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Liquid-crystal phases of capped carbon nanotubes
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With continuum-based density-functional theory, we have analyzed the liquid-crystal phases of finite-sized
capped carbon nanotubes as a function of nanotube length and diaméd(igrtier case when the nanotubes
interact via the fully attractive van der Waals force; digl when such interactions are screened out and the
force is hard-core repulsive only. In the case of the former, we find that the columnar phase preempts all other
phases at any reasonable temperature. This result is consistent with the formation of nanotube ropes during the
high-temperature growth processes in laser vaporization and carbon arc experiments.
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Carbon nanotubes are perhaps one of the most interestifge closed by true hemifullerene end-caps simply by anneal-
of the new materials to emerge during the past decade. Béag the pipes in vacuum in the 106200 °C temperature
cause of their size, symmetry, and outstanding mechanicagnge’
properties, carbon nanotubes may well provide a fundamen- To calculate the phase diagram of capped nanotubes, we
tal and natural structural component for the emerging field ofised density-functional thedryvithin the context of a gen-
nanotechnology. There is also considerable excitement as-eralized van der Waals modeas in other liquid-crystal cal-
sociated with the electronic properties of carbon nanotubegulations. Since these theoretical techniques are well known,
Depending on their helicity, single-wall nanotubes are eithepur description of the method will be brief and restricted to
metallic or semiconducting, and therefore have the potentigiletails directly pertaining to the calculations. In a general-
of forming the basis of a future all-carbon, nanotube-basedzed van der Waals model, the free enefggs a functional
microelectronicg. It is also clear thaffinite-sizedcarbon  of the densityp is split into two parts: a term for the hard-
nanotubes are variable-length rods, which by virtue of theiccore density-functionaFyc, and a term for the longer-
shape and size can act as liquid Crysfa'[:;) examine the ranged attractive interactions which can be treated in the
possibility of nanotubes formintpilored liquid crystals for ~ context of mean-field theory, so that in general
application purposes, we investigated the phase diagrams of
capped nanotubes as a function of nanotube length and di- o . 1 ) R )
ameter in two limits: in the presence of the attractive vander  F[p(r,w)]=Fyc[p(r,o)]+ Ef drlJ erJ' dw,

Waals forces, and in the hard-rod limit characteristic of

nanotubes in which such interactions are completely oL o

screened. Our results show that when attractive interactions Xf dw,p(ri,wq)p(ry,ws)

are present, the columnar phase preempts all others at room

temperatures. X Vo1 F2,01,02), 1)

Experimentally, capped finite-sized nanotubes are pro-
duced as follows. Carbon nanotubes are most commonly I . o
formed in either an arc dischar§er via laser vaporization. ~ Wherep(r,») is the probability of finding a nanotube center
In the presence of small amounts of metal catalysitsyle- at r with its three-dimensionabrientation in directionw;
wall nanotubes are the dominant product, winlaltiwalled — andV; the effective attractive potential between the differ-
tubes form in their absence. Typically, single-wall nanotubesnt nanotubes. We separate the pair potential in attractive
are formed as a deposit consisting of weblike bundles ofind repulsive contributions using the Barker-Henderson
nanotube ropes along with other fullerene and amorphoumethodf,’ i.e.,Veis is equal to the full pair potential when this
carbon products. The deposit is readily purified to form ais negative and it is zero otherwise. To calculate the effective
free-standing mat of tangled nanotube ropes, termed “buckypotential between two capped nanotubes, which are assumed
paper.” Each of the constituent nanotube ropes typicallyto be stiff and oriented as shown in Fig. 1, we use a continu-
consists of several hundreds of nanotubes whose cross sems version of the Girifalco-Ladpotential, whose param-
tions form, more or less, a hexagonal lattice. The nanotubegters are fitted to reproduce the structural properties of
may be cut and separated via prolonged sonication in a 3:draphite. The potential models the van der Waals interaction
mixture of sulfuric and nitric acid at 40 °€The resulting between carbon atoms on two different graphene sheets as
“fullerene pipes” have an average length of about 280 nm.V¢c(d)=Cy,/d¥2—Cy/d®, whered is the distance between
This length may be further reduced to about 150 nm, orccarbon atoms, and the other parameters g,
lower, by heating the tubes in the same acid mixture with=24800 eV (A and C4=20 eV. (A% An effective po-
only gentle stirring. The cut nanotubes may then be sortetential cutoff of 16.4 A is assumed. To simplify the calcula-
according to their length via field-flow fractionation. While tions, this potential was spread uniformly over the surface of
this procedure forms open nanotube pipes, these may readitiie nanotubes with a proper atomic density so that
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FIG. 1. Schematic of geometrical setup for the calculation of

