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Direct Imaging of the Structure,
Relaxation, and Sterically Constrained
Motion of Encapsulated Tungsten
Polyoxometalate Lindqvist Ions within

Carbon Nanotubes

Jeremy Sloan,™"* Gemma Matthewman,* Clare Dyer-Smith,* A-Young Sung,® Zheng Liu,* Kazu Suenaga,™*

Angus I. Kirkland,' and Emmanuel Flahaut*

"Queen Mary, University of London, Department of Engineering and Materials, Mile End Road, London, E14NS, UK., HDep.a\rtment of Materials, University of Oxford, Parks
Road, Oxford, 0X1 3PH, U.K., *Inorganic Chemistry Laboratory, University of Oxford, South Parks Road, Oxford 0X1 3QW, UK., SSchool of Health Sciences, Daebul University,
Chonnam 526-702, South Korea, - National Institute for Advanced Industrial Science and Technology (AIST), Research Centre for Advanced Carbon Materials, Tsukuba,

Ibaraki 3058565, Japan, and *Université Paul Sabatier, UMR CNRS 5085 Bét. 2RI 31062 Toulouse Cedex 9, France

ABSTRACT The imaging properties and observation of the sterically regulated translational motion of
discrete tungsten polyoxometalate Linquist ions (i.e., [W,0,,]* ) within carbon nanotubes of specific internal
diameter are reported. The translational motion of the nonspheroidal anion within the nanotube capillary is found
to be impeded by its near-perfect accommodation to the internal van der Waals surface of the nanotube wall.
Rotational motion of the anion about one remaining degree of freedom permits translational motion of the anion
along the nanotube followed by locking in at sterically favorable positions in a mechanism similar to a molecular
ratchet. This steric locking permits the successful direct imaging of the constituent octahedral cation template of
individual [W,0,,]>~ anions by high resolution transmission electron microscopy thereby permitting
meterological measurements to be performed directly on the anion. Direct imaging of pairs of equatorial W,
atoms within the anion reveal steric relaxation of the anion contained within the nanotube capillary relative to
the bulk anion structure.

KEYWORDS: polyoxometalate - Lindqvist ion - - carbon

nanotubes - electron microscopy

tungsten

arbon nanotubes have proven to

be effective templates for the pre-

cise engineering of materials on a
subnanometer scale and a wide variety of
one-dimensional (1D) crystal structures in-
cluding multiples of polymeric iodine
chains,’? reduced coordination 2 X 2 X o
or 3 X 3 X % atomic-layer-thick Kl
crystals,®* polyhedral chains of lanthanide
trihalides,>® encapsulated tubules or 1D
chains of ice crystals,”® twisted 1D Co,l,
double chains,® a new trigonal tubular form
of HgTe,'® and reduced coordination poly-
morphs of Pbl,'" have either been calcu-
lated and/or directly observed to form
within the interior of single- or double-
walled carbon nanotubes (SWNTSs or
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DWNTs). Parallel studies have shown that
nanotube-encapsulated molecular struc-
tures such as 1D close-packed chains of
Ceo'? endofullerenes'® ' or functionalized
fullerenes’ and other molecular species in-
cluding metallocenes,'®™'® Zn-
diphenylporphyrin,'® ortho-carborane,*®
uranyl acetate,”' and octasiloxane,* can
be directly imaged using either high resolu-
tion transmission electron microscopy (HR-
TEM) or scanning transmission electron mi-
croscopy (STEM). When periodic crystalline
materials are imaged within SWNTs, HRTEM
can be used to study their crystal struc-
tures in considerable detail."”"" However,
because of their tendency to move rapidly
or rearrange in an electron beam (see be-
low), it is comparatively difficult to perform
similarly detailed structural studies on en-
capsulated discrete molecules.

Within a HRTEM or a STEM, nanotube-
encapsulated species are imaged in a two-
dimensional projection at a spatial resolu-
tion of ~0.16 nm although direct or indirect
aberration correction can produce images
at a spatial resolution close to 0.1 nm.>>"%”
Limitations on the interpretability of images
of the encapsulated materials are then set
by the electron scattering power of the con-
stituent atoms, the specimen thickness, the
superposition of the encapsulating nano-
tube over the encapsulated species, and the
relative stability of the confined species in
the imaging electron beam. For molecules,
further considerations must be made with



Figure 1. The [W,0,,]>~ polyoxometalate Lindqvist anion showing

terminal (O,), bridging (0,), and central (O.) oxygen atoms. The verti-
cal (x) and horizontal (y) axes of rotation used in HRTEM image simu-

lations in Figure 2 are indicated. The equatorial plane orthogonal to

the x-axis of rotation is also shaded in gray.

regard to their dynamical motion and stability in an
electron beam.'* %2 Spheroidal molecules such as

fullerenes, endofullerenes, and carborane ro-
tate at room temperature in the solid state,
even in the absence of an electron beam,?®
and can disintegrate or coalesce when irradi-
ated.'? The often poor steric match of the en-
capsulated molecules to the internal surface of
the encapsulating nanotube also results in mo-
tion during electron beam irradiation. As a re-
sult of this steric mismatch, the walls of encap-
sulated fullerenes,'? functionalized
fullerenes,’> and endofullerenes'®'* are often
not rigidly fixed. The observation of in situ ro-
tation of functional groups within functional-
ized fullerenes' and the dynamical motion of
encapsulated metal atoms observed within
endofullerenes'* give further evidence for
this. In this paper we describe both simulated
and experimental imaging of [W,0,,]*>~
Lindqvist ions within nanotubes which, be-
cause of their nonspheroidal shape, can lock
into place within the capillaries of nanotubes
with specific internal diameter, allowing the
constituent W, cation framework to be imaged
directly by HRTEM.

