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For single-walled carbon nanotubes (SWCNTSs), given the known product of the Young’s m¥duidghe
wall (bond) thickness (Yt= 0.3685 TPe&nm) and the known temperature of tip-end meltiiig € 1593 K),

as well as their functional dependence on atomic coordination and bonding energy, the dimension and strength

of a C-C bond in a SWCNT have been determined. The uniqueness of the solution reveals thatGhe C
bond (or the wall of the SWCNT) is'0.142 nm thick and~0.125 nm long (an 18.5% contraction of diamond

bond length, 0.154 nm), with a 68% increase in binding energy, with respect to the bulk graphite values.

Therefore, the measuré@ and T, values essentially represent the true SWCNT situation.

Since the discovery of carbon nanotubes (CNTiblere has 3800 K). The coalescent temperature of the CNT increases as
been ever-increasing interest in this new form of carbon, not the number of wallsA) increases. Coalescence of the SWCNTs
only because of the novel structures and the properties but alschappens at 1073 K under energetic (1.25 MeV) electron beam
because of the potentially important applications, such as useirradiation and the coalescence starts at vacancies via a
in atomic-force microscopy (AFM) microscope tipgield zipperlike mechanisrt The STM tip end that is made of CNTs
emitters? electronic device$hydrogen storageand chemical starts to melt at 1593 K under ultrahigh vacutiminnealing
sensor$. Overwhelming efforts have been exerted, primarily at 1670-1770 K under medium-high vacuum in flowing argon
in regard to CNT growth, characterization, and functioning, and N> atmospheres shows that 60% of the SWCNTs coalesce
whereas insight into the origin behind the unusual behavior of with their neighbord® Heating under an argon flow in the
the CNT is highly desirable. temperature range of 1872273 K results in a progressive

The Young's modulusY) of the CNTs has been a confusing destruction of the SWCNT bundle, followed by coalescence of
issue for a long time; it has been reported to vary over a range the entire bundlé’ SWCNTSs transform at temperatures of 2473
of 0.5-5.5 TPa, compared with that of the bulk graphive= K or higher to MWCNTSs with an external diameter of several
1.02 TPa). Actually, one can only measure greductof the nanometers, and the F€ impurity bonds can be completely
Young's modulusY and the wall thickness (Y1), rather than removed at 2523 K& Recently, it has been found that an
the individual parameters. This is the reason why the reported ordinary camera flasficould burn the SWCNT under ambient
Y values vary with the presumption of the single-walHC conditions, showing the higher chemical reactivity for oxidation
bond) thicknesst{).”~® If one assumes the equilibrium interlayer of the SWCNT. These results show the consistently lower
spacing of graphite sheets,= 0.34 nm, to represent the bond thermal and chemical stability of the CNT. In particular, the
thickness, the derived; value is~1.1 TPal®11|f t; = 0.066 tip end of the SWCNTs melts first and then is followed by the
nm, which is close to the radius of a free C atom (0.0771  wall of the SWCNT. MWCNTSs are more thermally stable than
0.0914 nm), ther; value is derived as 5.5 TPalthough the the SWCNTSs, and the stability of the MWCNTSs increases as
wall thickness and the scatter¥dalues need yet to be certain, the A values increasé?®

the productytsurprisingly approaches a constant value (0.3685 The mechanisms behind thé enhancement and th&n,
+ 0.0055 TPanm). For the single-walled carbon nanotubes suppression of the CNTs and the certainty in the wall thickness
(SWCNTs), under the presumedvalue, theY; value varies  of the SWCNTSs are still puzzling, although the atoms that
slightly with the tube diameter and the tube helicity, because surround the defects or are located at the tip ends or at the
of the curvature-induced stralA.However, for multiwalled surface are expected to have unusual, yet unclear, roles in
carbon nanotubes (MWCNTSs), two typical trends of the change dominating the mechanical and thermal behavior of the CRidts.
in Y have been observed: (¥ is almost independent of the  Here, we show that, with the known identities and their
tube diameter} and (i) Y increases as the number of walls  functional dependence on the atomic coordination, the bond
are reduced? length, and the bond strength, the dimension and strength of a
In contrast, atoms at the tip end of a SWCNT could melt or single G-C bond can be uniquely determined by solving a group
coalesce first and then the tube body follows at temperature of simple equations, to advance a consistent understanding of
much lower than the melting point of the bulk graphite, & the mechanical strength and of the chemical and thermal stability
of the CNTs.
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Letters

