
25 Transent absorpton measurements on the tmcro- 
second time scale suggest that R h ( ) ,  formed In the 
n t a  E l  reacton, does not contrbute sgnfcanty  to 
the sze of the transent absorpton sgna  for the 
ground-state recovery of M ( )  (M = Ru, 0s).  The 
amplitude of fast recoverj of ground-state absorp- 
ton IS therefore related to ttie fracton of M ( )  react- 
n g  to regenerate M ( ) .  

26. R. A. Marcus and N. Sutn, B~ochlm. Biophys. Acta 
81 1 ,  265 (1 985). 

27. Supplementary nformaton avaabe  (28). Pro\!ded 
are a descrlptlon of the laser apparatus used for 
ultrafast meas~~rements and t~ne-resolved transient 
absorpton data montorng the recoverj of ground- 
state absorption of 1-Os(phen),dppz2 in the pres- 
ence of DNA and 1 - R t i l p h 1 ) ~ b p y ~  ' . 

28. The materla can be accessed on the World M!ide 
Web at ht tp ,','v/v/v/.sc~ence-mag.org,'sc~ence~ 
feat~lre,'beyondi#arkn and can be ordered from 
M A S  (see any current masthead page for ordering 
nformat~oni. 

29. Data IS also avaabe as a f g ~ l r e  on the Web (281. 
30 The greater access~b~l~ty of v/ater to the DNA-bound 

1 enantomer, as suggested by t s  shorter excted- 
state fe t~mes,  will have solye effect on the reorga- 
nzaton energy. 

31. J K. Barton. Scier?ce 233, 727 (1 9851. 
32. M. R. Arkn, E. D A. Stemp, C Turro, N. J. Turro, J. 

K Barton, J. Am. Cliem. Soc 11 8, 2267 (1 996). 
33. C. S. Chow and J K Barton, Methods Enzymol. 

212. 219 (1992). 
34. A. Sltlan and J. K. Barton, B~ochemis?!y 33, 12100 

11 994). 
35. The pattern of ptiotoceavage changes somesr~hat 

upon ttie additon of salt, ndca tng  that this assay IS 

highly senstive to small changes In DNA structure. 
36. Guanine has the lowest oxidation potenta of a the 

bases. Therefore, f the s n g e  rate reflected oxidation 
of a proxma base by ttie oxdzed donor, one ~ ~ o u l d  
expect that the rate would be faster In poy[d(GC)], 
but v/e obser~e the opposte trend. Moreover, the 
oadng-ndependent rate of k,,, = 1 x 10'O s ' IS 

obser~ed for Os(ptien),dppzs ' . for ~ ~ h i c i i  oxdaton 
of gLlanne is precluded on thermodynamc grounds 
IT. Vi!. Welch. A. H. Corbett. H. H. Thorn. J Ph!/s. 
'Che!??. 99, 11 757 (1 99513. 

37. D. M. Crothers, B~opoiy,??ers 6, 575 (1968), D. E. \! 
Sctimeche and D. M. Crothers, ibid 10, 465 11971). 

38. M. \!orlickova and J Kypr, J. Biomol. Struct. Dyr?. 3. 
67 11 985;: C. A. Hunter. J. M o i  6101. 230 1025 
11 993); K: Yanag, G. G. Prvk. R. E. Dckerson, ibio'. 
217, 201 (1991). 

39 Vile modeled ttie ntercaation of metal complexes by 
oadng a one-d~mens~onal a t tce  w th  tv/o dfferent 
intercaators to s muate the dstrbuton of separatons 
between donors and acceptors on the DNA. For the 
A-Ru(phen1,dppz2 ' -1-Rti(phi1,bpy3 ' pair of reac- 
tants, expermental data on a t p e  scales are reason- 
ably v / e  descrbed by p - 1.5 A - '  (261 and a prefer- 
ence ratlo of 13 favoring nearest-neghbor coopera- 
tive b n d ~ i g  of donor and acceptor (A. Hormann, E. J. 
C. Olson. P F Barbara, unnubl~stied results). 

40 A. Sitlani, C M. Dupureur, J: K. Barton, J A;. C!?e!??. 
SOC. 11 5, 12589 (1 993). 

41. S J. Atherton e t a / ,  J. P!?ys. Chem. 91,3137 11987). 
42. D. B. H a .  R. E. ~ o l m l n ;  J K Barton, unpubshed 

results. 
43 The subpopulat~on of more s l o ~ ~ l y  reactng donors 

could be decouped from acceptors by defects In 
base stack~ng. The fnite pfobabil~ty of encounter- 
n g  such a defect, arisng from DNA structural pol)/- 
morpti~sm, should Increase ' ~ i t h  increasng donor- 
acceptor separatonseparation. 

