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We investigate the cooperative behavior of two carbene additions to a (5,5) armchair single-walled
carbon nanotube (SWNT) and find that in certain configurations, double additions are more stable than
uncorrelated distant double additions by 7 to 24 kcal/mol. We also find certain configurations to be very
unstable. We employ density functional theory (DFT) PW91 calculations using periodic boundary
conditions and compare 20 different double-addition configurations. We trace the cooperative behavior
to the power of the first addition to modify the geometry locally. We investigate both inner (endohedral)
and outer (exohedral) additions and observe fundamental differences between these two. In the qualitative
interpretations of the results, analogies to the valence tautomerization of 1,6-methano[10]annulene are
helpful in establishing that when the carbene addition opens the CC bond in the nanotube (exohedral
addition), then the number of-electrons is unchanged, leading to less spatially extended perturbations
of the nanotube. Endohedral carbene additions reduce the numbeelettrons, leading to a more
pronounced and spatially more extended cooperative effect. We find that local quinonoid-like perturbations
of the geometry extend over several rings near the endohedral perturbation. Such extended defects should
play a role in the properties of substituted nanotubes and can be visualized using Clar diagrams.

Introduction of carbene functionalizatiohDFT calculations on conduc-
tance of the carbene-functionalized SWNTs with random
configurations indicate that the functionalization reduces but
does not eliminate the conductari€é!

Although the physical properties of functionalized nano-
tubes have been discussed, the geometrical changes on the
surface, which should be sensitive to the additions, remained
relatively unexplored. The disruption of the systems,
created by the addition of the first carbene, should induce
formation of addition patterns with possible preferential sites
for subsequent additions of carbenes. In fact, addition patterns
of SWNTSs functionalized by the the Bingel reaction have
been analyzed by atomic force microscopy (AFMand
scanning tunneling microscopy (STM)In particular, Kruse
et al. proposed from STM observations that long-range
(several nanometer) periodicities of the addition patterns on
the functionalized SWNT% Understanding on a molecular

Single-walled carbon nanotubes (SWNT®xhibit a
metallic or semiconducting character, depending on their
chirality (n,m), due to the delocalized-electrons of the sp
hybridized carbon atoms forming a hexagonal network. Their
interesting properties can be modified by chemical func-
tionalization in which covalent bonds are formed between
adsorbents and the nanotubdp to now, SWNT surfaces
have been reported to bind covalently with highly reactive
reagentg.For example, Haddon et al. reported that SWNTs
treated by nitric acid were successfully functionalized by
divalent carbene%.® The binding of carbenes into the SWNT
surfaces has been analyzed by density functional theory
(DFT) calculation$: ! Zhao et al. found that the metallic
character of armchair nanotubes will be retained at low levels
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molecules are encapsulated inside SWNTs, would provide Scheme 1
helpful hints to make some realistic progress in this direction. . T
In a previous study, DFT calculations demonstrate that the ®

nanotube surface is locally modified by the bond formation
with a defected fullerene, with a single C atom protruding
from the fullerené’ The TEM observations have also @
detected the bond formations and concomitant surface
deformations# Such local deformations can result from /
interactions of the surface with “inner” carbene molecules,
or defected fullerenes. In the present paper, we will discuss
the effects of local modifications of nanotube surfaces on
site preferences for the addition of a second,@king DFT
calculations. We discuss two issues: the disruptions of CC
bonding networks by the addition of the first ¢hholecule _
into the outer or inner SWNT surface, and the energetics "6POrted to be encapsulated in uncapped nanotubes. Accord-
for the second Ckladdition. ing _to ref 25, nano_peapods can bg S|.mply prepgred in the
liquid phase. The widely applicable liquid preparations allow
us to incorporate various guest molecules into nanotubes, if
appropriate solvents can be fouftdThus, we consider the

We carried out DFT calculations on the basis of the generalized possibility that the precursors for free carbene moleégiles
gradient approximation PerdewVang (PW91) functionaf? The can enter into nanotubes, which should stimulate experi-
calculations for the (5,5) armchair nanotube were performed using mental efforts. Once the precursors enter the nanotubes,
the Vienna ab initio Simulation Package (VASP v.4.4%f The carbene molecules, generated from the inner precu®ors,

kinetic energy cutoff of the plane-wave basis is 349 eV with should attack inner surfaces rather than outer surfaces.
ultrasoft Vanderbilt-type pseudopotentials. In this study, a hexagonal

