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The structures of the (5,5) single-walled carbon nanotube (SWCNT) segments with hemispheric
carbon cages capped at the ends (SWCNT rod) and the Pt-doped SWCNT rods have been
studied within density functional theory. Our theoretical studies find that the hemispheric cages
introduce localized states on the caps. The cap-Pt-doped SWCNT rods can be utilized as sensors
because of the sensitivity of the doped Pt atom. The Pt-doped SWCNT rods can also be used as
catalysts, where the doped Pt atom serves as the enhanced and localized active center on the
SWCNT. The adsorptions of C,H4 and H, on the Pt atom in the Pt-doped SWCNT rods reveal
different adsorption characteristics. The adsorption of C;H4 on the Pt atom in all of the three Pt-
doped SWCNT rods studied (cap-end-doped, cap-doped, and wall-doped) is physisorption with
the strongest interaction occurring in the middle of the sidewall of the SWCNT. On the other
hand, the adsorption of H, on the Pt atom at the sidewall of the SWCNT is chemisorption
resulting in the decomposition of H,, and the adsorption of H, at the hemispheric caps is

physisorption.

I. Introduction

Since the discovery of the single-walled carbon nanotube
(SWCNT),! experimental and theoretical investigations on
the chemical®?® and physical®® properties of the SWCNT have
been growing rapidly due to its potential applications® in
molecular electronics,” chemical sensor,® vacuum electronic
devices,® field emission flat panel display,'” catalysis,!! and
optics.'?

The SWCNT can be visualized as a roll of the graphite sheet
and can be classified as metallic, narrow-gap and moderate-
gap semiconducting nanotubes according to the wrapping
vectors (m,n)."> As shown in Scheme 1, nanotubes are char-
acterized with a chiral vector (AB = ma + nb) in which
nanotubes are wrapped and a translation vector in which
nanotubes elongate. If n — m = 3¢ (with integral m, n, and
q), the nanotube is metallic. Otherwise, it is semiconducting
with a band gap.'3® There are further detailed classifications
of nanotubes with respect to the conductance according to the
“n — m rules”."3

As one-dimensional (1-D) rolled graphite sheets, nanotubes
display different electronic properties from those of planar
graphite sheets and fullerenes: the electronic properties of
nanotubes can be controlled by their diameters with different
hybridization effects.> For example, the pyramidization of
nanotubes is different from fullerenes and there exists m-orbital
misalignment between adjacent pairs of conjugated carbon
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atoms,? which renders different reactivity of nanotubes from
fullerenes and among nanotubes of various diameters.>>¢!4
Chemical reactions can take place on the sidewall of the
nanotubes'® or at the ends of the nanotubes.'¥!316 In spite
of numerous studies, the reactivity of the SWCNT is still not
clear and deserves further investigation.'’

Partial changes in the nanotube structure through va-
cancy,'® doping with other elements (replacement of the
carbon atoms on the SWCNT to produce the hetero
SWCNT),' and distortion?® can modify the electronics and
reactivity of the nanotubes to some degree.'3¢1°¢ It has been
found that substituting a carbon atom by a metal atom in
fullerenes®' renders the metal atom as an active center in
chemical reactions.”'* As a pseudo 1-D system with tube
structure, the SWCNT with defects and doping can serve as a
catalyst for gas-phase and liquid-phase reactions: the reactants
enter from one end of an open SWCNT, the reaction is
catalyzed at the defect or doping sites of the SWCNT, and
the products exit from the other end of the open SWCNT. A
good understanding of the electronic structure of the perfect,
defected, and doped SWCNTs helps to comprehend the
reactivity of such SWCNTs and to utilize such SWCNTs in
chemical reactions.

In this work, we will study the structures and reactivity of
the hetero SWCNTs (HSWCNTSs) to shed some light on the
reactivity of such HSWCNTSs and their possible applications.
Unlike most main group element doped HSWCNTSs," the
HSWCNTs we study here are the transition-metal doped
(more specifically, precious-metal Pt doped) HSWCNTs.

II. Models and computational details

The model for the SWCNT is chosen to be the (5,5) armchair
metallic SWCNT with two hemispheric caps, which are the
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Scheme 1 Illustration of possible wrappings of the graphite sheet to the SWCNTs. Structure of the (5,5) SWCNT is shown on the left. The x-axis
is the wrapping direction and the y-axis is the elongation direction. AB is the chiral vector.

half spheres of the fullerene. The open ends of the SWCNT
were found to be active centers in many reactions, e.g.
oxidation of the SWCNT,'®® and the structure of the open
ends goes through bond—distance reconstruction.*’ No end-
localized state has been found at energies near the Fermi
surface for the open-end SWCNT.* On the contrary, the
caps in the capped nanorod were predicted to be impor-
tant for the electronic properties of the nanorod®? and there
exist electronic states localized on the caps**?® because of
the less stable pentagons,>* despite that there is no signifi-
cant contributions to the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital
(LUMO) of the nanorod from the caps.’* However, the
differences in curvature and m bonding distinguish the
chemical properties of fullerenes and the SWCNTs* and thus
divide the nanorod into at least two regions: the caps and the
sidewall.

