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Abstract: The viability of 1,3-dipolar cycloadditions of a series of 1,3-dipolar molecules (azomethine ylide,
ozone, nitrone, nitrile imine, nitrile ylide, nitrile oxide, diazomethane, and methyl azide) onto the sidewalls
of carbon nanotubes has been assessed theoretically by means of a two-layered ONIOM approach. The
theoretical calculations predict the following: (i) other than the 18-valence-electron azomethine ylide and
ozone, the 16-valence-electron nitrile ylide and nitrile imine are the best candidates for experimentalists to
try; (ii) upon 1,3-dipolar cycloaddition, a 1,3-diople molecule is di-o-bonded to a pair of carbon atoms on
the sidewall of SWNT, forming a five-membered ring surface species; (iii) the as-formed 1,3-dipole-SWNT
bonding is much weaker than that in the products of the molecular 1,3-DC reactions and can be plausibly
broken by heating at elevated temperatures; (iv) the sidewalls of the armchair (n,n) SWNTs (n = 5—10)
are subject to the 1,3-DCs of ozone and azomethine ylides; (v) both the 1,3-DC reactivity and retro-1,3-DC
reactivity are moderately dependent on the diameters of SWNTs, implying the feasibility of making use of
the heterogeneous 1,3-DC chemistry to purify and separate SWNTs diameter-specifically.

Introduction Despite the high chemical stability of the graphene-like
sidewalls of SWNTSs, some successful and significant examples

Owing to their fascinating structural, mechanical, electrical, j, the sidewall functionalization of SWNTs have been reported
and electromechanical properties, single-wall carbon nanotubesrecenﬂy e.g., fluorination at elevated temperafucevalent

(SWNTSs) have invoked intensive interest in the past deéade. giachment of nitrenés, electrochemical reduction of aryl
However, SWNTs exhibit notorious insolubility and quite high  giazonium salt§, noncovalent attachments of a bifunctional
chemical stability, which impede the separation and manipula- glecule (1-pyrenebutaboic acid, succinimidyl esfednd

tion of SWNTs for various specific applications. Chemical tetraazaannulene macrocyclic compleXesind solvent-free
modification of SWNTSs that may provide a way to circumvent  gryjation!2 Very recently, we predicted by means of quantum
such a hindrance and may introduce some new physical andchemical calculations that ozone, a 1,3-dipolar molecule, can
chemical properties for more specific applicatfotisis becomes  pe readily attached onto the sidewall of an armchair (5,5)
highly desirable and has been the subject of recent researchswNT# following the 1,3-dipolar cycloaddition (1,3-DC) mech-
effort in this field? Yet, successful approaches so far reported anism?3 In the meantime, Prato et al. reported their experiments
for the chemical modification of SWNTs are indeed countable regarding the 1,3-DC of azomethine y|ides onto the sidewalls
and can be divided into two categories, i.e., modification of of SWNTs4 This latter finding is rather encouraging not only
the open ends of SWNTs and sidewall functionalizafid@ur

interest lies in the theoretical prediction of sidewall function- 4 kgéé;l%é‘a”g' L. Xu, X.; Wang, N.; Zhang, Q. Phys. Chem. 2002

alization of SWNTs 6 (5) Lu, X.; Tian, F.; Wang, N.; Zhang, @rg. Lett 2002 4, 4313.
(6) Lu, X.; Tian, F.; Feng, Y.; Xu, X.; Wang, N.; Zhang, @ano Lett 2002
2, 1325.

(1) lijima, S.; Ichihashi, T.Nature 1993 363 603. (b) Dresselhaus, M. S.; (7) (a) Mickelson, E. T.; Huffmann, C. B.; Rinzler, A. G.; Smalley, R. E.;
Dresselhaus, G.; Eklund, P. CScience of Fullerenes and Carbon Hauge, R. H.; Margrave, J. LChem. Phys. Lett1998 296, 188. (b)
NanotubesAcademic Press: San Diego, 1996; pp9B5. (c) Dekker, C. Khabashesku, V. N.; Billups, W. E.; Margrave, JAcc. Chem. Re2002
Phys. Todayl999 52, 22. (d) Dai, H.Phys. World200Q 13, 43. (e) Ouyang, 35, 1087, and references therein.

M.; Huang, J.-L.; Lieber, C. MAcc. Chem. Re2002 35, 1018. (f) Avouris (8) Holzinger M.; Vostrovsky, O.; Hirsch, A.; Hennrich, F.; Kappes, M.; Weiss,
P.Acc. Chem. Re®002 35, 1026. R.; Jellen, FAngew. Chemlnt. Ed. 2001, 40, 4002.

