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kecent rescarch with carbon lus amplificd knowl-
wige of fullerenes, especiafly the Cy, modecule and
wnetubes, Crbon is an impartant clement ocour-
fing in a staggering number of compounds, many
with extensive indostriad uses. Carbon s found in
mture in twoe pure oryvstalline ferms: as dismeond,
aninsulator that is the Tardest mawrial known; and
sgraphite, a soft, cecrrically conducting matcerial.
Graphite is used in pencil lead and as a lubricant,
wmong, oriier things.

The dilTerence herween dinmond i graphite lics
in the bonding conhguriation of the carhon aloms.
diamond the carban-carhon bonds lock the atoms
o & strong three-dimensional (3D covalently
bonded network. while in graphite the carbonitoms
e covalenily bonded only into two-dimensional
{2D) sheets, The shects then stack one on lap of the
other 1o Serm a 3D sobid, The hincding between the
sheets i graphite is doe 1o retatively weak vin der
Waals Donds. amd it is the casy sliding of one shect
over 1the pext that gives graphite ils slippery fecl
ind lubgicating qualitics. Interestingly. the carbon-
crbon bonds witldan asingle shwet of graphite (some-
tmes Clled o graprhene sheeny are even stronger tan
the 31 honds in dianmumnd. and soan ideal detectdree
gaphite sheet is theeretically the serongest (stiffese)
material known. This propeny of graphite is eox-
ploited i graphite bers, which can be nuide in dif-
ferent torms hul elten approximate sheets of (unfor-
mnately highly defectedy graphite scrolled up into
ong tihers with disnmeters of the omder of micro-
meLers

Picces of graphine sheets can he arrmged 10 form
smald wodk perlaps myore perledt carbon structuees.
It a praphite shect, the carbon wmoms are arranped
in a bonesycomblihe imice (Fig. 1. The bonods be-
ween the aroms {form hexagons. It 1urns out 1o xe
geomietricalby impassible to roll or Jold such aosheet,
containing just hexagtons, into st perfectly closed hol-

§

fig. 1. Hexagonatl "honeycomb” network, represenlative of
srangemerd of carbon atoms in a graphene sheet. The
carhon aloms (dols} are at the vertices of the bonds. The
broken lines delineate a strip that could be rolled into a
wbe; the particular tube segmant thus formed would have
4is hexagons around its waist.
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Fig. 2. Model of the buckyball, Cgy. In this highty
symmatrical carbon molecule, all 12 penlagons are isolated
{rom each other.

low furm. “To accomplish closure, one must inkro-
duce pentagans. According to o theorem by Fuler,
one must introduce §2 pentigons o achiove a ciosed
object. Suprisingly, this is independen of the pume
her of hexagons in the finad strocnere. The peitagons
introduce the corvature necded tor closure,

I might scem. theo, that natare should aboand
with & hage number of difterent shell-like pure-
ciarbon madecules, fornted from various hexagon and
pentagon arnngements of carbon atoms. This is cer-
tunly not the Gise, The reason is thag the introdog-
vion of poeptgons e hexagomal carbon network
iy energetically very costhv, Particularly cosly s plac-
ing pentagons adjacent s one another. Theretore,
the structures niost likety to torm swould he those
oheving an Cisoliated pentagon eule.” Synthesizing
even such isolited peotigon pure-carhon stroctarees
would necessarily require nonequilibriom methods,
iy grephite is the lowest-cacrey form of carbon sl
would be the mitued produce of any equilibrium
growth process Cooncguilibenun”™ methods are of
course also needed to produce diantond, which has
a higher energy Ui graplhate and s again, sty
spraking, metastable).