The structures of the (5,5) SWCNT rod and the Pt-doped
(5,5) SWCNT rod with substitutions at the middle of the
sidewall and at one of the end caps are studied with density
functional theory (DFT).%® Becke’s exchange functional
(B)*® and Perdew’s correlation functional (PW91)?” based on
the generalized gradient approximations are employed in
structure optimization and property prediction. Pople’s 6-
31G*® Gaussian basis set is used for carbon atoms and the
relativistic 18-electron Los Alamos National Laboratory
(LANL2DZ) effective core pseudopotential®® with the basis
set (3s3p2d) is used for the Pt atom. Because of its better
predictive ability of relative energies,® the hybrid DFT
method B3LYP?! with the smaller LANL2MB? basis set is
used for the geometry optimizations of the adsorptions of
C,H4 and H» on the Pt-doped SWCNTs and the absorption
energies are further refined by single-point energy calculations
with the bigger LANL2DZ basis set. Partial charge analysis
is performed with the natural bond orbitals (NBOs).>> The
geometries of all the Pt-doped nanorods are reoptimized
with B3LYP/LNL2MB. The Gaussian 03> quantum
chemical package is employed for all calculations in the
present work.

III. Results and discussions
1. Perfect SWCNT rods

Fig. 1 and 2 display the geometries of the two (5,5) SWCNT
rods, Cj79 and C;gg, with Ds, and Dsyq symmetries, and their
density of states (DOS) and local density of states (LDOS),
respectively. The DOS displays the overall electronic structure
of a system, while the LDOS shows the electronic structure of
a particular region and indicates the contribution of the atoms
in that particular region to the overall DOS. The plots of the
DOS and the LDOS above zero are for the discussion of the
chemistry of the systems hereafter.

The similarity of the DOS and the LDOS of these two
SWCNT rods is expected, since only one additional circular
cis-polyene chain does not significantly change the electronic
structure from C;;9 to C;go. Previous studies also found
similarity in the HOMO-LUMO gaps of the (5,5 SWCNT
rods, Cy70 and Cyg0.% Fig. 1 and 2 also exhibit the LDOS of
the cis-polyene chains in C;7¢ and C;go along the SWCNT axis
and the LDOS of the cap (a hemisphere of Cg). The shapes of
the LDOS of different layers are similar at the frontier molecu-
lar orbital (MO) region, which indicates delocalization of the
frontier MOs of the SWCNT rods. The contributions to the
HOMO, the LUMO, and other occupied frontier MOs from
the caps are not significant; the contributions to the HOMO
and the LUMO of C;5 and C;gg are mainly from the sidewalls
of the SWCNTSs. The conspicuous contributions to the DOS
from the LDOS of the cap lie about 1.0 eV below the HOMO
and 0.5 eV above the LUMO, as indicated in Fig. 1 and 2.

The MOs give detailed information about the contributions
of the LDOS from each layer to the DOS of the SWCNT rod.
The occupied and unoccupied frontier MOs for the SWCNT
rods C;7 and Cygg are plotted in Fig. 3 and 4, respectively. The
highest four occupied MOs of Cy79 and Cgq are © orbitals with
contributions from the sidewalls of the SWCNT rods and are
delocalized on the sidewalls. The occupied MOs with major
contribution from the caps lie about 1 eV below the HOMO,
similar to the picture manifested by the LDOS of the cap in
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Fig. 1 Density of states and local density of states for nanorod C;;( with the Ds;, symmetry. HOMO is the highest occupied molecular orbital with
orbital energy —4.61 eV, and LUMO is the lowest unoccupied molecular orbital with orbital energy —4.26 eV. L1, L2, L3, and L4 are the local
densities of states for each specified layer of atoms of C;;, as marked on the structure.

Fig. 1 and 2. The HOMO and the LUMO have sole contribu-
tions from the sidewall of the SWCNT. The lowest two
unoccupied MOs of Cy79 and C;g¢ are delocalized m orbitals
of the sidewalls of the SWCNTs and are followed by four (two
two-fold degenerate) localized MOs on the caps. The patterns
of the HOMO and the LUMO in C, 4, are different from their
counterparts in Cigg. Such a pattern change was observed for
shorter SWCNT rods before.*

From the MOs, one can infer that, when reacting with
strong electron acceptors, the SWCNT rods C;;9 and Cigg
will donate electrons from the sidewalls of the SWCNTs to the
electron acceptors. When C;5¢ and C;go accept electrons, the
first four electrons will go to the middle of the sidewalls of the
SWCNTs, and any extra (up to eight) electrons will go to the
caps. From the frontier occupied MOs of C;79 and C;g9, One
cannot see clearly the separation of the electronic structure of
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Fig. 2 Density of states and local density of states for nanorod C;go with the Dsq symmetry. HOMO is the highest occupied molecular orbital with
orbital energy —4.60 eV, and LUMO is the lowest unoccupied molecular orbital with orbital energy —4.23 eV. L1, L2, L3, and L4 are the local
densities of states for each specified layer of atoms of C;gy as marked on the structure.
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Fig. 3 Frontier orbitals of nanorod C,7y with the Ds;, symmetry. HOMO-#n (p eV) is the nth orbital below the HOMO with orbital energy p eV.
LUMO+m (g eV) is the mth orbital above the LUMO with orbital energy ¢ eV.