Polyoxometalates (POMs) are part of a di-
verse family of cluster anions formed in solu-

tion by self-assembly oligomerization processes from
edge- or corner-sharing arrangements of octahedral
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Figure 2. Tableau of structure models (left in each column) and corresponding HRTEM image simulations (right in each column) calcu-

lated for the Scherzer defocus (—34 nm) corresponding to the [W,0,,]1*~

anion viewed in different x/y orientations (axes x and y defined

in Figure 1). The 19 oxygen atoms were included in the simulation calculations but the contrast is dominated by the W, cation frame-
work, with the O, anion framework giving only a weak diffuse contribution (see also Figure 4d). This tableau includes only a partial sub-
set of all possible orientations of the cluster anion; the remainder may be reproduced from mirror plane (M) and rotational (R) symme-
try operations produced with respect to the M/R directions indicated at the borders of the figure. The blue boxes indicate x/y projections
either equivalent or nearly equivalent to the experimentally observed image contrast (see Figures 3, 4, and 7). The equivalent projec-
tions indicated by the bounding blue boxes are those which give contrast similar to the experimental images reproduced in Figures 3

and 4.
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MOy ((M) =V, Nb, Ta, Mo or W), or from mixtures of
these cations with other transition metal, main group
or lanthanide elements.?®? In general they form either
superpolyhedral or cage-like structures including the
Keggin-type (e.g., [(PW,,0,,1* "),** Wells-Dawson-type
(e.g., (K;gHg[P,W, s Tiz0g0 51,))>* or the Preyssler-type
(e.g., [NaPsW,,0,,01'*7)*® polyoxoanions which are
prepared in conjunction with either simple organic
counterions®*3® or more complex species, for example
dendrons.?” POMs have significant biochemical activity
and can inhibit electron transport and DNA polymerase,
a feature that makes them potentially suitable as anti-
HIV agents.® They are also useful in catalysis to pro-
mote oxidation of alcohols and epoxidation of alk-
enes® and can behave as molecular magnets which
have been proposed as spin gbits for quantum
computation.**4'

One of the simplest polyoxometalates is the so-
called Linqvist anion in which six MO, octahedra com-
bine to form a superoctahedron of the form [M 0,1~
(M = Nb, Ta, Mo, and W) with O, symmetry, as shown
for M = W in Figure 1.35%3 |n the resulting structure,
the W atoms are separated by three types of oxygen
linkages: terminal (O, in Figure 1), bound to one metal
atom (p,); bridging (O, in Figure 1), bridging two metal
atoms (,); and central (O, in Figure 1), at the center
of an octahedral arrangement of metal atoms as exhib-

Figure 3. (a—f). Sequence of unprocessed HRTEM images of a discrete [W,0,,]>~ polyoxometalate anion within a DWNT obtained at
various time intervals (given in the text). The indicated distances correspond to the physical distance of the estimated centre of gravity
of the anion from the bend in the DWNT on the left in each micrograph.

ited by a solid oxide lattice (). The W' [W 0,1~
Lindqvist anion is both thermally stable and radiation
resistant and, we find, suitable for HRTEM investigation.
In the present study, this anion is prepared in conjunc-
tion with the counterion [nBu,N]™ as
[W40,,1[nBu,N1,>® and then inserted into DWNTs or
SWNTs from nonaqueous solution.**

RESULTS AND DISCUSSION

In conventional HRTEM images, the contrast of
single [W¢0,,l[nBu,N], molecules will be dominated
by the six strongly scattering W (Z = 74) atoms in the
[W,0,,]1*~ superoctahedron while the nineteen weaker
scattering O (Z = 8) atoms will give rise to compara-
tively diffuse contrast. Individual [nBu,N]* species will
also give rise to comparatively diffuse contrast due to
the low atomic numbers of C (Z = 6), N (Z=7),and H
(Z = 1). For imaging and simulation purposes, we have
therefore not considered the effects of the [nBu,N]™
counter-ions directly but, assume their presence in
close proximity to the anion in order to maintain charge
neutrality.

