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Ataglance, thequest of chemical nano-
science is very similar to that of tra-
ditional chemistry and includes (i)

studying structure, (ii) harnessing functional
physical properties, and (iii) controlling the
chemical reactions of molecules. Chemical
nanoscience is set to achieve all this at the
nanoscale and, ultimately, at the single-
molecule level.
One of themost powerful methodologies

for manipulation of individual molecules
and atoms is based on entrapment and con-
finement and utilizes the principles of supra-
molecular host�guest chemistry. Over the
past three decades, a wide range of hollow
nano-containers have been developed in-
cluding calixarenes, cyclodextrins, cucurbi-
turils, supramolecular/coordination cages,
and bilayer vesicles.1 Even though carbon
nanotubes (CNTs) havemade their entrance
as nano-containers much more recently2

their potential advantages over these es-
tablished systems are already clear. Being
built of sp2-carbon atoms held together by
strong covalent bonds, CNTs are signifi-
cantly more thermally stable (ca. 700 �C in
air and up to 2800 �C in vacuum) andmech-
anically more robust (with tensile strength
much higher than that of steel) than any
other molecular or supramolecular nano-
containers. The concave side of the nano-
tube has very low chemical reactivity, so
that some aggressive chemical process can
be contained within the CNT. Furthermore,
single-walled carbon nanotubes (SWNTs) are
atomically thin,whichmeans thatguestmole-
cules can be studied directly, in real space
and at the atomic level, by high-resolution
transmission electronmicroscopy (HRTEM);
an imaging tool that can “see” through the
nanotube wall.

Carbon Nanotubes as Containers for Molecules.
The nanotube diameter is the most impor-
tant parameter in determining whether or
not a molecule can be trapped inside a CNT.
As a general rule for successful encapsulation,

the internal diameter of a nanotube has to
be at least 0.6 nm wider than the diameter
of the guest molecule. Once encapsulated,
the behavior of the guest molecule is great-
ly affected by confinement. For example,
fullerene C60 forms molecular arrays inside
nanotubes3�5 that are dramatically differ-
ent from the face-centered cubic structure
of the bulk fullerene. The exact structure of
the array is dependent on the nanotube
diameter, as simple linear chains of C60,
typically observed in a SWNT with diameter
of 1.3�1.5 nm, are replaced by more com-
plex packing patterns in wider host CNTs.
Inorganic atomic and ionic lattices can be
similarly controlled by confinement in nano-
tubes.6 Cobalt iodide, for instance, forms a
helically twisted structure inside nanotubes
that is fundamentally different from bulk
CoI2 crystals,

7 while atoms of iodine assemble
into single chains or double and triple helices
dependingon theSWNTdiameter.8 Theseand
other examples illustrate that the nanotube is
not just a passive container: In many cases, it
acts as an effective template to control the
structures of molecular and atomic arrays.

In this issue of ACS Nano, Allen et al.9

explore the behavior of fullerene molecules
inside an atypically wide SWNT (d = 2.1 nm),
where the guest molecules spontaneously
arrange themselves into a zigzag array. Each
molecule has four nearest neighbors;twice
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ABSTRACT Confinement of molecules and

atoms inside carbon nanotubes provides a power-

ful strategy for studying structures and chemical

properties of individual molecules at the nano-

scale. In this issue of ACS Nano, Allen et al. explore

the nanotube as a template leading to the

formation of unusual supramolecular and covalent

structures. The potential of carbon nanotubes as

reactors for synthesis on the nano- and macro-

scales is discussed in light of recent studies.
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asmany as compared to a single-file
chain formed in SWNTs of typical
diameters. The enhanced surface
area of the intermolecular contacts
significantly stabilizes themolecular
array, so that the entire zigzag super-
structure turns around its axis with-
out breaking up. In response to the
corkscrew motion of the guest mol-
ecules, the host nanotube becomes
elliptically distorted. The observed
diameter of the SWNT fluctuates by
as much as 30% over time, which is
substantially greater than in pre-
vious reports.7,10,11 The observation
that the SWNT can deviate so signi-
ficantly from the idealized cylindri-
cal shape has important implications
for further development of nano-
tubes as templates since the elastic
distortions of nanotubes (particularly
wider SWNTs) must be taken into
consideration when predicting the
structure or rationalizing the dyna-
mic behavior of the encapsulated
guest molecules.