the caps from the sidewall of the SWCNT, though there exists
some gradual geometric change from the caps to the side-
wall.** The delocalized MOs on the sidewall of the SWCNT
rods extend to the ridge of the pentagons of the caps. The
pentagon regions have 66 (between two hexagons) and 6-5
(between a hexagon and a pentagon) CC bond alternation,
similar to that in Cg9. From the MOs of C;7¢ and Cg, one can
infer that the electronic structure on the caps is localized and
the geometric (topological) role of the caps can be the domi-
nant factor for determining the electronic properties of the
SWCNT rods.*

The atoms on the last layer of L4 (IT in Fig. 1 and 2) have
the largest negative charge in C;g9 and a large negative charge
in Cy79. In chemical reactions, this layer is reactive toward
electron acceptors and can be treated as a bridge between the
sidewall and the cap of a SWCNT rod. The middle layers of
the sidewall of the SWCNT rod have a positive charge.

For C5, the vertical ionization potential (IP) and electron
affinity (EA) are 5.86 and 2.89 eV, respectively.

Due to the similarity of the electronic and geometric struc-
tures of C;79 and C,gp, we will focus on Cy7 and its doping
derivatives for the rest of the investigation.

2. Pt-doped SWCNT rods

For C;79, NBO partial charge analysis indicates that the five
atoms connecting to the top pentagon of the cap have the

largest negative charges and the atoms of the next layer (I in
Fig. 1) have the largest positive charge. Thus, the caps can be
chemical reaction centers. Substitution of the carbon atoms in
the cap by other elements will change the chemical selectivity
and sensitivity of the SWCNT rod in catalytic reactions.
Replacing one carbon atom with a Pt atom in the end
pentagon, in the next layer, or on the sidewall of C,7q results
in three Pt-doped SWCNT rods: the cap-end-doped
CieoPt(ce), the cap-doped Ci4Pt(c), and the wall-doped
C6oPt(w), as shown in Fig. 5, 6, and 7. Single-point calcula-
tions at the BPW91/6-31G level of theory predict that
CieoPt(ce) is the most stable nanorod: the total energies of
C60Pt(c) and C;goPt(w) are 0.8 and 17.9 kcal mol™! higher,
respectively. Evidently, the cap-doped SWCNTs are more
stable than the wall-doped SWCNT, because of the relaxation
of the constraint on the cap through doping. The total energy
of the triplet electronic state of the Pt-doped nanorod is found
to be higher than that of the singlet, i.e. the ground state of the
Pt-doped nanorod is singlet.

2.A. Cap-end-doped C,soPt(ce). Fig. 5 and 8 display the
structure, the DOS, the LDOS, and the frontier MOs of
CieoPt(ce). The Pt—C bond distances at the cap end are
2.01 A and the other Pt-C bond distances are 1.96 A. Clearly,
the Pt atom points outwards along the translation direction of
the SWCNT. The distortion of the SWCNT rod due to the Pt-
doping is localized on the pentagons and hexagons around Pt.
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Fig. 4 Frontier orbitals of nanorod C,gy with the Dsq symmetry. HOMO-# (p eV) is the nth orbital below the HOMO with orbital energy p eV.
LUMO+m (g eV) is the mth orbital above the LUMO with orbital energy ¢ eV.
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Fig. 5 Density of states and local density of states for the Pt cap-end-doped nanorod Cj4Pt(ce) with the Cg symmetry. HOMO is the highest
occupied molecular orbital with orbital energy —4.51 eV, and LUMO is the lowest unoccupied molecular orbital with orbital energy —4.21 eV. L1,
L2, L3, L4, L5, L6, L7, L8, and L9 are the local density of states for each specified layer of atoms of Ci4Pt(ce) as marked on the structure.
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Fig. 6 Density of states and local density of states for the Pt cap-doped nanorod C4Pt(c) with the C; symmetry. HOMO is the highest occupied
molecular orbital with orbital energy —4.48 eV, and LUMO is the lowest unoccupied molecular orbital with orbital energy —4.25eV. L1, L2, L3,
L4, LS, L6, L7, L8, and L9 are the local density of states for each specified layer of atoms of C;4Pt(c) as marked on the structure.

in the doped cap. The LDOS of L1 and L2 in Fig. 5 clearly
indicates such changes. L1 (the LDOS of Pt) in Fig. 5 manifests
the contribution of Pt to the DOS of C;49Pt(ce). The LDOS of
the remaining layers in Fig. 5 are similar to one another.

