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Discriminating between metallic (M) and semiconducting (S) single-walled carbon nanotubes (SWNTs)
remains a fundamental challenge in the field of nanotechnology. We address this issue by studying the
adsorption of the isotropic atoms Xe, Kr, and a highly anisotropic molecule n heptane on M- and S-SWNTs
with density functional theory that includes many-body dispersion forces. We find that the distinct
polarizabilities of M- and S-SWNTs exhibit significantly different physisorption properties, which are also
strongly controlled by the SWNT’s diameter, adsorption site, adsorbate coverage, and the adsorbate’s
anisotropy. These findings stem from the wavelike nature of charge-density fluctuations in SWNTs.

Particularly, these results allow us to rationalize the unusual v/3 x v/3R30° phase of Kr atoms on small gap
M-SWNTs and the double desorption peak temperatures of n heptane on M-SWNTs in experiments, and
also propose the n heptane as an effective sensor for experimentally discriminating M- and S-SWNTs.
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The identification of metallic (M) and semiconducting
(S) single-walled carbon nanotubes (SWNTs) plays a
central role in the development of SWNT-based devices,
since experimentally synthesized SWNTs are normally
mixtures of M- and S-SWNTs rather than just one type
as required for many applications. Although some pioneer-
ing methods have been useful in identifying the type of
SWNTs [1-3], effective methods, using physisorbed adsor-
bates that do not damage SWNTs and distinguish M- and
S-SWNTs effectively, are still urgently needed. Moreover,
investigating the interactions between adsorbates and
SWNTs is crucial for many additional applications, e.g.,
quantum devices and hydrogen storage [4,5]. As the
primary driving force behind physisorption, van der
Waals (vdW) forces exhibit different asymptotic behaviors
depending on the range scale of electronic fluctuations
[6-12]. Hence, unraveling the physisorption of M- and
S-SWNTs is of great importance for understanding the
fundamental nature of vdW forces, as well as for accel-
erating applications of SWNTs [13-15].

M-SWNTs possess infinite static longitudinal polariz-
abilities, whereas S-SWNTs have finite longitudinal polar-
izabilities [16]. Generally, this difference is expected to
result in significantly different physisorption [14,17-21].
Dobson et al. [9] fulfilled this expectation in conducting
and nonconducting wires via random-phase approximation
(RPA), but did not explore the interactions between
adsorbates and wires. RPA is also prone to underestimating
intermolecular vdW forces [22]. A pairwise method by
Rajter et al. [23] and a quantum electrodynamical approach
by Popescu ef al. [24] yielded conflicting priority for the
interactions between S-SWNTs and those between
M-SWNTs. In addition, both studies did not address the
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interactions between adsorbates and SWNTs. Using a
coupled dipole method, Kim et al. [25] and Shtogun et al.
[26] reported the importance of many-body vdW forces for
linear and graphitic nanoclusters. With a nonlocal many-
body dispersion method (MBD) [27,28], Ambrosetti et al.
demonstrated that wavelike charge-density fluctuations are
responsible for the MBD forces between infinite S-SWNTs
[8]. However, the physisorption difference between M- and
S-SWNTs was not clarified.

Through a combination of temperature-programed
desorption (TPD) measurements and vdW-corrected density
functional theory (DFT) calculations, Chen et al. [29,30]
indicated a negligible difference between the adsorption
energies for isotropic atom Xe and highly anisotropic n
heptane on M- and S-SWNTs, despite their significantly
different polarizabilities. Indeed, the TPD measurements
obtained only identical desorption peak temperatures on
M- and S-SWNTs [29,30]. The corresponding adsorption
energies were estimated by assuming the same preexponen-
tial factor v in the Redhead equation [31] for both M- and S-
SWNTs. However, the preexponential factor v depends
strongly on the size of adsorbed molecules and the identity
of the SWNT [32], and deviates significantly between
different measurements (10'-10'" s=! for n heptane
desorbing on graphite) [33-36]. This can result in significant
uncertainties in the adsorption energies. The application of
DFT + TS (Tkatchenko-Scheffler vdW scheme) [37] and
vdW-DF2 methods [38] is inappropriate because they cannot
correctly capture the MBD forces that stem from the
nonlocal anisotropic polarization of SWNTSs, and thus are
incapable of correctly describing physisorption on SWNTs.
In particular, these methods failed to reproduce the unusual