(2) (a) Liu, J.; Rinzler, A. G.; Dai, H. Bradley, R. K.; Boul, P. J.; Lu, A,; (9) Bahr, J. L.; Yang, J.; Kosynkin, D. V.; Bronikowski, M. J.; Smalley, R.
Iverson, T.; Shelimov, K.; Huffman, C. B.; Rodriguez-Macias, F.; Shon, E.; Tour, J. M.J. Am. Chem. SoQ001, 123 6536.

Y.-S.; Lee, T. R,; Colbert, D. T.; Smalley, R. Eciencel998 280, 1253. (10) Chen, R. J.; Zhang, Y.; Wang, D.; Dai, Bl. Am. Chem. So001, 123
(b) Chen, J.; Hammon, M. A,; Hu, H.; Chen, Y. S.; Rao, A. M.; Eklund, 3838.
P. C.; Haddon, R. CSciencel998 282 95. (11) Basiuk, E. V.; Rybak-Akimova, E. V.; Basiuk, V. A.; Acosta-Najarro, D.;

(3) For recent reviews on chemical modifications of carbon nanotubes, see: Saniger, J. MNano Lett 2002 11, 1249.

(a) Hirsh, A.Angew. ChemInt. Ed.2002 41, 1853. (b) Bahr, J. L.; Tour, (12) Dyke, C. A.; Tour, J. MJ. Am. Chem. So@003 125, 1156.
J. M. J. Mater. Chem?2002 12, 1952. (c) Sun, Y.-P.; Fu, K.; Lin, Y.; (13) 1,3-Dipolar Cycloaddition ChemistryPadwa, A., Ed.; John Wiley &
Huang, W.Acc. Chem. Re®002 35, 1096. Sons: New York, 1984; Vol. 1.
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because it led to functionalized carbon nanotubes with unprec-
edentedly high solubility but also because it can be used to purify
SWNTs!® However, both @and azomethine ylides were known

to be the most reactive 1,3-dipoles in ordinary organic chemistry.
Whether this synthetic method can be extended to other 1,3-
dipoles (e.qg., nitrile ylide and nitrile imine) remains uncertain.
Furthermore, it is generally accepted that the chemical reactivity
of the sidewalls of SWNTSs, in principle, depends on the sidewall
curvature or/and the diameter of SWN®Ps(et, in what manner

the chemical reactivity of the sidewalls of SWNTs toward a
given 1,3-dipolar molecule would depend on the diameters of
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Figure 1. CizoH20 model tube representing an armchair (5,5) SWNT, in

which the 16 shaded atoms are used for the high-level treatment in the
two-layered ONIOM(B3LYP/6-31G*:AM1) calculations.

SWNTSs remains unknown. Answers to the above questions Metal oxide (Os@ on (5,5) SWNT and by other groups in the
would help us have a better understanding of the heterogeneoudeoretical studies of carbon nanotube chemit@ur previous study

1,3-DC chemistry of SWNTs and, more significantly, make use
of this intriguing chemistry in the chemical modification,
purification, and separation of SWNTs for various practical uses.
In the present work, we will explore, by means of quantum
chemical calculations, the 1,3-DC chemistry of the sidewalls
of a series ofi§,n) armchair SWNTSs to see which 1,3-dipolar
molecules, besides the known reactive azomethine ylide and

showed that on this nanotube the 1,2 pair site is far more dipolarophilic
than the 2,3 pair sifg(see Figure 1). As such, we considered only the
1,2 pair site in the present study.

Apart from the (5,5) SWNT, we have considered the 1,3-DC
chemistry of a series oh(n) armchair SWNTs witn ranging from 6
to 10, for which the model tubes employed follow the formulg,Ban
correspondingly. The high-level parts in the ONIOM(B3LYP/6-31G*:
AM1) calculations of these SWNTSs are the same as that for the (5,5)

ozone, can be plausibly added on the nanotube sidewalls andSWNT. i-€., & Gs Cluster with 10 hydrogen atoms as boundary atoms.

in what manner the chemical reactivity of the nanotube sidewalls
toward a given 1,3-dipole would depend on the diameters of
SWNTs. Dependence of the 1,3-DC reactivity of nanotube
sidewalls on the chirality of SWNTs will be the subject of
further theoretical effort.

