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Nanotube rings were fabricated from straight single-wall carbon nanotubes (SWNTs) with yields exceeding
50%. The rings result from the folding of nanotubes onto themselves under ultrasonic irradiation to form
coils with a narrow distribution of radii (368400 nm). A simple continuum elastic model is used to discuss

the thermodynamic stability of the rings. Their formation involves a balance between tube-tube van der Waals
adhesion and the strain energy resulting from the coiling-induced curvature. Our findings suggest that ring
formation is a kinetically controlled process where bubble cavitation, generated by ultrasonic irradiation,
provides the energy necessary to activate ring formation. The electrical conductance of the rings is measured
as a function of temperature and in the presence of a perpendicular magnetic field. While the rings consist of
bundles of many metallic and semiconducting SWNTS, they exhibit metallic behavior at low temperatures,
and quantum interference effects are clearly observed.

Self-organization and the formation of molecular superstruc- consist of one or several graphene sheets rolled up into a
tures is a subject of strong current intere&This field is driven seamless tube, forming single-wall (SWNTs) or multiwall
in part by a desire to understand the formation of biological (MWNTSs) nanotubes, respectively!l NT's very high tensile
structures such as proteins, cell membranes, etc., and in parstrength is comparable to that of diamdidand depending on
by technological needs. As the push to increased miniaturizationtheir atomic structure, NTs behave electrically as metals or as
of structures and devices continues, conventional fabrication semiconductor& 14 The synthesis of carbon nanotubes is itself
techniques are hard pressed to keep up, and self-assembly and self-organization process, where carbon atoms self-assemble,
self-organization techniques are sought to replace the@ne with or without the help of catalysts, to form the tubést’
of the most studied processes of self-organization is the coiling  An important characteristic of carbon nanotubes is the strong
and ring formation by bio-polymers such as DNA and pro- van der Waals attraction between tubes, and between nanotubes
teins®> These processes are complex, involving a number of and the substrate on which they are deposited. These van der
different types of interactions. Here we discuss a case of self- Waals forces have important implications for the geometry and
organization that involves coiling and ring formation by carbon detailed configuration of the tubes. In the case of SWNTSs, the
nanotubes, materials known for their high flexural rigifity. ~ van der Waals attraction between the NTs leads to a second
Unlike the coils of bio-polymers that are usually stabilized |evel of self-organization; the nanotubes bunch together to form
through hydrogen bonding and ionic interactions, the coils of ropes, in which the NTs are closely packed in a triangular
nanotubes are stabilized solely by van der Waals fdtces. lattice 16 Within a rope, the tube-tube interactions are strong

Carbon nanotubes (NTs) are a new class of materials thatenough to induce radial deformation of the tub&Similarly,

van der Waals interactions with the substrate have been found
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Figure 1. Characterization of rings of single-wall nanotubes (SWNTSs). (a) Scanning electron microscope (SEM) images of a ring-containing
SWNT sample dispersed on an hydrogen-passivated silicon substrate. The rings are produced by the process discussed in the text which transforms
up to 50% of the raw material. (b) Histogram obtained from the analysis of many SEM images showing the distribution of the radii of the rings.

(c) and (d) Transmission electron microscope (TEM) images of a SWNT ring dispersed on a holey carbon substrate (courtesy of Lynne Gignac).
Variations of the diameter of the rope along its circumference (as seen in 1d) can be detected in most of the rings. The fringes result from the
presence of individual nanotubes and the spacing is typical of a rope of SWNTSs. (e) SEM images of two interlocked rings.

configurationsl®2° The latter allows the manipulation of their amorphous carbon deposits, and decreases the length of the
shape with the tip of an atomic force microscope (AFPR#S! nanotubes rope®. After sonication, the nanotube solution is
We found conditions under which the same strong adhesion filtered through a 0.2m membrane filter. The residue is rinsed
forces between SWNTSs can generate yet another self-organized;sing DI water and dried in air. The NTs are then suspended in
state that involves the formation of well-defined ring (coil) 1 2-dichloroethane using a brief period of sonication with low-
Conﬁgurations. Starting with Straight SWNTs and fO”OWing the power u|trasoundn[,100 Vv] This process generates a stable
procedure described below, we succeeded in forming rings with s spension of a mixture of SWNT rings and ropes.
yields as high as 50%. Their formation involves the ultrasound- The scanning electron microscope (SEM) image in Figure

driven self-folding of SWNTs, and their stability is due to the 1a shows an example of nanotube rinas deposited on a
attractive van der Waals forces between the nanotubes. Simple P 9 P

arguments based on continuum elasticity theory bring insight pgssi\{ated siI'icon surface. This picture clearly iIIustrqtes the
into the factors that control the ring formation process. high yield of rings produced by our procedure. To obtain such