44. S. Kartha, R. Das. J. R. Norrs. Met. Ions Biol. Syst. 
27, 323 119911, S. G. Boxer, Annu. Rev. Blophys. 
Biophys. Chem. 19. 267 (1 990). 

45. H. M. McConne, J. C!?e!??. Phys. 35, 508 ( I  951 1; C. 
A. Nalev/a)/, L. A. Curt~ss, J. R Mler ,  J Phys. C!?e!??. 
95, 8434 (1 991 ) 

46. G L. Coss and J R Mler ,  Sc ie~ce  240, 440 11 988); 
D. S. M!uttke, M. J. Bjerrum, J. R. W~nkler, H. B. 
Gray, ib~o'. 256. 1007 11 992): C. C.  Moser, J. M. 
Keske, K. V,!arncke, R. S. Fard, P. L. Dutton, Narure 
355,796 11 992); R. Langen eta/. . Sc~ence 268, 1733 
11995). G. M Ulmann and N. M. Kostlc, J. Am. 

CI7e177. SOC. 11 7, 4766 (1 995). 
47. D Dee and M. E. Baur, J. C!?e!?? Phys. 60, 541 

(1 974). 
48. A. K. Felts, W T. Poard, R A. Frlesner, J. P/?ys. 

Che!??. 99. 2929 (1 995), V. Mujlca, M Ke~np. M. A. 
Ratner, J. Chem Phys 101, 6855 (1 994); ~bld..  p. 
6849; M. Kemp. V. Mujca, M. A. Ratner, ibid., p. 51 72. 

49. Several authors have detertnlned thermodynamic 
parameters for the DNA bases, but no consensus 
has yet emerged. See S. Steetiken, J. P. Telo, H. M. 
Novais, L P. Candelas, J. Am. Che!??. Soc. 11 4, 
4701 11 992); N. S. Hush and A. S. Ctieung, Chem. 
Phys Lert. 34. 11 (1975); M Faragg atid M H. 
Klapper, J. Chim. Phys 91 , 1054 11 994): S. V. Jo- 
vanovic and M G. Simic. J Phys. Chem 90, 974 
(19861; L. Kitter, G. Lober, F. A. Golnck, H. Berg. J 

E/ect~~oana/. Chem. 1 16 , 503 (1 980). 
50. L. A Lpscomb era/. , Biochern~st!y 35, 281 8 ( I  996). 
51. Transient absorpton data on the tianosecond time 

scale v/ere obtaned with instrutnentaton descrbed 
by M. Bactiaracli :thesis. Caforna nsttute of Tech- 
nology 11 995)l at concentrations of 67 k m M  RLI and 
3 4 mM DNA bp. 

52. Weare gratef~~l to N H  (GM49216 to J.K.B ) and NSF 
(CHE-9304373 to P.F.B.1 for fnanca support. Vile 
also thank NSF for predoctora support of M R A. 
and R.E H., and the Amer~can Cancer Socety for 
postdoctoral support of E D A.S. M!e are also grate- 
ful to N. J. Turro for t ie lpf~~l dscussons and to ttie 
revev/ers for thoughtful comments. 

22 November 1995: accepted 6 May I995 

Low-Frequency Raman Scattering and the Fast 
Relaxation Process in Glycerol 
Takashi Uchino* and Toshinobu Yoko 

Ab initio molecular orbital calculations were used to determine the structure and vibra- 
tional frequencies of the cyclic glycerol trimer, which represents the region of medium- 
range ordering in liquid and supercooled glycerol. The calculations reproduced the 
experimentally observed low-frequency Raman scattering peak (or the "boson peak") at 
-50 per centimeter, which suggests that the peak results from the localized collective 
motions of the cooperatively hydrogen-bonded hydroxyl groups. The calculations also 
suggest that the fast relaxation process may result from the translational motion of each 
glycerol molecule in the cyclic structure. On the basis of these results, a model of the 
glass transition was developed. 

