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Differences in polarizabilities of metallic (M) and semiconducting (S) single-walled carbon nan-
otubes (SWNTs) might give rise to differences in adsorption potentials. We show from experiments
and van der Waals-corrected density functional theory (DFT) that binding energies of Xe adsorbed
on M- and S-SWN'Ts are nearly identical. Temperature programmed desorption of Xe on purified
M- and S-SWNTs give similar peak temperatures, indicating that desorption kinetics and binding
energies are independent of the type of SWNT. Binding energies computed from vdW-corrected

DFT are in good agreement with experiments.

PACS numbers: 61.48.De,68.43.-h,68.43.Vx,73.22.-f

Multiwalled-carbon nanotubes were first identified in
experiments by Iijima et al.' in 1991. Single-walled car-
bon nanotubes (SWNTs) were predicted theoretically? 4
in 1992 and then experimentally observed in 1993.%¢
SWNTs are either metallic (M-SWNT) or semiconduct-
ing (S-SWNT), depending on their chiral indices, (n,m).*
As a consequence of the symmetry of the SWNT, all nan-
otubes having n = m are metallic. When n —m is an
integer multiple of 3 the SWNT will have a very small
band gap, and SWNTSs having all other chiral indices will
be large gap semiconductors with band gaps inversely
proportional to their radii.”®

There are dramatic differences in the longitudinal po-
larizabilities of M- and S-SWNTs. Kozinsky et al.”
predicted that the longitudinal polarizability of SWNTs
scales as the inverse square of the band gap, so that M-
SWNTs essentially have infinite static longitudinal po-
larizability. In contrast, the transverse polarizability of
SWNTs is proportional to the square of the radius and
independent of the band gap or chirality of the SWNT.?
These theoretical predictions were confirmed experimen-
tally by Lu et al.'”

It has been widely assumed that the extraordinary dif-
ferences in polarizabilities of M-SWNTs and S-SWNTs
will lead to significant differences in the adsorption po-
tentials and binding (adsorption) energies of weakly-
bound adsorbates on SWNTs,!! 14 since conventional ex-
pressions for van der Waals (vdW) interaction coeffi-
cients are proportional to the polarizabilities of the in-
teracting particles (or, equivalently, the dielectric func-
tions of surfaces).!® Unfortunately, there exists no rigor-
ous expression for the vdW interaction energy between
a SWNT (either metallic or semiconducting) and a ph-
ysisorbed atom at its equilibrium separation. It is im-
portant to recognize that there are dramatic differences
in the non-retarded asymptotic vdW energies for paral-
lel metallic and semiconducting nanowires or nanotubes,
as first noted by Chang et al.' and more recently by
Dobson et al.,'” but the extension to atoms interacting

with nanotubes at equilibrium distances has not yet been
made. Perhaps the closest system with which we may
compare is the expression for the vdW interaction of an
atom with a semi-infinite solid, such as graphite. The
potential for an adatom at a distance z from the surface
can be expressed as'®

Viaw(z) = —Cs/2°. (1)

This equation is valid when z is large compared with
the lattice constant of the substrate but small compared
to the distance where retardation is important. C'5 is the
van der Waals constant, which can be approximated by'®
03 _ gOaOEaEs , (2)
8(E, + Es)
where oy and F, are the static polarizability and exci-
tation frequency of the adatom, and gg and Ey are two
substrate-dependent fitted parameters. The change in
C3 as the substrate is changed from semiconducting to
metallic can be approximated by assuming the contribu-
tion is additive:

Acg - ﬁwsp(Ea + ES)
Cg - gOEs(Ea + hwsp)’