HRTEM images for the [W40,,]°~ anion in various
projections at the Scherzer defocus were computed ac-
cording to the multislice algorithm**#¢ using param-
eters typical for our instrument, as shown in Figure 2,
assuming perfect O, symmetry for the anion. In this fig-
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Figure 4. (a) Details I—1ll (left) obtained from the indicated regions of the raw images in Figure 3 panels c—e shown side-by-side with
corresponding Fourier-filtered images (right); (b) line profiles produced through the equatorial spots corresponding to W, atom pairs
with the spot separations indicated; (c) structure models of the [W,0,,]>” anion in an x/y orientation (as defined in Figures 1 and 2) of
45/0 both with oxygen (left) and with oxygen excluded (right). Selected atom-atom distances are included for the unrelaxed anion (in
brackets) and the relaxed anion. (d) Image simulations calculated at the Scherzer defocus using the structure models in panel c show-
ing the effect of including oxygen in the image simulation calculation. When the oxygens are included (left simulation), the centre of the
contrast due to the equatorial W, atom pairs is distorted outward towards the three terminal oxygen atoms. When the oxygens are not in-
cluded, there is relatively little distortion. In both simulations, the apical single W atom positions are not distorted by the presence or ab-

sence of oxygen. Red crosses (O) and green crosses (W) are shown as a guide.

ure a tableau of image simulations is shown for a single
[W40,,]°~ anion rotated at 15° intervals about its verti-
cal axis (x in Figure 1) and its horizontal axis (y in Fig-
ure 1) relative to an arbitrary starting orientation in
which the electron beam direction is defined along an
axial pair of W atoms within the W, octahedral frame-
work (parallel to x, Figure 1). Thus, in the orientation
with x/y = 0/0 (top left, Figure 2) the simulation re-
sembles a Maltese Cross with the central dark spot cor-
responding to the axial pair of W atoms and the four
surrounding weaker spots corresponding to individual
equatorial W atoms within a W cation superoctahe-
dron. If this cluster is rotated about either the x or the
y axes (from x/y = 0/0 to 90/0 or from orientation 0/0 to
0/90, Figure 2), the contrast from the four W atoms on
the equatorial plane (defined orthogonal to the x or y
axes; one such plane is indicated in Figure 1) smear to
form a dark line (x/y = 15/0, 75/0, 0/15, 0/75 Figure 2)
and then form two discrete dark spots corresponding to
either a staggered pair of W atoms (x/y = 30/0, 60/0,
0/30, 0/60 Figure 2) or a pair of W atoms (i.e., a W, col-
umn) viewed in projection (x/y = 45/0 or 0/45, Figure 2).
When the anion is rotated about both the x and y axes,
different contrast is obtained corresponding to the pro-
jection of the [W,0,,]*~ species relative to the incident
electron beam direction. For example, at projection x/y
= 45/45, six black spots are clearly visible as all six at-
oms can be viewed along this diagonal projection,
whereas at x/y = 0/0, 90/90, etc., only five spots are
visible.

Figure 3panels a—f show a sequence of six experi-
mental HRTEM images obtained at intervals over a pe-

riod of ca. 100 s of a discrete [W,0,,]>~ anion encapsu-
lated within a DWNT with a measured outer diameter
of 2.03 nm and inner diameter of 1.21 nm. In the initial
image (Figure 3a and an image taken 32 s later (Figure
3b), the [W40,,]*~ anion is visible with indistinct con-
trast located 5.3 nm from a bend in the DWNT. In Fig-
ure 3¢, taken after 50 s, Figure 3d, taken after 60 s, and
Figure 3e, taken after 90 s, the anion has moved along
the tube to a fixed position 7.2 nm from the bend in the
DWNT. In these images, the W, cation template is
clearly resolved and appears to be beam stable for a pe-
riod of ca. 40 s. After a total elasped time of 100 s, the
anion moves to a position 10.4 nm from the bend in the
DWNT. Enlarged details I, I, and llI, from Figure 3 pan-
els c—e, (Figure 43, left) show in detail the image con-
trast due principally to the W cation template of the
[W,0,,]>" anion. Figure 4a right shows corresponding
filtered versions of the same images obtained by apply-
ing an identical adaptive filter to Fourier transforms ob-
tained from each of the details I-Ill. In both sets of im-
ages, the image contrast due to the [W40,,]°~ anion
consists of a spot configuration consistent with an x/y
orientation equivalent to ca. 45/0. (Note that for a
[W40,,]°~ anion with perfect O, symmetry, there are a
number of other equivalent projections to x/y = 45/0,
including 0/45, 90/45, and other projections tilted
about x and/or y slightly away from these ideal projec-
tions as indicated by the bounding blue boxes in the
Figure 2; x/y projections outside the indicated boxes
clearly do not correspond to the experimentally ob-
served contrast as they do not reproduce the experi-
mentally observed spot configuration.) The most promi-
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TABLE 1. Selected Bond Distances for Unrelaxed and
Relaxed [W,0,,]*>~ Obtained or Calculated*’ from
Fragments of the Bulk Crystal Structure for
[nBu,N1,[W,0, 1%

unrelaxed structure MOPAC relaxed structure
bond distance (nm) bond distance (nm)