Veti- Herer denotes the vector joining the centers of two nano-
tubes of lengti. + D, whereD is the nanotube diameter. The axis

of the nanotubes point in the andw’ directions, as shown.
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whereS; and S, denote surface elements on two different

nanotubes, andr=0.383 A"2. The continuum-based re-  FiG. 2. Calculated phase diagrams for nanotubes of leingiid
sults forVe¢s were also compared to the corresponding dis-giameterD as a function of temperatufeand packing fraction;.
crete results, which were obtained by modeling the carbomarameters for the capped nanotubes (@jelL +D=50 nm, D
nanotubes with standard classical potentfaysith VccSu-  =6.8 A; (b) L+D=100 nm,D=6.8 A; (c) L+D=200 nm,D
perimposed to model the internanotube van der Waals inte=6.8 A; (d) L+ D=50 nm,D=13.5 A; (¢) L+D=100 nm,D
action. The two results are in excellent agreement, and diffe=13.5 A; (f) L+ D=200 nm,D=13.5 A. The shaded grey region
by less than 10% so that the final phase diagrams would bdenotes the isotropic-nematic coexistence region and the dashed
virtually identical. We also note that this continuum versionline the nematic-columnar spinodal. The thick solid line marks the
of the pair potential has previously been also used to studigotropic-nematic coexistence region in the absence ofaingc-
vibrational properties of carbon nanotube bundies. tive interactions i.e., it represents the hard-core limit that is tem-
Finally, we use a reliable hard-core free energy functionPerature independent.
Fuc from the liquid-crystal literaturé? which effectively re-
covers the Onsager limik —« for the isotropic-nematic
transition and, in the limit of hard-spherds—0, it repro-
duces a well tested density functiofdIThis free-energy
functional has previously been tested for parallel
spherocylinders? freely rotating spherocylinders,and the
Gay-Berne model® Having defined=, one can then numeri-
cally calculate the chemical potentigd=S6F[p]/dp at a

similar to other work on liquid crystals. For instance Fig.
2(a) shows that there is vapor-liquid-nematic triple point,
while Fig. 2c) shows an isotropic-nematic-nematic triple
point. Unfortunately, all of these interesting features occur at
unreasonably high temperatures of several thousand degrees
Kelvin, which are temperatures where one cannot expect the
nanotubes to be stable. Hence, many of these features are
given temperaturd and calculate phase diagrams by stan-Simply hot relevant when di_scussing_ the qu_uid-cr_ystal phases
dard statistical methods. of carbon nanotubes. Physically, this fact is a simple reflec-
2tion of the very strong interaction between nanotubes, which

The main results of our calculations are shown in Fig. 2, .
which displays temperatur@) versus packing fractionsf) may be quite large because of the huge number of atoms that
Hare involved.

phase diagrams for capped nanotubes of different lengt Ei > al ks the stability ed £ h "
and diameters subject to the full van der Waals interaction. lguré 2 also marks the stability edge of the nematc