supercell is used, containing 80 C atoms of the (5,5) nanotube and As shown in Figure 1, there are two optimized geometries
one or two CH molecules to avoid interactions between Qjfbups for the addition of the CH molecule into each surface,
located on the neighboring unit cells. We allow full geometry because the armchair nanotube has two types of CC bonds
relaxation, except that we fixed the intertube distance at 6 A, which (CC bonds orthogonalQ) and slanted ) relative to the

is large enough to avoid significant intertube interacti®hgv/e tube axis, see Chart 1). One optimized geometry has the CH

used a 1x 1 x 15 k-point mesh for all geometry optimizatiods. 1y, n1ac e binding into an orthogonal CC bor@)(on the
Convergence was enhanced using fractional occupancy generate(l;lnm_}r surface. and the other has the.CGhblecule bindin
by a Gaussian broadeningdgs = 0.03 eV) of the one-electron ! 9

energy levels. To analyze size effects for the double &fdlitions?? into a slanted CC bond]. .In bqth optimized geometrie3
we calculated the finite-length armchair (5,520 systems using ~ andS, the CH molecule binds into the surface to form two
the PW91PWO1 functional with the 6-31G* basis set in the CC bonds of~1.54 A, and a three-membered ring results.

(a) Endohedral addition (b) Exohedral addition

molecules, such as fulleren#g® o-carbonané? hydrocar-
bons?* water?® metal complexe%! and b’ have been

Method of Calculation

Gaussian 03 prograf. The additions into the inner surface of the SWNT are
exothermic, as shown in Table 1, where binding energies
Results and Discussion are defined aEny = E(CH,—~SWNT) — E(SWNT) —

E(CH,), where CH—SWNT indicates optimized geometries
for the functionalized SWNT after the first addition. Table

1 also shows that the orthogonal binding inside the nanotube
is preferable to the slanted site by 12.3 kcal/mol. Site
preferences in the exohedral additions are even more
significant; the optimized structur® is more stable than

the optimized geometr§ by 29.7 kcal/mol, consistent with
Pettinger’s result8.The stabilization energies in the exohe-
dral additions are larger than those in the endohedral
additions. These data suggest that the outer surface should

We will discuss the addition of the carbene molecule, as
shown in Scheme 1, into inner and outer surfaces of the
nanotubes for the following reasons. In comparisons between
the endohedral and exohedral additions, it is interesting to
investigate chemical reactivities on convex and concave
surfaces. Furthermore, local modifications on the surface due
to interactions of an inner GHnolecule should be analogous
to the defected nanopeapods, and should play an importan
role in site-selective additions. Up to now, various types of
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(a) Endohedral addition (b) Exohedral addition

Orthogonal binding (O)

Orthogonal binding (O)

Figure 1. Two optimized geometries for the addition of the £iolecule into the (a) inner and (b) outer surfaces of the (5,5) nanotube. In the top two
cases, the Cigroups are attached to a CC bond orthogonal to the tube @)isn(the bottom two cases, the Glgroups are attached to a CC bond slanted
to the tube axis$). The binding sites are in blue.

Chart 1 Scheme 2
Slanted bond Orthogonal bond 1,6-methano[10]annulene
Ha Ha
c c
: GQ:\ eq :\
- =
1
bisnorcaradiene form 1 aromatic form 2

Carbene addition into the nanotube surface is related to
carbene addition into the C1C6 bridgehead of naphthafene,

tube axis where the valence tautomerism of 1,6-methano[10]annulene
Table 1. Binding Energies in kcal/mol for the Addition of the CH, occurs, as shown in Scheme 2. With respect to the tautomer-
Molecule into the Outer or Inner Surface of the (5,5) Nanotube? ization, long distances af; ¢ are preferable in the tautomer-
endohedral addition exohedral addition ization of 1,6-methano[10]annulefeAs shown in Figure
orthogonal slanted  orthogonal  slanted S1 of the Supporting Information, these results can be well-
(oy (sp (op (sp reproduced at the PW91 calculations; the optimizadsalue
Elste (kcalimol)  —44.7 -324  —117.0 —87.3 is 2.291 A3l On the nanotube surface, the convex and
due (A) 1.470 1.510 2.190 1.568 concave shapes should affect this bond. In the exohedral
dy 6 (A)¢ 2.15-2.26 ~1.57

addition, the binding of the CHnolecule into the orthogonal
aThe optimized I_engths (A) of th_e=@C bond on the s_u_rface, into which CC bond splits this CC bond, whereas in the slanted case, it

the CH molecule binds, are also given dgs. For a definition ofd; 6, see does not. Since the optimized geomeinis more stable in

