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Abstract: Standard enthalpies of formation, ionization potentials, electron affinities, and band gaps of finite-

length [5,5] armchair and [9,0] zigzag single-walled

carbon nanotubes (SWNTs) capped with Cso

hemispheres obtained by halving the Cg fullerene have been computed at the B3LYP/6-311G* level of
theory. Properties of SWNTs are found to depend strongly on the tube length and, in the case of the [9,0]

zigzag species, on the relative orientation of the caps.

The metallic character of an uncapped infinite-

length [5,5] armchair SWNT manifests itself in the oscillatory dependence of the properties of capped finite-
length tubes on their size. An infinite-length [9,0] zigzag SWNT is predicted to be a semiconductor rather
than a metal irrespective of the presence of caps. The present results underscore the slow convergence
of SWNT properties with respect to the tube length and uncover small but significant radial distortions

along the long axes of SWNTSs.

Introduction
Since their seminal discovery by lijimathere has been a

Simple considerations based upon the band structure of
graphene lead to the conclusion that an infinite-length SWNT

flurry of theoretical and experimental research on carbon is metallic ifn —m= 0, has a narrow band gapnf— mis a
nanotubes. In particular, the single-walled nanotubes (SWNTs) multiple of 3, and is a moderate-gap semiconductor otheAfide.

appear to hold great promise of being practical solufidns

Indeed, early scanning tunneling spectroscopy (STS) experi-

problems as diverse as, to name a few, sorption of toxic ments have confirmed a great variation in band gaps of SWNTs

substance$, storage of hydrogefh® and template-mediated
growth of crystal$. However, the greatest potential of SWNTs
stems from their anticipated use in nanoelectronic deVivgih
regard to this and other applications, reliable prediction of
metallic vs semiconducting behavior of SWNTSs is of critical
importance.

Classification of SWNTs is facilitated by the observation that
any infinite-length carbon tube is uniquely defined by a
construction that involves rolling of a single graphite layer (a

with diverse diameters and heliciti€sHowever, the question

of whether the 1fj,n] and [3,0] tubes are indeed metallic as
predicted by the aforementioned simple theory has been
addressed only very recently by direct STS measurements of
band gaps in the, [9,0], [12,0], and [15,0] zigzag SWNTs that
have yielded the values of 88 5, 42+ 4, and 29+ 4 meV,
respectivelyt’ These results are in qualitative agreement with
predictions of simple models that attribute the band gaps to
curvature effects scaling &2, whereR is the radius of a [8,0]

graphene sheet) in such a way that the end of the vectorzigzag tube’.!®On the other hand, the pseudogaps observed

(conveniently represented by an,f] pair of numbers) con-

in armchair SWNTY have been found to originate entirely from

necting two centers of hexagons is superimposed on its inter-tube interaction¥

origin 813 SWNTSs are chiral unless equals eithen or 0. In
the former case, the armchairfi] SWNTSs consist of layers of

hexagons with long axes perpendicular to the tube axis, whereas

in the case ofi},0] zigzag SWNTSs the axes are parallel (Figure
1).
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Figure 1. Carbon skeletons of (a) [5,5] armchair and (b) [9,0] zigzag
SWNTSs.

on SWNTs employing reliable ab initio methods of modern
guantum chemistry. Such calculations are described in this

paper.
Details of Calculations

Full geometry optimizations (subject to symmetry constraints) were
carried out at the B3LYP/6-311G* level of theory with the NWCHEM
3.3.28 suite of programs. The following grid definitions (obtained by
issuing the “grid lebedev 75 5” input directive) were used: the Euler
MacLaurin radial quadrature with 57 shells, the Lebedev angular
quadrature with 302 points, Becke spatial weights, grid pruning on. In
test calculations on theggfullerene, such a grid was found to yield
energies within less than 1®au (or 0.6 kcal/mol) from those obtained
with a practically exact quadrature that was computationally too
demanding for production runs.

The computed energies were converted (under the well-fodhded
assumption of transferable atomic contributions to zero-point energies
and thermal corrections) to standard enthalpies of formation with the
help of the N/60) Gso— Cy isodesmic reactioff. Equating the negative
HOMO energy with ionization potential (IP) yields IP{L= 6.40 eV,
which is significantly lower than the IP¢g) = 7.56+ 0.06 eV average
of experimental data equaling 7.340.0436 7.57+ 0.01377.58'0.9338
and 7.59+ 0.02 eV? Similarly, the negative LUMO energy yields
the estimate of the electron affinity EA{} = 3.66 eV, which is
significantly higher than the EA(g) = 2.68+ 0.02 eV average of the
2.6664 0.00%° and 2.689+ 0.008 e\t experimental values. Thus,
the experimental band gap in gas-phasgeXceeds the difference in
the B3LYP/6-311G* HOMO and LUMO energies by 2.340.06 eV.