Top panels show phase diagrams for the relatively narrovphase with re;pect to phases with positional order: assuming
6.8 A nanotubes, while the bottom panels display results fOperfect*nematlc order, we have calculated the structure factor
wider 13.5 A diameter tubes. Similarly, left to right panels S(T,7,k) which in turn allows one to calculate the spinodal
show results for increasing nanotube lengthd 6fD=50, lines by probing for points of and » whereS(k) diverges.
100, and 200 nm, respectively. In Fig. 2, the shaded grayVe find that the carbon nanotube system is dominated by the
region denotes the vapor-liquid- or isotropic-nematic coexnematic-columnar spinodal, which rises steeply from very
istence regions, while the dashed line corresponds to an agmall values ofy to very high temperaturé€.Since most of
proximation to the nematic-columnar spinodal curve as dethe phase diagram lies to the right of this line, one can expect
scribed below. The solid vertical line marks the isotropic-that the columnar phase will preempt any sort of nematic or
nematic coexistence region for nanotubes withattractive  smectic phases, except perhaps for very small values, of
interactionspresent in the system, i.e., the effects of hardwhich lie to the left of this line. This area to the left of the
core interactions between nanotubes only. columnar-nematic spinodal decreases sharply with increasing
What does this figure tell us? First, it is clear that thenanotube length, and increases only weakly as the nanotube
phase diagrams are complex, displaying features that amiameter is enlarged. This dominance of the columnar phase
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' ' ' ' sion only. Such a situation could arise, for instance, for nano-
tubes dispersed in low-molecular weight organic liquids
which could effectively screen out the van der Waals inter-
actions between the tub&sn Fig. 2, the thick vertical black
line marks the isotropic-nematic coexistence region in this
limit. As expected, this region is completely independent of
temperature and essentially coincides with thery) high-
temperature limit of isotropic-nematic phase diagram with
van der Waals interactions present. Note also that this coex-
istence region shifts from large to small valuesphs the
nanotube length increases, and that the coexistence region
enlarges somewhat. This is a reflection of the change in the
aspect ratio as the length of the nanotubes increases: as
L ‘ L decreases the system becomes more compressible and allows
100 200 300 400 500 for a larger changeé\ » at the transition. Figure 3 shows a
L more detailed phase diagram for nanotubes in this limit as a

. ) ) . . function of length andzy: the smectic-A(sm-A) phase is
FIG. 3. Isotropic-nematic coexistence region as a function Ofseparated from the nematic phase by the dashed line (
nanotube lengths for tubes of diameRe+13.5 A in the hard-core ~0.36), while the thick line separated the isotropic and nem-
limit (i.e., no attractive van der Waals interactigeparating the  iic phases. These results are completely consistent with pre-
isotropic(l) and nemati¢N) phases is shown by the solid line. The \;i51s work on liquid-crystal phasé where a different ap-
dashed line marks the separation between the nematic angoyimation was used to calculate the nematic-smectic phase
smectic-A(Sm-A) phases. transition.

To summarize, we have calculated the phase diagrams of
over the smectic phases is another manifestation of theapped carbon nanotubes both in the presence and absence of
strong attractive interaction between nanotubes, and is diffeNan der Waals interactions using density-functional theory

ent from the cases previously considered. In general, thermdYithin a generalized van der Waals model. In the presence of
tropic liquid crystals and simulation of hard-core full van der Waals interaction between the nanotubes, the

moleculed®1° show that the smectic phases are associatefa/culations show that theolumnar phasereempts all the
with prolate molecules and the columnar phases with th ther phases to very high temperatures. This result is consis-

oblate ones. These systems, however, are all dominated gnt with the formation of nanotube ropes during the high-
> ; o . mperature growth, as seen in both laser vaporization and
the repulsive interaction terms, which is opposite from the

S : carbon arc experiments. In the absence of such interactions,
nanotube case where the attractive interactions lead to a res

versal of this trend. Experimentally, the domination of the or instance in the presence of low molecular-weight organic

: d . olvents which screen out the van der Waals interactions,
columnar phase is complletelly consistent Wlt.h the structure Q?)oth nematic and smectic-A phases should be obtainable at
the nanotube ropes, which internally consists of very lon clativelv hiah packing fractions
nanotubes in the columnar phase. The persistence of the co- y high p 9 '
lumnar phase at very high temperatures also explains why no We gratefully acknowledge scientific discussions with
other structures have consistently been observed in therofessor J. Bernholc and Professor A. Rubio. For financial
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