Scheme 2. The bond reported corresponds to the bond to whighisCH : p ) g Y

attached? O and S refer to the binding orientations dife relative to the energy than the optimized geomet, the exohedral

tube axis, as illustrated in Chart 4E5E = E(CH,—SWNT) — E(SWNT) additions exhibit a trend similar to that of the addition into

— E(CHy). @ From ref 8; periodic boundary condition calculations were 4 yhihalene in terms of relationships between its stabilities

employed using a gradient corrected functional (PWE/3-21G). o ;
andd, ¢ values. In the endohedral additions, opposite trends

be more reactive than the inner surface, similar to those in € seen; the orthogonal CC binding is preferable relative to
monovalent F or H atom additidd.In exohedral additions,  the slanted CC binding, although the length of the orthogonal

their binding structures depend on the sites where the CH bond (1.479 A) is shorter that in the slanted bond (1.531
molecule attacks in Figure 1; the optimized structOr@as ). The difference between the exohedral and endohedral

the CH molecule cleaving the orthogonal CC bond (inser- additions can be rationalized by a strain analysis using a

membered ring. The two optimized geometries in the

e ; ; ; (31) The optimizedd; ¢ values depend significantly on substitutions in
eXOhedral_ additions are_ n agreeme?lt with those obtained derivatives of 1,6-methano[10]annulene; Choi, C. H.; KerteszJM.
from previous DFT studies (Table %)’ Phys. Chem. A998 102, 3429. The optimized; ¢ value is consistent
with that obtained experimentally (2.235 A). The consistency indicates
reliability of our choice of the PW91 DFT calculations; Bianchi, R.;
(29) Chen, Z.; Thiel, W.; Hirsch, AChemPhysCher003 1, 93. Pilati, T.; Simonetta, MActa Crystallogr., Sect. B98Q 36, 3147.
(30) Vogel, E.; Roth, H. DAngew. Chem., Int. EA.964 3, 228. (32) Haddon, R. CJ. Comp. Cheml1998 19, 139.
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(a) Endohedral addition (b) Exchedral addition

Figure 2. Deviations of CC bond lengths due to the binding of the,@tblecule into an orthogonal CC bond. (a) Endohedral and (b) exohedral addition.
Red and green lines indicate a CC bond whose length increases or decreases by at least 0.01 A, respectively, relative to those in the pristine nanotube.
Semicircles on the right indicate the wrapping of the sheet into a nanotube.

proportional to the square of a POAV pyramidal angle important sr-electron count difference into account, we
the exohedral addition where thih s CC bond cleaves, consider the CC bonding networks upon the inner and outer
POAV values in the C atoms where the Chholecule additions. Three representationgiB), B(in), and Q(in) (K-
attaches decrease and therefore strains of the (5,5) nanotubgut), K,(out), and C(out)) can qualitatively help interpreta-
are partially relaxed, whereas in the endohedral additions, tion of the optimized geometries for the endohedral (exo-
such strain relaxations cannot occur because of the morenedral) addition, as shown in Figure 3, where aromatic sextets
rigorous restrictions of surface relaxations toward the tube gre represented by circles. Because of the binding into the
axis. The differentd; ¢ values play a crucial role in the g face, butadiene-like patterns are formed in th@Band
disruptions of ther-systems on the nanotube surface. B.(in) frameworks and a quinonoid pattern is formed in the

Next, we focus on the changes of CC bonding on the oy framework, as shown in Figure 3. The local modifica-
nanotube surface in the orthogonal CC additions, which are ;¢ ¢ the pisnorcaradiene-like framework obtained from

more favorable than the slanted additions. Figure 2 showsDFT calculations correspond to the combination of the

the CC bonds on the surface, whose lengths increase or . : i .
decrease at least by 0.01 A upon the carbene addition, Whichdegenerate &in) and B(in), and the bond-length alternation