The overall DOS of C,49Pt(ce) is similar to that of Cy; with
the D5, symmetry. The doping of Pt produces more peaks in
the DOS in the frontier MO region due to the introduction of
the Pt 5d orbitals and the induced electronic structure change
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Fig. 7 Density of states and local density of states for the Pt wall-doped nanorod C4Pt(w) with the Cs symmetry. HOMO is the highest occupied
molecular orbital with orbital energy —4.46 ¢V, and LUMO is the lowest unoccupied molecular orbital with orbital energy —4.26 eV. L1, L2, L3,
L4, and LS are the local densities of states for each specified layer of atoms of C,4Pt(w) as marked on the structure.
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Fig. 8 Relevant frontier orbitals of the Pt cap-end-doped nanorod C¢Pt(ce) with the Cs symmetry. HOMO—n (p eV) is the nth orbital below the
HOMO with orbital energy p eV. LUMO+m (g eV) is the mth orbital above the LUMO with orbital energy ¢ eV.

The frontier MOs in Fig. 8 reveal details of the electronic
structure of Cig9Pt(ce). The HOMO of C,49Pt(ce) is similar to
that of C;7o, except for the significant contributions from Pt
and its neighboring carbon atoms in C;gPt(ce). The effect of
Pt on the electronic structure of Ci4Pt(ce) is also reflected in
several other occupied MOs: the HOMO—1, the HOMO-5,
the HOMO—6, and the HOMO-—7. The HOMO-1 has some
major contributions from the Pt 5d orbitals, which form d-p ©
bonds with the carbon atoms in the next layer. The geometric
distortion in C;gPt(ce) induces single and double CC bond
alteration around Pt, which is reflected in the strong © bonding
around the doped cap in the HOMO-5. The symmetry of the
1 bonds in the HOMO-7, the HOMO-6, and the HOMO-5
(corresponding to the HOMO-7, the HOMO—-6, and the
HOMO-5 in Cy7) is destroyed in CigoPt(ce), resulting in
concentrated m bonding on one end cap, as clearly shown in
Fig. 8. The LUMO of C,49Pt(ce) is very similar to that of C,.

LUMO+2 (-3.75 eV)

LUMO+4 (-3.56 eV)

The next two unoccupied MOs, the LUMO+1 and the
LUMO+2, of CigoPt(ce) are mainly from the 5d orbitals of
Pt, and the contribution to these two unoccupied MOs from
the undoped cap diminishes. According to the MOs of
CieoPt(ce), it is quite clear that the reactive center in C;49Pt(ce)
is around the location of Pt.

The Pt atom can donate electrons to electron acceptors and
its empty 5d orbitals can accept electrons from electron
donors, e.g. in reaction with gases like H,, C,Hy, CO, NH;,
NO, etc. NBO partial charge analysis indicates that Pt trans-
fers about 0.80 electrons (0.40 electrons from 6s and 0.40
electrons from 5d) to nearby carbons: the electronic config-
uration of the Pt atom is essentially [core]5d®®°6s**°. The
carbon atom connecting to Pt in the second layer from the
doped cap end has the largest negative charge, —0.22.

The vertical IP and EA of Ci4Pt(ce) are 5.45 and 3.40 eV,
respectively.

LUMO+1 (—4.06 €V)

Sesass |
({.o..‘a‘a‘sjf*’

LUMO+5 (-3.39 eV)

Fig. 9 Frontier orbitals of the Pt cap-doped nanorod C;¢Pt(c) with the Cg symmetry. HOMO—n (p eV) is the nth orbital below the HOMO with
orbital energy p eV. LUMO+m (g eV) is the mth orbital above the LUMO with orbital energy ¢ eV.
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Fig. 10 Relevant frontier orbitals of the Pt wall-doped nanorod C;gPt(w) with the Cg symmetry. HOMO—n (p eV) is the nth orbital below the
HOMO with orbital energy p eV. LUMO+m (g eV) is the mth orbital above the LUMO with orbital energy ¢ eV.

2.B. Cap-doped C,4Pt(c). Fig. 6 shows that the DOS and
the LDOS of each layer of atoms of Ci49Pt(c) are very similar
to those of CigoPt(ce). The structure of Ci49Pt(c) is also similar
to that of C;gPt(ce), except for the region around Pt. The
Pt—C bond distance between Pt and the carbon atom in the
top pentagon is 1.97 /DX; the other two equivalent Pt—C bond
distances are 2.00 A. The long Pt—C bonds make the carbon
atom of the top pentagon connected to Pt slightly point out of
the pentagon, as shown in Fig. 6. The frontier MOs of
Ci69Pt(c), as shown in Fig. 9, are very similar to those of
CieoPt(ce) in Fig. 8. The noticeable difference is that Pt
contributes to the HOMO of C;gPt(c) more than it does in
Ci6oPt(ce), which will enhance the reactivity of Pt in C;4Pt(c).
The electronic configuration of the Pt atom is essentially
[core]5d3-%36s*%°. The partial charge of Pt is 0.77 and the
carbon atom connecting to Pt in the top pentagon has the
largest negative partial charge, —0.25. The vertical IP and EA
of CigoPt(c) are 5.49 and 3.21 eV, respectively.

