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emplated confinement in carbon na-

notubes has emerged in recent years

as a successful route toward produ-
cing low-dimensional hybrid nanomaterials'
with new and diverse nanoscale properties
and applications. These range from nano-
chemistry vessels?’ and attogram mass
transport,” to sensitive chemical sensors,” to
transport phenomena, such as negative dif-
ferential resistance (NDR)® or spin-based, for
quantum information,® or vectors for drug
delivery.” Templated confinement also gen-
erates phases of materials that are otherwise
inaccessible. In particular, in single-walled
carbon nanotube (SWCNT) hosts, confine-
ment reaches extreme levels, down to single-
molecule®® or even single-atomic rows.> '
Effects are particularly rich when confining
inorganic materials with theoretical predic-
tions and increasing experimental evidence
of unique morphologies inside SWCNTSs: inor-
ganic nanotubes,'? twisted structures,'® with
reduced symmetry and high anisotropy.'>'*
Furthermore, SWCNT confinement can result
in diameter-controlled polymorphism of en-
capsulated inorganic material.’

This large variety of nanostructures has
provided us with a set of archetypal interac-
tions through which it is possible to modify
the host nanotube to produce new function-
alities and control nanotube behavior. These,
however, have limitations: hybridization can
strongly degrade nanotube's most desirable
properties and is not preferred;'® noncovalent
interactions with molecular systems are weak,
with at most ~0.2 eV potential modulation at
the nanotube's walls, as reported for metal-
locenes inside semiconducting SWCNTSs,'®
while the s-stacking interaction of aromatic
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ABSTRACT The large variety of hybrid carbon nanotube systems synthesized to date (e.g., by
encapsulation, wrapping, or stacking) has provided a body of interactions with which to modify the
host nanotubes to produce new functionalities and control their behavior. Each, however, has
limitations: hybridization can strongly degrade desirable nanotube properties; noncovalent
interactions with molecular systems are generally weak; and interlayer interactions in layered
nanotubes are strongly dependent upon the precise stacking sequence. Here we show that the
electrostatic/polarization interaction provides a generic route to designing unprecedented, sizable
and highly modulated (1 eV range), noncovalent on-tube potentials via encapsulation of inorganic
partially ionic phases where charge anisotropy is maximized. Focusing on silver iodide (Agl)
nanowires inside single-walled carbon nanotubes, we exploit the polymorphism of Agl, which
creates a variety of different charge distributions and, consequently, interactions of varying strength
and symmetry. Combined ab initio calculations, high-resolution transmission electron microscopy,
and scanning tunneling microscopy and spectroscopy are used to demonstrate symmetry breaking of
the nanotube wave functions and novel electronic superstructure formation, which we then
correlate with the modulated, noncovalent electrostatic/polarization potentials from the Agl filling.
These on-tube potentials are markedly stronger than those due to other noncovalent interactions
known in carbon nanotube systems and lead to significant redistribution of the wave function
around the nanotube, with implications for conceptually new single-nanotube electronic devices and
molecular assembly. Principles derived can translate more broadly to relating graphene systems, for
designing/controlling potentials and superstructures.

KEYWORDS: carbon nanotube hybrids - scanning tunneling microscopy/
spectroscopy - symmetry breaking - electronic superstructure - electrostatic/
polarization interaction - Agl@SWCNT - density functional calculations

planar molecules is even weaker, leading to
only minor perturbations in the nanotubes;'”
meanwhile, the interlayer interactions in dou-
ble- or multiwalled carbon nanotubes depend
strongly on the precise stacking sequence
and are not entirely noncovalent but partially
involve hybridization.'®