Computational Details

A two-layered ONIOM approach was usEdThe semiempirical
AM1 method® and the hybrid density functional B3LYP metH8d
together with the standard 6-31G* basis set were employed for the
low-level and high-level treatments, respectively. Geometry optimiza-
tions were performed within this two-layered ONIOM(B3LYP/6-31G*:
AM1) approach using the Gaussian98 progféms depicted in Figure
1, the armchair (5,5) SWNT was taken as an example and was
represented by aiGHzo model tube (optimal diameter6.8 A), in
which the high-level part is a;gcluster (see the shaded atoms in Figure
1) together with 10 H atoms as boundary atoms. Such a modeling
scheme was employed in our previous study of the 1,3-DCsadr@
Diels—Alder addition of quinodimethane onto the sidewall of (5,5)
SWNT#® Similar ONIOM modeling was used in our theoretical
investigation of the base-catalyzedH3] cycloaddition of transition

(14) Georgakilas, D.; Kordatos, K.; Prato, M.; Guldi, D. M.; Holzinger, M.;
Hirsch, A.J. Am. Chem. So®Q002 124, 760.

(15) Georgakilas, V.; Voulgaris, D.; Vazquez, E.; Prato, M.; Guldi, D. M.;
Kukovecz, A.; Kuzmany, HJ. Am. Chem. So@002 124, 14318.

(16) (a) Tada, K.; Furuya, S.; Watanabe, Rhys. Re. B 2001, 63, 5404. (b)
Gulseren, O.; Yildirim, T.; Ciraci, SPhys. Re. Lett.2001, 87, 6802. (c)
Niyogi, S.; Hamon, M. A.; Hu, H.; Zhao, B.; Bhowmik, P.; Sen, R.; ltkis,
M. E.; Haddon, R. CAcc. Chem. Re®002 35, 1105. (d) Chen, Z. F;
Thiel, W.; Hirsch, A.ChemPhysCher2003 4, 93.

(17) (a) Maseras, F.; Morokuma, K. Comput. Chem1995 16, 1170. (b)
Dapprich, S.; Komeomi, I.; Byun, K. S.; Morokuma, K.; Frisch, M. J.
Mol. Struct.(THEOCHEM) 1999 461462, 1.

(18) Dewar M.; Thiel, W.J. Am. Chem. S0d.977, 99, 4499.

(19) (a) Becke, A. DJ. Chem. Phys1993 98, 5648. (b) Lee, C.; Yang, W.;
Parr, R. G.Phys. Re. A 1988 37, 785.

(20) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A.; Stratmann,
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,

Results and Discussion

A. 1,3-DCs of a Series of 1,3-Dioples on (5,5) SWNWe
first consider the 1,3-DC of a series of 1,3-dipoles onto the
sidewall of (5,5) SWNT. As listed in Table 1, a total of eight
1,3-dipoles molecules have been considered in the present study,
including five 16-valence-electron (16VE) 1,3-dipoles, i.e.,
nitrile ylide (HCNCH,), nitrile imine (HCNNH), nitrile oxide
(HCNO), diazomethane @€N,), and methyl azide (CkN3),
and three 18-valence-electron (18VE) 1,3-dipoles, i.e., ozone
(O3), azomethine ylide (BCN(H)CH,), and nitrone (HCN-
(H)O). The predicted reaction heats and barrier heights for the
1,3-DCs of these 1,3-dipoles on the nanotube sidewall are given
in Table 1.

First, our ONIOM calculations predict that the 1,3-DC of
azomethine ylide on the nanotube sidewall is exothermic by
39.3 kcal/mol with a barrier height of only 3.4 kcal/mol. This
demonstrates that the 1,3-DC of azomethine ylide onto the tube
wall is facile, in accordance with the experimental finding by
Prato et al* Such an agreement justifies the theoretical approach
used. For the 1,3-DC of §the present ONIOM calculations
predict a reaction heat 6f31.3 kcal/mol and a barrier height
of 2.8 kcal/mol, showing the ozonization of (5,5) SWNT is
feasible. It is worthy of noting that our theoretical prediction
of the facile sidewall ozonization of SWNT®romoted the
recently reported experiments on the rational sidewall func-
tionalization and purification of single-wall carbon nanotubes
by solution-phase ozonolysis.

The 1,3-DC of another 18VE 1,3-dipole, nitrone, is found to
be less feasible than that of azomethine ylide and The
predicted barrier height and reaction heat of this reaction are
15.5 and—5.0 kcal/mol, respectively. This means the addition
of nitrone onto the sidewall of a (5,5) tube is plausible, but

K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Peterson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;
Rabuck, A. D.; Raghavachari, Foresman, J. B.; Cioslowski, J.; Ortiz, J.
V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I.;
Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng,
C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson, B. G.;
Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.; Head-Gordon, M.;
Replogle, E. S.; Pople, J. &aussian 98Gaussian, Inc.: Pittsburgh, PA,
1998.