(3)

where w;), is the surface plasma frequency of the free
electrons,!?
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Here, n is the density of free electrons, e is the charge on
an electron, and m, is the effective mass of an electron.
We see that AC3 is proportional to the square root of
the density of free electrons, indicating a possible weak
response to the change from semiconducting to metallic
SWNTs. Values of E, for Xe and g, Es for graphite
are available.'® The value of n is the only unknown, and
unfortunately is difficult to estimate. We can, however



get a rough estimate of the magnitude of AC5/C35 by
specifying a value of hw,,/Es in Eq. (3) and assuming
that E, > hwsp. Specifying hwsy/Es = 0.01, which is
meant to mimic the injection of a small number of elec-
trons, we get AC5/C3 = 0.04 for the Xe/graphite system.
This indicates that the vdW potential may increase sig-
nificantly as the substrate changes from semiconducting
to metallic. However, there are problems with this ap-
proach. The half-space solution presented above is not
applicable to nanotubes, which have only a single layer
of atoms and therefore lack complete screening.!” In ad-
dition, The metallic behavior of nanotubes is confined to
the longitudinal direction. Thus, although the preced-
ing heuristic argument suggests that a small number of
conducting electrons has a modest effect on the vdW in-
teraction, there is no rigorous theoretical answer to the
question posed here.

The question has also been difficult to resolve from ac-
curate numerical quantum mechanical calculations. The
difficulty in answering the question from quantum me-
chanics comes from the approximate nature of the meth-
ods one must use to compute the interaction between
an adsorbate and a SWNT. Density functional theory
(DFT) with conventional local and semilocal function-
als does not capture nonlocal electron correlation ef-
fects for small electron density overlap and therefore can-
not be used to compute long-range vdW interactions
accurately.2® Mgller-Plesset perturbation theory, which
does capture much of the dispersion interaction, diverges
for metallic systems,??? and therefore cannot be used to
compute interaction energies for atoms with M-SWNTs.
Quantum Monte Carlo (QMC) methods could provide ac-
curate binding energies but these methods are computa-
tionally very expensive and are challenging to implement
for metallic systems.?? Another approach is to compute
the correlation energy from the random phase approx-
imation (RPA), combined with exact Hartree-Fock ex-
change energy. However, this approach also carries a very
steep computational cost.?*?> Recently developed meth-
ods to include vdW interactions within DFT, such as the
second-generation van der Waals density functional the-
ory (vdW-DF2) of Langreth and coworkers,?® provide a
compromise between accuracy and efficiency. Although
these methods do not include true many-body effects, it
has been shown that they give binding energies in ex-
cellent agreement with QMC and RPA calculations for
water on graphene.?”

It has also been impossible to experimentally address
the question of adsorbate interactions with M- and S-
SWNTs until very recently. This is because all current
synthesis methods produce mixtures of M- and S-SWNT's
and there has not been an efficient way to separate them
in sufficiently large quantities until the work of Hersam
et al., who used density differentiation to separate M-
and S-SWNTs.28:29

We present a combined theoretical and experimental
approach to answer the question of whether the bind-
ing energy of Xe to M-SWNTs is significantly different
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FIG. 1. (color online) (a) Schematic of the potential energy
curves for Xe on the inside and outside of a (12,12) SWNT as
a function of distance from the center of the SWNT. Potential
energy curves for (b) interior and (c¢) exterior adsorption of
Xe on a series of M- and S-SWNTs. The chiral index, radius
(R) and the type of each of the SWNTs are shown in the inset
table.

from binding to S-SSWNTs. We use vdW-DF2 in our cal-
culations. This method has been shown to be accurate
for predicting the energetics of rare gas atoms on metal
surfaces.2:3% We also use the method of Tkatchenko and
Scheffler3! (vdW-TS) as an independent test of the vdW-
DF2 approach. We experimentally probe the kinetics and
energetics of Xe binding to M- and S-SWNTs by employ-
ing temperature programed desorption (TPD) of Xe on
purified samples of either M- or S-SWNTs.

We have computed potential energy curves for
Xe adsorption on the inside and outside [Fig. 1(a)]
of six different nanotubes, three metallic and three
semiconducting.??> The nanotubes are divided into three
sets, with each set having one M-SWNT and one S-
SWNT of nearly identical diameters. The chiral index,
radius and type of each nanotube are given in Fig. 1. We
have computed the potential energy, defined as

Eyot = Etot — Exe — EswNT, (5)

where Fi, is the DFT energy of the Xe/SWNT system,
Ex, is the energy of an isolated Xe atom, and Eswnt
is the energy of an isolated SWNT. The potential energy
curves for Xe approaching the center of a carbon hexagon
for six different SWNTs computed from vdW-DF2 are
plotted in Figs. 1(b) and (c).