V3 x v/3R30° phase of Kr on graphite and SWNTSs (named
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as the triangular 1/6 phase), yielding much higher density
phases than those observed in experiments [39]. This failure
has been attributed to underestimation of corrugation effects
on SWNTs [40,41].

In this Letter, we revisit the adsorption of isotropic atoms
Xe, Kr, and a highly anisotropic molecule n heptane on
M- and S-SWNTs, by using a DFT method that includes
nonlocal MBD forces (DFT + MBD) [27,28]. We find that
the wavelike fluctuations of charge density primarily
determine the physisorption properties of SWNTs. Thus,
the distinct polarizabilities of M- and S-SWNTs lead to the
distinct adsorption properties, which also depend strongly
on the SWNT’s diameter, adsorption site, adsorbate cover-
age, and the anisotropy of the adsorbate. We are able to
identify the triangular 1/6 phase on a small gap M-SWNT,
which is in reasonable agreement with experiments [39].
On the basis of the strikingly different adsorption properties
for n heptane on M- and S-SWNTs, we provide a potential
solution for distinguishing between M- and S-SWNTs.

All calculations were performed by using the FHI-aims
code with a “tight” basis set [42]. Eight different SWNTs
with the diameters of 7.8-16.2 A (the usual diameters of
SWNTs are 4-20 A [43]), four metallic [(n, n)] and four
semiconducting [(n, 0) with n # 3m], were adopted and
divided into four groups, each of which consisted of one
M-SWNT and one S-SWNT with almost the same diameter.
We obtained the geometric and energetic details using
Perdew-Burke-Ernzerhof (PBE) [44] augmented with the
TS and MBD methods (PBE + TS and PBE + MBD).
Neither MBD nor pairwise vdW approximations like TS
are able to explicitly capture the free-electron response.
However, free electrons are responsible for only a tiny
fraction of the entire response in SWNTSs and only become
important at very low frequencies, whereas the vdW energy

comes from integration from zero to infinite frequencies.
Previous studies have demonstrated that MBD can accu-
rately treat delocalized z systems such as graphene/h-BN
and describe the vdW coefficients of nanotubes [11,45],
while such effects are missed by pairwise schemes of vdW
interactions. We used a vacuum width of 100 A to separate
periodic images and a k-point grid of 1 x 1 x4 for a
I x 1 x2 supercell of S-SSWNT and a 1 x 1 x 3 supercell
of M-SWNT, both of which converge adsorption energies
to an meV/atom level.

We calculated the binding curves of Xe adsorption
outside and inside the four grouped SWNTs and summarize
the results in Fig. 1 (Fig. S1 and Table SI of the
Supplemental Material [46]). PBE + TS predicts that the
adsorption energy of Xe on M-SWNTs is nearly identical to
that on S-SWNTs in each group (with the deviation < 2%),
which is consistent with literature results using vdW-DF2
and PBE + TS [29,30]. In stark contrast, PBE +~ MBD
demonstrates that the adsorption energy of Xe is up to
87.5% larger on M-SWNTs than on S-SWNTs, explicitly
demonstrating that the distinct longitudinal polarizabilities
lead to the significantly different physisorption properties
of the SWNTs.

The absolute MBD adsorption energies are less than
50% of the TS ones, whereas the MBD adsorption energies
for Xe on M-SWNTs deviate from those of Xe on
S-SWNTs by 8.1%-56.1% (Fig. S1 and Table SI in the
Supplemental Material [46]). The former results from the
many-body effects of vdW forces, which stem from
the highly nonlocal anisotropic polarization of SWNTs.
The later reflects the distinct vdW forces derived by the
distinct polarizabilities of M- and S-SWNTs.