. . L In the circumferential direction corresponds to a part of the
are given by red or green, respectively. As shown in Figure . ) . . o
2a, the carbon network is locally perturbed near the binding qumopmd framevyork Q(m)j This bonq-length .alternatlon.ln
site. In endohedral addition, the locally perturbed network the cwcumfgrentlal d_|rec_t|on, assoc_|ate_d with _the_ _Q(m)
has bisnorcaradiene-like moieties on the two hexagons famework, is plotted in Figure 4, which is only significant
nearest to the binding site in the axial direction. We can see N€@r the binding site. In contrast to the endohedral addition,
also in Figure 2a bond-length alternation with substantial deformations due to the exohedral addition are limited to
decreases in orthogonal CC bonds and increases in slantedhe two hexagon rings nearest to the binding site along the
CC bonds in the two hexagonal rings nearest to the binding tube axis; the Kout) and k(out) representations have
site in the circumferential direction. Such perturbations on Kekulelike patterns near the binding site and the C(out)
the surface by the exohedral addition are limited to the axial representation retains the Clar patterns of the unperturbed
direction; the four CC bonds nearest to the binding site are hanotube. Thus, the endohedral addition significantly perturbs
shortened by~0.01 A. The deviations in the lengths in the z-systems on the surface, in contrast to the carbon network
inner addition £-0.012 to+0.029 A) are significantly smaller  in the exohedral addition case, where the bonds of the
relative to those in the outer additior-Q.022 ~ +0.048 network remain almost unchanged relative to those in the
A). pristine nanotube, except in the immediate vicinity of the
Simple “Clar” valence bond (VB) representations can be CH, binding. These findings are also useful in terms of the
used to aid the qualitative interpretation of the disruptions conductance of functionalized SWNTSs, because these rep-
of thesr-systems on the SWNT surfag@All z-electrons of  resentations can provide qualitative information on the
armchair nanotubes can be assigned to “aromatic sextets”gjisruptions of conjugated networks. Marzari et al. reported

as proposed by Matsuo et %dland Ormsby et & As that the conductance of nanotubes functionalized by carbene
mentioned above, DFT calculations show that the endohedralygriyatives is preserved at high concentrations, whenever the

CH, addition retains the C1C6 bond on the surface, Whereasfunctionalization breaks the: s CC bond!!36 Their predic-
the exohedral addition splits the C1C6 bond. These observa-t ’
tions indicate that twor-electrons are removed from the
surface in the endohedral addition to form the nelonds,
whereas in the exohedral addition, tweelectrons migrate
to form the news-CC bond, accompanied by a rotation but
not removal of twar-electrons from the surface. Taking this

ions are in qualitative agreement with our findings for the
following reasons; in nanotubes with tldgs cleavage, the
number ofz-electrons is unchanged and their surfaces retain
Clar networks, whereas in nanotubes withoutdhecleav-

age, the number ofr-electrons decreases and their Clar
structures are disturbed because of the local quinonoid and
(33) Clar, E.The Aromatic SexteWiley: London, 1972. bisnorcaradiene-like perturbations. When the CC bond at the
(34) Matsuo, Y.; Tahara, K.; Nakamura, @rg. Lett.2003 5, 3181. attachment site is cleaved, one would expect this to be a
(35) Ormsby, J. L.; King, B. TJ. Org. Chem2004 69, 4287. larger perturbation of the hexagonahetwork than attach-

(36) Lee, Y.-S.; Nardelli, M. B.; Marzari, NPhys. Re. Lett. 2005 95, A o
076804. ments that maintain the CC bond. The overall behavior is
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(a) Endohedral addition SWNT surface

tube axis

CH, binding / CHs binding 'l N\ CH_ binding

tube axis

By(in) Bo(in) an)
(b) Exohedral addition 1 SWNT surface
tube axis
Crabindng CH binding l \\_CHz binding

tube axis

Ky(out) Kz(out) C(out)

Figure 3. Clar valence bond (VB) representations for the addition of the @blecule into a orthogonal CC bond on the (a) inner and (b) outer nanotube
surfaces. The purple dots represent binding sites for then@ecule. Aromatic sextets are indicated by circles. The tubes are presented as planar projections;
only the vicinity of the addition site is shown.