In contrast, confined inorganic com-
pounds can influence carbon nanotubes in
ways that are distinctive yet little explored
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to date. This is the core idea we explore here. We pose
the question: can inorganic nanostructures produce
potentials that combine the best characteristics of
archetypal interactions but without their limitations;
that is, can they be made noncovalent but strong and
can they be tailored (in magnitude and spatial
distribution) through design? Some evidence already
exists in relationship to the inorganic systems de-
scribed above. Symmetry lowering in an encapsulated
inorganic structure can make the nanotube cross sec-
tion oval; this was observed in high-resolution trans-
mission electron microscopy (HRTEM) for a double
tetrahedral chain of Col,,'® or inferred'® and then
theoretically confirmed for ribbon-like Agl in very
narrow nanotubes.'* Further, polarization-induced
modulation of the electrostatic potential at the nano-
tube cage was invoked to explain NDR transport in
SWCNTs with K filling.> These examples support the
hypothesis that noncovalent interactions from com-
pounds with a degree of ionicity can significantly affect
the encapsulating nanotube. One can further envisage
that, as encapsulated inorganic structures can be formed
with regulated, “quantized” number of atomic rows, they
could result in interaction potentials that are unique in
strength and geometry, where symmetry can be con-
trollably modulated, with potentially important implica-
tions for electronic transport and molecular assembly.
To explore these possibilities, we chose to work with
Agl on account of its especially rich bulk phase
diagram:*° at ambient conditions, it crystallizes as
coexisting zinc blende (y-Agl) and wurtzite (5-Agl)
phases; at 147 °C, it transforms to a superionic phase
(0-Agl) of very high ionic conductivity, while at in-
creased pressure, the rock-salt phase occurs. Very
recently, it has also been shown that confinement into
quasi-spherical nanoparticles of decreasing size, down
to 11 nm, results in a phase transition to superionicity
which, remarkably, then persists even down to room
temperature.®’ A further practical advantage was that we
could obtain Agl-filled SWCNTSs in high yield. Thus Agl is
prefigured as an ideal polymorphic material at the
nanoscale, where nanophases with very different ar-
rangements of cations and anions can be achieved. We
exploit these here as model systems to demonstrate the
design of noncovalent, sizable, modulated on-tube po-
tentials arising from well-chosen charge distributions.
Further, if we want to use such nanophases to
control the on-tube nanotube potential, we need to
be able to correlate their structure, physical properties,
and/or functionality down to the atomic level. To date,
there are virtually no atomic level investigations of
the electronic changes induced in SWCNTs by con-
fined inorganic materials—yet at such a degree of
confinement, small conformational changes can have
substantial effects. Previous attempts to locally char-
acterize functionality in hybrids of SWCNTs and inor-
ganic compounds are scarce®>?? (adding to just a few
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studies on metal-filled MWCNTs)?® and not at the
atomic level, in contrast to their counterparts involving
molecular systems.®**~27 To fill this gap, our study of
polymorphic Agl nanophases encapsulated in SWCNTs
therefore combined atomic-resolution scanning tunneling
microscopy/spectroscopy (STM/STS), HRTEM, and ab initio
calculations. STM (and associated STS) is a local character-
ization technique that can directly probe the interplay
between an encapsulated material and its nanotube host.
Previous application has only been to molecular systems,
which hybridize with nanotubes (such as encapsulated
fullerenes)® or have mixed interactions, such as van der
Waals and interlayer hybridization (in double- and multi-
walled carbon nanotubes),'® or 77— stack (e.g., small
aromatic species®> and macromolecules).2?’

In this work, we propose and show evidence of the
capability of inorganic nanostructures to be unique
sources of strongly modulated (1 eV range) noncova-
lent potentials, where symmetry can be controlled
through the phase of the encapsulated filling. This is
based on DFT ab initio predictions and on first-time
observations through STM/STS of symmetry breaking
of the nanotube's wave function and formation of a
superstructure in Agl@SWCNTs, which we attribute to
the partial ionic character of the filling. These observa-
tions are supported by an in-depth structural analysis
of Agl nanophases from HRTEM. We thereby propose a
generic route to designing sizable modulated, electro-
static/polarization, on-tube potentials by selecting en-
capsulated nanophases of inorganic compounds
where charge anisotropy distribution is maximized.
Such on-tube potentials produce strong wave function
concentration around the nanotube that could be
exploited in novel, single-nanotube “waveguide-like”
devices and in controlling molecular assembly.

RESULTS

Key experimental observations (STM and HRTEM)
were pursued using theoretical modeling and analysis,
prompting further prediction. Central to the main
concept of the work is the identification of two main
crystallization classes adopted by Agl nanophases in-
side SWCNTs, one of which possesses a distinct separa-
tion of positive and negative charges, and another
where opposite sign charges alternate, leading to a
strong compensation of their influence. These charges
derive from the partial ionic character of Agl, which
tends to increase through confinement in SWCNTSs.
HRTEM enabled identification of the two classes. The-
oretical modeling quantified the ionic character, al-
lowed the polarization potential modulation induced
at the nanotube wall to be estimated, and confirmed
that the effect is robust enough to survive structural
relaxation, with the main characteristics of the effect
depending essentially on the primary crystallization,
with relaxation inside specific nanotubes affecting only
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Figure 1. y-Agl nanophases inside SWCNTs: y,, cut from bulk zinc blende, and its relaxations, v, and y,. (a) HRTEM images
(200 keV) for y-type Agl nanowires inside nanotubes of diameters 1.5 nm (left, ;) and 1.64 nm (right, y5); (b) vo-
Agl@(20,0)SWCNT. Right and middle: structural model of y, (bulk zinc blende) Agl inside a (20,0) SWCNT in end and side views.
Long axis is along the crystallographic axis (011) of bulk zinc blende Agl. Left: simulated TEM image. (c) y,-Agl@(20,0)SWCNT
as obtained through DFT allowing both y, and the (20,0) SWCNT to simultaneously relax. Right to left: end and side view
structural models and simulated HRTEM image. (d) y,-Agl as obtained through DFT allowing y, to relax in a (22,0) nanotube.
Right to left: end and side view structural models of ', inside nanotube and simulated HRTEM image. TEM simulations (b—d)
use focal distance Ds = —42 nm. (e—g) Ball-and-stick models of y,, 4, and y,-Agl; in end view, the coordination number c for
each ion/cation is marked. (h) lonic charges for Agl found by performing Mulliken population analysis on DFT calculations.

(b—h) Ag, yellow; |, purple. (i) Intensity profiles along directions 1—3 shown in (a). (j) HRTEM image (100 keV) for y;-type Agl
inside a ~1.5 nm diameter nanotube (right) and simulated image (Ds = —44 nm) based on DFT-relaxed structure (left).
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the details. Theory also indicates that the modulation
of the on-tube potential is large enough to be ob-
served with the STM only for the Agl phases with
significant charge separation (in the current case,
zinc-blende-derived). STM measurements on Agl@
SWCNTs reveal an electronic superstructure consistent
with these theoretical predictions and are presented as
an initial proof of the polarization potential modulation
effects that we propose.