W(1)—0(1) 0.1708 W(1)—0(1) 0.1785
W(1)—0(2) 0.1904 W(1)—0(2) 0.2036
W(1)—0(3) 0.1931 W(1)—0(3) 0.2036
W(1)—0(4) 0.1907 W(1)—0(4) 0.2036
W(1)—0(5) 0.1887 W(1)—0(5) 0.2036
W(1)—0(10) 0.2324 W(1)—0(10) 0.2423

W(2)—0(2) 0.1937 W(2)—0(2) 0.2037
W(2)—0(6) 0.1695 W(2)—0(6) 0.1783

W(2)—0(7) 0.1907 W(2)—0(7) 0.2036
W(2)—0(9) 0.1903 W(2)—0(9) 0.2036
W(2)—0(10) 0.2309 W(2)—0(10) 0.2425
W(2)—0(15) 0.1915 W(2)—0(15) 0.2036
W(3)—0(3) 0.1923 W(3)—0(33) 0.2036
W(3)—0(7) 0.1913 W(3)—0(7) 0.2036
W(3)—0(8) 0.1692 W(3)—0(8) 0.1784
W(3)—0(10) 0.2321 W(3)—0(10) 0.2427
W(3)—0(11) 0.1929 W(3)—0(11) 0.2036
W(3)—0(16) 0.1933 W(3)—0(16) 0.2036

W(4)—0(4) 0.1934 W(4)—0(4) 0.2036
W(4)—0(9) 0.1930 W(4)—0(9) 0.2037
W(4)—0(10) 0.2321 W(4)—0(10) 0.2423
W(4)—0(12) 0.1962 W(4)—0(12) 0.1784
W(4)—0(13) 0.1912 W(4)—0(13) 0.2036

W(4)—0(17) 0.1923 W(4)—0(17) 0.2038
W(5)—0(5) 0.1914 W(5)—0(5) 0.2037
W(5)—0(10) 0.2312 W(5)—0(10) 0.2425
W(5)—0(11) 0.1904 W(5)—0(11) 0.2037
W(5)—0(13) 0.1907 W(5)—0(13) 0.2036
W(5)—0(14) 0.1964 W(5)—0(14) 0.1783
W(5)—0(18) 0.1938 W(5)—0(18) 0.2036
W(6)—0(10) 0.2323 W(6)—0(10) 0.2426
W(6)—0(15) 0.1886 W(6)—0(15) 0.2036
W(6)—0(16) 0.1907 W(6)—0(16) 0.2036
W(6)—0(17) 0.1930 W(6)—0(17) 0.2037

1Continued

unrelaxed structure MOPAC relaxed structure
bond distance (nm) bond distance (nm)
W(6)—0(18) 0.1904 W(6)—0(18) 0.2036
W(6)—0(19) 0.1709 W(6)—0(19) 0.1783
W(1)—W(Q2) 0.328 W(1)—W(Q2) 0.343
W(1)—W(3) 0.328 W(1)—W(3) 0.343
W(1)—W(4) 0.329 W(1)—W(4) 0.343
W(1)—W(5) 0.328 W(1)—W(5) 0.343
W(1)—W(6) 0.465 W(1)—W(6) 0.343
W(2)—WQ3) 0.328 W(2)—W(3) 0.343
W(3)—W(4) 0327 W(3)—W(4) 0.343
W(4)—W(5) 0328 W(4)—W(5) 0.343
W(5)—W(2) 0.327 W(5)—W(2) 0.343
W(6)—W(2) 0.328 W(6)—W(2) 0.343
W(6)—W(3) 0.329 W(6)—W(3) 0.343
W(6)—W(4) 0.328 W(6)—W(4) 0.343
W(6)—W(5) 0.328 W(6)—W(5) 0.343

“The figure shows the atomic labelling used in the table.

nent feature in each of the images is the pair of dark
spots corresponding to a projection through two W,
atom columns in the equatorial plane of the [W,0,,]*~
anion. Diffuse contrast due to the single axial W atoms
in the anion substructure are also visible in the filtered
image obtained from detail I (Figure 4a, right). In the fil-
tered images corresponding to details Il and Ill, only
the lower atom is clearly visible (arrowed). None of
these images show contrast obviously attributable to
the [nBu,N]™ counterions owing to their weak contrast
compared to the more strongly scattering objects in
the specimen.

Line profiles (Figure 4b) obtained through the pairs
of spots corresponding to the equatorial W, columns
in the noise-filtered images reveal structural informa-
tion about possible molecular relaxation and structural
changes in the anion induced by the electron beam.
The line profile obtained from I (after 50 s) indicates a
maximum W, column separation of 0.39 nm, whereas
profiles taken from Il (after 60 s) and Il (after 90 s) show
progressively shorter W, column separations of 0.36
and 0.34 nm, respectively (estimated precision = 0.02
nm). Comparing these distances with the correspond-
ing W, column distances in the bulk crystal structure of
[W40,,1[nBu,N1,>® shows an apparent expansion of
the two pairs of W atoms in the equatorial plane of the
anion relative to the bulk form (0.327 nm) as shown in
Figure 4c. This indicates that the anion is relaxed in all
three images but with a progressive contraction be-
tween the W, pair distances between images I to lll.
The progressive reduction in the W, separation (from
0.39 to 0.34 nm) may be attributed to gradual expul-
sion of O~ from the [W,0,,]>~ anion during electron
beam irradiation.