Carbon Nanotubes as Nano-Reactors. It
is logical to extend applications of
carbon nanotubes one step further,
beyond simple nanocontainers, and
toward nanoscale reaction vessels.
Shortly after the discovery that mole-
cules can be inserted into SWNTs,2 it
was demonstrated that under irradia-
tionby theelectronbeam(e-beam)12,13

or at high temperatures13,14 the full-
erene guest molecules can oligo-
merize, coalesce, andmerge into cor-
rugated tubular structures nested
inside the host SWNT. At elevated
temperatures, structures formed in
this way can anneal further into
perfect double-walled nanotubes

(Figure 1a). If fullerenes are treated
under similar conditions outside
nanotubes (i.e., in the bulk crystal),
they form no such linear oligomeric
or tubular structures, thus empha-
sizing that confinement inside the
host nanotube has the potential
to change the pathway of a chemi-
cal process significantly. Recently,
a detailed mechanism of fullerene
oligomerizationwas systematically in-
vestigated by Koshino et al., who
completed a comprehensive aberra-
tion-corrected HRTEM (AC-HRTEM)
study of the effects of the energy
and dose of electrons and tem-
perature of the specimen on the
oligomerization process.15 The trans-
formation processes induced by the
e-beam were shown to be com-
plex, starting with the formation of
two covalent bonds between neigh-
boring fullerenes, followed by the for-
mationofmorebondsand thegradual
coalescence of two or more adjacent
fullerene “peas” into a “peanut”-like
structure (Figure 1e�g).

Regardless of the exact condi-
tions, the fullerene dimers, oligo-
mers, and polymers formed inside
SWNTs of typical diameter (e.g.,
1.3�1.5 nm) are always linear. How-
ever, in their latest study, Allen et al.

demonstrate thatmolecules packed
in a zigzag array can yield a qualita-
tively different product.9 Instead of
forming a typical “peanut”, three
neighboring fullerene cages merge
into a “trefoil” structure (Figure 1d).
Formation of such an elaboratemole-
cular structure consisting of a com-
plex combination of carbon rings
via standard synthetic chemistry
routeswould be a long and tortuous
task, yet in the confines of the SWNT,
this product is formed spontaneously.

It appears that other carbon-
containing molecules, such as func-
tionalized azafullereneC59N,

16 polyaro-
matic hydrocarbons,17 or ferrocene,18

also readily turn into internal nano-
tubes upon heat treatment, thus
indicating that this transforma-
tion is a general, thermodynami-
cally driven process. However, it
was only after a first well-defined
and controlled chemical reaction

was demonstrated inside a SWNT
(Figure 1b,c)19 that carbon nano-
tubes received recognition as vi-
able nanoscale reactors and were
celebrated as the world's tiniest
test tubes.20 Under moderate heat-
ing, fullerene epoxide C60O under-
goes ring-opening oligomerization
and polymerization forming irregu-
lar, angular-shaped, and convoluted
(C60O)n structures in bulk. In con-
trast, when the epoxy ring of C60O is
opened within a SWNT, the reactive
intermediates are able to form only
linear structures, such as perfec-
tly straight unbranched polymeric
chains (Figure 1b,c), whichwould be
almost impossible to synthesize by
other means. More recent examples
illustrating that confinement in
nanotubes leads to the formation
of qualitatively different products
include linear polymers of (C59N)n
(Figure 1h),21 graphene nanoribbons
(Figure 1i),22,23 and direct transfor-
mation of Fe�C60 and Ru�C60 com-
plexes into C70.