HRTEM Imaging and Simulations: Structure Assignment of
Polymorphic Agl. We focus on Agl crystallized inside
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arc-discharge-grown nanotubes, that is, with diameters
peaking at ~1.4 nm (for Agl nanophases outside this
range, see Supporting Information). Figures 1—3 show
HRTEM images of two dominant Agl crystallizations we
observe in this range, referred to as y-type and f-type,
and which exhibit a clear difference concerning their
associated ionic charge distributions and concomitant
induced on-tube potentials.

Assignment of the y-Type Crystallization. This is
based on a comparison of HRTEM images with image
simulations of Agl zinc-blende-derived structures that
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Figure 2. 3-Agl nanophases inside SWCNTs. (a) HRTEM
image (200 keV) of a 3;-Agl nanowire inside a SWCNT. (b)
Structural model based upon f3;-Agl for two inclinations.
End view is along the bulk crystallographic axis (001) of
wurtzite Agl. (c) Simulated HRTEM image of 5;-Agl@(17,0)-
SWCNT (left) with superimposed structural model (right).
Focal distance D; = 2 nm. A 1.3 nm diameter SWCNT is
compatible with the black/white nanotube contours in the
experimental image. Red squares in (a,c) highlight experi-
mental/modeled repeat motif. (d) Structural model for an
unrelaxed [5,-Agl@(19,0) SWCNT phase. End view is along
the bulk axis (001) of wurtzite Agl. Everywhere, Ag is yellow
Ag, | is purple. (e) HRTEM image (100 keV) suggesting a [3,-
derived Agl structure inside a nanotube with diameter > 1.5
nm.

were subjected to structural relaxations using DFT
calculations and supported by the observation of the
zinc blende phase in SWCNTs of increasingly wide
diameter. Inside a nanotube diameter of about 1.5 nm,
there is afirst type of appearance, y,, as shown at left of
Figure 1a and in 1j, on a length =7 nm. Projected
periodicities (i.e., as seen under the electron beam) are
di ~0.46 nmand d, ~ 0.7 nm from line profiles 1 and 2
(Figure 1i), with angles a ~ 122° and f§ ~ 55°. These
parameters span the ranges 0.455—0.47 nm, 115—
122°, and 51—58°, respectively, as the nanotube dia-
meters vary from 1.4 to 2 nm. Such values are close to
distances and angles in bulk zinc blende Agl (where
di ~ 046 nm,d, ~0.65nm, .~ 125°,and 8~ 55°).2° A
second image type, labeled v,, appears at the right of
Figure 1a and is characterized by transverse profile 3
(Figure 1i). The nanotube encapsulating y, is larger,
about 1.64 nm in diameter, than that encapsulating ;.
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To further elucidate the structures in these HRTEM
images, simulations based on proposed structural
models (as opposed to image reconstruction tech-
niques'?) were performed (see Methods). Figure 1b,e
shows a “yo” zinc-blende-based cut, that is, with bulk
structural parameters. The atomic coordination num-
ber ¢ of the central atoms retain the four-fold bulk
coordination, while it decreases to either three or two
for the most exterior ones, a reduction which, if uncon-
strained, is bound to promote structural relaxation.
Using DFT calculations (see below), y, was found to
relax into y; inside a (20,0) nanotube of 1.56 nm that
was simultaneously allowed to relax (Figure 1f) and
into y, while in a larger (but also semiconducting)
(22,0) nanotube (Figure 1g). In y;, the ¢ = 2 Ag ion
compensates for the low coordination environment by
moving toward the nanotube, which itself slightly
deforms in order to follow the contour of the Agl filling
(see Discussion). This is a trend also documented in
other relaxed nanotube systems.'®'*'* On the con-
trary, in y, the c =2 Ag ion moves upward. Figure Ta—d
compares HRTEM images with respective simulations
from vy, (unrelaxed) and y, and y, (relaxed) structures:
the overall agreement is improved for v in reprodu-
cing the left of Figure 1a, while the right side of
Figure Tais consistent with y, inside the larger SWCNT.
The success of the DFT-derived model in providing
good matches to the experimental images demon-
strates the viability of the originating zinc blende
structures that were proposed.

Assignment of the B-Type Crystallization. This is
based on image simulations using structural models
derived from wurtzite Agl and validated by comparison
with related published data.?®3° Figures 2 and 3 show
P-type crystallization of Agl: this is labeled as 3, in
nanotubes of 1.3 nm diameter (Figure 2a and 3) and as
[ in nanotubes of ~1.5 nm diameter (Figure 2e).

The f; structure in Figure 2a has a constant
orientation over a 80 nm length (not shown), while
thatin Figure 3 appears to rotate along the nanotube
axis by some 70° from left to right, where it reaches
a similar appearance to that in Figure 2a. It also
appears to be slanted (Figure 3b,c). Typical structural
parameters obtained for this crystallization (Figure 3)
are dy ~ 0.8 nm, d;~ 0.48 nm, and v ~ 135°, close to
bulk wurtzite Agl where dj ~ 0.75 nm, d,~ 0.4 nm,
and y ~ 140°.2° A structural model for 3;, consistent
with the inorganic nanotubes predicted inref 12,and
the related image simulation are shown in Figure 2b,
¢, respectively. Further validation for this proposed
structure comes from ref 28, where a similar HRTEM
image and proposal was made for a nanocrystal
obtained through the encapsulation of a Agl—AgCl
eutectic mixture.