10460 J. AM. CHEM. SOC. = VOL. 125, NO. 34, 2003

(21) (a) Bauschlicher, C. WChem. Phys. Let200Q 322 237. (b) Bauschlicher,
C. W. Nano Lett 2001, 1, 223. (c) Froudakis, G. BNano Lett 2001, 1,
179. (d) Froudakis, G. BNano Lett 2001, 1, 531. (e) Froudakis, G. B.
Phys.: Condens. Matte2002 14, 453. (f) Basiuk, E. V.; Basiuk, V. A;;
Banuelos, J.-G.; Saniger-Blesa, J.-M.; Pokrovskiy, V. A.; Gromovoy, T.
Yu.; Mischanchuk, A. V.; Mischanchuk, B. G. Phys. Chem. R002
106, 1588. (g) Basiuk, V. A.; Basiuk, E. V.; Saniger-Blesa, J.INano
Lett. 2001, 1, 657. (h) Basiuk, V. ANano Lett 2002 2, 835.

(22) Banerjee, S.; Wong, S. 3. Phys. Chem. B002 106, 12144.
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Table 1. Calculated Reaction Energies (E;, in kcal/mol) and Barrier Heights (E,, in kcal/mol) for the Cycloadditions of a Series of
1,3-Dipoles to the 1,2 Pair Site on the Sidewall of a (5,5) SWNT and to Ethylene (CzH,), and the Barrier Heights (E5¢"°, in kcal/mol) of the
Retro-1,3-DC Reactions

16VE 1,3-dipoles 18VE 1,3-dipoles
HCNCH, HCNNH HCNO H,CN, CH3N3 H,CN(H)CH, H,CN(H)O O;

(5,5) SWNP E, —38.5 —28.6 —13.2 -3.2 6.1 —39.3 —-5.0 —31.3

Ea 13.7 15.3 20.6 22.1 29.2 3.4 15.5 2.8

Ejetro 52.2 43.9 33.8 25.3 23.1 42.7 20.5 34.1
CoH.P E, —63.2 —55.2 —38.7 —30.0 —22.9 —56.0 —23.2 —56.6

Ea 8.7 8.0 13.0 16.1 17.7 59 16.6 —-1.8

Eetro 71.9 63.2 51.7 46.1 40.6 61.9 39.8 56.6

aData obtained by two-layered ONIOM(B3LYP/6-31G*:AM1) calculatioh®ata obtained at the B3LYP/6-31G* level of theory (see ref 23a).

may become implausible on SWNTs with larger diameters, as Scheme 1

it is generally accepted that the reactivity of the sidewalls of

carbon nanotubes depends on the tube wall curvature and the  LumMO, 8/8\8 8_8 LUMO,
larger nanotubes would be less reacfi%dhe retro-1,3-DC

reaction for nitrone has an activation barrier of 20.5 kcal/mol,

smaller than that of azomethine ylide (42.7 kcal/mol) and ozone
(34.1 kcal/mol), meaning that the detachment of nitrone from

the as-functionalized (5,5) tube is easier than that of azomethine  Homo, 8/\.8 8—8 HOMO,
ylide and ozone.

For the 1,3-DCs of those 16VE 1,3-dipoles onto the sidewall 1,3-dipole dipolarophile
of the (5,5) tube, the predicted activation energies follow the (a) (b)
order nitrile ylide< nitrile imine < nitrile oxide < diazomethane

< methyl azide, which coincides with the trend predicted for gaps the easier the 1,3-DC reaction. Furthermore, it has been
their molecular analogués Specifically, with moderate activa-  rgcently revealed that for the 1,3-DC reactions of various 16VE
tion energies and considerable exothermicities, the 1,3-DCs Ofl,S-dipoIar molecules with ethylene a 1,3-dipole having a

the most reactive 16VE ones, nitrile ylide and nitrile imine, on - smajler triplet-singlet gap or a smaller HOMELUMO gap
the sidewall of (5,5) SWNT would be viable too. Except for js more reactivé® A similar trend should be followed in the