There are a number possible contributions to the ap-
parent expansion of the [W40,,]*>~ anion observed
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Figure 5. (a) HRTEM image simulations (left) and plot (right) showing the effect of including and excluding oxygens in the simulation of
the [W40,,]*~ anion at an x/y orientation (defined in Figures 1 and 2) of 45/0 as well as the effects of varying the objective lens defocus.
(b) Image simulations (left) and plot (right) showing the effect of rotating the [W0,,]*~ anion about the x axis starting from an x/y ori-

entation (defined in Figures 1 and 2) of 45/0.

within the DWNT which may be attributed either to
the structural behavior of the anion within the interior
of the encapsulating nanotube or to the image contrast
of the anion, taking into account the contribution of
oxygen to the observed image contrast, the effect of
defocus and the relative x/y orientation of the anion
(defined in Figures 1 and 2) on the observed W, equa-
torial separation. The maximum relaxation that can be
anticipated for the [W,0,,]°~ anion can be computed
by relaxing the anion in vacuo relative to the anion as it
exists in the bulk form,® as shown in Figure 4c. Relax-
ation of this structure in vacuo with MOPAC 7.1*” using
the PM6 parametrization for W and O and applying a
net —2 charge to the W 0,4 species gives the relaxed
bond distances in Figure 1c and in Table 1. For compari-
son, the corresponding unrelaxed bond distances from
a single anion in the bulk crystal structure are repro-
duced in Figure 1c. In the relaxed anion, the separa-
tion of the two pairs of W atoms in the equatorial plane
in projection is increased from 0.327 to 0.343 nm. Com-
parison of the calculated bond distances (Table 1) with
the bulk structure bond distances shows that the relax-
ation causes a symmetrization of the bonds within the
[W¢0,,]* resulting in ideal O, symmetry which is only
approximated in the bulk form.

Distortion of the image contrast due to the O at-
oms in [W40,,]°>" and the effects of objective lens de-
focus can also give rise to deviations in the observed W,
equatorial spot separation which is best evaluated by
HRTEM image simulation.*>*® Comparing the image
contrast of the [W,0,,]°>~ anion at an x/y orientation
of 45/0 computed at the Scherzer defocus with the oxy-
gen atoms included (Figure 2d, left) and without the
oxygen atoms (Figure 2d, right), shows that the cen-
ters of the W, equatorial spots are distorted outward to-
ward the position of the three O, oxygen atoms present

on either side of the anion. This distortion can be seen
by comparing the two simulations in which green
crosses (W atom positions) and red crosses (O atom po-
sitions) have been added as a guide. In Figure 5a the ef-
fect of defocus on the W, equatorial spot separation is
calculated, both with and without O included in the
simulation, using the relaxed structure (i.e., Figure 4c)
as a starting point. Over a range of defoci from —40 to
—25 nm which encompasses the Scherzer defocus
value (—35 nm), the separation varies slightly from
0.39 to 0.375 nm. This compares to a W, equatorial col-
umn separation of 0.345—0.35 nm for the simulations
calculated for the same defocus values but with only
the W atoms included in the calculation. Outside this
defocus window, the W, column separation varies
markedly as the overall image contrast becomes more
complex. A further contribution to the measured W,
column separation may arise from a deviation from the
45/0 x/y orientation assumed for the anion (Figure 5b).
Unlike the W, equatorial columns, there is relatively
little distortion of the contrast around the apical W at-
oms by the surrounding O atoms (cf. Figure 4c,d). By
varying the x angle and computing the equatorial W,
column separation, it is apparent that rotating the
[W40,,]°~ anion about this axis causes a decrease in
the W, spot separation from 0.375 nm at x = 0° to 0.34
nm at x = +20°. Overall from the combined experimen-
tal images and simulation data, we conclude that the
observed W, equatorial spot expansion in the
[W,0,,]>" anion in images I and Il is partly due to a re-
laxation of the anion within the DWNT and partly due
to a distortion of the W, image contrast by the periph-
eral O, oxygens attached to the equatorial W, atoms. In
the case of image Ill, the observed W, relaxation is ap-
parently lost, possibly due to the partial reduction of the
anion and progressive expulsion of oxygen similar to
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which we have previously reported for Re,O, clusters
encapsulated within SWNTs.*®

The separation of the apical distances within the an-
ion (Figure 4a) is less easy to measure directly due to
the diffuse contrast of single W atoms in the HRTEM im-
ages but varies from ca. 0.56 nm for image | (mea-
sured from both apical spots), to ca. 0.51 nm for image
Il, and ca. 0.58 nm for image Il with the last two mea-
surements being estimated from twice the distance of
each lower spot to the plane defined by the pairs of W,
atoms in images Il and lll. These compare to W—W api-
cal atom separations (Figure 4c, see also Table 1) of
0.465 nm for the unrelaxed bulk anion and 0.485 nm
for the MOPAC relaxed structure. Because of the low
precision of the experimental measurements, it is diffi-
cult to be too confident about the precise W—W apical
atom separations observed in Figure 4a but it is reason-
able to conclude that the anions are relaxed along the
apical plane also and may be expanded beyond the
W—W distances calculated using MOPAC. Higher reso-
lution images, possibly obtained at lower accelerating
voltage may resolve this issue.