Our preparation of SWNT rings involves the processing of & Nigh yield requires shortening the raw nanotubes to a length
raw material of SWNTs fabricated by laser vaporizafidiihis of the order of 3-4 um. As a result, the yield varies with the
technique produces long and entangled SWNTs with an averagelime of exposure to ultrasound and the concentration of the
diameter of about 1.4 nm. To form the rings we start with 0.4 peroxide solution. The measured distribution of the ring radii
mg of such raw SWNTSs in 8 mL of a mixture of concentrated IS shown in Figure 1b; most rings have radii in the range of
sulfuric acid and hydrogen peroxide {604/H,0, (10—30%) 300—-400 nm. Transmission electron microscope (TEM) images
in a 9:1 ratio) and irradiate them with ultrasound fet3.h (40 such as the ones in Figure 1c,d confirm that the rings consist
kHz, 190 W) at 46-50 °C. This oxidative treatment disperses of aligned ropes of SWNT. The observed fringes correspond
the SWNTSs, reduces the amount of residual metal catalysts andto individual tubes forming the rope. Figure 1e shows a close
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E e 3 Figure 3. Thermodynamic stability limits for rings formed by coiling
T et single-wall nanotubes with radii 0.7 nm calculated using the continuum

"\\\:-_ F elastic model described in the text where the cohesive energy per unit
lengthK is 0.476 eV/nri® and the wall thicknessis 0.2 nm. The total
energy (sum of the strain and cohesive energies) is given in the gray
image plot where the energy is scaled from dark gray to white with
value ranging from-1870 to O eV, respectively. The overall gray area
shows the range of ring radii allowed for a given lengthf a single
SWNT. Thermodynamic stability limits for nanotube rings with
diameters of 1.5 nmt(= 2.0 nm), 3.0 nm{= 2 nm), and 3.0 nmt(
= 3.0 nm, i.e., a solid tube such as a MWNT) are also presented by
the white dotted lines. These limits are calculatedKor 0.839 and
1.799 eV/nm for the 1.5 and 3.0 nm tubes, respectit&hhe inset is
a schematic of a ring identifying the relevant parameters.

(see Figure 1c,d) and primarily AFM images indicate that the
rings do not have a constant thickness and height around their
circumference. This suggests that separate ropes curl together
to form the rings. Further evidence for this comes from AFM
tip manipulation experiments such as the example presented in
Figure 2, where we find that it is relatively easy to take apart
the rings and expose rope ends. Previous WbHawever, has
shown that cutting single tubes or ropes with an AFM tip is
Figure 2. Noncontact AFM images of SWNT rings deposited upon a nearly impossible: the tubes are simply translated. We thus

hydrogenated Si(100) surface. (a) Image of the rings before their oonc)yde that the rings are indeed produced by a coiling process
manipulation with the AFM (b) and (c) sequence of manipulation to g P Y gp '

unfolded the ring structure into a single rope of SWNTs with two open  Images of the same batch of rings dispersed several months
ends. A vertical load of 30 nN was applied to the tip in order to unfold apart on Si wafers show similar concentration. In addition, short

the ring. periods of sonication at low power of the ring solution do not
seem to affect the ring stability. It is therefore clear that the
up of two inter-locking rings, a catenane structure similar to rings are very stable in 1,2-dichloroethane.

those observed in DNA! Previously, trace quantities of rings have been observed by
A priori, rings could be either coils or tori. A toroidal structure  Liju et al 26 while examining raw SWNTs made by laser ablation.
has covalent €C bonds between C atoms at the two ends of They estimated the concentration of these rings to be-0.01
a given tube, forming a hollow torus of carbon atoms. For such 0.1% and assumed them to be perfect 3biie., stabilized by
atorus, the ring circumference is exactly the initial tube length. covalent G-C bonds instead of van der Waals interactions. Our
In contrast, a coil structure, illustrated in the inset of Figure 3, results suggest that they are more likely to be coiled NTs. There
corresponds to a tube forming a very tight spiral stabilized by has been a report of SWNT rings formed during the evaporation
the strong tubetube van der Waals attraction. Tubes forming of the solvent” A small number of MWNT rings have also
coils are significantly longer than the ring circumference. been identified in the raw materi# These MWNT rings were
The structure of rings, i.e., tori or coils, can be deduced on tentatively interpreted as segments of compressed helical
the basis of a number of observations. First, the fact that the nanotubes, i.e., consisting of sequences of straight segments of
starting material involves long SWNTs that are shortened by a nanotube followed by pentageheptagon pair defects that
oxidation, which leaves the tube ends functionalized with cause a bend in the nanotube. However, a toroidal structure
carboxylic acid (COOH) group&;2°argues strongly againstthe  could not be ruled o As is discussed below, MWNT rings
formation of a torus involving covalent-&C bond linking. TEM with micron-sized diameters cannot be stabilized by van der
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Waals forces only. Our results thus support the proposal thatR=2. Therefore, the large-ring radii observed are kinetically
twisting pair defects must be present in the reported case of preferred. The required activation energy for the formation of
MWNTs.28 the rings is high (many eV), and is provided in our approach
Insight into the coiling process and the resulting size by ultrasonic irradiation. This activation may involve thermal
distribution of the rings is provided by simple considerations or mechanical effects produced by cavitation, i.e., by the
based on continuum mechanics. For the ring formation processformation and collapse of small bubbles generated by the
to be thermodynamically allowed the free energy chanGe ultrasonic wave$® The large activation energies estimated
must be negative. Continuum mechanics has been shown bysuggest the involvement of mechanical effects. The nanotubes
the studies of Yacobson et &lto provide a good description  can act as nucleation centers for ultrasound-induced bubble
of the energetics of structural deformations of carbon nanotubes.formation and will be positioned at the bubbléquid interface
The simplest model of the ring formation process consists of a as a result of their hydrophobicity. In this position, the nanotube
SWNT coiling over itself to form a loop (see inset in Figure can be mechanically bent as the bubble collapses.
3). By this coiling the tube gains van der Waals adhesion energy, Once formed, a “proto-ring” can grow thicker by the