the experimentally known reactive azomethine ylide and ozone, 1 3.pcs of 18VE 1,3-dipoles, accounting for their higher
these two 1,3-dipoles are the best candidates for experimentalis]:eactivity than the 16VE 1,3-dipoles in the heterogeneous 1,3-
to try. The 1,3-DC of nitrile oxide, though less feasible than pc reactions. Note that at the B3LYP/6-31G* level, the
that of nitrile ylide and nitrile imine, is also plausible on the {omo—LUMO gaps predicted for the three 18VE 1,3-dipoles,
sidewall of a (5,5) tube, with a predicted reaction heat®8.2 e  ozone, azomethine ylide, and nitrone, are 0.1506, 0.1645,
kcal/mol and a barrier height of 20.6 kcal/mol. The 1,3-DCs of 4nq 0.2038 au, respectively, smaller than or comparable to the

diazomethane and methyl azide require large activation energies ymo —HOMO gap (0.2004 au) predicted for the most reactive
(>22 kcal/mol) and are nearly thermoneutral or even endo- 1gyE 1 3-dipole, nitrile ylide.

thermic. Hence, the 1,3-DCs of diazomethane and methyl azide The optimized geometries of the 1,3-DC products and

would not be viable. It should be mentioned that organic azides »gjtion states are presented in Figures 2 and 3, respectively.
can be thermally decomposed to give rise to quite reactive g, Figure 2, it can be seen that upon the 1,3-DC reactions,
nitrenes, which may undergo {2] cycloaddition onto the the 1,3-dipoles are di~bonded onto the nanotube sidewall,

sidewalls Of, SWNTS. ) o forming five-membered ring surface species. The reacted
The predicted ordering of 1,3-DC reactivity for the 18VE  gje\ail carbon atoms thus adoptdpybridization, and the

and 16VE 1,3-d|polgs can be underst_ood in terms of the orbital corresponding sidewall €C bond is largely elongated with a

symmetry and frontier molecular orbital (FMO) the&fy® or bond length around 1.64 A, which is even longer than the typical

in terms of the configuration mixing mod&?26 The relevant C—C single bond in simple alkanes {.56 A). From Figure 3
7 FMOs of a 1,3-dipolar molecule and a dipolarophile (e.g., it is clear that similar to their molecular analogiéésil these

ethylene) involved in a 1,3-DC reaction are presented in Scheme 3-DCs on the nanotube sidewall proceed concertedly, as
1. Itis clear from Scheme 1 that the relative 1,3-DC reactivity indicated by the geometries of the transition states.

depends on the magnitudes of the two energy gapgLiléMO,

— HOMOy| and|LUMO, — HOMOy. The smaller these energy We then compare the above-mentioned heterogeneous 1,3-

DCs with their molecular analogues, i.e., the molecular 1,3-

(23) (a) Lu, X.; Xu, X.; Wang, N.; Zhang, Q. Org. Chem2002 67, 515. (b) DCs of t_he eight 1,3-dipoles with ethylene. The reaction h_eats
Su, M. D.; Liao, H. Y.; Chung, W. S.; Chu, S. ¥. Org. Chem1999 64, and barrier heights for the molecular 1,3-DCs that were predicted
6710. (c) Liao, H. Y.; Su, M. D.; Chung, W. S.; Chu, S.Mt. J. Quantum . « 3a
Chem 2001, 83, 318. previously at the B3LYP/6-31G* level of theory3 are also

(24) (a) Woodward, R. B.; Hoffmann, RAngew. Chemlnt. Ed. Engl 1969 i i -
8, 781. (b) Woodward, R. B.; Hoffmann, Rngew. ChemInt. Ed. Eng| given in Table 1. It Ca.n be seen that the heterog?neous 1’3.
1969 8, 817. DCs on the nanotube sidewall are far less exothermic than their

(25) Fukui, K. InMolecular Orbitals in ChemistryPhysics and BiologyLowdin, molecular anak)gues_ Eor the 16VE 1 3-dipo|es the exother-

P. O., Pullman, B., Eds.; Academic Press: NewYork, 1964. O i

(26) (a) Shaik, S.; Schlegel, H. B.; Wolfe, S. Theoretical Aspects of Physical  micity of the heterogeneous ones is by about 27 kcal/mol lower
Organic ChemistryJohn Wiley & Sons Inc.: New York, 1992. (b) Pross, _di
A. In Theoretical and Physical Principles of Organic Reait§i; John Wiley than that O_f the molecular ones. For the 18VE_ 1_’3 d|p0|es’ the
& Sons Inc.: New York, 1995. difference is smaller, around 20 kcal/mol. A similar trend was