The 3, structure (Figure 2d) is closely related, though
larger, to that of 3;, with both originating from wurtzite
Agl. Its HRTEM image (Figure 2e) resembles Agl@SWCNT
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Figure 3. Encapsulated nanophases can rotate inside the host nanotube. (a) HRTEM image (200 keV) of a 3,-Agl nanowire; d,
d,, and y are characteristic projected periodicities and angles. (b) Model 1: 22 nm long section of 3;-Agl, with rotation ¢(y)
applied around the nanotube axis at different segments, resulting in an overall rotation of Ap = 70°. Model 2: obtained from
model 1 applying a uniform additional 10° rotation around the x axis. Both models are approximations and not
reconstructions from image (a). (c) Simulated HRTEM image using model 2 inside a 1.3 nm diameter (17,0) SWCNT. Focal
distance D¢= —15 nm. Everywhere, Ag is yellow, | is purple. The central part of the real image appears as the overlap between
the proposed model and another unidentified structure located in a different plane.

images reported in ref 29 and are analogous to Cul@
SWCNT images and structure observed in ref 30, where
both Agl and Cul share the same iodine network as
backbone. Finally, as the HRTEM images are in good
agreement with structural models of 5; and 3, put
inside such nanotubes without relaxation, this suggests
that, even if relaxation is expected in the real case, this
would not significantly change the major features of the
TEM images (unlike the v structures above).

Scanning Tunneling Microscopy and Spectroscopy: Symmetry
Breaking and Electronic Superstructure. Figure 4a,b shows
an illlustrative set of STM images taken on Agl-filled
SWCNTs at 77 K for different sample bias voltage V;
(positive, to favor nanotube, i.e., sample, states)®' and
constant tunneling current. When V; is decreased, the
pattern familiar for unfilled SWCNTs that is visible at 3V
(and similar to Figure 7b) shows clear changes below
2V, acquiring a stripe-like superstructure. Its stripes are
incommensurate with the nanotube, inclined at a small
angle relative to the nanotube axis, and rotate slightly
along its length, while the nanotube itself does not
have a twist. They also do not fade away in overall
intensity along the nanotube, as occurs due to scatter-
ing from defects on walls.>*** Several motifs evolve
from one into the other along the axis, with higher
intensity regions, about four C—C bonds wide, sepa-
rated by lower intensity regions in the azimuthal
direction. Typically, about two such stripes are accom-
modated across the face of the nanotube, while along
the nanotube axis there is a periodicity of about 5 nm.
Notably, the stripes stay in the same place and with
similar gross features, while the bias is varied over a
large range, ~1 eV, thereby ruling out interference
effects from small momentum scattering which would
cause phase randomization and result in highly energy-
dependent features as observed in both supported®*
and unsupported SWCNTs.>®* Other superstructures
commonly identified on SWCNTs**2%37 (as well as on
graphite and MWCNTs*®%) have a (v/3 x +/3)R30°
symmetry relative to the original, unperturbed SWCNT
lattice. These originate from large momentum (Umklapp)
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scattering involving defects or natural ends of nano-
tubes and usually decay over ~5 nm.3**” Depending
on the various phases accumulated by the wave func-
tion after scattering, the exact pattern of the /3 super-
structure can vary.?” Other systems closer to our case,
such as the peapod nanotubes with encapsulated
metallofullerenes, have shown strain effects reflected
inbotha (v/3 x +/3)R30° fading superstructure in topo-
graphic images and a band gap modulation in conduc-
tance di/dV images® Both effects were attributed to
variable elastic strain around the fullerene-filled regions.
Small angle bends such as that in Figure 4 do not
backscatter electrons* and have a negligible effect on
the nanotube electronic structure,*’ as confirmed by
site-dependent STS taken above and below the bend.
Combining imaging with STS (Figure 4a,d) has
allowed us to assign the SWCNT probed: (i) the pre-
sence of low energy peaks in the tunneling density of
states (DOS) indicates a semiconducting nanotube; (ii)
after lattice contraction to eliminate the tip size
effect,* a chirality 6 ~ 5—6° (defined relative to the
zigzag direction) was determined; (iii) the position of
DOS peaks in STS suggests a (18,2) SWCNT (of n — m =
M(3) + 1 type), which matches well the theoretical
LDA-DFT DOS for this type of tube from ref 43 (see
Figure 4d). The DOS of another candidate, the (19,2), a
n —m = M(3) — 1 nanotube agrees less well. The STM
pattern obtained at constant current (Figure 4a, panels
1 and 2) could differentiate between the M(3) £ 1
nanotube varieties based on image calculations avail-
able in the literature® but only at low energy, around
the first unoccupied/occupied van Hove singularities,
when one does not average states of various sym-
metries*** like here. However, this pattern is consis-
tent with low chirality SWCNTs, where there is asym-
metry between the bonds closely aligned with the
nanotube axis and the ones across it (ref 44 and
Figure 7b). An (18,2) tube has a diameter of ~1.5 nm,
sufficient to accommodate many of the Agl structures
described above. In this interpretation, theoretical and
experimental DOS differ primarily through a global
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Figure 4. STM images of Agl@SWCNT showing stripe-like electronic superstructure, and associated STS. (a) Constant current
(/=0.5nA) STM images at varying sample bias V;; shown before contraction to eliminate tip size effects. Image derivatives are
used for enhanced topographic contrast. Clusters around the nanotube are attributed to amorphous carbon which is known
to only interact very weakly with nanotubes. (b) Real topographic image measured at V; =+1.5 V (left) and after removing the
parabolic profile of the nanotube (right); the latter corresponds to the center of the image. (c) Simulated STM image showing
broken symmetry of the usual SWCNT pattern (part of Figure 7a) for qualitative comparison with (b). (d) (d//dV)/(I/V)
normalized STS curves over three distinct voltage ranges (panels 1—3). Sweeps were taken between +V, and —V;, with V; the
bias used for imaging, and at progressively lower tip—surface distances resulting from the condition / = 0.5 nA. For panels 1
and 2, this resulted in unrealistic nearly zero density of states at low energies. Panel 4 shows LDA-DFT DOS of an (18,2) SWCNT
(from ref 43). Dashed lines on panels 1—3 mark the van Hove singularities of this theoretical DOS. For each V, range, two series
of site-dependent spectroscopic curves were taken, each at 10—15 points along the nanotube axis. The spectroscopy is