To uncover the mechanism behind this phenomenon,
we investigated the collective charge-density fluctuations
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Adsorption potential energies by PBE + MBD and PBE + TS (MBD and TS) for Xe adsorption at the outside sites of

(6,6)/(10,0) SWNTSs (a) [(c)] and of (12, 12)/(20,0) SWNTs (b) [(d)], as a function of the distance, r in A, from the axis of the specific
SWNT. (e) MBD eigenvalue spectrum for the above SWNTs that is the 3N collective eigenmodes by the MBD model in ascending order
(shown until the energy of 4900 meV), along with (f) schematic illustration of several representative (1st, 9th, and 27th) low-energy
collective MBD eigenmodes in (e).
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of the two groups of SWNTs by plotting the MBD
eigenvalue spectrum and collective MBD eigenmodes in
Figs. 1(e)-1(f). In each group of SWNTs, the M-SWNT has
a lower energy compared with the S-SWNT for each
collective MBD eigenmode at the low-energy range of
the spectrum. It is known that the static dipole polarizability
a is correlated with the resonant frequency of the ith
eigenmode w; by the constant quantity aw? for every MBD
eigenmode, due to charge conservation [8]. Compared with
S-SWNTs, the lower-energy eigenmodes of M-SWNTs
correspond to higher polarizabilities, indicating more
delocalized charge-density fluctuations over the entire
SWNT and stronger dipole-dipole coupling along the
longitudinal axis of SWNTs [Fig. 1(f)]. In contrast, the
higher-energy eigenmodes have increasing transverse com-
ponents. Since the lower-energy longitudinal eigenmodes
dominate over transverse eigenmodes in determining the
interactions between SWNTs and Xe, the M-SWNTs
exhibit more pronounced MBD binding energies than
the S-SWNTs.

It is apparent that the distinct vdW forces of M- and
S-SWNTs can only be described correctly using the
wavelike charge-density fluctuations of SWNTs (MBD),
rather than with particlelike or fragmentlike dipolar fluc-
tuations (pairwise schemes such as TS and vdW-DF2).

The many-body effects of vdW forces also modify the
adsorption geometries for Xe on SWNTs. PBE + MBD
generates similar adsorption distances of d = 3.8—4 A for
all the cases considered, which is consistent with the sum of
the vdW radii of C and Xe atoms (1.7 4 2.16 = 3.86 A)
[47]. In contrast, PBE 4+ TS generally yields adsorption

(14,0)

distances that are shorter than PBE + MBD (by 0.1-0.3 A)
because TS overestimates the vdW forces. The only
exception is adsorption inside (6, 6)/(10, 0), where optimal
position of Xe is exactly at the center of the SWNTs with
PBE + TS, but is » = 0.1 A away from the center of the
SWNTs with PBE + MBD. This difference is due to the
different trends exhibited by the binding curves for TS
(binding energy decreases with increasing r) and MBD
(binding energy increases with increasing r) (Fig. S2 of the
Supplemental Material [46]). Because the PBE binding
energy decreases with increasing r, the competition
between the PBE and MBD energies leads to the optimal
position of Xe at r=0.1 A inside (6,6)/(10,0). The
corresponding energetic gains are 3 meV for (6, 6) and
1 meV for (10, 0) relative to the center of the SWNTs.
To unravel the optimal commensurate solid phase (CS) of
adsorbed Kr atoms on SWNTs, we used PBE + MBD to
study three possible types of CS phases on zigzag M-SWNTs
(n, 0) with n = 3m including the striped 1/4 phase, the
triangular 1/4 phase, and the triangular 1/6 phase as a
function of the index n [Figs. 2(a), 2(b)]. We found that the
relative stability of these three phases is determined by the
SWNT’s diameter: the striped 1/4 phase is the most stable
one forn < 12, the triangular 1 /4 phase for 12 < n < 24, and
the triangular 1/6 phase for n > 24. Thus, the (27, 0) with a
diameter of D =21.14 A is the narrowest small gap
M-SWNT that favors the triangular 1/6 phase. This nanotube
is much narrower than those obtained by the classical grand
canonical Monte Carlo (GCMC) simulations and vdW-DF2