CN of 12 to a CN of 3 upon SWCNT formation. For an atom
that is surrounding a defect or is located at the tip end of an
open edge, the CN is 2. The bulk effective atomic CN is always
12, regardless of the nature of the bond or the crystal
configuration (comparing the covalent bond length in graphite
(0.142 nm) with that in diamond (0.154 nm), the effective atomic
CN in graphite is found to be-5.5, according to current
iteration). According to Goldschmidt, Pauling, and Feibel#fan,
the reduction in CN causes the remaining bonds of the lower-
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coordinated atom to contract spontaneously. The spontaneou is the CN of a C atom at the tip end £ 2) or in the tube
bond contraction is associated with a magnitude increase of thewall (z = 3), divided by the ideal bulk value &f = 12. The

bond energy. This bond ordelength—strength (BOLS) cor-
relatior?® can be formulated as

— di — 2
c(z) = dy 1+ exp[(12— 2)/(82)] )
E=c() "6

Eo and dp are the corresponding bulk values of bond energy
and bond length, respectively, ands an adjustable parameter.
For pure metals of gold, copper, silver, and tinx 1;2* for
covalent silicon and ionic CdS and Cd®er 422 The BOLS
correlation suggests that the reduced @GN the shortened bond-
length @), and the enhanced bond-enerdy) (contribute not
only to the cohesive energ¥dn = zE;) of a single atom of
concern but also to the binding energy densiy € nE) in

the relaxed region. The variabtgis the bond number per unit
volume.E.qn defines the thermal stabili?,andEy is related to
the mechanical streng# The functional dependence ¥fand

Tm; on the atomic coordination and bond energy at the
equilibrium atomic separation are giverre®

oP d°u(r) -2
Y= U%h:d, = Th:dl UnE=d " E )
Tm,i U Ecoh = ZiEi
whereP = — au(r)/dv|,=q, being the first-order differentiation

of the interatomic potential at equilibrium distance, is the bond
stress;v is the atomic volume, andi(r) is the interatomic
potential energy. For a SWCN®Hy O d[z is the bond number
per unit area, which is independent of the wall thickness.
Obviously, no other argument could change Yhealue unless

the bond length were shortened and/or the single bond energy

were increased. At the melting point, the bonds of the lower-
coordinated atom will be thermally loosened and the atom will

coalesce with its neighbors. Therefore, correlation between the

measuredYf); value (0.3685 TPam) and theTy, 1(z = 2) value
(1593 K) for a SWCNT with the corresponding graphite bulk
values mp = 3800 K, Y, = 1.02 TPa) satisfies the relation

value of ¢(2) is given in eq 1. These simple relations give
immediate solutions o = 2.5585,t; = 0.142 nm, and the
tube-wall melting point T 1(3) = 1605 K). Furthermore, the
activation energy for chemical reaction is also a portion of the
atomic cohesive energy. Therefore, the chemical stability of the
lower-coordinated atoms is less than the bulk values, which may
explain why the CNT could be burnt using an ordinary camera
flash under ambient conditions.

The accuracy of the numerical solutions is subject to the input
of Tm,1(2) andYt Errors in measurement or structural defects
of the CNT may affect the accuracy of the solutions; however,
they never determine the nature of the observations. Varying
any of the input (given as bold figures in Table 1) leads to
solutions that are physically forbidden. For example, replacing
the quotedrtvalue withY = 0.8 TPa (disregarding the thickness
t1) givesm = —3.2. The correspondingi/Eq value E1/Ey =
Gi(3)™™ = 0.52), and the valuém 1(3) = z1p x C(3)™ x Tmp
= 493 K, are unacceptable, because Thg(3) value is much
lower than any reported values. Assuming the SWCNT tip-end
melting point to bely(2) = 1620 K givesm = 2.605 andl'y(3)
< 1620 K, which is not the case of observation: the tip end
melts first. If a value oim = 4 is assumed for the covalent or
ionic solids, Tm 1(2) = 2674 K andTy 1(3) = 2153 K, which
are much higher than the measured values. Therefore, the
solution with the quoted’t and T 2(2) values is unique and,
hence, the quoted't and T, 1(2) are essentially true for the
SWCNT.