therefore counterintuitive; however, it can be understood perpendicular to the axis, from they©) site with respect
qualitatively by Clar valence bond (VB) representations. to the armchair framework in the axial direction, agd
Next, we discuss the effects of the local geometrical represents the order of the orthogonal bor@owith respect
changes, created by the first addition, on the site preferencedo the Q(0) site in the circumferential direction. In slanted
for the second CHattachment. We will assume that the first binding sites, the 2 () sites are between thps;andpzng
CH, molecule binds into an orthogonal CC bond on the inner carbon belts.
surface of the SWNT (Scheme 3), because the deviations Figure 5b shows binding energies for the second additions
caused by the inner addition are larger than those in the oute( ES<"'= E(CH,—SWNT—CH,) — E(SWNT) — 2E(CHy))
addition. Another advantage of this choice is that we can as a function of the separation between the first and second
directly estimate effects of the local modifications on the binding sites projected upon graphene, where-€5WNT—
site preferences without considering steric effects betweenCH; indicates optimized geometries for the tube with two
the two CH molecules. Taking the surface modifications in CH, units added. As shown in Figure 5b, where orthogonal
Figure 3 into account, we consider 20 sites for the binding (slanted) binding energies are shown in blue (purple), all
of the second CH molecule (Figure 5a). We define an second CHadditions are exothermic, and orthogonal addi-
orthogonal binding site for the second €iolecule (outer  tions are energetically more favorable than slanted additions.
surface) as ¢{q) relative to the binding site §0) for the This trend is similar to that of the first attachment. Figure
first CH, molecule (inner surface). Here represents the  5b shows that the binding energies for the orthogonal and
order of the carbon belt of the (@) site, lying in a plane  slanted additions have nearly constant values of approxi-
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Figure 4. Bond distances in the circumferential direction of the optimized =
geometryO where the Ci molecule binds into the inner surface at an E 5
orthogonal (O) site as a function &f andL,, wheren is an integerL and 8 ° ° .
Srepresent long and short CC bonds, respectively. In the pristine (5,5) = feeseeeeeeeeeeees TERLELELE » S I S LTI
nanotube, the orthogonal CC bond is 1.427 A long and the slanted CC g . ® -
bond is 1.423 A long, both of which are given in red on the right. ,_ug 5T o41)e 6
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Figure 5. (a) Twenty sites for the binding of the second QiHolecules
relative to the binding site for the first GHnolecule (Q(0)). (b) Binding
energies for the double GradditionsES:°™as a function of separations

of the two binding sites between the first and second attachment projected
upon graphene. (c) Relationships between interaction endtgigs::as a
function of the separation between the first and second attachments.
Second addition Orthogonal bindings are given by blue circles, and slanted bindings given
by purple squares.

mately —160 and—130 kcal/mol, respectively, when the , o
separations are larger than 6 A. The energy difference s Einerad(X) = Exe"{X) — Eng *(X) — ER% "(O) in
between the orthogonal and slanted additions 30 kcal/  Figure 5b, where X represents binding si@r S for the

mol in this region, being similar to that of the first addition. second CH molecule. Here,Ens °“(X) and Eng "(O)
When the separations are smaller than 6 A, binding energiesindicate the binding energies for the addition of the single
deviate from the constant values for both types of binding outer and inner Ck molecule, respectively. When the
sites. In particular, the £0) site, which is nearest to the interaction energy has a negative value, the local modifica-
first binding site within the orthogonal sites, is the most tions, created by the first addition, should preferentially

stable. Within slanted sites, the nearest sige;(8) is the influence the second GHinolecule to bind at site X. Figure
least stable, and the second nearest site(H is the most 5c shows that interaction energies become significant with
stable. decreasing separations between the first and second binding

To clarify the effects of the local modifications on the sites. The values converge to zero with increasing separa-
site preferences for the second addition, we define antions, as expected. However, there are cooperative effects
interaction energy between the first and second &tdlitions for separations und® A that might be used to do interesting
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chemistry. With respect to the orthogonal bindings, the CH trons, ther-network on the surface in the endohedral addition
bindings into the @0), Oi(1), and Q(2) sites are signifi- is disrupted to form the bisnorcaradiene-like framework in
cantly stabilized by the first addition. Within the;©), O- the axial direction and a quinonoid structure in the circum-
(1), and Q(2) sites, the stability is the highest for the(Q) ferential direction, whereas thenetwork in the exohedral
arrangement of the CHnolecule whose interaction energy addition, where the number of-electrons is unchanged,
is —7.9 kcal/mol, and energies decrease in absolute value inretains Clar structures of the pristine nanotube. The local
the order Q(0) > O4(1) > Oy(1). The Q(0) and Q(1) sites modifications, created by the endohedral addition, influence
correspond to CC bonds involved in the modified region the site-preferences for second £ididitions, and the effects
colored by red and green in Figure 5a and th€1psite are limited to the vicinity of the binding site. In fact, the
correspond to CC bonds nearest to the modified region, binding of the second CiHhat is most stable in energy is
which points to the importance of local geometry changes further stabilized by~8.0 kcal/mol by the local modification
created by the first addition. Although the slanted attachmentsof the surface because of the endohedral addition. The
are less stable than the orthogonal ones, the effects of thanteractions of the first CkHimolecule with the inner surface
local geometry changes on slanted additions near the firstcan enhance site-selectivities for the second addition. Thus,
binding site are also significant. The Gkholecule prefers  we find cooperative behaviors in binding sites between the
the S_,(1) site on the deformed SWNT surface by 24 kcal/ first and second Ciabsorbents through the modifications
mol relative to the unperturbed systems, whereas the bindingof the surface of carbon nanotubes.
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and binding energy and interaction energy for the second CH
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