In light of these discrepancies, the IPs and EAs of SWNTs were
estimated from the equations

IP(C\) = IP(Cs0) T €110mo(Co0) — €omo(Cn) =
1.16— euowo(Cy) (1)
and
EA(Cy) = EA(Cgo) + €.umo(Co0) — €Lumo(Cn) =
—0.98— €, ymo(Cy) (2)

The corrected band gaps in Tables 1 and 2 refer to differences between

SWNTs on their electronic structures is becoming even more IPs and EAs estimated from these equations. Note that, since these
important than before. Unfortunately, with only a few notable differences are always larger than 2.14 eV, the corrected band gaps

exceptions thus f&1%23 quantum-mechanical studies of SWNTs
have been the domain of tight-binding model Hamiltoni-
ang112.14.182429 gand all-electron semiempirical methgeis?2

that have often produced conflicting results. Therefore, there is
an urgent need for benchmark electronic structure calculation
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are clearly overestimated for longer SWNTSs.
Discussion
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Table 1. The B3LYP/6-311G* Standard Enthalpies of Formation, HOMO and LUMO Energies, and Band Gaps of the [5,5] Armchair
SWNTs Capped with C3g Hemispheres

AH ~€Homo IP —€Lumo EA AE[eV]
species symmetry [keal/mol] [eV] [eV] [eV] [eV] uncorrected corrected
Cro Dsh 660.7 6.34 7.50 3.66 2.67 2.68 4.82
Cso Dsq 731.8 5.34 6.50 4.29 3.31 1.04 3.19
Coo Dsh 772.4 5.71 6.87 3.77 2.79 1.95 4.09
Ci00 Dsq 826.0 5.86 7.02 3.65 2.67 2.21 4.35
Ci10 Dsh 891.0 5.21 6.37 4.14 3.16 1.06 3.20
Ci20 Dsg 936.7 5.36 6.52 3.92 2.93 1.45 3.59
Ci3o0 Dsh 987.9 5.57 6.73 3.72 2.74 1.85 3.99
Ci4a0 Dsq 1049.1 5.10 6.26 4.09 3.11 1.01 3.15
Ciso Dsh 1099.2 5.15 6.31 4.00 3.02 1.15 3.29
Cie0 Dsg 1150.4 5.36 6.52 3.77 2.79 1.59 3.73
Ci70 Dsh 1209.5 5.03 6.19 4.07 3.09 0.96 3.10
Ciso Dsq 1262.2 5.01 6.17 4.07 3.09 0.94 3.08
Ci90 Dsh 1313.3 5.19 6.35 3.84 2.86 1.35 3.49
Ca00 Dsg 1370.5 4.98 6.14 4.06 3.07 0.92 3.06
Ca10 Dsh 1425.9 4.90 6.06 4.12 3.14 0.79 2.93
Table 2. The B3LYP/6-311G* Standard Enthalpies of Formation, 30.0 -
HOMO and LUMO Energies, and Band Gaps of the [9,0] Zigzag =
SWNTs Capped with C3o Hemispheres g 25.04 °
AH  —eomo P —auwo  EA AE [eV] E ]
species symmetry [kcal/mol]  [eV] [ev]  [eV] [eV] uncorrected corrected ‘5‘ 20.01
Crs Dan 7326 6.07 7.23 3.62 264 2.45 4.59 A 15.04
Ds 7183 5.71 6.87 4.09 3.11 1.62 3.76 o
Cos Dad 806.2 582 6.98 3.74 276 2.08 4.22 Z, | ° °
D: 8231 551 667 405 307 146  3.60 5 1007 e e o
Ci14a Dan 904.7 5.62 6.78 3.73 2.75 1.89 4.03 2 1 \/\
D3 9119 533 6.49 4.09 3.11 1.24 3.38 5.0+ ° e [ ]
Cizz Dz 996.7 546 6.62 3.82 284 1.64 3.78 az 1 \ / \o
D; 10021 522 6.38 407 3.09 115 329 2 00 * N\ _e—e
Ciso  Dan 1087.8 5.34 6.50 3.82 2.84 1.52 3.66 el 1 v
D3 1094.2 5.12 6.28 4.09 3.11 1.03 3.17 < 5.0 —
Cws Dz 11803 525 6.41 387 289 137 3.51 60 80 100 120 140 160 180 200 220
D3 11854 5.05 6.21 4.09 3.11 0.96 3.10
Cigs Dan 1272.7 5.17 6.33 3.88 2.90 1.28 3.42 N

D3 12774 499 6.15 4.10 3.12 0.89 3.03 Figure 2. The dependence of the B3LYP/6-311G* standard enthalpies of
Coos D3y 13646 5.10 6.26 391 2.93 1.19 3.33 formation of the [5,5] armchair SWNTs capped witgo@emispheres on
Ds 1369.0 494 6.10 4.10 3.12 0.84 2.98 the number of carbon atoms.