24

Activation of Reactions by the Electron
Beam. The methodology of HRTEM
has been instrumental in the dis-
covery and investigation of chemi-
cal reactions in nanotubes. Although
electronmicroscopy provides images
of molecules with nearly atomic re-
solution in real time, it has a serious
drawback related to the electron
beam. The guest molecules are con-
stantly bombarded by electrons dur-
ing HRTEM imaging, so that some of
the kinetic energy of the e-beam
transferred to the molecules can trig-
ger chemical transformations, as illu-
strated in the study by Allen et al.9

These e-beam-induced reactions are
undesirable if the objective is to ob-
tain images of intact molecules.
However, if the energy and dose of
the electrons are carefully contro-
lled,15,24,25 the in situ transforma-
tions can provide valuable informa-
tion about the chemical properties
of the molecules and shed light on
their reactivity in the confined en-
vironment. When interpreting the
chemical reactivity observed under
the e-beam, it is important to re-
member that carbon nanotubes are

In this issue of ACS

Nano, Allen et al.

demonstrate that

molecules packed in a

zigzag array can yield a

qualitatively different

product.
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excellent thermal and electronic
conductors. Considering the fact
that the e-beam irradiates only a
tiny segment of a very thin (one to
several nanometers in diameter)
and extremely long (tens of micro-
meters in length) carbon nanotube,
the heat and charge generated by
the e-beam in the encapsulated
molecules should be expected to
dissipate quickly through the nano-
tube sidewalls, so that the nano test
tube acts as an effective sink for
heat and charge. The thicker, and
hence more conducting, walls of
the nanotube as well as close con-
tact between the guest molecules
and the inner surface of nanotube26

were shown to enhance the stability
of encapsulated molecules under
the e-beam. Even though it is not
possible to measure the tempera-
ture inside thenano test tubedirectly,
in situ observations of transforma-
tions in carbon nanostructures indi-
cate that the temperatures of car-
bon nanotubes and their contents
are unlikely to rise significantly above
the ambient temperature of the spe-
cimen (i.e., room temperature inmost
cases), so that the observed reac-
tions aremainly causedby thedirect
impact of the incident electrons of
HRTEM.27

As demonstrated by Allen et al.9

and by other groups, the e-beam of
HRTEM provides an “energy bath”
for the molecules in the form of the
kinetic energy of electrons. Because

the e-beam is an unusual source
of energy as compared to heat,
light, or electrochemical potential
sources typically employed to pro-
mote chemical reactions, the rele-
vance of in situ HRTEM observations
to the preparative synthesis is often
questioned. Despite the scepticism,
if the mechanisms of e-beam inter-
actions with molecules15 and carbon
nanocontainers28 are thoroughly
analyzed and understood, the time-
resolvedHRTEM imaging of chemical
reactions can guide the further devel-
opment of carbon nanotubes toward
nano-reactor applications. Most of
the knowledge about reactivity in
the confines of CNTs observed at the
nanoscale can, in principle, be trans-
ferred to and harnessed for practical
preparative synthesis. Indeed, some
of the reactionsdiscoveredbyHRTEM,
such as C60@SWNT to double-walled
nanotube (DWNT) transformation13,14

or the formation of sulfur-terminated
graphene nanoribbons,22 can be suc-
cessfully replicated on themacroscale.

Toward Preparative Synthesis in Car-
bon Nano-Reactors. In parallel with the
investigation of chemical reactions
at the nanoscale driven by HRTEM,
some significant progress has been
achieved in catalytic reactions in-
side carbon nanotubes aimed at pre-
parative synthesis.29,30 The general
strategy adopted in this field ap-
pears to be a reverse of that des-
cribed above, as products and rates
of chemical reactions measured at

the macroscale are related to the
local nanoscale structure of the nano-
tube reactor. In contrast to theHRTEM
in situ experiments that typically uti-
lize SWNTs, most of the studies using
macroscale approaches are perfor-
med in multiwalled carbon nano-
tubes (MWNTs) or in hollow carbon
nanofibers (CNFs, consisting of stac-
ked graphitic cones rather than con-
centric nanotubes as in MWNTs)
whose internal diameters are con-
siderably larger than the size of the
guest molecules (Figure 2). The dif-
ference between the energies of
surface adsorption (Ea) and encap-
sulation energy (Ee) is significa-
ntly lower for wider nanocontainers
(Figure 2b) in comparison to SWNTs
(Figure 2a). As a result, it is much
more difficult to ensure that the re-
actant molecules are encapsulated
in the MWNTs/CNFs rather than ad-
sorbed on their outer surfaces, and
that the reactions indeed take place
inside these nano-reactors.