We see that the predictions from our vdW-DF2 cal-
culations indicate that there is little difference between
the potential energy curves for Xe on M-SWNTs and S-
SWNTs; the differences in the repulsive parts of the po-
tential energy curves shown in Fig. 1 can be attributed to
slight differences in the diameters of the SWNTs. Specif-



ically, the (10,0) tube is 0.2 A smaller in radius than the
(6,6) tube, which corresponds closely to the distance be-
tween the repulsive parts of the potentials for these two
tubes in Fig. 1 (b) and (¢). The same trends can be ob-
served for the other two pairs of tubes. Hence, the poten-
tial energy curves depend critically on the diameter of the
SWNT, but not significantly on the electronic properties
of the SWNT. The largest difference in the well depths
for a given pair of SWNTs (having similar diameters) is
about 0.02 eV. The binding energy is larger in magni-
tude for endohedral than exohedral adsorption, as has
been known to be the case from previous experiments>3
and theory.3*

We have performed TPD experiments on purified sam-
ples of either S-SWNTs or M-SWNTs. The S- and M-
SWNT samples used in this study are commercial sam-
ples prepared by arc discharge and separated using pro-
priety surfactants and density gradient centrifugation.?®
The average diameters for both S- and M-SWNT's are es-
sentially identical with a value of about 1.4 nm, so that
we can compare the adsorption strength of Xe on S- and
M-SWNTs without a bias due to differences in curvature
of the nanotubes. As shown in Fig. 2 (a)-(b), three dif-
ferent adsorption experiments (labeled as 1, 2, and 3 on
both S- and M-SWNT) were performed independently
to compare the Xe desorption kinetics, where the ini-
tial coverage of Xe on S- and M-SWNTs in each of the
three experiments is the same. The value of T},cak corre-
sponds to the maximum rate of desorption and therefore
is used to compare Xe desorption on the two samples.
The Tpeak values are used to estimate the desorption en-
ergies through the Redhead equation®® using a typical
preexponential factor for the first-order desorption pro-
cess of v = 10'2 ! and our heating rate of 2 Ks™'.
The peak temperatures as well as the estimated desorp-
tion energies based on the three experiments are listed
in Table 1.35 These values are essentially identical with
energy differences less than 0.01 eV. We note that at the
low coverages in the experiments essentially all the gas
will be adsorbed on the endohedral sites.?® Our exper-
imental results are in excellent agreement with predic-
tions from our vdW-DF2 calculations, shown in Table II,
which also show a very slight difference between S- and
M-SWNTs of similar diameters. Moreover, the values of
the experimentally determined desorption energies are in
good agreement with the absolute values of the calcu-
lated adsorption energies. Our computed binding ener-
gies on tubes having diameters of about 16 A and 11 A
are about —0.22 eV and —0.30 eV, respectively. This
range of values is in good quantitative agreement with
the experimentally measured desorption energy of about
0.33 eV. Note that the experimental SWNT samples have
a range of diameters with a mean value of about 14 A.

We have computed the potential energy curves for Xe
on the exterior of (12,12) and (20,0) SWNTSs using the
vdW-TS method?! as an independent check of our vdW-
DF2 calculations. These curves are plotted in Fig. 3,
along with results from the Perdew-Burke-Ernzerhof
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FIG. 2. Temperature programmed desorption spectra of Xe
desorbing from (a) M-SWNTs and (b) S-SWNTs. The cov-
erage of Xe, as measured by the area under the curve, is the
same for the curves having the same label; e.g., curve 1 in (a)
has the same coverage of Xe as curve 1 in (b). The heating
rate is dT'/dt = 2 Ks™!. Vertical lines are guides to the eye.

TABLE 1. (color online) Comparison of measured Xe desorp-
tion energies, Fqes (in €V), for S- and M-SWNTs from three
independent experiments. The TPD peak temperatures (in
K) are given in parentheses.