representative of sites on the nanotube axis.

broadening of experimental peaks compared to theory
and a more pronounced mismatch in the 0.7—1.2 eV
region where the theoretical peak at ~0.8 eV disap-
pears, and instead, there is broadening of the experi-
mental resonances centered at 0.6 and 1 eV. This
suggests a large level repulsion, which we show below
is possible, and indeed expected, in nanotubes filled
with y-Agl phases.

DISCUSSION

Changes in Electronic Structure and Phenomena at the
Walls. STM images suggest the origin of the stripe-like
superstructure to be a long-range potential (i.e., varying
over at least several bond lengths, as opposed to
atomic scale®®), expected to affect semiconducting
SWCNTs,*® of which an obvious source is the ionic
potential from the encapsulated Agl nanowires. We
argue this idea below, in two stages. First we have
examined the on-tube electrostatic potential modula-
tion induced by Agl nanostructures using DFT calcula-
tions for a small number of systems and, more generally,
using the discrete dipole approximation (DDA), for
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which we allocate partial ionic charges to each an-
ion/cation as identified from Mulliken population anal-
ysis (MPA) in the DFT results. Then we used the know-
ledge acquired regarding the symmetry of the on-tube
potential in simple phenomenological calculations
(using tight-binding) in order to correlate the DOS on
tube (calculated as [¥[?) with the STM images. In doing
so, we elucidate the general mechanism through which
such a potential couples with the nanotubes.

On the basis of size (see left of Figure 1a and
Figure 2d), both f3- and y-Agl phases can a priori form
inside 1.5 nm SWCNTs as in Figure 4. However, there is
a clear difference between the two concerning the
associated ionic charge distribution. This is revealed by
“unrolling” the whole Agl/nanotube system around
the axis of the tube (Figure 5), a procedure that high-
lights Ag and | distributions relative to the originating
graphene sheet. While in /8 structures the ions and
cations alternate both axially and azimuthally (Figure 5c,
d), in y structures, they separate into axial rows con-
taining only either positive or negative charges, with
varying separation from one another and from the C
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Figure 5. Maps of electrostatic potential on the unrolled graphene sheet (from unrolling Agl@SWCNTs around the tube axis)
calculated using discrete dipole approximation, corresponding to the zinc-blende- (a,b) and the wurtzite-derived (c,d)
structures: the y phases induce the strongest potential, with a highly anisotropic, azimuthal dependence. (a) yo,-Agl@(19,2)-
SWCNT; (b) fully relaxed y,-Agl@(20,0)SWCNT, also showing nanotube deformation; (c) 5,-Agl@(17,0)SWCNT; (d) 5>-Agl@-
(19,0)SWCNT. Note (a,b) use a different scale to (c,d), where variations are smaller. For each case, top and lower panels are end
and side views of the unrolled structural models. Everywhere, Ag is yellow, | is purple.

atoms (Figure 5a,b). Figure 5 also shows the on-tube
modulation of the electrostatic potential induced by
these charges obtained within the DDA model (imple-
mented as in ref 5). For this, we associated an induced
atomic dipole with each C atom characterized by an
anisotropic polarizability tensor o c.*” For the y
structures, our MPA gave charges with magnitude of
+0.2e— + 0.4e on the Ag and | atoms (Figure 1h) and ~
+0.3e for f5 structures (not shown), consistent with the
partial ionic character of Agl.?® Figure 5¢,d shows that
B structures can be ruled out as the origin of the stripes
seen in the STM images: the rapidly oscillating poten-
tial (with ~0.7 nm period) along the nanotube's axis
cannot induce linear features as seen in the experi-
ment. In contrast, the potential generated by the y
structures (Figure 5a,b) is consistent with STM: along
the axis of the tube, stripes of constant sign occur,
leading to an essentially azimuthal variation of ~1—
1.3 eV amplitude. Variations this large are expected
to strongly affect the nanotube electronic struc-
ture but should not be felt directly by the tip during
constant current tunneling at usual tunneling
distances.”® In contrast, for the S-Agl structures,
on-tube potential variations are much smaller, of
~0.1—0.2 eV (Figure 5¢,d).