The Beld of pure-carhon cage molecules wis born
adeacade ago when scientists synthesized sl chis-
acterized small numbers of such structures in moley-
ubar beam experiments, An intense kiser was uscd w
vapurize o graphite target and create @ noneguilin-
riun plason o “soup” of ot isolated caebon atoms
sk carbon dimers, which upon supid cooling coa-
lesced inte pure-carbon cage molecubes. The most
abundint and most stable of these mokecules con-
tined O carbon atoms ina highly spherical arsoge-
memt (Fig, 2). This molecule, o was mamed
buckminsterfullerene, or buckvbadl for short, by its
discoverers (in honor of R Buckminster Fuller. a
practitioner of geodesic dome architecture). This dis-
covery initiated the ticld of fullerenes, the name
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given e this entire cliss ot pure-carbon cage mole-
cules.

Higher- and lower-order fullerenes. The lascr-
vitporization synthesis methad described above tor
fullerenes yiclds not only o bul structures
contining an cven pumber N of cirbon awoms less
than or greater than 600 The siructeres with N =~ G
are wermed higher-order Fulleeepes, while tose with
N o< Ol are wermed lower-order Tullerenes. G, holds
i special place in the fllerene Tomily: it is the small-
est fullerene which obeys g isolated pentagon eale.
In Fact. it has been suggested that Coy might be the
smiallest stable Tulferene possible.

The laser-produced molecular heam experiments
yicld a rich spectrum of gas-phase fllerene mole-
cules, including those with v greater than and less
e 60, bt that alone does nod ensure that such
molvcules are stable enough to be produced in bulk,
thust is, i sefTiceent quemtity that the molecules can
he packed 1opether inte a solid, Achicving o solid
fusiably crvstalline yarrangenwent of the molecules is
af great impurtance [oe maay chasae riztion eapor
iments. and laving bulk quinmitics available is neces
sary for must applications as well,

Bulk quantitics of fullerenes puay be produeced us-
ing v carboneare-geneniated plasoe This methud eas-
ity produces significant amounts ol Cy,, and s ap-
phication has been instrumental in the production
and study of bulk samples of Co,. The solid form ot
pure Co which can be viewed as w mobecular solid.
is precisely that expected Trmn chose-packing haed
spheres into s minimam volume, The diameter of @
single Coy mulecule is about 071 nanometer, o in
the fice-centered-cuhic packing arnmgement the Cy,
vrvstal lantice conseantis L4017 am The Co, vrysial
is held topether by weak vin der Winds bods, and as
such the vverall solid is soft Galtheugh the buckylwalls
themselves are guite robuast and Tard . Interestingty,
al room temperature the Co, molecules in the solid
apprear ta e freely spinning about their equilibrium
positions. Although it was first belicved that these
weiak bonding propertics might lead to saperior e
brication propertios. i tuens out dw the Co, moleon-
Lar units are simply too small to ace as efficicnt roller
buarings between commonly nucluned swurfices,

The abvve method is corrently the mose elliciem
one not only Tor producing Cey but for producing
bulk amounts ot higher-ooder fullerenes as well such
as Gy Coe Gz and Oy 1 wars belicved that lower-
order Tublerenes were simply too unstabic 1o be pro-
duced in Inilk.

Gy fullerene. Lower Nullerenes nevessarily vielate
the isolated pentagon rule. However, a theoretical
study deteemined that a spherical shell armungement
af 30 carbon atoms should nevertheless be stable, Of
the many arcangements possible for placing 3t atoms
i shell using hexagons and pentagons, (oo have a
particularly low energy and are thas the most likely
W Torm. They are desigmated de, and sy (Fige 39
to identify the particuliar symmetry of the melecule.
The dy, strocture is simples i censists of six bexapons
wripped arcumd the belly of the mokecule, followed

(a) {b)