2.C. Wall-doped C;6oPt(W). Fig. 7 and 10 display the DOS,
the LDOS of each layer, and the frontier MOs of C;gPt(w).
The DOS of Ci4Pt(w) around the frontier MO region is
different from those of Cig9Pt(ce) and Cy49Pt(c): the contribu-
tion to the DOS at the frontier MO region from Pt has

Table 1 The relative stabilities of the Pt-doped nanorods and the
adsorption energies of C;H4 and H, on the Pt-doped nanorods. The
minus sign indicates the release of the heat of formation upon the
adsorption. All energies are in kcal mol ™'

Adsorbate  Level of theory CieoPt(ce) CigoPt(c) CigoPt(w)

None BPW/6-31G 0.0 0.8 17.9
B3LYP/Lanl2mb 0.0 2.4 28.6
B3LYP/Lanl2dz 0.0 3.3 26.3

C,H, B3LYP/Lanl2mb —-22.4 -23.5 —-19.2
B3LYP/Lanl2dz -20.6 -22.2 —14.7

H, B3LYP/Lanl2mb -2.1 —-2.3 -10.7
B3LYP/Lanl2dz -2.8 -3.0 -10.9

noticeably increased in C;4Pt(w). The LDOS of Pt indicates
that Pt contributes significantly to the DOS at the frontier MO

C,H, Adsorption
(1.33)
1.40',
2.37% i2.3
2.11 2

H; Adsorption

9
R

)3
CieoPt(ce)
6

2.3

CieoPt(c) Y .

CigoPt(w)

Fig. 11 The relevant bond distances (in A) of the adsorptions of
C,H, and H, on the Pt atom in the Pt-doped nanorods (Cg9Pt). The
Pt atom is the big ball. The C—C bond distances in the C,Hy4
adsorption are about 1.4 A. The H-H bond distances in the H,
adsorptions on CjgPt(ce) and CioPt(c) and on C;gPt(w) are 0.75
and 2.29 A, respectively. The PtC bond distances between Pt and the
carbon atoms of C,Hy in the C;Hy adsorption are about 2.3 A. The
PtH bond distances in the H, adsorptions on C;ePt(ce) and C;eoPt(c)
and on C4Pt(w) are about 2.7 and 1.7 A, respectively. The PtC bond
distances between Pt and its nearest carbon atoms of the SWCNT are
about 2.0 A. The numbers in parentheses are the PtC bond distances of
the isolated C;¢oPt without adsorption, the C—C bond distance in the
isolated free C,H4, and the H-H bond distance of the isolated free H,.
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region in C;gPt(w). The introduction of Pt on the sidewall of
the SWCNT also drastically changes the LDOS of its neigh-
boring carbon layers, which can be vividly demonstrated by
the comparison of the LDOS of L2 and L3 in Fig. 7 with L1
and L2 of C;4 in Fig. 1. The LDOS contribution from each
layer is also depicted by the frontier MOs, as shown in Fig. 10.
From the HOMO-—1 to the LUMO+3, Pt has significant
contributions to each MO. The HOMO-LUMO gap (0.20
eV) of CePt(w) is smaller than those of C;59 (0.35 eV),
CigoPt(ce) (0.30 eV), and CigoPt(c) (0.23 eV). In chemical
reactions, Pt will serve as various catalytic centers with flexible
oxidation states capable of accepting and donating elec-
trons. The electronic configuration of Pt is essentially
[core]5d®626s%>*. The partial charge of Pt is 0.83. The partial
charge of the carbon atom connecting to Pt in the symmetric
plane is —0.18, where the Pt—C bond distance is 2.01 A. The
partial charges of the other two equivalent carbon atoms
connecting to Pt are —0.10, and the two equivalent Pt—C bond
distances are 1.95 A. The vertical IP and EA of C,¢Pt(w) are
5.44 and 3.28 eV, respectively.
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3. Adsorptions of C;H4 and H, on C;4Pt

From the EAs and IPs of C;;0 and the three Pt-doped
nanorods, one can see that the doping of Pt enhances both
the electron accepting and donating capacities of the doped
nanorod. Thus, the doping of Pt certainly changes the chemi-
cal reactivity and regioselectivity of the SWCNT and broadens
the field of application of the SWCNT rods in such areas as
gas sensors.> Present studies have found that the change of
structure and reactivity through the doping of Pt in the
SWCNT is localized at the doping site.

To reveal the different reactivity of the Pt-doped SWCNTs,
we are now studying adsorptions of C,H, and H, on the
Pt atom of the three Pt-doped SWCNTSs. The relative stability
of the Pt-doped SWCNTs and the adsorption energies of
C,H, and H, on the Pt-doped SWCNTSs are collected in
Table 1.