For nanobeams (solid nanorods and MWCNTS), the relative
change of a measurable quantity (denoted@s which is
dependent on size and shape, of a nanosystem with dimension
D can be quantized with shell structureg®as

[ AQ(D) AG(dz,E)
= )V __
Ax) & qdzE)
(Dgutj - Dﬁw,i)M + (D(Z)utj - Diz;\,i)m 1 (4)
- of, - D2 i

whereg;, which is the density of quantit® on an atomic scale,
is functionally dependent on the bond lengththe effective

TABLE 1: Comparison of the Calculation Results with Various Input Parameters? Proving that the Obtained Solution is

Unigue and the Quoted Data Represent the True Values

Yt(TPanm) orY (TPa)

tip-end melting pointTm.1(z = 2) (K) 1593
tube-wall melting pointTm,1(z= 3) (K) 1605

m 2.5585
bond thicknesg; (nm) 0.142

bond lengthgdi(nm) 0.125

bond energyk./Ey 1.68
remarks acceptable

a|nput parameters are shown in bold typeface.

(Y);= 0.3685 Y = 2.595

Y=0.8 (Yt):= 0.3685
2153 >1620
493 2674 <1620
2.5585 4 2.6050
0.53
forbidden forbidden forbidden
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coordinationz, and the bond enerdy;. The difference ofAg; essentially represent the true situations of a SWCNT in which
between the surface region and the bulk initiates the change ofthe Young’s modulus is 2.5 times greater and the melting point
the valueQ; the surface-to-volume ratio;, of a nanosolid is 0.42 times that of bulk graphite. Predictions of the wall-
dominates the trends @ change. The index valugs counted thickness dependence agree well with the insofar-observed
from vacuum sides to the center solid of the nanosolid, up to a trends inT,, suppression and enhancement of the nanobeams.
value of 3, because no CN imperfection is expected for3. The findings provide consistent insight into the unusual thermal,
The weighting factory;, is the volume ratio of théh atomic chemical, and mechanical behaviors of nanobeams, as well as
layer to the entire NT with an outer diamety; (Dy = 2kd) an effective approach toward bonding identities that are beyond

and an inner hollow diameté®, (Dm = 2(k — 1)d, wherekd
is the radius of the tube andd is the wall thickness for
MWCNT. Doy; andDinj correspond to the outer and inner radius
of the ith atomic layer Douti — Dinj = di). The relationys =
Si<3yi decreases in an inverse fashidany), from unity to being
infinitely small, whenl grows from unity to infinity. Therefore,
it is not surprising that, for a solid rod or a MWCNT wikh<
A, the overallAQ(D)/Q value varies with the inverse radius (1/
kd) and theAQ(D)/Q value differs from the corresponding bulk
value AQ(D)/Q = 0). For a hollow MWCNT with constant,
the AQ(D)/Q should not vary with the diameter of the MWCNT.
These predictions agree with the observed trends inYthe
enhancemeft®® and Ty, suppressiolt—2! of the nanobeams.
The direct evidence for thé dependence is that thé value
was calculated to vary over a range of 41704 TPa when the
wall numberi increases from unity to infinity® AFM measure-
mentd® of the D dependence of the Young’s modulus of SiC

the scope of direct measurement.

References and Notes

(2) lijima, S.Nature (London)1991, 354, 56.

(2) Dai, H.; Hafner, J. H.; Rinzler, A. G.; Colbert, D. T.; Smalley, R.
E. Nature (London)1996 384, 147.