J. AM. CHEM. SOC. = VOL. 125, NO. 34, 2003 10461
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Figure 2. Optimized geometries (local views) of the 1,3-DC products: L(d)L for azomethine ylide, (b.M2 for ozone, (c)LM3 for nitrile ylide, (d)
LM4 for nitrile imine, (e)LM5 for nitrone, (f)LM6 for nitrile oxide, (g)LM7 for diazomethane, and (fyM8 for methyl azide, on the sidewall of (5,5)
SWNT.
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Figure 3. Optimized geometries (local views) of the 1,3-DC transition statesT$d)for azomethine ylide, (bYS2 for ozone, (c)TS3 for nitrile ylide,
(d) TS4 for nitrile imine, (e) TS5 for nitrone, (f) TS6 for nitrile oxide, (g) TS7 for diazomethane, and (H)S8 for methyl azide, on the sidewall of (5,5)
SWNT.

found in our previous theoretical studies concerning the Biels As the (5,5) SWNT is modeled by a; §H.0 model tube, in
Alder cycloadditions of quinodimethahand the base-catalyzed which 20 hydrogen atoms are used to saturate the unfilled
[3+2] cycloadditions of Os@¥ to the sidewall of (5,5) SWNT  valencies at the ends of the open nanotube, one should further
and to ethylene, for which the molecular reactions with ethylene consider how such saturation (or substitutddnyould affect
were predicted to be much more exothermic than the hetero-the reactivity of the tubewall in the 1,3-DC reactions concerned.
geneous analogues on the nanotube sidé#%dlhe much lower  Theoretically, it has been shown that, for molecular 1,3-DC
exothermicity of the heterogeneous reactions on the nanotubereactions of nitrile ylide (a 16VE 1,3-dipole) with disubstituted
sidewall can be ascribed to the rather highonjugation within ethylenes, ethylenes bearing more strongly electron-withdrawing
the nanotube sidewall. The much weaker 1,3-dip@&NT substituents can facilitate 1,3-DC reacti@#&This means that
bonding suggests that it would be plausible to break the as-the more electron-deficient a dipolarophile is, the more dipo-
formed 1,3-dipole SWNT bonding at elevated temperatures. |arophilic it is. On the other hand, it has recently been revealed
In other words, it is plausible to make use of the 1,3-DC that the electrostatic potentials are weakly positive on the outer
chemistry to purify SWNT$>22 surface of a closed, all-carbon (5,5) carbon nanotube, whereas
To break the as-formed 1,3-dipetlSWNT bonding, aretro-  the electrostatic potentials are slightly negative on the outer
1,3-DC reaction should be invoked. A measure of the plausibility |ateral surfaces of open carbon tubes with charge-donating
of a retro-1,3-DC reaction is its activation energy, which is hydrogens at the end§As such, the outer surface of a closed,
related to the strength of the 1,3-dipel8WNT bonding. As  ji.carbon (5,5) tube would be more electron-deficient and,

such, using different 1,3-dipoles would give rise to function- pence, more dipolarophilic than that of the hydrogen-saturated
alized SWNTs with different bonding strengths between 1,3- open-end model tube concerned herein. In practice, “acid-

dipoles and SWNTSs. Indeed, for the eight 1,3-dipoles concerned,puriﬁed" SWNTs always possess electron-withdrawing car-

their retro-1,3-DC reactions hz?lve rather diffgrent activgtion boxylic groups located at their open ends and at wall defeéts.
energies (see Table 1), offering more choices and higher

fleX_Iblllt){ n maklng use of the 1,3-DC ChemIStry for the (27) Peralta-Inga, Z.; Lane, P.; Murray, J. S.; Boyd, S.; Grice, M. E.; O’Connor,
purification of SWNTs. C. J.; Politzer PNano Lett 2003 3, 21.
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Table 2. Relative Energies (AE) and Critical Geometric 1
Parameters of 1,3-DC Products (Pro) and Transitions States (TS) -18
of O3 on the Sidewalls of (n,n) SWNTs Predicted by Two-Layered 1 A’Tﬂ))
ONIOM(B3LYP/6-31G*:AM1) Calculations 204 /9 9)
diameter critical bond lengths and angles AE 2] /8,8)
SWNT A c-C c-0 0-0  0-0-0 (kcal/mol)
(5,5) 6.8 Pro 1654 1.464 1.434 101.0 —31.3 3 244 (7,7)
TS 1442 2216 1.301 111.8 2.8 £
(6,6) 8.4 Pro 1.642 1468 1.433 101.0 —26.5 g -26 4 P
TS 1446 2187 1305 1114 4.3 =~ g (6,6)
(7,7 98 Pro 1635 1472 1432 100.9 —23.3 W 2s ’
TS 1449 2169 1307 1111 5.6 ]
(8,8) 11.2  Pro 1.628 1.474 1.432 100.9 —21.2 304
TS 1450 2.158 1.308 111.0 6.2 _ o
(9,9) 125 Pro 1.624 1476 1431 100.8 —19.5 32 (5,5)
TS 1449 2148 1.308 110.6 6.9
(10,100 139 Pro 1.621 1.477 1.431 100.8-182 6 7 8 9 10 1 12 13 14
TS 1451 2143 1.311 1108 7.5