methods (D > 31.34 A) [30,48], and is thus in better agree-
ment with experimental observations (D = 10-30 A) [39].
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(a) 2D schematic illustration of three Kr CS phases by “unrolling” the cylindrical structures of SWNTs. From top to

bottom: the striped 1/4 phase, the triangular 1/4 phase, and the triangular 1/6 phase (Kr atoms in blue). (b) Comparison of
adsorption energies per Kr atom (by PBE + MBD) of the three Kr CS phases on zigzag M-SWNTs, as a function of the index n. (c)
[(d)] Adsorption energies by PBE + MBD corresponding to n heptane lying or standing outside [inside] (8,8)/(14,0) and
(12,12)/(20,0), respectively. (¢) MBD eigenvalue spectrum for n heptane that is the 3N collective eigenmodes by the MBD model
in ascending order. (f) Schematic illustration of representative collective MBD eigenmodes for n heptane [/, Is, ss, and b as indicated

in (e)] with both front and side views.
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Our results demonstrate that, in addition to the
anisotropy of SWNTs proposed by the studies of empirical
anisotropic potentials [40,41], the coverage- and size-
dependent properties of the Kr-Kr interactions are also
critical for the formation of the triangular 1/6 phase.
We separated the total adsorption energy of the Kr
phases on SWNTs into the Kr-Kr interaction energy
and the Kr phases-SWNTs interaction energy (E =
Ex;—kr + Exp—s, Table I). On (18,0), the many-body
effects of the vdW forces (which are difference between
PBE + MBD and PBE + TS) for Ey,_k,;, which depend
strongly on the Kr coverage and favor the triangular 1/6
phase by 9 meV/atom relative to the triangular 1/4 phase,
are, unfortunately, missed in GCMC and vdW-DF2 sim-
ulations [30,48]. As the index n of (n, 0) is increased from
12 to 30, Ex,_k, is always attractive for the triangular 1/6
phase (dk,_k, decreases from 6.69 to 5.25 A), but for the
triangular 1/4 phase is only attractive up to (24, 0) with
dg,—xr = 4.02 A and then becomes repulsive (dyg,_x:
decreases from 4.89 to 3.87 A), because the binding
distance of a Kr dimer is 4.04 A [49]. Therefore, the
triangular 1/6 phase becomes more stable than the tri-
angular 1/4 phase on (27, 0). Clearly, describing Ex,_x,
and Ex., s on equal footing is crucial for determining the
Kr CS phases on SWNTs.

We further studied the adsorption of n heptane on two
sets of SWNTs: (8,8)/(14,0) and (12,12)/(20,0). The
side view of n heptane is not square but rectangular, with
long-side and short-side directions (/s and ss) that lead to
lying and standing adsorption configurations on the
SWNTs [see Figs. 2(c), 2(d), in which the angle is defined
relative to the vertical line]. PBE + TS yields nearly
identical adsorption energies for each set of the SWNTs
[30], with the same lying configuration. In contrast,
PBE + MBD predicts not only different adsorption ener-
gies but also substantially different adsorption structures
for n heptane on M- and S-SWNTs [Figs. 2(c), 2(d) and
Table SII of the Supplemental Material [46]]: at the exterior
sites of SWNTSs, n heptane lies on S-SWNTS but can adopt
either a lying or a standing configuration on M-SWNTs.
Remarkably, this observation corresponds with the TPD
experiments, in which the desorption of n heptane at the
exterior sites generates a single peak temperature (199 K)

TABLE I. Differences of the individual contributions (Ex,_k,
and Ex;,_g) and the corresponding total adsorption energies (E;q)
between triangular 1/6 phase and triangular 1/4 phase for Kr in
meV per atom on (18, 0), by PBE +MBD (PBE + TS) and
GCMC simulations with anisotropic (isotropic) Krp-S potential.