T h e  lo\\,-frequency (<- ICC cmP l )  relax- 
ations and vibrations in a m o r ~ h o u s  systems 
have been the focus of mlmerous studies 
aimed at u~lderstanding the anomalous lo\\,- 
temperature properties and glass trallsitioll 
pheno~nena observed in such systems (1).  
Although the relaxational part of the dy- 
~lalnics in supercooled liquids is \\ell de- 
scribed by the  mode coupling theory ( h l C T )  
(2) ,  the vibrational excitations, generally 
called the "boson peak," cannot be ex- 
plained in terms of h lCT,  and the origin of 
the boson ~ e a k  is stdl unsettled. Thus, un- 
derstanding the boson peak and the fast 
relaxation Lirocess near the  glass transition 

u 

temperature Tg remains an  ilnportant goal 
in solid-state physics. It has recently bee11 
suggested that the a to~n ic   notions in a Jne- 
dium-range scale o n  the order of -10 A in 
a1norp11o~1s solids are closely related to the 
boso11 peak (3). Thls hypothesis strongly 
suggests that the normal-mode analysls of 
~nolecules  nodel ling a medium-range order 
(h4RO) in a particular glass will shed light 
o n  the physical origin of the boso~l  peak. 

Glycerol has been widely used to  inves- 
tlgate the  low-frequency vibrational prop- 
erties of liquids and supercooled liquids, 
because llquid glycerol 1s one  of fe\v sys- 

nstltute for Chemca Research, Kyoto Unlverslty. U ~ I ,  
Kyoto 61 1 ,  Japan. 

'To who17 correspondence should be addressed 

t e n s  that  remain in the  metastable super- 
cooled state long enough to permit Raman 
scattering (4-8) and neutron scattering 
(7. 9 )  measurements. T h e  lo\\-frequency 
Raman scattering spectra of glycerol below 
Tc (186 K )  are characterized by a nonsym- 
metric bosoll peak \\,it11 a broad maximum 
a rou~ld  50 cm- ' ;  the  peak shifts slightly to  
higher frequencies \\it11 decreasing tem- 
perature. R a ~ n a l l  scattering lneasurements 
in the  0 - H  stretchine region have dem- 
onstrated that  liquid and supercooled glyc- 
erol are self-associated throueh intermo- 

u 

lecular hydrogen bonds to  form dimer, 
trimer, and oligo~ner structures (8).  Neu- 
tron diffraction measurements (9 )  have 
delnonstrated that  liquid glycerol not  only 
has intramolecular correlations but also 
exhibits solne residual strustuse in the  in- 
ternledlate range 12 to  6 A ) .  These find- 

L ~ 

ings i n d ~ c a t e  that ,  despite the  flexibility of 
each ~nolecular uni t ,  t he  intermolecular 
distribution function exhlbits significant 
s t r ~ c t ~ r a l  ordering as a result of ~ n t e r m o -  - 
lecular 11ydroge11 bonding. 

Al though the  exact i~lterlnolecular 
confor~nat ion of the  M R O  in  glycerol has 
not  been determined, it has been demon- 
strated that  small Lvater (10)  and metha- 
nol (1 1 ,  12)  clusters tend to  form cyclic 
hydroeen-bonded trimers. T h e  in te rno-  , 
lecular hydrogen bonds in such trilners are 
considered to be e n h a ~ l c e d  by cooperative 
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effects; that is, each molecule of the com- 
plex acts not only as a donor but also as an 
acceptor of hydrogen bonds. Thus, it is 
reasonable to assume that in liquid and 
supercooled glycerol a cyclic trimer struc- 
ture also exists, yielding a well-defined 
MRO. We do not mean to imply that 
chainlike forms of the glycerol dimer, tri- 
mer, and oligomers do not exist in real 
liquids; rather, we assume that the cyclic 
trimer is the most likely structure under- 
lying the MRO in liquid and supercooled 
liquid glycerol (13). Therefore, we have 
calculated harmonic vibrational frequen- 
cies of some cyclic glycerol trimers to test 
the hypothesis that, if the boson peak 
results primarily from the vibrational ex- 
citation of MRO in a supercooled liquid, 
then an isolated cluster modeling the 
MRO should have normal modes with fre- 
quencies that match those of the observed 
boson peak. 

We performed a full-geometry optimi- 

Fig. 1. Hartree-Fock 6-31 G optimized structure 
for the glycerol trimer (model I). In this and subse- 
quent figures, solid, shaded, and white spheres 
represent carbon, oxygen, and hydrogen atoms, 
respectively. Hydrogen bonds are indicated by 
broken lines, and their distances are shown in 
angstroms. X-Cl = X42 = X-C3 = 3.124 A. 