As can be seen from the bond distances at the adsorption
site in Fig. 11, there is no significant structural change at
the Pt-doped region for the adsorption of H, on the two

43 451
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CH, + C,,,gPt(ce) H, + CmgPt(ce) CH, + C|59PI(C)

H; + CigPt(c) CiHy + CigoPt(w) Hz+ CigoPt(w)

Fig. 12 Portions of the molecular orbitals relevant to the interaction of the adsorbates, C;H4 and H,, with the three kinds of the Pt-doped
nanorods, Cig9Pt(ce), C49Pt(c), and C;gPt(w). The numbers beside the molecular orbitals are the orbital indexes. The critical geometries of these

structures are shown in Fig. 11.
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cap-doped SWCNTs, as exemplified by the Pt—C bond dis-
tances. These two cases are physisorptions according to the
H-H bond distance and the distances between H, and the
SWCNT shown in Fig. 11 and the adsorption energies in
Table 1. On the other hand, the adsorption of H, on the Pt
atom in the middle of the nanorod C;sPt(w) is a chemical
one. Obviously, the H-H bond is broken and the two hydro-
gen atoms form chemical bonds with Pt with bond lengths
of ca. 1.70 A. The distance between the two hydrogen atoms
is 2.29 A. This chemisorption releases about 10.0 kcal
mol~! energy, which is nearly five times the energy (about
2.0 ~ 3.0 kcal mol ™) released by the adsorption of H, on the
Pt atom at the end cape of the SWCNT rods. The interaction
between H, and Pt in the two physisorptions is mainly the
electron transfer from the bonding orbital of H, to the empty
5d orbital of Pt, as indicated by the MOs in Fig. 12. Though
the two hydrogen atoms in the adsorption on Ci4Pt(w) are
separated, the interaction between these two hydrogen atoms
remains strong, as revealed by the MO overlaps between them
(Fig. 12).

The adsorption of C,H, on the Pt atom in the three Pt-
doped nanorods is physisorption with C—Pt distances ca. 2.30
A. As the adsorption site changes from the end-caps of
CieoPt(ce) and CigoPt(c) to the middle of the sidewall of
Ci6oPt(w), the CC bond distance in C,H4 gets longer, and
Pt—C bond distances between C,H,4 and Pt get shorter, perhaps
indicating the strength of the interaction between C,H, and
the Pt-doped SWCNTs in this ascending order: C4Pt(ce) <
CieoPt(c) < CigoPt(w). However, this conclusion based on
structure analysis alone does not agree with the data in Table
1: the adsorption energy of C;Hy is the smallest on C9Pt(w)
and the largest on C;ePt(c). The trend of the adsorption
strengths of C;H4 on the Pt-doped SWCNTSs is the compro-
mise of the weakening of the C—=C double bond in C,Hy, the
electrostatic attraction between the two carbon atoms of C;Hy
and Pt, and the repulsion between the C,H,; and the SWCNT.
It is also interesting to note that the geometries of the
adsorptions of C,H4 on the Pt atom at the end-cap of the
Pt-doped SWCNTs are very similar to those on the Pt-doped
fullerene, CsoPt,?'¢ which should possess similar adsorption
strengths.

Overall, the adsorptions of H, and C,H, get stronger as the
adsorption site changes from the hemispheric cap to the side-
wall of the SWCNT, as manifested by the relevant MOs in
Fig. 12 and the adsorption energies in Table 1.

IV. Conclusions

Within DFT, the electronic structures and chemical reactivity
of the SWCNT rods C;7 and C,gg, the Pt-doped SWCNT
rods Cg9Pt(ce), Ci69Pt(c), and C;4Pt(w) have been studied in
detail. According to the analyses, we have reached the follow-
ing conclusions:

1. There indeed exist localized electronic states on the caps
of the SWCNT rods as confirmed by the DOS, the LDOS, and
the frontier MOs. The circular cis-polyene chain between the
cap and the sidewall of the SWCNT is chemically active.

2. The ground state of the Pt-doped SWCNT rod is a
singlet.

3. The doping of Pt in the SWCNT rod results in localized
electronic states at Pt, thus rendering Pt as the active center
in chemical reactions, particularly for the wall-doped
C6oPt(w). The Pt-doped SWCNT rod with Pt at the end of
the cap, CgPt(ce), can be used as a chemical sensor, since
the doping of Pt enhances the sensitivity of the cap in inter-
action with the substrate due to the Pt 5d orbitals and the
charge transfer from Pt to the carbon atoms. In Pt-doped
SWCNT rods, Pt is essentially acting as Pt", because of the
electron transfer of about one electron from Pt to the carbon
atoms.

4. The doping of Pt in the middle of the sidewall of the
nanorod has stronger interaction with the adsorbates (e.g., H,
and C,H,) than the nanorods with the doping of Pt at the
hemispheric caps. This further suggests that the Pt-doped
SWCNT has stronger adsorbing capacity than the Pt-doped
fullerene. However, this phenomenon has to be investigated
for systems involving other metals.