Typically, reactions are chosen
such that they take place only in
the presence of a metal catalyst (i.e.,
the molecules cannot react in the
bulk phase or upon contact with the
nanotube). The catalyst is inserted
into nanotubes in the formofmetal-
containingmolecules ormetal nano-
particles, and MWNT� or CNF�
catalyst composites formed in this
manner are thoroughly analyzed
by TEM to ensure that most of the
catalytic species are inside the

Figure 1. A variety of unusual molecular nanostructures can be synthesized inside single-walled carbon nanotubes. (a)
Fullerenes C60 transform into an internal nanotube; (b) oligomers and (c) polymers (C60O)n; (d) “trefoil”, and (e�g) variety of
dimer molecules formed from three or two fullerene cages, respectively; (h) polymer (C59N)n; (i) sulfur-terminated graphene
nanoribbon. (Molecular models for (d) were provided by Dr. C. S. Allen and for (f,g) by Dr. M. Koshino.)

PERSPEC
TIV

E

http://pubs.acs.org/action/showImage?doi=10.1021/nn204596p&iName=master.img-001.jpg&w=312&h=159


KHLOBYSTOV VOL. 5 ’ NO. 12 ’ 9306–9312 ’ 2011

www.acsnano.org

9309

nano-reactors. Because the success
of the catalyst encapsulation fully
determines whether reactions will
take place in nanotubes or outside
of them, substantial effort has been
invested into the optimization of
this process. In general, metal can
be delivered into CNFs or MWNTs as
preformed nanoparticles ready for
catalysis31�33 or inserted in the
form of a metal compound, which
then decomposes into metal nano-
particles inside the nanotube.34,35

Even though the efficiency of these
methods can be high, which en-
sures that the majority of catalytic
centers are encapsulated inside nano-
reactors, a minor but significant pro-
portion of nanoparticles (typically
10�20%) can still be located on the
surface. To account for these, all reac-
tions are meticulously compared with
control samples where the catalyst is
adsorbed on the MWNT/CNF outer
surface, which allows the genuine ef-
fects of nano-reactors on chemical
reactions to be pinned down.29,30

Allen et al.9 insert metal centers
into nanotubes as discrete atoms,
using a different method. They uti-
lize endohedral metallofullerenes
(EnMFs), in which individual metal
atoms of lanthanum are “packaged”
within fullerene carbon cages. The
encapsulation of EnMFs is driven by
strong and highly specific van der
Waals interactions of the convex sur-

face of the fullerene and the con-
cave surface of the SWNT,which can
reach up to 290 kJ/mol, thus en-
suring that all metal atoms are se-
curely entrapped inside nanotubes
(Figure 2c). The fullerene cages can
be broken down by the e-beam or
by heating, so that the metal atoms
are released into the internal cavity
of nanotubes, making them avail-
able for catalysis. Although the usage
of EnMFs is an efficient and reliable
technique for encapsulating metals,
it is limited mostly to the metals of
group III of the periodic table (Sc, Y,
and lanthanides). Furthermore, the
scarcity of endohedral fullerenes se-
verely limits this method to small
scales (typically, one to a few milli-
grams of material). To address this
problem, exohedral metallofuller-
enes (ExMFs) have been successfully
introduced as vehicles for the trans-
port and encapsulation of Os and Re
(Figure 2d)36,37 and,most recently, Fe
and Ru atoms in SWNTs,24 thus pro-
viding an alternative to EnMFs. The
metal atoms in ExMFs are attached to
the surfaces of fullerenes and are
hence readily available for catalysis,
as demonstrated by in situ HRTEM
experiments.24,36,37 Importantly, the
introduction of ExMFs broadens the
range of the metals that can be reli-
ably inserted into SWNTs to a large
groupof transitionelements, including
the platinum group metals that are