(3) de Heer, W. A.; Chizlain, A.; Ugarte, DSciencel995 270, 1179.
Rinzler, A. G.; Hafner, J. H.; Nikolaev, P.; Lou, L.; Kim, S. G.; Tonek,
D.; Nordlander, P.; Colbert, D. T.; Smalley, R. &iencel 995 269, 1550.

(4) Lee, J.; Kim, H.; Kahng, S. J.; Kim, G.; Son, Y. W.; lhm, J.; Kato,
H.; Wang, Z. W.; Okazaki, T.; Shinohara, H.; Kuk, Wature (London)
2002 415 1005. Collins, P. G.; Zettl, A.; Bando, H.; Thess, A.; Smalley,
R. E. Sciencel997, 278 100.

(5) Dillon, A. C.; Jones, K. M.; Bekkedahl, T. A.; Kiang, C. H;
Bethune, D. S.; Heben, M. Nature (London)1997, 386, 377.

(6) Collins, P. G.; Bradley, K.; Ishigami, M.; Zettl, AScience200Q
287, 1801.

(7) Yu, M. F.; Lourie, O.; Dyer, M. J.; Moloni, K.; Kelly, T. F.; Ruoff,
R. S.;Science200Qq 287, 637. Yu, M. F.; Files, B. S.; Arepalli, S.; Ruoff,
R. S.;Phys. Re. Lett.200Q 84, 5552. Treacy, M. M. J.; Ebbesen, T. W.;
Gibson, J. M-Nature 1996 381, 678. Lu, J. PPhys. Re. Lett. 1997, 79,

nanorods and carbon MWCNTSs reveal that the MWCNTSs are 1297. Salvetat, J.-P.; Andrew, G.; Briggs, D.; Bonard, J.-M.; Bacsa, R. R.:
about twice as stiff as the SiC nanorods and that the strengthsKulik, A. J.; Steekli, T.; Burnham, N. A.; ForfoL. Phys. Re. Lett. 1999

of the SiC nanorods are substantially greater than those found
for large SiC structures (600 GPa). The Young’'s modulus is

82, 944. Thostenson, E. T.; Ren, Z.; Chou, T. @bmpos. Sci. Technol.
2001, 61, 1899.
(8) Hernadez, E.; Goze, C.; Bernier, P.; Rubio, Rhys. Re. Lett.

610 and 660 GPa for SiC rods with diameters of 23.0 and 21.5 1998 80, 4502.

nm, respectively. For MWCNTSs, the modulus is 1280.59

TPa, with no apparent dependence on the diameter of the

(9) Yakobson, B. |.; Brabec, C. J.; BernholicRhys. Re. Lett. 1996
76, 2511.
(10) Wong, E. W.; Sheehan, P. E.; Lieber, C. 8tiencel997, 277,

nanotubes. The broad range of measured values should be moreg71.

attributable to the scattered number of walls of the nanotubes

than to the error in measurement.

(11) Falvo, M. R;; Clary, G. J.; Taylor, R. M., II; Chi, V.; Brooks, E.
P., Jr.; Washburn, S.; Superfine, Rature (London)L997, 389, 582.
(12) Zhou, X.; Zhou, J.; Ou-Yang, Z. ®hys. Re. B: Condens. Matter

Using a coagulation-based CNT spinning technique, Dalton wmater. Phys2000 B62, 13692.

et al?” recently spun surfactant-dispersed SWCNTs from a
rotating bath of aqueous poly(vinyl alcohol) to produce nanotube
gel fibers that they then converted to solid nanotube composite ,,

fibers. The resulting CNT rope (100 m long, Bt thick) had

(13) Tu, Z. C.; Ou-yang, Z. CPhys. Re. B: Condens. Matter Mater.
Phys.2002 B65, 233407.
(14) Terrones, M.; Terrones, H.; Banhart, F.; Charlier, J. C.; Ajayan, P.
Science200Q 288 1226.
(15) An, B.; Fukuyama, S.; Yokogawa, K.; Yoshimura, dpn. J. Appl.

a tensile strength of 1.8 GPa and an energy-to-break value ofPhys., Part 11998 37, 3809.