3.5+

Ceo+10 tubes that posse&¥q (Dsy) symmetry forj even (odd). ® o/°\ P Ve .
TheDsq SWNTSs have the valence electron configurationg of ( 4.0 \ / ./° \./0 \.g./ \.\.
+ 10+ my(j))ag ( + 4 — me())aws § + 2 — mu(j))axg (j + 8 ] .
+ me(j))aeu (4 + 24)eg (4] + 24)a (4 + 24)eq (4] + 24)e, — 457
wheremy(j) andmy(j) are the integer parts of€1)/3 and +2)/ % .
3, respectively, whereas the valence electron configurations of ~ -5.04 A A-A AT
the Dsy, SWNTSs readj(+ 10 + my(j))ay’ (j + 3 — my(j))ar” (j S 1 a A / \/ .
+3— mi)a ( + 8+ mi(i))a" (4 + 26)e’ (4 + 22)e" TEAN / e
(4 + 26)e’ (4 + 22)e". 1 A

An infinite-length [5,5] armchair SWNT is predicted to be -6.01 —4—HOMO
destabilized with respect to graphite by ca. 5.54 kcal/mol per 1 A —e—LUMO
carbon atom. (Figure 2). This estimate is in a reasonable ‘6'560 80 100 120 140 160 180 200 220
agreement with the strain energy of 0.18 eV (or 4.2 kcal/mol)
obtained previously from LDA calculatioridt is important to N

note that this limiting value is approached in a highly oscillatory Figure 3. The dependence of the B3LYP/6-311G* HOMO and LUMO
manner (Figure 2 and Table 1). Such strong oscillations, which teh”eeggd‘:’rfbg'; g;ecgfgna;gﬁ:‘:'r SWNTs capped with Bemispheres on

are also conspicuous in the computed HOMO and LUMO

energies (Figure 3 and Table 1), constitute a signature of metallicthe metallic character of infinite-lengtin,fi] armchair SWNTs
character at the bulk limit with periodic boundary conditidhs,  occurs (note that a simple theory predikis= 27/3'%12 and

i.e., for an uncapped infinite-length tube. In fact, the observed the introduction of electronelectron repulsion affects only
oscillation period of approximately 3 is consistent with the wave slightly??).

vector ke &~ 27/3 at which the band crossing responsible for ~ The aforedescribed oscillations have been previously observed
(but not explained) in the Hikel band gaps of both uncapped
(42) Cioslowski, J.; Kertesz, M. Chem. Phys1986 85, 7193. and capped [5,5] armchair SWNPsand in the band gaps of
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Figure 4. The outline of the & [5,5] armchair SWNT. N

: - _ Figure 5. The dependence of the B3LYP/6-311G* standard enthalpies of
the [6,6] armchair SWNTs capped with hydrogen atomscalcu formation of the [9,0] zigzag SWNTs capped witho®emispheres on the

PM3, and EHMO approaché&%.However, the corresponding

oscillations in the computed energies have appar- '35] ..

ently escaped attention of the authors of those studies. The B T S °

HF/STO-3G, DFT, and PM3 band gaps have not appearedto ~ 497 o¢—®——6—0—¢o——0—o o

vanish at the bulk limit, in agreement with the conclusions of ]

a PM3 investigation of open-ended finite [5,5] armchair _, 37

SWNTs3! 3 o
The present benchmark calculations indicate that finite-length Sz '5'0'_ a A/:/A o

[5,5] armchair SWNTs capped withsghemispheres possess & 55 A e A

substantial band gaps, even when the corrections given by eqgs o A/A AT

1and 2 are not taken into account (Table 1). The band gaps are | A D,HOMO - &~ D, /D, HOMO

strongly dependent on the tube length. Most likely, the transition B —e—D,LUMO @D, /D, LUMO

to metal takes place at the bulk limit but the number of carbon 65— R S ' .-.