To pursue this idea, DFT simulations were per-
formed (see Methods and Computational Details and
Supporting Information). Related AgI@SWCNT systems,
that is, the unrelaxed yo-Agl@(20,0) SWCNT (Figure 1b,e)
and the fully relaxed y,-Agl@(20,0) SWCNT (Figure 1¢f),
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were chosen instead of the (18,2) nanotube observed
with STM in order to keep the overall calculation cellsto a
manageable size. The on-tube electrostatic potential for
the 3,-Agl@(17,0) SWCNT was also calculated (see Meth-
ods and Computational Details). For all three systems,
the on-tube electrostatic potentials from DFT and DDA
agree well in magnitude (Figures 5 and 6; Methods and
Computational Details). This validates DDA as a viable
method for revealing potential modulations in nanotube
structures of larger size (such as the chiral SWCNT from
Figure 5a), for which first principle calculations are not
available.

We then analyzed by DFT changes obtained in
the energy band structure of the relaxed system y;-
Agl@(20,0) SWCNT compared to the unperturbed
(20,0) SWCNT and the unrelaxed y,-Agl@(20,0) SWCNT,
the partial density of states (pDOS) of both nanotube
and Agl, as well as the spatially resolved electrostatic
potential and local DOS (LDOS) around the nanotube's
circumference. We summarize the main results (see
Supporting Information for details): (1) Agl produces a
significant electrostatic potential modulation at the
nanotube wall, which reaches ~ —1 eV (attractive) on
the side where the ¢ = 2 Ag atom relaxes toward the
tube, and ~+0.3 eV (repulsive) on the opposite side
(Figure 6b). (2) The filling induces a small nanotube
deformation (Figure 1b,c and Supporting Information),
but this does not account for the changes in its elec-
tronic structure. (3) Hybridization between Agl and
nanotube can also be discounted as an origin of the
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Relative DOS at 1eV

Electrostatic Potential (V)

Relative DOS at 1eV Electrostatic Potential (V)

Figure 6. Local density of states (LDOS) reorganizes aniso-
tropically around the nanotube due to the strong azimuthal
dependency of the on-tube electrostatic potential. (a) Cal-
culated LDOS at 1 eV above E; on C atoms around the
nanotube in the fully relaxed y,-Agl@(20,0)SWCNT system,
divided by the corresponding DOS on the ideal (20,0)
SWCNT (red), showing a strong enhancement in the vicinity
of the protruding Ag ion. In the same place, the relaxed
SWCNT has a small distortion. The same DOS quantity for a
similarly distorted, but unfilled (20,0) SWCNT (in blue) is
almost constant around the tube. (b) Calculated electro-
static potential (negative corresponds to attractive to
electrons) around the circumference of the filled nanotube
(red) and empty distorted nanotube (blue). (c,d) Corre-
sponding results to (a,b) for the unrelaxed y,-Agl@(20,0)-
SWCNT system.

large electronic structure changes which result instead
from the Agl polarization potential, as initially pro-
posed. These changes are mainly due to energy level
mixing within a large energy window caused by the
large electrostatic potential which result in broad level
repulsion; in addition, smaller level splittings occur due
to a lifting of degeneracy with the filling breaking
mirror symmetry of the (20,0) nanotube. We find all
changes are consistent with couplings induced by
terms in a Fourier development of a potential U(¢p) =
> mUmcos(m x ¢ + xm), which expresses the azi-
muthal (¢) dependency noted with DDA. The indivi-
dual terms account for the mixing and subsequent
repulsion of nanotube energy levels with azimuthal
quantum numbers*® g and g’ where |g — ¢’| = m, within
an energy window of ~U,,. For y;-Agl, the magnitude
of U,, means this selection rule effectively mixes levels
with |g — ¢'| < 4 separated by up to a few tenths of
electronvolts. (4) Significantly, we observe a clear
correlation between the local DOS on the nanotube
and the electrostatic potential (Figure 6a,b): around the
¢ = 2 Ag atoms, where the induced potential is most
attractive, the LDOS increases by about 200% and is
decreased where the induced potential is repulsive.
Thus, there is substantial wave function redistribution
around the nanotube. Importantly, all of these trends in
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the electronic structure changes are general, indepen-
dent of the degree of relaxation of y-Agl as proved by
similar calculations performed, for example, on the
unrelaxed y0-Agl@(20,0) SWCNT system (Figure 6¢,d).
Here the potential is more regularly oscillatory, result-
ing in relatively stronger contributions from higher m
components of U. For the f3;-Agl@(17,0) SWCNT, the
potential behaves differently (as obtained also with the
DDA model): it exhibits approximately three-fold rota-
tionally symmetric variations with amplitude ~0.1 eV
at the wall of the nanotube, which change polarity
every ~0.4 nm along the tube axis. The consequence is
much less pronounced variations in the electronic
structure of the nanotube.