In summary, present DFT studies reveal that doping pro-
duces localized active centers, thus enhancing the chemical
reactivity of the SWCNTs (with hemispherically capped ends).
Our studies point to new directions for future applications of
the SWCNTs in catalysis, chemic sensor, surface science, and
nanotube chemistry.
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The structures of the (5,5) single-walled carbon nanotube (SWCNT) segments with hemispheric carbon
cages capped at the ends (SWCNT rod) and the Pt-doped SWCNT rods have been studied within density
functional theory. Our theoretical studiesfind that the hemispheric cages introduce localized states on
the caps. The cap-Pt-doped SWCNT rods can be utilized as sensors because of the sensitivity of the
doped Pt atom. The Pt-doped SWCNT rods can also be used as catalysts, where the doped Pt atom
serves as the enhanced and localized active center on the SWCNT. The adsorptions of C,H, and H, on
the Pt atom in the Pt-doped SWCNT rods reveal different adsorption characteristics. The adsorption of
C,H, on the Pt atom in al of the three Pt-doped SWCNT rods studied (cap-end-doped, cap-doped, and
wall-doped) is physisorption with the strongest interaction occurring in the middle of the sidewall of the
SWCNT. On the other hand, the adsorption of H, on the Pt atom at the sidewall of the SWCNT is
chemisorption resulting in the decomposition of H,, and the adsorption of H, at the hemispheric capsis

physisorption.
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Since the discovery of the single-walled carbon nanotube (SWCNT),? experimental and theoretical
investigations on the chemical?2 and physical®2 properties of the SWCNT have been growing rapidly
due to its potential applications® in molecular electronics,” chemical sensor,? vacuum electronic devices,?

field emission flat panel display,° catalysis, X and optics.2
The SWCNT can be visualized as aroll of the graphite sheet and can be classified as metallic, narrow-

gap and moderate-gap semiconducting nanotubes according to the wrapping vectors (m,n).2 As shown
in Scheme 1, nanotubes are characterized with a chiral vector (AB = ma+nb) in which nanotubes are

wrapped and a trandlation vector in which nanotubes elongate. If n—m = 3q (with integral m, n, and q),

b
the nanotube is metallic. Otherwise, it is semiconducting with aband gap.® There are further detailed

classifications of nanotubes with respect to the conductance according to the “n—-mrules” 22
As one-dimensional (1-D) rolled graphite sheets, nanotubes display different electronic properties from
those of planar graphite sheets and fullerenes: the electronic properties of nanotubes can be controlled by

their diameters with different hybridization effects.5§ For example, the pyramidization of nanotubesis
different from fullerenes and there exists m-orbital misalignment between adjacent pairs of conjugated

a
carbon atoms;2 which renders different reactivity of nanotubes from fullerenes and among nanotubes of
a_e
various diameters.2 = 24 Chemical reactions can take place on the sidewall of the nanotubes™ or at the

i, cK
ends of the nanotubes. 2> 1€ | spite of numerous studies, the reactivity of the SWCNT is still not clear
and deserves further investigation.’

=

f b"‘" .’b‘#{ﬂm -------------------------------------/1--\--------------------------------------------------------------
el ]&.m 2.0f 3ol @ 5o Zigdag
& wesd.  sbe

X

Scheme 1 Illustration of possible wrappings of the graphite sheet to the SWCNTSs.
Structure of the (5,5) SWCNT is shown on the left. The x-axis is the wrapping direction
and the y-axis is the elongation direction. AB isthe chiral vector.

Partial changes in the nanotube structure through vacancy,*® doping with other elements (replacement of
the carbon atoms on the SWCNT to produce the hetero SWCNT),2 and distortion? can modify the
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C
electronics and reactivity of the nanotubes to some degree.lﬁg@ It has been found that substituting a
carbon atom by ametal atom in fullerenes? renders the metal atom as an active center in chemical

reactions.z—lgéz Asapseudo 1-D system with tube structure, the SWCNT with defects and doping can
serve as a catalyst for gas-phase and liquid-phase reactions: the reactants enter from one end of an open
SWCNT, the reaction is catalyzed at the defect or doping sites of the SWCNT, and the products exit
from the other end of the open SWCNT. A good understanding of the electronic structure of the perfect,
defected, and doped SWCNTSs helps to comprehend the reactivity of such SWCNTs and to utilize such
SWCNTsin chemical reactions.

In thiswork, we will study the structures and reactivity of the hetero SWCNTs (HSWCNTS) to shed
some light on the reactivity of such HSWCNTSs and their possible applications. Unlike most main group

element doped HSWCNTs, the HSWCNTs we study here are the transition-metal doped (more
specifically, precious-metal Pt doped) HSWCNTSs.

Il. Models and computational details

The model for the SWCNT is chosen to be the (5,5) armchair metallic SWCNT with two hemispheric
caps, which are the half spheres of the fullerene. The open ends of the SWCNT were found to be active

centers in many reactions, e.g. oxidation of the S\NCNT,ED and the structure of the open ends goes
through bond—distance reconstruction.gi No end-localized state has been found at energies near the Fermi
surface for the open-end SVVCNT?i On the contrary, the caps in the capped nanorod were predicted to be
important for the electronic properties of the nanorocFSLJI and there exist electronic states localized on the

a
caps’® 2% because of the less stable pentagons,?* despite that there is no significant contributions to the
highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) of

C
the nanorod from the caps.> However, the differences in curvature and m bonding distinguish the

a
chemical properties of fullerenes and the SWCNTS? and thus divide the nanorod into at least two
regions. the caps and the sidewall.
The structures of the (5,5) SWCNT rod and the Pt-doped (5,5) SWCNT rod with substitutions at the

middle of the sidewall and at one of the end caps are studied with density functional theory (DFT).2

Becke's exchange functional (B)? and Perdew’s correlation functional (PW91)% based on the
generalized gradient approximations are employed in structure optimization and property prediction.