atoms required for a sufficient narrowing of the band gap eludes 60 80 100 120 140 160 180 200 220

precise estimation. The presence of a residual band gap due to N

capping, observed in Hkel calculations on the [5,5] armchair

29 X - Figure 6. The dependence of the B3LYP/6-311G* HOMO and LUMO
SWNTs? remains a possibility. energies of the [9,0] zigzag SWNTs capped witly Bemispheres on the

One interesting aspect of SWNT geometries uncovered by number of carbon atoms.

the present study is the slight mismatch between the diameters ) ) )
. stable, reflecting larger strain due to increased curvature. These

of the caps and the main body of the tube. The resulting termini X ’

swelling by as much as 0.08 A confers a “dog biscuit" outline values are sgmewhat §ma||er than the previously published HF/
upon SWNTSs (Figure 4). 6-31G relative energies of 10.0 and 14.4 kcal/mol, respec-
tively.20 An infinite-length [9,0] zigzag SWNT is predicted to
be destabilized with respect to graphite by ca. 5.10 kcal/mol
per carbon atom (Figure 5). As expected from a simple theory,
the ratio of strain energies of the infinite-length [9,0] and [5,5]

SWNTs is close (0.92 vs 0.91) to the reciprocal square of the

[9,0] Zigzag Single-Walled Carbon NanotubesCapping
of the [9,0] zigzag SWNTs with two 43 hemispheres produces
two families of Go+1g tubes. The members of the first family
posses®zq (Dan) symmetry forj even (oddf The Dzg SWNTs
have the valence electron configurations gfZ# 14)agq (5j/2 . . .
+ 8)a (5//2 + 6)avg (7)/2 + 12)a (12 + 40)q (12 + 40)a, ratio of the corresponding tube radii.
whereas the valence electron configurations of2geSWNTs The band gaps of the [9,0] zigzag SWNTSs decrease with the
read (7 + 29)/2)a’ ((5j + 13)/2)a” ((5 + 15)/2)a’ ((7j + tube lengths, the gaps of ti&; species being always signifi-
23)2)a" (12 + 44)€ (12 + 36)e’. The members of the second ~ cantly narrower than those of thédq/Dan counterparts (Figure
family, related to theDsy/Da, SWNTS by an/3 rotation of one 6 and Table 2). As expected from the lack of significant
of the cap$? posses®3z symmetry and the {7 21 — 2m(j))- oscillations in theAH?(Cy) vs N and €(Cy) vs N plots, the
a (5] + 19+ 2m(j))a (24j + 80)e valence electron configura- band gaps do not appear to vanish at the bulk limit. Thus,
tions, wherem(j) is the integer part ofr(+ 1)/2, for both even irrespective of the presence of caps, an infinite-length [9,0]
and oddj. zigzag SWNT is not metallic, in agreement with the experi-

Except for the Gs species, the PSWNTs are predicted to ~ Mental dat& and the results of tight-binding>**and LDA*
be less stable than thdry/Da, counterparts (Figure 5 and Table ~ calculations but in contradiction with the predictions of the-Su
2), the difference of standard enthalpies of formation approach- Schrieffer-Heeger modet?
ing ca. 4 kcal/mol for long tubes. Among the sg capped One should mention that the termini swelling observed in
SWNTSs, theD3 [9,0] tube is 6.4 kcal/mol less stable than the the geometries of the [5,5] armchair SWNTSs is also present in
Dsn [9,0] one, whereas thBsy, [5,5] tube is 11.4 kcal/mol less  the [9,0] zigzag tubes.
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Conclusions irrespective of the presence of caps. The present results
underscore the slow convergence of SWNT properties with
Standard enthalpies of formation, ionization potentials, respect to the tube length and uncover small but significant radial
electron affinities, and band gaps of finite-length [5,5] armchair distortions along the long axes of SWNTSs.
and [9,0] zigzag single-walled carbon nanotubes (SWNTs) We believe that this study will stimulate further experimental
capped with Gy hemispheres obtained by halving the,C  research on the influence of diameter, helicity, length, and
fullerene have been computed at the B3LYP/6-311G* level of capping of SWNTSs on their electronic properties and will serve
theory. Properties of SWNTSs are found to depend strongly on 85 @ benchmark for calculations that employ computationally
the tube length and, in the case of the [9,0] zigzag species, onIess demanding approaches.
the relative orientation of the caps. The metallic character of ~Acknowledgment. The research described in this publication
an uncapped infinite-length [5,5] armchair SWNT manifests Nas been supported by the Office of Energy Research, Office
itself in the oscillatory dependence of the properties of capped of Basic Energy Sciences, Division of Chemical Sciences, U.S.
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SWNT is predicted to be a semiconductor rather than a metal JA0126879
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