Fig. 3. Two isomers of Cy. (3] dgy. D] d3,. Bolh versions
contain adjacen! pentagons. (Courlesy of J. Grossman)

by sixaddjacent penbigons on cach cap. The very up
and botame of the ciagpes are agaon a bexagon, The ad
javent pentagons close the strecture yuickly, but at
the expense ol indroducing much strin energy intg
the structuee. The highly stetined pentagon Bonds
are espeeted 1o be chicmically very reactive. Phus,
il G were tormed, i should be particutarly suseep
tihle 10 bonding twith atself and swith other atoms
and moleculesy, This interesting G prossitbly use
July feature s ciened G, the nickimanie “stivkyball”
In lact, buectse of ity aupressive Bonding nature, 1
solid lorneed trom pure Oy, is predicted 1o be sery dit
ferent from the vimn der Winls-bondoed €, solid. The
Co solid woudd be more covalently bondued, resull
ing in much greater mechanical strength, Yrem the
orctical prredictions, the Cgmolecute is 4052 nm all
andd Fh-4 o across ot the watist These dimensions
nkrhe Co significantdhy soadler tas e, molecule
(Fig. -1).

Bulk amaounts of oy, can he ssnthesized using g
e uilibrium are-plaso methoml. Scientists using
such e approach. by cdetuning” the svothesis
condikions furoaway rem 1hose lor epuimal Oy
production, swore alde to penenae bulk quantitics of
G Oe problem in producing ghe o, is s proper
sity towund forming chicmical bonds. 1 not handled
propeely, the material reacts with impurities i the
environnent, or cven itselt spontancously polymer
iy e fuscd vetwork of O moleowes. Fhis
of course exactly whiat is expected. given e high
curvatieee and reactivity of die maojecule.

Sofar vnan absolutle scale only roghest somounts
uf Cy, bave been prodoced, and many nore exper
iments are necded 1o fulhy uderstand the proper
Livs ol the isolited molecules and the € gebased cova
lently booded pobmcrs aod 31 selids. Ineresanghy.
when thin Bl of Cyowere prodeced, ey were
tound o be extremcely hard amd seratch-resistant,
yuite unlike tvpical Tellerene filns or those based
on oilier carhon B pes, such as smorphous carbon,
This nuey huve impoertant sadustrial applications,

Additional theoretical studies ve sliown that Cy
hobds more surprises. It is prodicted that for s partice
Lar crystal structure Garrangemesit ol the imolegnies)
ol solid Gy, the masterial in its pure lore will be
clectricdby conducting, viclding an db-carbon metal.
Furthermore, becitse of a ki oralle combination of



suitable clectronic states wnd interactions between
the electroms iand atomic vibrations within the solid.
Ly might display superconductivity (e complety
ss of clectrical resistaneey ar modernely high
emperttures. These predictions Tave ooty heen
confirmecl. See SUPERCONDUCTIVITY.

Carbon nanotubes. I cie af 1he caps of the dy, Cay,
malecute is removed and an extrt beh of esagons is
imsertedl, the modecule willt be extended. Sucoessive
dditioms of such belis of hexagons will lead 1o a
whulite structure, a carbon nmanotube.

Geometrically, mnotibes can be constructed by
cutting U strip from o graphite sheet and rolling this
into a perlect scamiess cylinder. The nanotube de-
fved From the C, molecule will he formed by using
the strip outlined by the broken dines uf Fig. b, Ob-
siously. Lthis manaotabe is not the only possihility, The
geometry o a graphite shoet allows strips 1o be ot
out nut only with different (guantized) widths but
dso at different angles, leading to mnoiabes with dit-
ferent diameters and chiraity, An example of a chicl
system is o barber pole or cindy cane design; shere
is 1 cortain helicine gs one advances along 1lie axis
of e tube. Ay it turns out. the chectrival propectivs
of a carbon nanouhe are extremely sensitive to the
diameter wnd chirahivy ol e abe. Some nanotubses
are semiconductors, while others are metals,

A seaniloss detect-free nanotulx: woulbd be a phys
ical realization of the idealized graphite nher dis
cusseed carlicr. Such i system would Tave, i addition
t the unwsual elecerical propertios. ovtslanding nwe-
chanical and thermad propertics.