Expt.| S-SWNTs, (Tpcak)| M-SWNTSs, (Tpeax)
1 0.34 (127.2) 0.33 (126.4)
2 0.33 (126.1) 0.33 (127.1)
3 0.33 (125.6) 0.33 (125.5)

(PBE) generalized gradient approximation functional,3”

the local density approximation (LDA),3® and empirical
Lennard-Jones (LJ) potential calculations. We used the
standard LJ parameters for carbon in graphite34? and
Xe-Xe LJ parameters from the literature.*’4? Lorentz-
Berthelot combining rules were used to compute the Xe-
C cross interactions. We see that the vdW-TS calcula-
tions agree with the vdW-DF2 results very well over the
range of distances covered. In contrast to these two func-
tionals, PBE shows essentially no binding, as is the case
for PBE calculations of Xe adsorption on various metal
surfaces.23% The LDA calculations underestimate both
the equilibrium distance and the potential well depth. It
is interesting that the LJ potential energy curves are in



TABLE II. The vdW-DF2 calculated desorption energies
(negative of adsorption energy, in eV) of Xe on interior (ex-
terior) sites of M-SWNTs and S-SWNTs.

M-SWNT| Eaes | S-SWNT| Eldes

(6,6) 0.60 (0.12) (10,0) 0.62 (0.12)
(8,8) 0.30 (0.13) (14,0) 0.30 (0.12)
(12,12) 0.22 (0.13) (20,0) 0.22 (0.13)

rather good agreement with those computed from vdW-
DF2 and vdW-TS, having similar equilibrium distances
and slightly less attractive (by about 0.01 eV) adsorption
energies. Thus, the empirical LJ potential, which is de-
rived from simple combining rules using pure fluid data
for Xe and carbon parameters for graphite, provides a
reasonably good estimate of the potential energy for Xe
on SWNTs. We speculate that the potential energies of
other rare gas atoms adsorbed on SWNTs will also show
similar agreement between vdW-DF2, vdW-TS, and LJ
potential calculations.

As a further check on the accuracy of our DFT meth-
ods we have computed the binding energy of He and
Xe on graphite, for which reliable experimental data are
available. We computed a well depth for He/graphite
(hollow site) of 0.034 and 0.040 eV from vdW-DF2 and
vdW-TS, respectively. The well depth computed from
a potential derived from experiments (taking into ac-
count quantum effects) is about 0.019 eV.** Our com-
puted binding energy is about a factor of 2 larger in
magnitude than the experimentally-derived value. While
this is a very large relative error, the absolute error is
only about 0.02 eV, which is better than one might ex-
pect from DFT calculations. Our Xe/graphite (hollow
site) results give binding energies of —0.17 and —0.18 eV
from vdW-DF2 and vdW-TS, respectively, in good agree-
ment with experimental values, which fall in the range of
about —0.16 to —0.17 eV.** To the best of our knowledge,
these are the first reported results for periodic plane wave
vdW-corrected DFT calculations on the He/graphite and
Xe/graphite systems. The good agreement between our
calculations and experiments indicates that our calcula-
tions should be reasonably accurate for Xe/SWNT inter-
actions.

In summary, we have found from both experiments
and vdW-corrected DFT calculations that there are very
small differences in the binding energies between Xe and
either S- or M-SWNTs. These results are expected to
apply to all cases where the interaction potential be-
tween an adsorbate molecule and a SWNTs is domi-
nated by weak vdW interactions. This paper has en-
couraging implications concerning modern methods of
computing vdW interactions within DFT, which have
been found here to be fully consistent with our des-
orption experiments. The success of the simple LJ po-
tential implies that interactions deduced from the very
abundant data for physisorption of molecules on graphite
can be transferred to these same molecules interacting
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FIG. 3. (color online) Potential energy curves for Xe on the
exterior of (a) a (12,12) M-SWNT and (b) a (20,0) S-SWNT as
computed from PBE (green diamonds), LDA (blue triangles),
Lennard-Jones potential (red line), vdW-TS (cyan squares),
and vdW-DF2 (black circles).

with SWNTs. Our findings can be rationalized in two
ways:% (1) Point-like objects like atoms do not strongly
excite the long-wavelength electron density fluctuations
that give rise to the unconventional vdW interactions be-
tween M-SWNTs at asymptotically large distances.'61”
(2) The gapless m, — 7% transitions in M-SWNTSs that
give rise to anomalous interactions that are negligible
close to the potential minimum.*® Hence, our findings
will likely not hold for highly polar and large molecules,
such as surfactants,?®2% and will not be accurate for com-
puting interactions at asymptotically large distances.
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