aUnits in A for bond lengths and deg for bond angles.

Diameter (Angstrom)

Figure 4. Exothermicity €) of the 1,3-DC reaction of ozone vs diameters

of (n,n) SWNTSs.

Thus, these oxidized SWNTs would be more dipolarophilic than 8-

the defect-free, all-carbon SWNTSs. ] v
B. 1,3-DC of O3 on (n,n) SWNT (n = 5—10): Dependence 74 A’"’)

of 1,3-DC Reactivity on the Diameters of 1,n) SWNTs. To ] /(9,9)

explore the dependence of the 1,3-DC reactivity of the nanotube 64

sidewalls on the diameters of SWNTs, we choose the most ] v/(8,8)

simple 1,3-dipolar molecule, £ and consider its 1,3-DC
reactions on a series of armchaimn) SWNTs 6 = 5—-10).
The relative energies and some critical geometric parameters

E_ (kcal/mol)
(4]
1
S
e

4
of the 1,3-DC products and transition states predicted by ©8)
ONIOM(B3LYP/6-31G*:AM1) calculations are given in Table 5
2.
(5.5)
The predicted exothermicity of the heterogeneous 1,3-DC of )
05 ranges from—31.3 kcal/mol on the (5,5) tube (the smallest 6 7 8 9 10 11 12 13 14

Diameter (Angstrom)

tube concerned) te-18.2 kcal/mol on the (10,10) tube (the
largest tube concerned), while the activation barriers range from Figure 5. Reaction barrieri) of the 1,3-DC reaction of ozone vs diameters
2.8 kcal/mol on the (5,5) tube to 7.5 kcal/mol on the (10,10) of (n,n) SWNTs.

tube (see Table 2). First, these data suggest that sidewall

ozonization is viable on all considered armchain] SWNTs also agrees well with the Hammond postuléehat is, the

(n = 5—10). Note that azomethine ylide has been shown to be reaction with lower barrier height and higher exothermicity has
more reactive than ozone in the (5,5) tube case. It is reasonablean earlier transition state.

for us to infer that the 1,3-DC of azomethine ylide on the  Inprinciple, curvature-dependence (or diameter-dependence)
sidewalls of this series of nanotubes is viable, too. Second, theseof sidewall reactivity of SWNTs can be ascribed to the
data give a trend that follows the generally accepted rule curvature-induced pyramidalization and misalignment-afr-
concerning the sidewall reactivity of SWNTSs; that is, the larger bitals of the tubewall carbon atort&.?For the 1,2 pair sites in

the diameter the SWNT has, the lower reactivity (i.e., lower the sidewalls ofi,n) armchair SWNTSs, the local strain of the
exothermicity and higher reaction barrier) the nanotube sidewall 77-orbitals is solely induced by pyramidalizatiéft. The py-
displays, as schematically shown in Figures 4 and 5. It is clear ramidalization angle of a carbon atom in the sidewall of a
from Figures 4 and 5 that the 13-DC reactivity of the tubewalls SWNT is defined by the angle between theorbital and

is moderately dependent on the diameters of SWNTSs. That is, adjacento-bonds. The pyramidalization angles of tubewall C
the difference in the 1,3-DC exothermicity of two neighboring atoms in q,n) SWNTs f = 5-10) determined in previous
SWNTSs ranges from 1.3 to 4.8 kcal/mol, and the difference in 7-orbital axis vector (POAV) analyses are 5:94.99, 4.27,

the 1,3-DC barrier height of two neighboring SWNTs ranges 3.74, 3.33, and 3.00, respectively}> decreasing with the
from 0.6 to 1.5 kcal/mol. Third, the trend that the heterogeneous increasing of tube diameters. Thus the diameter-dependent 1,3-
1,3-DC of Gy with lower barrier height has higher exothermicity ~DC reactivity of the (,n) SWNTs @ = 5—10) shown in Figures

is in agreement with the Hammond postuléte. 4 and 5 is a result of the pyramidalization aforbitals,