Table 1. Vibrational frequencies V, reduced 
masses m, force constants k, and Raman scatter- 
ing intensities I of the modes less than 100 cm-' 
calculated for model I at the HF/6-31 G level. 

zation in the 3N - 6 ( N  = number of 
atoms) internal coordinates space for the 
cyclic glycerol trimer. Because of the size 
of the system, we performed the calcula- 
tions only at the Hartree-Fock (HF)/6- 
31G level (14) using the Gaussian 94 
computer program (15). In the optimized 
geometry of the glycerol trimer (model I) 
(Fig. I) ,  the three glycerol molecules are 
almost equivalent to each other, resulting 
in a C,-like structure (16). All OH groups 
participate in cooperative hydrogen bonds 
to form two rings: the inner 6-membered 
ring, consisting of three intermolecular 
hydrogen bonds, and the outer 12-mem- 
bered ring, consisting of three intramolec- 
ular and three intermolecular hydrogen 
bonds. The intermolecular 0. . .H bond 
distance in the outer ring (-1.77 A) is 
shorter than that in the inner ring (-1.87 
A). which indicates that the outer hvdro- . , 
gen bonds are stronger than the inner 
ones. The association energy obtained by 

the simple difference between the total 
energies of the trimer and its constituent 
molecules was calculated to be - 172.48 kJ 
mol-' (1 7). Thus, model I can be regarded 
as a highly stable conformation, represent- 
ing one of the possible forms of the glyc- 
erol trimer. 

Using this optimized geometry, we cal- 
culated the harmonic vibrational frequen- 
cies at the HF/6-31G level (Table 1). Force 
constants were obtained by the gradient 
method (18), and Raman scattering inten- 
sities were calculated according to the pro- 
cedure of Frisch et al. (1 9). No imaginary 
frequency was obtained for model I, which 
demonstrated that model I is a stationary 
point such that the forces on the system are 
essentially zero. It is generally accepted that 
single-determinant wave functions yield too 
steep a potential in the vicinity of the equi- 
librium structure and that the theoretical 
frequencies at the HF level are consistently 
larger than the experimental harmonic val- 

Fig. 2. The vector displacements of the low-frequency vibrational modes at (A) 51.06 cm-l, (B) 77.09 
cm-l, (C) 93.09 cm-l, and (D) 94.96 cm-l calculated for model I. Hydrogen bonds are indicated by 
broken lines. The solid lines in (A), (B), and (C) link the ends of the vectors, showing the localized 
collective motions of the cooperatively hydrogen-bonded OH groups to form a sort of "standing wave." 
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ues by -10% (20). However, we did not 
scale the calculated frequencies using the 
empirical factor because the absolute devi- 
ations are expected to be small (at most 
-10 cm-') for these low-frequency vibra- 
tional modes. 

There are two kinds of vibrational 
modes for model I (Fig. 2). The modes at 
-51, -77, and -93 cm-' (Fig. 2, A to C )  
are mainly attributable to the motions of 
the O H  groups, whereas the modes at -95 
cm-' (Fig. 2D) result from the translational 
motions (especially those of the CH, and 
C H  groups) in each glycerol molecule. The 
former vibrational modes can be described 
as "standing waves" of the inner 6-mem- 
bered or the outer 12-membered rings; the 
OH groups in these rings thus can oscillate 
according to specific periodic boundary 
conditions as if they were connected by 
elastic springs or by hydrogen bonds. O n  

Fig. 3. The vector displacements of the low-fre- 
quency vibrational modes at (A) 49.07 cm-' and 
(B) 84.75 cm-I calculated for model IV, which can 
be compared with Fig. 2, A and D, respectively. 
Hydrogen bonds are indicated by broken lines, 
and their distances are shown in angstroms. The 
solid lines represent the "standing waves." 

the other hand, the vibrations at -95 cm-' 
involve large displacements of outer atoms 
and should therefore depend strongly on 
the trimer surroundines. These results u 

strongly indicate that the cyclic glycerol 
trimer yields the collective localized vibra- 
tions in the low-frequency (<I00 cm-') 
region. 