instrumental for catalysis. The sig-
nificantly wider availability of ExMFs
over EnMFs makes them more sui-
table for practical applications. How-
ever, a fullerene cage functionalized
with a ligand group capable of bind-
ing to any of the transition metal
ions, such as the chelating 2,20-
bipyridine (Figure 2e),38 may prove
to be even more versatile for deli-
vering transition metals into SWNTs
than ExMFs or EnMFs. Despite their
surface being modified, such coor-
dination metallofullerenes (CoMFs)
retain their high affinity for the nano-
tube interior and, potentially, can
transport virtually any metal in the
periodic table into a SWNT. Even
though the catalytic activity of full-
erene complexes inside nanotubes
has not yet been explored on the
preparative scale, the HRTEM obser-
vations of Allen et al.9 and other re-
cent studies24,37 indicate that discrete
metal atoms can play an important
catalytic role within the confines of
the nano-reactor, often dramatically
changing the pathways of reactions
and leading to the formation of
unexpected products.

Despite the fact that the assem-
bly of the nanotube�catalyst sys-
tems currently used for studying
reactions in solution or gas phase
require further optimization, there is
strong evidence that themacroscopic
parameters of chemical reactions

Figure 2. Confinement effects are more pronounced in narrower nano-reactors (a) where the energy of encapsulation of a
reactant (Ee, red molecule) is significantly greater than the energy of surface adsorption (Ea, blue molecule), as compared to
(b) wider nano-reactors, where Ea and Ee are almost identical. Three different strategies for the delivery of catalytic metal
atoms into narrow nanotubes utilizing (c) endohedral, (d) exohedral, and (e) coordination metallofullerenes.
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(e.g., reaction rate, yield, or selectivity)
areaffectedbyconfinement inMWNTs
and CNFs. A wide range of reactions
experimentally studied in carbon
nano-reactors, including hydroge-
nation, hydroformylation, syngas con-
version, ammonia decomposition,
metal oxide reduction, and epoxi-
dation,29,30 reveal somemeasurable
effects of the confinement. The ob-
served effects can be divided into
three main categories related to the
interactions of the nano-reactor with
the catalyst, reactantmolecules, or pro-
duct molecules, respectively (Table 1).

Theconfinementof catalyticnano-
particles within carbon nano-reactors
appears to enhance their stability
against sintering and coalescence,
which in turn prolongs their activity.
Electronic interactionsbetweenameta-
llic nanoparticle and the nanotube

interior surface can further tune the
electronic state and hence the acti-
vity of the catalyst.39 It should be
noted, however, that the nanotube
interior is not as inert toward metal
catalysts as was initially believed.
HRTEM observations clearly show
that small clusters of La15 or Dy26

can catalyze a rupture of the nano-
tube container, while individualme-
tal atoms of Re trigger a series of
structural transformations in the na-
notube sidewall.37

The high affinity of reactant mol-
ecules for the nanotube cavity can
create a higher local concentration
of reactants inside the nano-reactor
than in the surrounding liquid or
gas phase, which in turn can poten-
tially increase the reaction rate, im-
prove the yield, or alter the ratio of
the products. It is expected that in
some cases the effective pressure
within the nanotube will be higher
than in the bulk,40 which will have
further implications for the reaction
pathway. On the molecular level,
the collisions between reactantmole-
cules within the confines of a nano-
tube may differ significantly from
those in the bulk. For example, con-
finement in a nanotube may align
reactant molecules in orientations
particularly favorable for a specific
reaction mechanism. Furthermore,
physicochemical interactions be-
tweenguestmolecules and the nano-
tube sidewall, such as van der Waals
or electron-transfer interactions, are
expected to have tangible effects on
the activation energies of the reac-
tions. Intuitively, nanotubes with
smaller internal diameters are ex-
pected to have greater effects on the

positions, orientations, and dynamic
behavior of reactant molecules and
therefore may be more suitable for
nano-reactor applications. However,
a channel of a one-dimensional nano-
reactor that is too narrow is prone to
blockages and restricted diffusion
rates of reactants/products to and
from the nanotube, thus slowing
down reactions. Therefore, it is un-
likely that one type of nanotube will
be used as a universal nano-reactor,
as different reactions have different
steric and electronic requirements
thatmust be satisfiedbyconfinement.