Carbon manotubes were lirst experimentally olx
served in Digh-resolwtion trinsmission clectron mi-
croscopy studdies of fullerene by-products, e non-
equilibrium syithesis methads previously duseribed
for fullerenes are alsa quite officient at nanotube
production. Depeading on the synthesis conditions
(such as type of cmalyst used), nunotubes with il
ferent peometrics are produced (Fig. %) Some are
multiwitlled, where numy tubes are arranged coixi-
ally and tis puriecity one inside the other tnmwich like
the cullapsed segments of an old-fashioned nariner’s
telescopuy; vthers are single-walled, Cftenahe sinple-
walted tubes arrange themselves io an ordered bun-
dle, sesembling the CGosely packed steangds of i secl
cable, Nanotubes have alsu heen produced from el
ements other than carbon, such as combinations of
boras anel nitrogen.

Typicatly, varbonr mmatabes have an extremely
high aspect rto. Phey might be about 1-10 am
in dizmuter but many hundreds of nicrometers in

length. Fur comparison, it a typical garden hose of

digmeter 2 om (R Y had the sanse aspect i, it
wouldl e severad kilomwrers Tong. Despite their long
retative length, panotubes as currently produced aee
still ton shoet for many mechanicalapplications, such
as structustl reinforcements, However, the unusual
lectronic properties live been exploited o form
nanoscale electronic devices, such as rectifiers and
transistors. Ninolubes might alse be uscful fur en-
ergy storige systems, See NANOCHEMINTRY.
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Fig. 4. Schematic represantation of a Ce molacule surrounded by saven Cy molecules.

Ca is significantly smaller \han ils buckybail cousin. (Courtesy of C. Piskoli)

Cut tubes. art of the problem in exploiting naoo-
tihes for many usclul applications is thi they of-
1ren form a highly entangled mat. Untangling the ni
is difficult, if notimpassihle, w known mechanical
mcany, 1t is as if ene had i hopelessly angled ball of
ultra-high-srengtly nvlon ishing tine. To extract use-
ful picces of the fishing line. it would be tempting to
snip away at the hall with scissors and thus free up
(shorter) picees of the line.

The goal of systematically shortening tubes was
recently achieved. Virmsonic and chemical means
were wsed o meut” long picces of nanotubes into
sherier, nunageable picces. The cut tubes hogin i
resemble fullerene motecules, This molecular form
for the tubes has remendous advantages, For exam-
ple, the short tubes dissobve in (or at least appear to
be suspended in) various solvents, nuaking available

Fig. 5. Model of a carbon nanotube, Tha cylindrical body
contains only haxagons, while the end cap containg some
pentagons. Each end cap in a perfect tube would include
six penlagons. (After M. 5. Dressalhaus, G. Dresselhaus,
and P C. Ekiund, Scienca of Fullerenes and Carbon
Nanotubes, Academic Press, 1996)
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many of the powerful weehnigues of wet chomisiry,
This allows, for example, different cliemical species
to be mtached tathe walls o ends of the tubes (such
moddifications siee called functionalization), or it al-
lows tubes 1o be easily mixed with other materiais
to torm composites, [0 may even be possible, using
approprive wemplites or functiondization, t coax
nanotubes in selution (o selfassemble into usceiul pat-
teens. This might he one way 1o miake use of their
unuswil electronie and mechanical propertics,

For background itformation see CARBON; FULL-
ERENE GRAPIOTLE, NANOCHEMINSTRY, NANOSERUC-
TERE, SCANNING TUNNELING MICROSCOPE; SEMICON-
DUCTOR, SUPERCONIUCTIVITY in the MeGrow-Hil
Encyvelopedia of Scicnee & Technalogy, A Zett
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The Nobel prizes tor 1998 inchuded the Tolliswing
awards for scicntific disciplines.

