality of nanotubes. We find that the surface cor-
rugation changes in a systematic way as chirality changes. The change occurs not just
in magnitude but in symmetry as well. In terms of magnitude, the adsorption surface
becomes smoother as the chiral angle increases. In terms of symmetry, there are differ-
ent shapes and areas of favored regions (or channels) on a nanotube depending on the
chirality as can be seen clearly in Fig. 6. This induces a novel adsorption environment
with varying surface corrugation for the adatoms on each CNT of different chirality.
The predictions based on the surface corrugation are confirmed by our GCMC sim-
ulations. In conclusion, the behavior of ordered or disordered phases of atoms and
molecules adsorbed on CNTs is found to depend strongly on the chirality, and thereby
is quite different from that of these phases on graphene/graphite.
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