The internal diameter is similarly
important for the diffusion of reac-
tion products out of the nano-
reactor, which should proceed
without dislodging the catalyst or
hindering the entrance of reac-
tants. Owing to the atomically
smooth internal surface of carbon
nanotubes, the diffusion of atoms
and small molecules within the nano-
tube channel is efficient29 and can
be significantly higher than in other
porous materials.30

CONCLUSIONS AND OUTLOOK

The properties of carbon nano-
tubes as nanoscale containers and
chemical reaction vessels are cur-
rently being explored by two ortho-
gonal strategies. The study by Allen
et al.9 in this issue of ACS Nano is a
perfect example of the first strategy,
relying on in situmonitoring of che-
mical transformations in nanotubes
at the single-molecule level. The elec-
tron beam serves simultaneously as
an imaging tool and as a source of
energy promoting reactions in nano-
tubes. The rich and diverse range of

TABLE 1. Effects of Carbon Nano-Reactors on Chemical Reactions

interactions between CNT and catalyst interactions between CNT and reactants interactions between CNT and products

enhanced stability of catalyst inside nanotube attractive interactions between nanotube interior
and reactant molecules leading to higher local
concentration and effective pressure inside nano-reactors

restriction of reaction space inside nanotube
favoring formation of one product (e.g., linear
isomer) over another (e.g., branched isomer)

electron transfer between catalyst and interior
surface of nanotube altering catalytic activity

efficient transport of product molecules from
nano-reactor to bulk phase

chemical reactions between metal catalyst and
nanotube interior leading to transformations
of CNT sidewall

alignment of reactant molecules within nanotube
facilitating reaction

van der Waals or electron transfer interactions
between reactants and nanotube interior
lowering activation energy

The HRTEM

observations of Allen

et al. indicate that

discrete metal atoms

can play an important

catalytic role within the

confines of the nano-

reactor, often

dramatically changing

the pathways of the

reactions and leading to

the formation of

unexpected products.
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reactions demonstrated in nano-
tubes by HRTEM shows that con-
finement at the nanoscale can dra-
matically change the pathways of
chemical reactions, in many cases
leading to unexpected products.
The discovery of reactions by direct
space imaging in real time offers a
fundamentally new way of studying
the chemical properties of mole-
cules. As the power of the e-beam
is being tamed via the development
of low-voltage aberration-corrected
HRTEM techniques and by careful
control of the electron dose, chemi-
cal transformations observed inside
nanotubes become increasingly re-
levant to preparative synthetic
chemistry. There is still much to be
done to improve our understanding
of the exact mechanisms of the
interactions between the e-beam
and molecules, which should en-
able nanoscale observations to
guide the development of synthetic
chemistry in the future. Carbon
nano-containers offer an excellent
platform for this strategy.
The second strategy is macro-

scopic in its methodology and builds
on the concepts of heterogeneous
catalysis. It transfers the extensive
knowledge of catalysis in nanopor-
ous structures to carbon nanotubes.
The effects of molecular confine-
ment are studied by careful analysis
of the reaction products formed in-
side hollow carbon nanostructures
(MWNTs or CNFs). Even though it is
not always possible to state with
confidence whether the reactions
take place on the interior or exterior
surface of the nanotube, or indeed
in the bulk phase (e.g., due to the
catalyst leaching), the latest studies
provide compelling evidence that
it is possible to control preparative
chemical reactions by confinement
in nanotubes. One of the key chal-
lenges for this strategy is the fact
that, in most systems studied to
date, the internal diameters of the
nano-reactors greatly exceed the
van der Waals diameters of the
guest molecules. Although wider
diameters of nanotubes are useful
formaintaining the efficient diffusion

of reactants/products to and from
the nano-reactor, they prohibit the
exploration of the fundamental ef-
fects of confinement at the nano-
scale, which, as shown by the first
strategy, are essential for controlling
reactions.
Both strategies demonstrate that

carbon nanotubes are much more
than just passive containers. They
act as highly efficient templates for
complexmolecular arrays, possess a
wealth of functional physicochemi-
cal properties that could be harne-
ssed to control encapsulated guest
molecules, andprovide excellent plat-
forms for imaging molecules and
studying chemical reactions. Carbon
nano test tubes are becoming nano-
reactors and may change the way
we study andmakemolecules in the
near future.
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