570 J/g. The fibers, which are suitable for weaving into

electronic cloth, are 4 times tougher than spider silk and 17

(16) Nikolaev, P.; Thess, A.; Rinzler, A. G.; Colbert, D. T.; Smalley,
R. E.Chem. Phys. Lettl997 226, 422.
(17) Metenier, K.; Bonnamy, S.; Beguin, F.; Journet, C.; Bernier, P.;

times tougher than the Kevlar fibers that are used in bulletproof Lamy de La Chapelle, M.; Chauvet, O.; LefrantGrbon2002 40, 1765.

vests. The fibers also have twice the stiffness and strength and39

(18) Andrews, R.; Jacques, D.; Qian, D.; Dickey, E.Garbon 2001,
1681.

have a toughness that is 20 times greater than that of the same “(19) ajayan, P. M.; Terrones, M.; de la Guardia, A.; Huc, V.; Grobert,

weight of steel wire. As artificial muscle, NT fibers arel00
times stronger than natural muscle with the same diam&ter.
This discovery concurs with the BOLS prediction, which

N.; Wei, B. Q.; Lezec, H.; Ramanath, G.; Ebbesen T. Stience2002
296, (5568), 705.

(20) Bom, D.; Andrews, R.; Jacques, D.; Anthony, J.; Chen, B. L.; Meier,
M. S.; Selegue, J. Mano Lett2002 2, 615. Bandow, S.; Asaka, S.; Saito,

indicates that the CN-imperfection-induced bond contraction and v .; Rao, A. M.; Grigorian, L.; Richter, E.; Ekklund, P. @hys. Re. Lett.
the associated bond strength dictate the higher mechanicall998 80, 3779.

strength and the lower activation energy of atomic dislocafiéns.
Thus, the knowrYtvalue and the known temperature of tip-
end melting for a SWCNT, and their functional correlation with

(21) Miller, R. E.; Shenoy, V. BNanotechnology00Q 11, 139.

(22) Goldschmidt, V. M.Ber. Dtsch. Chem. Gedl927 60, 1270.
Pauling, L.J. Am. Chem. Sod947, 69, 542. Pauling, LThe Nature of the
Chemical BondCornell University Press: New York, 1938eibelman,

the bonding identities, have enabled the dimension and energyP- J:Phys. Re. B: Condens. Matter Mater. Phy$996 B53 13740.

of a single C-C bond in SWCNT to be uniquely quantified,

which, in turn, deepens our insight into the fascinating properties

of CNTs. The C-C bond of the SWCNT contracts by18.5%,
with a concurrent energy increase o68%. The effective
thickness of the €C bond is~0.142 nm, which is the diameter

(23) Sun, C. Q.; Li, S.; Tay, B. K.; Chen, T. Rcta Mater.2002 50,
4687.

(24) Sun, C. Q.; Tay, B. K,; Zeng, X. T.; Li, S.; Chen, T. P.; Zhou, J.;
Bai, H. L.; Jiang, E. YJ. Phys. Condens. Matt@002 14, 7781-7795.

(25) Sun, C. Q.; Wang, Y.; Tay, B. K,; Li, S.; Huang, H.; Zhang,JY.
Phys. ChemB 2002 B106 10701.

(26) Sun, C. Q.; Tay, B. K,; Lau, S. P.; Sun, X. W.; Zeng, X. T.; Bai,

of a C atom, rather than the graphite sheet separation (0.33 nm).; Liu, H.; Liu, Z. H.; Jiang, E. Y.J. Appl. Phys2001, 90, 2615.

or the radius of a free C atom (0.066 nm). The melting point of

the tube wall is slightly greater (by12 K) than that of the

tube end. The unique solution clarifies that the quoted values

(27) Dalton, A. B.; Collins, S.; Munoz, E.; Razal, J. M.; Ebron, V. H,;
Ferraris, J. P.; Coleman, J. N.; Kim, B. G.; Baughman, R.Nature
(London)2003 423 703.

(28) Baughman, R. HScience2003 300, 268.