Es. ?tpaotf]mg fjh's 'Z the sttraln émnergxt.mat bu'ldShUp asa  aitachment of other pieces of single nanotubes and ropes. This
resutt o 0 € induce cuzrva Uréstn continuum mechanics 1 5inar random attachment of tubes to the growing ring can
given by Es = (YI)+/2R2, whereY is the Young modulud, is for th ically ob d variati n the width of
the NT lengthRis the loop radius, anti= (x/4)[r — (r — 1] account for the typically observed variations in the width of a

X ring around its circumference. The fact that we find no

is the geometrical moment of inertia of a tube having an external rrelation between the diameter of the rin nd their thickn
radius,r, and a wall thicknest Thus, the strain energy increases correlation between the diameter ot the nings anad teir tickness
further argues against the relaxation of the initial ring diameter

rapidly with decreasing coil radiuR. The cohesive energ¥s di libri f. ion. The ab di . |
, on the other hand, is proportional to the interacting tube length ©2Ward its equilibrium configuration. The above discussion also
=1 — 27R. | is the excess length of the tube left over after allows us to understand why the nanotubes must be neither too

a full single coil has been formed (see inset of Figure 3). This Short nor too long to be able to form rings. The formation of a
tube segment now interacts with the ring which leads to an finNg from a short “nanotube pipe”, although it may be
adhesion energfs = —Kl; whereK is the cohesive energy thermodynamically allowed according to the results in Figure
per lengtht8 In addition to the energy changes there are also 3. will be kinetically improbable. Parts of very long tubes, on
both positive and negative entropy changes upon ring formation the other hand, are likely to come in contact in more than one
in aqueous environment. Most of that entropy change is due toplace, giving a tangle rather than a well-defined ring. This is
the presence of “repulsive” hydrophobic interactions between exactly what is observed in the raw (uncut) SWNT matéfial.
the carbon nanotube and the water solvent (aqueous solution Finally, we note that MWNTs usually have a larger diameter
of HSOy + H20;), i.e., there are restrictions on the ability of  than SWNTSs so they are less likely to form rings because their
water to hydrogen-bond near the nanotubeter interfacé!  much higher flexural rigidity BE YI) leads to prohibitively high
Coiling of the tube onto itself decreases the tulbater contact  activation energies for the coiling process. Nevertheless, rings
area and thus is favored entropically. of 0.2 to 0.5um diameters made from 10 to 20 nm thick MWNT
We can now try to estimate the energetic requirements of have recently been observed in catalytically grown san#les.
ring formation and more specifically look at the factors that Simple estimates of the thermodynamic stability limits of rings
determine the ring radius distribution. We can formulate this made of larger SWNTs or MWNTSs (see examples in Figure 3)
problem as follows: given a tube of lengti= 2R + Ii, how indicate that the critical radii of the rings scale with the diameter
should this lengtt be partitioned intR andl; so that|Eg| > of the tube and the number of walls inside the tube. This analysis
Es The cohesive energ¥, can be obtained using the values gyggests that a 20 nm thick MWNT ring cannot be stabilized
calculated for a nanotube crystdlandY = 1 TPa® Figure 3y van der Waals forces alone when the ring diameter is less
shows the allowed values dR that would give rise 0 @  {han 0.5um. Therefore, the wall structure of the observed
thermodynamically stable ring for SWNTs of different tube  \wNT rings is likely to involve defects that twist the nanotube

diameters. Itis clear that the critical radigsfor ring formation and form the ring. These arguments support the interpretation
is small, especially for thin tubes such as the (10,10) tulze ( by Ahlskog et af® that pair defects induce the coiling of
0.7 nm). In general, we observe that much lower valueR of MWNTS

are allowed by energetics than are observed in the histogram ) ) ) .