To further connect with the experiment, we used
the tight-binding approximation to study how the
SWCNT's wave functions are affected by a generic
perturbing potential U = U,,-cos(m X ¢ + 0¢(y)),
where d¢(y) describes a slow twist angle along the y
axis of the tube (see Supporting Information). We
assume this slow y dependence of U leaves k along
the tube®® axis a good quantum number and conse-
quently does not cause mixing of states with different k
(see Supporting Information). Figure 3 suggests that
such “twists” are possible, in addition of having been
observed in other inorganic or monatomic fillings.'®'3
We do not aim here for an exact replication of the
features of our STM images, but an explanation that
captures the essential phenomena. For this, we chose
m = 6 to account for the faster azimuthal modulations
of our images and for simplicity the achiral (19,0)
semiconducting nanotube close in diameter to the
(18,2) in the experiment. The m = 6 value corresponds
to a more compact y-Agl structure, expected to form
inside a narrower nanotube, such as the (19,0), and
which promotes a more azimuthally isotropic relaxa-
tion. Figure 7 shows how Ug mixes the q,q’ =6,12 states:
the resulting |W|? (Figure 7a) breaks the symmetry of
the usual STM patterns of the unperturbed nanotube
(Figure 7b,c) by (i) acquiring a stripe-like superstructure
which (ii), due to the d¢(y) rotation, slowly changes
along the axis of the tube, with a period of a few
nanometers. This replicates the essential features of
the experimental images, though not their exact pat-
tern (Figure 4b,c). In ongoing work, we are extending
our DFT studies by including the full perturbing po-
tential and allowing k mixing. As shown in ref 50, helical
potentials can affect semiconducting SWCNTSs.

Finally, we comment on the magnitude and spatial
variation of the on-tube polarization potentials one
could induce by encapsulating (partially) ionic com-
pounds: our study shows that these parameters can be
tailored by appropriately choosing the compound and
its phases. In particular, the >1 eV on-tube potential from
our y-Agl nanowires is substantially larger than other
potential modulations induced by various encapsulated
molecules (e.g, ~02 eV from metallocenes inside
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along axis

along circumference

Figure 7. On-tube potentials with anisotropic variation
provide a general mechanism for electronic superstructure
and wave function reorganization to occur. (a) Calculated
STM image (as |¥|?) showing symmetry breaking in a (19,0)
SWCNT due to an azimuthal potential withm =6, i.e., U =
Uscos(6¢ + d¢(y)). The two lowest energy unoccupied
bands of the unperturbed nanotube (g,9' = 6,12) at an
energy ~0.8 eV and k ~ 0.1 A~ have been mixed. The
resulting pattern mixes axial rows with more and less
pronounced bonds. The y twist in the potential means that
bond prominence/appearance can also vary periodically
along an axial row, with some bonds being only partially
visible (see also Supporting Information). (b,c) | ¥,|* forg=6
and 12, the lowest two unoccupied energy bands of the
unperturbed, unfilled nanotube, respectively. For small
chiral angles (here, 6 = 0°), there is asymmetry between the
bonds aligned with the nanotube axis as opposed to the
ones across it.

semiconducting SWCNTSs)'® or, even more so, compared
to the s-stacking interaction of aromatic planar mole-
cules (which only led to minor perturbations in the
nanotubes).'” Devices with individual SWCNTs partially
filled with potassium iodide (KI) nanocrystals showed
negative differential resistance (NDR), which was attrib-
uted to electrostatic potential modulation on the nano-
tube of ~0.2—0.3 eV caused by permanent dipoles in the
KI chain.® Further, we note that the polarization interac-
tions we demonstrated here are different than the inter-
layer interaction encountered in double- or multiwalled
carbon nanotubes: the latter is not purely noncovalent,
but partially caused by interlayer hybridization leading to
disruptive changes such as semiconductor-to-metal
transitions.'® Significantly, in our case, the nanotube's
character is preserved (see also Supporting Information).

CONCLUSIONS

To conclude, we have proposed that sizable on-tube
potential modulations, in the 1 eV range, can be indu-
ced by the encapsulation of partially ionic Agl nano-
wires inside SWCNTs and presented initial evidence

METHODS AND COMPUTATIONAL DETAILS

Synthesis of Agl@SWCNTs. Agl nanowires were formed inside
SWCNTs from molten phase using established procedures,'® in
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of their effects. The proposal is strongly rooted in
theoretical modeling and predictions and supported
by results from both HRTEM and STM/STS experiments.
Symmetry breaking resulting in an electronic super-
structure (observed with STM) and sizable electronic
changes (such as wave function concentration and
redistribution) occur and have been shown to not
originate from either filling-induced strain fields or
hybridization between Agl and nanotube states. In-
stead, this interaction potential is found to be predo-
minantly of ionic/polarization origin, indicating that
such noncovalent interactions, previously unexplored,
can impact significantly and in novel ways upon
nanotube properties.

Our results show that key to designing sizable,
modulated, on-tube polarization potentials is a strong
charge distribution anisotropy within the encapsulated
inorganic nanostructures. This anisotropy is much
greater in the zinc-blende-derived Agl nanowires
than in the wurtzite-derived ones we identified, where
the ionic charge distribution is more checkerboard in
nature and most likely larger than in higher ionicity
metal halides (such as Kl) with rock-salt phase,
although relaxation effects must also be considered.

The yield of Agl-filled SWCNTs is high, pointing to
practical importance of our case study. Furthermore,
the generic nature of our conclusions suggests other
compounds may be similarly exploited; for example,
Cu halides crystallize to zinc blende in bulk?® and also
fill SWCNTs with good yield.