A noteworthy feature of the encapsulated
[W0,0]° species is its discontinuous motion between
fixed locations along the length of the DWNT during ir-
radiation (Figure 3a—f) and, in particular, that it locks
into a fixed position (Figure 3 c—e) allowing the W, ac-
tion template to be studied in some detail by HRTEM.
In wider nanotubes, this regulated molecular motion is
not observed and an irreversible agglomeration of clus-
ters of [W40,4][nBu,N1, (containing [W,0,,]* " is ob-
served instead. In the sequence of six micrographs
shown in Figure 6, two aggregates of [W,0,,][nBu,N],
can be seen (arrowed) rearranging and coalescing
within a 1.45 nm diameter SWNT until a single large ag-
gregate is observed (single arrow). These clusters were
imaged under milder imaging conditions (120 kV accel-
erating voltage) than the conditions employed to im-
age the discrete molecular anion shown in Figure 3a—f
(300 kV accelerating voltage) but it is clear that this
wider nanotube does not exert the same degree of con-
trol over the orientation and molecular motion of the
encapsulated [W,0,,]°~ species. It is likely, in this in-
stance, that the agglomeration of the [W,0,,][nBu,N],
is caused partly by gradual explusion of O?~ and is fur-
ther facilitated by the absence of the steric influence
of the narrower nanotube capillary.

The discontinuous motion of the encapsulated
[W40,,]°~ species observed in the narrower DWNT (Fig-
ure 3a—f) can be explained by considering the accom-
modation of the anion in the interior van der Waals sur-
face of the host DWNT. Figure 7a illustrates that the
“locked” [W0,,]°~ anion is accommodated at an x/y
= 45/0 and at an angle of ca. 60° to the tube growth
axis (Figure 7b). The vertical cross-section of the non-
spheroidal anion, once the radii of the O®~ coordinat-
ing anions (0.124 nm for O(ll)) are taken into consider-

Figure 6. Sequence of six unprocessed HRTEM images re-
corded at 120 kV showing rotation and agglomeration of
two groups of [W0,,]°~ anions (probably stabilized by
[nBu,NI* counterions) in a relatively wide SWNT (1.45 nm di-
ameter). During ca. 24 s beam exposure, the clusters rotate
rapidly and eventually fuse to form a single agglomerate.

ation, is ca. 0.96 nm (Figure 7b, right). If the innermost
nanotube has a diameter of 1.21 nm (corresponding ap-
proximately to a (9,9) conformation SWNT, although
the absolute (n,m) conformation*®=>" cannot be deter-
mined from the micrographs), then this will have an in-
ternal diameter of 0.87 nm once the van der Waals ra-
dii (0.17 nm) of the tube wall carbons are taken into
consideration (Figure 7¢,d). In this case the innermost
nanotube will be too narrow by ~0.09 nm to accommo-
date the anion. This size difference may either be ac-
commodated by the wall corrugation or by small asperi-
ties in the wall of the tubule. If we now consider the
orthogonal horizontal cross-section of the anion within
the tubule (Figure 7¢), we see that it is easily accommo-
dated by the innermost SWNT, being slightly smaller
(0.84 nm) because of the nonspheroidal shape of the
encapsulate (cf. encapsulated C,, and
endofullerenes).’® * In the locked position, the anion
will therefore have only one possible axis of rotation
which will be parallel to the view direction in Figure 7d
and through the center of gravity of the anion.

Given these steric constraints, an overall mecha-
nism of translational motion for the anion along the
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Figure 7. (a) Detail of a locked [W0,,]*~ anion inside a DWNT obtained from an unprocessed HRTEM image (see also Figure
3¢) shown together with an image simulation corresponding to a [W40,,1°>~@(9,9)@(14,14) SWNT pair. (b) Octahedral W, cat-
ion framework (left) and space-filling representation of a complete [W,0,,]1*~ anion including O(ll) (right). The indicated dis-
tance is the vertical cross-section of the cluster when W(VI) and O(ll) radii are taken into account. (c) Cutaway side-on space-
filling representation of the [W,0,,]> :DWNT composite model (as used in the simulation in panel a). (d) End-on space-filling
representation of the [W40,,]>~@(9,9)@(14,14) SWNT composite with the internal diameter of the innermost (9,9) SWNT indi-
cated, taking into account the 0.17 nm van der Waals radii of the C wall. (€) Schematic representation of a possible mecha-
nism for translational motion of the [W,0,,]>~ anion within a DWNT. An unlocked anion translates from position I, rotates
clockwise (~30°) about the one remaining degree of freedom and then “locks in” at position Il. The anion can then unlock and
translate further down the DWNT (lll). The O®~ atoms in contact with the wall are indicated in yellow. (f) Diagram showing
the 0.03 nm corrugation of the SWNT wall and minimum C—O distance in a locked in [W¢0,,]*~ anion. The 0>~ atom in con-

tact with the wall is indicated in yellow.