Although model I is likely to capture 
some fundamental features of the MRO in 
liquid and supercooled liquid glycerol, the 
glycerol trimer will not always have such 
an ideal cvclic conformation in real lia- 
uids. We therefore investigated the effect 
of deformation of the ideal cvclic structure 
on the vibrational frequencies. We calcu- 
lated energy variations of model I as a 
function of the X-C3 distance in Fig. 1, 
where X is the isodistant point from the 
C1, C2, and C3  atoms, while fixing the 
X-Cl and X-C2 distances, the C1-X-CZ, 
C2-X-C3, and C3-X-C1 angles, and the 
other intramolecular parameters at their 
o~timized values. We then carried out the 
frequency calculations for each deformed 
cyclic structure. The complexes with 
X-C3 distances of 3.20, 3.25, and 3.30 A 
are referred to as models 11, 111, and IV, 
respectively. These models have no imag- 
inary frequency and can therefore also be 
regarded as stationary points. The total 
energy difference between models I and IV 
was calculated to be only 6.5 kJ mol-'; 
hence, all these clusters reptesent proba- 
ble conformations as the trimer structure 
in liquid glycerol. 

Comparing Fig. 2 with Fig. 3, A and B, 
we see that the vector dis~lacements of the 
low-frequency modes are effectively un- 
changed by the deformation of the ideal 
cyclic structure. However, as the X-C3 dis- 
tance increases, the modes at -95 cm-' for 
model I shift to lower frequencies and, si- 
multaneously, their Raman scattering in- 
tensities abruptly decrease (see Fig. 4). This 
result indicates that the force constants and 

the first derivatives of the polarizability 
with respect to nuclear coordinates-which 
affect vibrational frequencies and Raman 
intensities, respectively, for these transla- 
tional motions (see Figs. 2D and 3B)-are 
strongly dependent on the intermolecular 
conformation, and that the vibrational soft- 
ening mentioned above occurs as the struc- 
ture of the glycerol trimer deviates from the 
ideal cyclic conformation. Because the de- 
tailed atomic conformations vary rapidly 
with time in real liquids, the lifetime of 
these intermolecular motions is ex~ected to 
be very short. As a result, these translation- 
al motions can be overdamped and can be 
observed on the time scale of Raman scat- 
tering measurements (<-10-l2 s or fre- 
quency >-5 cm-') as the fast relaxation. 
Such a fast relaxation of the intermolecular 
motion can be associated with the so-called 
"p-relaxation" process of MCT ( 1 ,  2) and is 
also expected to occur outside the cyclic 
trimer, namely, in the disordered region. 
However, because the vibration at -95 
cm-' may depend strongly on the trimer 
surroundings, the suggested microscopic 
picture of the fast relaxation process may be 
significantly modified by neighboring glyc- 
erol molecules. 

In contrast, the positions and Raman 
scattering intensities of the modes at -51, 
-77, and -93 cm-' calculated for model I 
are only weakly affected by the change in 
the intermolecular conformation. It is thus 
probable that these modes, all of which 
represent the collective motions of the hy- 
drogen-bonded rings (see Figs. 2, A to C, 
and 3B), can survive without damping 
within a time scale of the Raman scattering 
measurements, yielding a broad peak as ob- 
served by the Raman spectroscopy. Thus, 
our results allow us to suggest one possible 
microscopic picture for the boson peak in 
glycerol, namely that it originates from the 
collective wavelike motions of atoms local- 
ized in the extent of its trimer structure. 

Fig. 4. (A) Experimental Raman 
spectra of glycerol observed at dif- 
ferent temperatures (5). (B) Calcu- 
lated low-frequency Raman spec- 
tra for models I, 11, Ill, and IV at the 
HF/6-31 G level. The arrows show 
the changes in the frequencies and 
Raman scattering intensities of the 
intermolecular translational modes. 

- B 

A Model Ill 
o Model IV 

Frequency (cm-') 

SCIENCE VOL. 273 26 JULY 1996 



This does not  exclude the  possibility that 
larger structural fragments (such as tetra- 
mers and uentamers) can also contribute to  
the  low-frequency v~bratlonal spectrum 
around the  boson neak. 

On the basis of these results, the  follow- 
ing rnodel of the glass transition of glycerol 
can be proposed. A t  temperatures far abo1.e 
T 1186 K), the  lifetime of the  M R O  or the  

& ' 
, , 

cyclic glycerol trilner is expected to he too 
short to be underda~nned o n  the time scale 
of the  boson peak frequency (-10-" s) ,  
and therefore only relaxatlon processes con- 
tribute to  the dynamics of the  s\-stem. As  
the svstem is cooled, the therinal excitation 
of atoins is suppressed, and, accordingl\-, the 
atoms in the  h4RO undergo collective mo- 
tions o n  the  time scale of low-frequency 
vibrations to yield a hoson peak. In other 
~vords, a transition from relaxatlonal iover- 
damped) to ~~ ib ra t iona l  (underdampei) col- 
lective molecular motion occurs. 