Thus on-tube modulated polarization potentials can
be considered a new addition to the body of effective
interactions available in hybrid and functionalized
carbon nanotubes for designing novel applications.
As shown here, they can be made stronger than other
noncovalent interactions encountered in hybrid na-
notube systems, particularly those involving molec-
ular systems, as well as provide an alternative to the
interlayer/stacking interactions that are currently a
focus in research on double- (multi-) walled carbon
nanotubes or double- and few-layer graphenes. The
significant anisotropic reorganization of the wave
function they induce around the nanotube offers
exciting possibilities for new single-nanotube “wave-
guide-like” devices, and in molecular assembly.
Further, principles exposed here could impact more
broadly, for example, in graphene electronics (and
other layered, inorganic 2D materials) where there is
an active interest in designing/controlling potentials
and superstructures.

several nanotube diameter distributions (HiPCO, arc-discharge,
Nanocyl), that is, centered around 1, 1.4, and 2 nm diameter,
respectively. Filling yields between ~60 and 90% were
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obtained, with the yield roughly increasing with increasing
diameter.

HRTEM Imaging and Simulation. The images presented are
representative of a substantial image bank from both 200 and
100 keV beam energies (taken with three JEOL microscopes,
2000, 2100F, and 3000F). At 200 keV, images were taken over a
few seconds to avoid Agl evolution, and those showing evi-
dence that this occurred were discarded. Energy-dispersive
X-ray spectroscopy (EDX) on the medium and large diameter
distributions of nanotubes confirmed that the encapsulated
compound was Agl.

For image simulations, zinc-blende- and wurtzite-derived
Agl models were obtained from the respective bulk crystals by
cutting appropriately sized, electrically neutral slices, to fit
inside the nanotubes. CrystalMaker®' was used for this, incor-
porating rotations and inclinations for either components or
whole structures. Resulting models were imported into the
NCEMSS software,”? and focal series were simulated when
attempting to assign models to experimental images. Care
was taken for images not at the Scherzer focus to assign the
correct black/white contours for the SWCNT walls, in order to
correctly determine tube diameters.

STM/STS. Agl@SWCNTs from dispersions in dichloroethane
were dispersed on Au(111) substrates and annealed further in
UHV to remove contaminants. STM/STS were taken with an
Omicron LT-STM on Agl-filled SWCNTSs at 77 K. Images showing
signatures of nanotube defects were discarded.

Related but not identical STM features were obtained on a
number of observed Agl@SWCNTs hybrids; it is expected the
Agl structure inside nanotubes of varying diameters to depend
on the degree of relaxation achieved. Images shown were pro-
cessed with the WSxM software.>® Feenstra's procedure®* was
used for the (d//dV)/(I/V) normalization. Images were very stable,
unchanged even after Vs was cycled several times and after
several tens of rounds of site-dependent spectroscopic curves
had been taken along the nanotube (and also on clean Au(111)).
This confirmed very good tip stability and ruled out tip-related
effects. We started imaging from high to low bias in order to
protect the tip from potential changes due to the higher
incidence of debris when working with hybrids of nanotubes
and inorganic compounds.

DFT Ab Initio Calculations (Further Details in Supporting Informa-
tion). DFT simulations were performed using the CRYSTALO6
code.® Following Catti,*® for Agl, we used the B3LYP hybrid
functional, with Ag described using a Hay—Wadt small core
pseudopotential for the [Ar13d' core and a 311 (sp)31(d)G basis
of localized orbitals for the outer electron states, and | described
using a Hay—Wadt large core pseudopotential for the [Kr4d'®
core and 8 atomic orbitals of type 31(sp)G for the outer electrons.
Gaussian parameters were the optimized set due to Catti.*” For C,
we used a 6-21G* basis, which yields a graphene lattice parameter
of 25 A.

Short-period commensurate models of encapsulated Agl
nanowires have been studied. As an example, Supporting Infor-
mation shows the calculated electronic structure for both a fully
relaxed and unrelaxed y-Agl nanowire contained within a (20,0)
SWCNT (di = 0.43 nm; tube diameter 1.56 nm), that is, the
y1- and v,-Agl@(20,0)SWCNT systems, respectively, from which
the perturbing influence of the ionic filling can be recognized.
Structural relaxation in a larger but also semiconducting (22,0)
SWCNT (di = 043 nm; tube diameter 1.7 nm) was similarly
performed and vyielded the y,-Agl structure. In constructing
these commensurate systems, the y-Agl has been compressed
in the direction along the tube by around 7%, which will have
some effect on the resulting atomic positions. Therefore, we
focus on the general characteristics of the system, which we
expect will persist in more realistic structural models. More
extensive calculations are currently being undertaken.

Similar calculations on a wurtzite-derived 3-Agl@(17,0)SWCNT
system have been performed using a structural model comprising
7 CNT and 4 Agl repeat units in the unit cell (524 atoms). In this
case, the alternating arrangement of anions and cations along the
tube axis leads to a more complex, checkerboard, variation in the
electrostatic potential, and not the mainly linear variation that
exists along the tube in the case of y-Agl structures.

ILIE ET AL.

Tight-Binding Calculations. Technical details in Supporting
Information.
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