capillary is proposed as shown in the idealized sche-
matic in Figure 7e in which an unlocked anion located
at position I translates to a second position at I, and
then “locks in” by rotating about the one remaining de-
gree of freedom. The anion can then move from this po-
sition by unlocking and translating (lll) and so on. This
particular mode of molecular motion may possibly be
facilitated by the corrugation of the graphene wall of
the encapsulating tubule, (Figure 7f), in which the
~0.03 nm dip at the centers of the carbon hexagons
may accommodate the small excess in the vertical
cross-section of the anion. An alternative explanation
is that the effective increase in the steric cross-section
of the anion may be accommodated by small asperities

or bends in the wall carbon surface rather than by a
wall corrugation. However we note that in both in-
stances, the mode of translation is sterically restrained
by the van der Waals surface of the enapsulating DWNT.
The form of the molecular motion suggested here bears
some similarity to a “molecular ratchet”>* which has oc-
casionally been observed in biological systems, for ex-
ample in the transport of activated collagenase mol-
ecules (MMP-1) along collagen fibrils>* and in man-
made molecular systems, such as the rotary molecular
motion described in triptycl[4]helicene.>*

It is useful to consider our results in the light of re-
cent investigations desribing the rapid transport prop-
erties of various gases and solutes through carbon nan-
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otubes and nanotubes embedded in membranes. For
example, Skouladis et al. have produced simulations of
rapid transport of H, and CH, through defect-free
SWNTs, predicting diffusion rates orders of magnitude
higher than for zeolites of comparable pore sizes, be-
havior attributed to the “flat” potential energy surface
(PES) of the tubules.>® The same group also modeled
enhanced transport properties for diffusion of N, and
CH,, through SWNTs embedded in membranes.>® Sub-
sequently Hinds et al.>” produced experimental results
demonstrating rapid diffusion of N, gas and also
Ru(NH,)s™ in solution through aligned MWNT mem-
branes while Holt et al.>® have also described the diffu-
sion of gaseous species including H,, He, N, O,, Ar, CO,,
CH,, and C,Hg, solutes including Ru? " (bipyr); and Au
colloids through aligned DWNT and MWNT mem-
branes. Nearly all the species addressed in these stud-
ies are significantly smaller in external volume than the
internal PES of the host nanotube and diffusion is there-
fore not sterically constrained as we have clearly ob-
served for [W,0,,]> in the present work. An excep-
tion to this is described in the work Holt et al.>® in which
the diffusion/nondiffusion of Au colloids was used to
gauge the size of the pores in DWNT membranes, esti-
mated to be 1.3—2 nm based on the exclusion of col-
loids with a diameter greater than 2 nm (£0.4 nm). This
work, however, still does not address the limiting case
where the external surface of the diffusing species is
sterically almost identical to the interface surface of the
host nanotube as we have described for [W,0,,1*~ in
the present study. This problem has been partly ad-
dressed in similar work on the diffusion of C,, mol-
ecules through SWNTs by Berber et al.>®* who modeled
porous nanotubes with an atomically flat PES of similar
steric size to the guest molecules. The ability of the lat-
ter to diffuse into porous SWNTs was partly controlled
by the kinetic energy of the molecules with the result
that efficient diffusion occurred at ca. 400 °C. Diffusion/
molecular motion of C,, molecules and other
fullerenes/endofullerenes at room temperature is
clearly sterically hindered, however due to the demon-
strated ease of observation of these species by
HRTEM."?7"® The presence of a “flat” PES on the inter-
nal surface of a carbon nanotube also does not neces-
sarily preclude the “locking-in” mechanism which we
have suggested because, as Skouladis et al. have noted:
“We have considered only defect free nanotubes in
our calculations. The presence of defects in the nano-
tubes (heteroatoms, holes, etc.) may have a profound

EXPERIMENTAL SECTION

Synthesis of DWNTs, SWNTs, and [nBu,N],[W0,,]. The DWNTs used
in these experiments were prepared by passing a mixture of
H, and CH, (18 mol %) over a Mg 99C00 0075M0g 00250 cata-
lyst mixture at 1000 °C according to a published procedure.®®
The product was purified from extraneous oxide material

effect on molecular diffusion by adding corrugation
(our italics) to the molecule-solid PES.”®

In the same context as the above, we should finally
comment as to the likely role of the [nBu,N]" counter-
ions in terms of stabilizing the observed
W40, 1>~ @DWNT/[W,0, 1>~ @SWNT composites and
in moderating the observed molecular motion and an-
ion relaxation. However, at the present time, it is not
possible to do more than speculate as to what this
might be as, owing to their effective invisibility in the
HRTEM images. Thus we do not know if the counter-
ions are located in close proximity to the [W,0,,]>~ an-
ion, or if they are located on the inside of the DWNTs
(this seem:s likely in the case of the [W,0,,]> agglom-
erates in Figure 6), or are located on the exterior of the
nanotube, or are on the interior of the nanotubes but
located some distance away from the anions. These are
all subjects for future investigation.