of Figure 1b. Taking the hydrophobic effect into account further We now discuss briefly the electrical properties of ,SWNT
reducesRe. If, instead of using a single SWNT to model the 'iNgS. We measured the conductance of SWNT rings by
coiling process, we were to use a rope of SWNTs, the Positioning them on I|thograph|cally fabrlcqted gold elgctrodes
thermodynamic stability of the resulting ring would depend on ©On top of a layer of Si@grown on a heavily doped Si wafer
the detailed arrangement of individual NTs in the rope. For a (Figure 4). The two-probe resistance of the nanotube rings at

closely packed rope, we calculate Basmaller than that fora 300 K ranges from 20 to 50¢k. Most of the rings studied had
single SWNT ring. wall thicknesses between 10 and 20 nm, and therefore consist

We may therefore conclude that the process leading to the ©f @ bundle of hundreds of nanotubes. This bundle in turn
ring radius distribution observed is not a thermodynamically consists of both semiconducting and metallic nanotubés.
Contro"ed process_ The ac“va‘tlon ene@A (more r|gor0us|y Because Of the pOOf Intel’-tube CondUCtion, Only the tubeS |n
the activation free energy) controls the size distribution of the direct contact with both electrodes contribute to conduction.
rings. To form a ring the two ends of the tube must first come Figure 4a shows the temperature dependence of the resistance
close to each other. This involves a large amount of strain energyR of a 0.82um diameter and 20 nm thick ringR increases
and some initial loss in entropy. Strong adhesion will not Wwith decreasing temperatufe At first glance, such temperature
develop until the two ends are quite close. These considerationgehavior suggests that the electrical transport at low temperatures
suggest that the activation energy would be large, of the orderis dominated by the semiconducting nanotubes. However, we
of the strain energy, and would dependR®moughly asAEa [ can rule out this possibility for two reasons. First, there is no



Letters J. Phys. Chem. B, Vol. 103, No. 36, 1998555

overlapping segments of the same tube via a metal electrode,
i.e., closed (ring-like) paths involve tubenetal-tube coupling.

As a result of time reversal invariance, the phase shifts
acquired along the two Feynman paths are the same, so the two
counter-propagating waves interfere constructively at the injec-
tion point. In effect, a standing wave is formed which does not
contribute to transport. The electron path is effectively increased
and so is the number of elastic collisions of the electrons leading
to an increased resistan®e®® The quantum interference is
destroyed when a magnetic field is applied perpendicular to the
ring. The magnetic field lifts the time-reversal invariance so
J T T J that electrons (or holes) following the two counter-propagating
a =0 S ”:'::' 180 00 Feynman paths acquire additional opposite phase-shifts, leading

RIS (1) to destructive interference, and to the elimination of the quantum
4 mechanical contribution to the resistance. An analysis of
magneto-resistance data (such as those shown in Figure 4c) at
different temperatures allows the evaluation of the temperature
dependence of the coherence length of the electrons and the
identification of the dephasing mechanism as will be discussed
i . ] elsewheré®
=0 T a 10 an In conclusion, we have developed a procedure by which ring-
WVoltage (mb) shaped superstructures of SWNTs can be produced. The
formation of these rings is made possible by ultrasonic irradia-
tion of linear nanotube segments, and the resulting rings are
stabilized by van der Waals interactions. The combination of
materials with unique properties such as the nanotubes with new
self-organization schemes opens up the possibility for a host of
novel applications. It is known that nanotubes can be function-
1 . . i alized with desired chemical groups and the electronic properties
A a2 a 2 4 can be changed by dopii§ These capabilities coupled with
Elagniefic Flid [T} the self-organization technique presented here provide essential
Figure 4. (a) Typical evolution of the resistance as a function of b_U|Id|ng blocks for new mechanical or electronic devices. NT
temperature for a SWNT ring. The insert shows an atomic force iNgS Or catenane structures (see Figure le) can be used as
microscope (AFM) image of a SWNT ring positioned on gold frames or templates on which new nanostructures can be
electrodes. (b) Current as a function of bias across the ring at 4 K. (c) assembled. Magneto-resistance studies of nanotube rings allow
Differential resistance,\ddl, of the nanotube ring as a function of the  the study of transport mechanisms and electrical properties of

magnetic field applied perpendicular to the plane of the ring. The probe nanotubes that are otherwise difficult to access in straight
current was 10 pA. These measurements were performed on a 0.82

um diameter SWNT ring whose two-terminal resistance at room nanotubes.
temperature is 33Q.
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