Chemistry, Walier Kolin recesved one-halt of the
prize dor his development of the densitv-tunctional
theory, Jolin A, Pople received the other haf for his
development of compurationil methods in guantum
chemistey, Kolin is professor of physics at the Uni-
versity of Californi. Santa Barbvara; and Pople is pro-
tessor of chenvisery at Northwestern University

The theoretical work developed by Kohin hedped
to simphily the mathematics used to deseribe the
bunding of wems. Ignoring the motion of cach in-
dividual clectron, Kohn was concerned with the ay-
entge pumber of clectrons located at any vie pointin
space. Catted the the density-functiomal dwory, it is
A computationsdly simples et allowing for dwe
study of very barge molecules,

In 304 Kohn was able to demonstoite a correla-
tion between the totl energy for g syvstens as celated
to the known electrons” spatial distribution {clee-
tron density). He was able o theoretically calculne
the energy depending on the density, I ook several
decades and madifications to this theory hefore the

cyuttiom for dewermining the energy could he used
to study molecalar systems ol increased size, The
densitv-lunctional theory is used in visrious chemical
appications, from caleubiting the peometrical strue
ture of molecules (providing bonding distance and
anglesy o outhining chemical resactions (such as e
ZYINILIC Feictions),

Pople developed guantum-chemical methdoligy
currenty uscd in various branches of choemistey, His
computitional methods allowed tor the eheoretical
stuchy ol molecules, their propertios. and their ber
havior in chemical reactions. A computer is fed in
put data regarding specitic details of 3 molecule ora
chemical reaction. The omput deseribes molecular
propertics or how g chemiced reaction might cake
place. Results are generally used 1o explain or illys
trate the owlcome of viarious experiments,

As theoretical methodology was significantly im
proved e the cid o the 1960, Pople designed 2
computer program which was superior (o othersina
signitcant - points. Jle macde  his
computatioml  methods  easily aceessible to e
searchers by desipning the GALISSEAN-TO compuler
prrogeam, fiest puablished in 19700 e eelined the
muthodology during tlie 19705 and 1Y80s white pro
ducing advanced chemistry maodels. Pople included
Koha's density-tunctionsd theory in the GALSSIAN
program in the [YS0s. The GAUSSIAN progrm is
now wsed by chicmists in universitics wd commer-

number  of

cial companics the world overs These improvenients
e cwabling chemists (o analyvee inceeasingly con
plicated molecules,

Physics, The physics prize was awarded o Robert
B. Lavghlin of Sumnford University, Horse L. Stormerof
Cotumbia University sowd Bell Laboratorics {Murray
Hill, New Jersev), s Dandel C, Tsui of Princeton
University for their discovery of & new furm of
cuantemy uid with fractiomally charged excitations.
This Muid is manifested incehe feactional quanmam Hall
clicet, whicl was discovered by stormer sl Tsuiin
1982 anck expluncd by Laughlin the [ollowing year,
(All three were then at Bell Laboratories. )

IFastrip of conducting materiad is pliced ina mag:
nctic ficld perpendiculir to its surface, an electric
current along the strip produces i voltige across it
This phenomenon, the Thall efieen, results from the
force of the magnctic lichl on the moving charge
vaeriers (electrons or holesy, mmd the Hadl volage i
normually proportional to the magnetic ticld strengih
However in 1980 Khaons von Klitzing discovered that
A low tempecatures and high magietic tields the Hall
vottage of samples whose clectirons are contined io
muotion ina plane varies with magnetic licld swrength
i scries of steps. The vilues of the Flall resistance
(e ratio ol the Thll voluge o the cuerent) are ex
tremicly close w g combimition of tundamental phys
icat constints divided by integers, This integer quan
tum Hall efivet can be expained interms of the quan
tun behsvior of individual electrons, and retlects the
Rtling of an integral number of quantum levels,

stormer and Tsod studied the Hall cllect using

samples of very high puereity, and at even lower