CONCLUSIONS

Polyoxometalate Lindqvist ions have been directly
imaged within DWNTs and SWNTs by HRTEM for the
first time, arguably the smallest 3D objects successfully
characterized by this method. The constituent octahe-
dral W, cation framework of a discrete [W,0,,]*~ anion
has been resolved and relatively high precision struc-
tural information obtained about it with the caveat that
the contrast of all the contribution constituent atoms
should be taken into account. Prolonged electron beam
irradiation of these species resulted in translational mo-
lecular motion that was sterically modulated by the in-
ternal surface of the encapsulating nanotube as a result
of the nonspheroidal shape of the anion. Given the
enormous variety of polyoxometalate compounds
which can be prepared (which include larger and
smaller substituted and derivatized molecular anions),
there is considerable scope for further development of
observation of similar molecular transport phenom-
enon and related structural studies within carbon nan-
otubes of varying diameters. With the advent of new C,-
corrected microscopes operated at lower voltages with
superior resolution, it should be possible to study such
single molecule species with increased precision and
establish, for example, the precise structural relation-
ships between the encapsulated anions and their host
nanotubes. Improved resolution should also yield infor-
mation about the counterion and its contribution to
stabilizing the polyoxometalate-nanotube composites.

and residual metal particles by soaking in concentrated aque-
ous HCl solution. SWNTs were prepared by a modified elec-
tric arc-evaporation technique.®'®? [nBu,N],[W40,,] was pre-
pared according to a published procedure.®® A 3.3g portion
of Na,WO, - H,0 was stirred with 4 mL of acetic anhydride
and 3 mL of DMF at 100 °C for 3 h; 20 mL of acetic anhydride



was added to this creamy fluid and 1.8 mL of 12 M HCl in 5
mL of DMF was then added with further stirring. The hot sus-
pension was gravity filtered to remove undissolved white
solid. This was washed with 5 mL of MeOH and cooled to
room temperature. A 1.5g portion of nBu,NBr dissolved in 5
mL of MeOH was then added with rapid stirring for 5 min to
give a white precipitate, which was then filtered using What-
man cyclopore 1 wm track-etched membranes to isolate the
solid, and the precipitate was then washed with a small
amount of MeOH and Et,0. The resulting powder was then
recrystallized from 1 mL of hot DMSO (80 °C). The solution
was left to cool at room temperature for 2 days, over which
small diamond shaped crystals were formed that were then
filtered under suction. The structural identity of the
[nBu,N],[W¢0,,] was confirmed by XRD and comparison
with the published structure.®®

Filling of DWNTs and SWNTs. Filling of the treated DWNTSs and
SWNTs with [nBu,N],[W¢0,,] was achieved using the “nanoex-
traction” technique described previously** in which preopened
nanotubes were filled with endofullerenes by immersing them in
saturated solutions of the target molecule. As [nBu,N1,[W0; ]
is sparingly soluble in ethanol, a saturated solution of this was
used to fill as-prepared DWNTs or SWNTs that had been pre-
heated in dry air at 420 °C for 30 min. Crystals of [nBu,N],[W¢O,]
were ground together with DWNTs or SWNTs and then stirred
in solvent at 78 °C under reflux overnight. The suspension was fil-
tered under suction using Whatman cyclopore 1 pum track-
etched membranes and dried for 2 h at 110 °C.

HRTEM and Image Simulation. [nBu,N],[WO,]-filled DWNTs
were examined at 300 kV in a JEOL JEM-3000F field emission
gun HRTEM (C; = 0.6 nm). Unprocessed images were acquired
at a magnification of 600000 on a Gatan model 794 (1024 X
1024 pixel) CCD camera for which the magnification was cali-
brated with MgO [111] lattice spacings recorded at the same
time. The CCD pixellation error at 600 k is estimated to be ca. =
0.02 nm. Image simulations were carried out using the multislice
algorithm®>¢ using parameters typical for this instrument (coef-
ficient of spherical aberration (C5) = 0.6 mm, accelerating volt-
age 300 kV). Images of [nBu,N1,[W0,]-filled SWNTs were ob-
tained on both the JEOL JEM-3000F HRTEM and also a JEOL
2010F fitted with a CEOS aberration corrector operated at 120
kV. For this latter instrument C; was tuned to 0.00T mm.

Molecular Modeling. Single molecule fragments of W0, 4 were
extracted from the published crystal structure®® and then re-
laxed in vacuo using the MOPAC 7.1 progam*’ using the PM6 pa-
rametrization for W and O. A charge of —2 was applied to the an-
ion which could be relaxed efficiently within about 2 min on a
desktop computer equipped with a 2 GHz Intel processor. Se-
lected relaxed bond distances are reproduced in Figure 4c and
in Table 1. Additional measurements were performed with the
aid of the commercially available CrystalMaker software and
standard Shannon anion and cation radii. Nanotube models
were generated using the program Nanotube Modeler from
JCrystalSoft (2004—2005).
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