Eij6—E)4

Method E Kr—Kr

PBE + MBD (PBE + TS) 18.3 (27.3) —9.9 (-11.8) 8.4 (15.5)
GCMC-aniso (iso) [48] 282 (276) —61 (—15) 221 (261)

EKrp—S Etot

on S-SWNTs but a pair of neighboring peaks (197 and
187 K) on M-SWNTs [30]. Experiments with infrared
adsorption (IR) spectroscopy and scanning tunneling
microscope (STM) should be able to identify and discern
these lying and standing configurations, and thereby differ-
entiate M- from S-SWNTs. We thus expect that n heptane
can serve as a sensor for experimentally discriminating
between M- and S-SWNTs.

We have also analyzed the MBD adsorption energies of
n heptane on SWNTs (Table SII), finding that the
n-heptane anisotropy plays a crucial role in binding itself
to SWNTs, which significantly differs from the isotropic
Xe atoms and the linear one-dimensional carbynelike
atomic wire [8]. As shown in Figs. 2(e) and 2(f), an
increase of n heptane’s eigenmodes energy is accompanied
with an increase transverse components of eigenmodes,
with charge-density fluctuations gradually changing from
the longitudinal (/) direction to the C-H bond (b) direction
through the Is and ss directions. The adsorption of n
heptane on SWNTs is determined mainly by the eigenm-
odes of n heptane (represented by [, Is, ss, and b) and the
corresponding eigenmodes of SWNTs (see Fig. S3 of the
Supplemental Material [46]). At the outside sites of
SWNTs, except the coupling between the / eigenmodes
of n heptane and SWNTs, the lying n heptane has lower-
energy [s eigenmodes contributing to its binding with
SWNTs by coupling with the transverse components of
SWNTs eigenmodes (e.g., the Sth eigenmode of the SWNT
along the nanotube wall in Fig. S3 of the Supplemental
Material [46]), whereas the standing n heptane has the ss
eigenmodes doing so. Therefore, when adsorbed outside
the SWNTs, n heptane has a larger MBD adsorption energy
in the lying configuration than in the standing configura-
tion. Compared with S-SWNTs, M-SWNTs have fewer
transverse components of eigenmodes, leading to smaller
differences in MBD adsorption energies between the
lying and standing n heptane. The anisotropy of n heptane
is thus vital to its adsorption properties on the outside of
SWNTs. Inside SWNTs, the [ eigenmodes of n heptane on
M-SWNTs generate larger MBD adsorption energies than
those on S-SWNTSs, whereas /s, ss, and b of n heptane on
S-SWNTs contribute to the MBD adsorption energies more
than those on M-SWNTs, due to there being more trans-
verse components in the S-SWNT eigenmodes. Since the
resulting MBD adsorption energies are larger on S-SWNTs
than on M-SWNTs, the n-heptane transverse eigenmodes,
which result from its anisotropy, should thus be critical for
its adsorption inside SWNTs.

In conclusion, our PBE + MBD calculations reveal the
nature of the vdW forces in M- and S-SWNTs, which are
governed by the wavelike charge-density fluctuations in
SWNTs. We found that M- and S-SWNTs exhibit sub-
stantially different physisorption properties, which also
depend strongly on the SWNT’s diameter, adsorption site,
adsorbate coverage, and the anisotropy of adsorbate. These
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results allow us to explain experimental observations of the
unique triangular 1/6 phase for Kr atoms on small gap
M-SWNTs and the double desorption peaks for n heptane
on M-SWNTs in TPD experiments. Moreover, the dramatic
difference between the adsorption of n heptane on M- and
S-SWNTs suggests a remarkable way for experimentally
discriminating between M- and S-SWNTs, which could be
helpful for the practical application of SWNTs. These
results demonstrate that MBD interactions are essential for
studying highly anisotropic nanomaterials.
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