According to  M C T ,  a blocklng of the  
viscous flow at  a critical telnneratilre T is 
predicted (2 ) .  Such a blocking is probably 
caused bv the  formation of M R O  with 
lifetimes that  are long enough to  generate 
vibrational motions. This  intermetation is 
consistent with the  observation that  the  
temperature a t  which overdamping of the  
low-frequency vibrations occurs is essen- 
tially the  same as the  T, predicted by the  
M C T  (21) .  Although the  boson peak 
tends to become dolninant with decreas- 
ing temperature below Tc, the  fast @-re- 
laxation process persists. This  is so because 
the  intermolecular translational motions 
of each g l ~ c e r o l  molecule can be over- 
damned even on a tllne scale of -10-'' s. 
If t he  system is rapidly quenched, the  con-  
figuration of the  M K O  will be preserved to 
form a metastable glass phase, whereas if it 
is cooled very slowly, the  locally stable 
LIRO will be reorganized, resulting in  the  
ther~nodynamic phase transition or cr\-s- 
tallization 122).  ~, 

T h e  above model can be applied not  
only to the oresent molecular system but 
also' to strolig glass formers [ill' Angell's 
classification (23)] such as SiO; and B , 0 3  
glasses. W e  recently carried out ab initio 
~nolecular orbital calculations o n  the clus- 
ters that model the  MKO in B,O, glass and 
have shown that these model clusters also 

localized vibrational  nodes in the  
low-frequent\- region, in  good accord with 
experimental results (24).  
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Crystalline Ropes of Metallic Carbon Nanotubes 
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Pierre Petit, Jerome Robert, Chunhui Xu, Young Hee Lee, 

Seong Gon Kim, Andrew G. Rinzler, Daniel T. Colbert, 
Gustavo E. Scuseria, David Tomanek, John E. Fischer, 

Richard E. Smalley* 

Fullerene single-wall nanotubes (SWNTs) were produced in yields of more than 70 
percent by condensation of a laser-vaporized carbon-nickel-cobalt mixture at 1200°C. 
X-ray diffraction and electron microscopy showed that these SWNTs are nearly uniform 
in diameter and that they self-organize into "ropes," which consist of 100 to 500 SWNTs 
in a two-dimensional triangular lattice with a lattice constant of 17 angstroms. The x-ray 
form factor is consistent with that of uniformly charged cylinders 13.8 i: 0.2 angstroms 
in diameter. The ropes were metallic, with a single-rope resistivity of ohm- 
centimeters at 300 kelvin. The uniformity of SWNT diameter is attributed to the efficient 
annealing of an initial fullerene tubelet kept open by a few metal atoms; the optimum 
diameter is determined by competition between the strain energy of curvature of the 
graphene sheet and the dangling-bond energy of the open edge, where growth occurs. 
These factors strongly favor the metallic (10,lO) tube with C,, symmetry and an open 
edge stabilized by triple bonds. 

C a r b o n  nanotubes, originally discovered as 
a by-product of f~lllerene research ( 1 ,  2 ) )  are 
attracting increasing interest as constitu- 
ents of novel nanoscale materials and de- 
vice structures (3 ) .  Defect-free nanotubes- 
essentially, giant linear f~rllerenes-are ex- 
pected to have remarkable mechanical 
properties, as ~vel l  as electronic and mag- 
netic properties that are in  principle tun- 
able by varymg the diameter, number of 
concentric shells, and chiralit\- of the  tube 
( 4 ) .  Further progress toward the use of 

nanotubes as practical materials will require 
the  elimination of defects and other reac- 
t1o11 p r o d ~ ~ c t s  (such as amorphous carbon 
and catal\-st particles), production in high 
yield, and synthetic control of tube diame- 
ter, length, chirality, and number of con- 
c e n t r ~ c  shells. 

S W S T s  have been nrod~lced 111 the  out- 
flow of a carbon arc ( 2 ,  5) and in much 
higher yleld by laser vaporization of a 
graphite rod In a n  oven at 1200°C (6 ) ;  in  
each case, a small amount of transition 
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