The 1,3-DC transition states display the following structural Ccorroborating the previous finding that “the reactivity ofr)
feature: the lengths of the two forming-© bonds are identical SWNTSs towards sidewall addition depends on the diameter of
on a given SWNT, but decrease with the increase of the diametertubes and more precisely on the pyramidalization angle of the
of SWNTs, indicating that the heterogeneous 1,3-DC has antube C atom where the addition takes plat®.”

earlier transition state on the sidewall of a smaller SWNT. This  As the retro-1,3-DC reaction is related to the purification of
SWNTs!® it should be interesting to see how the retro-1,3-DC

reactivity of as-functionalized SWNTs depends on the tube

(28) Hammond, G. SJ. Am. Chem. Sod 954 77, 334.
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1,3-DC reactivity and retro-1,3-DC reactivity on the diameters
34 (5,5) of SWNTs has been investigated by considering the simplest
1,3-dipole, ozone, on a series of armchain] SWNTs g =
5—10). The results showed that the sidewalls of these SWNTs
(6,6) are subject to the 1,3-DCs of ozone and azomethine ylides. Both
the 1,3-DC reactivity and retro-1,3-DC reactivity are moderately
dependent on the diameters of SWNTs. This implies the
possibility to make use of the 1,3-DC chemistry to purify and
w284 (8,8) to separate SWNTs diameter-specifically.
1 \(-9,9) Further theoretical effort is being made to explore the 1,3-
264 ~_{10,10) DC chemistry of other SWNTSs, e.g., zigzag@) SWNTs and
—— - . .. ‘ other chiral f,m) SWNTs, which have different chirality than
6 7 8 D?amet;romng;:mm)ﬂ B 14 those considered here. Preliminary ONIOM(B3LYP/6-31G*:
AM1) calculationd® predicted that the exothermicity of the 1,3-
Figure 6. Reaction barrierg®™) of the retro-1,3-DC reaction of 0zone D of ozone onto the sidewall of a zigzag (9,0) SWNT-B1.7
vs diameters ofrn) SWNTS. kcal/mol, comparable to that of the 1,3-DC on the sidewall of

diameters. If the activation barrier of the retro-1,3-DC reaction @n armchair (5,5) SWNT. Note that both tubes have similar

is highly dependent on the diameters of SWNTSs, it would be diameters;~6.8 A for (5,5) SWNT and-7.0 A for (9,0) SWNT.

plausible to make use of the 1,3-DC chemistry to separate This preliminary result suggests that the 1,3-DC reactivity of

SWNTs diameter-specifica”y by Step_by_step heating the as- tubewalls is Weakly dependent on the Chirality of SWNTSs that

functionalized SWNTSs at different temperatures. As shown in have similar diameters.

Figure 6, the activation barrier of the retro-1,3-DC reaction is ~ Finally, we believe that with the increasing powerfulness of

also moderate|y dependent on the tube diametersl ranging frorrpomputer and theoretical methOdS, theoretical Simu'ations, e.g.,

34.1 kcal/mol for a functionalized (5,5) tube to 25.7 kcal/mol those presented herein and previodsf;* are becoming a more

for a functionalized (10,10) tube and giving a trend that the resource-saving and easily accessible route in the exploration

larger diameter the tube has, the easier the retro-13-DC reactior?f SWNT chemistry by providing much instructive information

is. The moderate dependence of both the 1,3-DC and retro-1,3-that helps waive a lot of exhausting trial-after-trial experiments

DC reactions on the diameters of SWNTs implies that it is in further experimental work.

possible to make use of the 1,3-DC chemistry to separate Acknowledgment. This work was sponsored by the Natural
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(5,5) SWNT and predicted that, other than azomethine ylides ypjyersity.

and ozone, nitrile ylide and nitrile imine are the best candidates

for experimentalists to try. The as-formed 1,3-dipole-SWNT JA034662A

bonding is much weaker than that in the products of the (29) Inthe two-layered ONIOM(B3LYP/6-31G*:AM1) calculations, the zigzag

molecular 1,3-DC reactions and can be plausibly broken by (9,0) SWNT was represented by a closed-end model tube consisting of

. 150 carbon atoms witB;q symmetry, in which the high-level part is aC
heating at elevated temperatures. The dependence of both the  cluster with 12 H atoms as boundary ato##fs.

324

30
(7,7)

"*°(kcal/mol)

Conclusion
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