Pople’s 6-31G? Gaussian basis set is used for carbon atoms and the relativistic 18-electron Los Alamos
National Laboratory (LANL2DZ) effective core pseudopotential? with the basis set (3s3p2d) is used for
the Pt atom. Because of its better predictive ability of relative energies,® the hybrid DFT method

B3LY P2 with the smaller LANL2MB? basis set is used for the geometry optimizations of the
adsorptions of C,H, and H, on the Pt-doped SWCNTSs and the absorption energies are further refined by

single-point energy calculations with the bigger LANL2DZ basis set. Partial charge analysisis
performed with the natural bond orbitals (NBOs).22 The geometries of all the Pt-doped nanorods are

reoptimized with B3LY P/LNL2MB. The Gaussian 032 quantum chemical package is employed for all
calculations in the present work.
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[1l. Results and discussions

1. Perfect SWCNT rods

Fig. 1 and 2 display the geometries of the two (5,5) SWCNT rods, C;75 and C,gy, With Dg, and Dy
symmetries, and their density of states (DOS) and local density of states (LDOS), respectively. The DOS
displays the overall electronic structure of a system, while the LDOS shows the electronic structure of a
particular region and indicates the contribution of the atomsin that particular region to the overall DOS.
The plots of the DOS and the LDOS above zero are for the discussion of the chemistry of the systems

hereafter.
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Fig. 1 Density of states and local density of states for nanorod C,;, with the Dg,

symmetry. HOMO is the highest occupied molecular orbital with orbital energy —4.61
eV, and LUMO isthe lowest unoccupied molecular orbital with orbital energy —4.26
eV.L1, L2 L3, and L4 arethelocal densities of states for each specified layer of atoms

of C,7, as marked on the structure.
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Fig. 2 Density of states and local density of states for nanorod C, gy with the Dy
symmetry. HOMO is the highest occupied molecular orbital with orbital energy —4.60
eV, and LUMO isthe lowest unoccupied molecular orbital with orbital energy —4.23
eV.L1, L2, L3 and L4 aretheloca densities of states for each specified layer of atoms
of C,g9 @ marked on the structure.

The similarity of the DOS and the LDOS of these two SWCNT rods is expected, since only one
additional circular cis-polyene chain does not significantly change the electronic structure from C,,, to

C,g0- Previous studies also found similarity in the HOMO-LUMO gaps of the (5,5) SWCNT rods, C,,

d
and C,g,2 Fig. 1 and 2 also exhibit the LDOS of the cis-polyene chainsin Cy7 and Cyg, aong the
SWCNT axis and the LDOS of the cap (a hemisphere of Cg). The shapes of the LDOS of different

layers are similar at the frontier molecular orbital (MO) region, which indicates delocalization of the
frontier MOs of the SWCNT rods. The contributions to the HOMO, the LUMO, and other occupied
frontier MOs from the caps are not significant; the contributions to the HOMO and the LUMO of C;;,

and C,g, are mainly from the sidewalls of the SWCNTSs. The conspicuous contributions to the DOS from
the LDOS of the cap lie about 1.0 eV below the HOMO and 0.5 eV above the LUMO, asindicated in

Fig. 1 and 2.
The MOs give detailed information about the contributions of the LDOS from each layer to the DOS of

the SWCNT rod. The occupied and unoccupied frontier MOs for the SWCNT rods C,, and C,g, are
plotted in Fig. 3 and 4, respectively. The highest four occupied MOs of C;,, and C,g, are m orbitals with
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contributions from the sidewalls of the SWCNT rods and are delocalized on the sidewalls. The occupied
MOs with major contribution from the caps lie about 1 €V below the HOMO, similar to the picture
manifested by the LDOS of the cap in Fig. 1 and 2. The HOMO and the LUMO have sole contributions
from the sidewall of the SWCNT. The lowest two unoccupied MOs of C;;, and C, g, are delocalized ©
orbitals of the sidewalls of the SWCNTs and are followed by four (two two-fold degenerate) localized
MOs on the caps. The patterns of the HOMO and the LUMO in C,;, are different from their counterparts

C
in Cg,. Such a pattern change was observed for shorter SWCNT rods before.®

LUMO+4 (-3.53 ¢V) LUMO+5 (-3.53 eV)
Fig. 3 Frontier orbitals of nanorod C,, with the Dg, symmetry. HOMO-n (p €V) isthe nth orbital below

the HOMO with orbital energy p eV. LUMO+m (q eV) isthe mth orbital above the LUMO with orbital
energy g eV.

http://lwww.rsc.org/delivery/_ArticleLinking/ArticleLi...Journal Code=CP& Y ear=2006& M anuscriptl D=b604032mé& 1 ss=30 (6 of 22)7/31/2006 1:53:43 PM



Electronic properties and reactivity of Pt-doped carbon nanotubes (DOI: 10.1039/b604032m)

e Ee,

ML (od W Lo e

LUMO+4 (-3.56 ¢V)
Fig. 4 Frontier orbitals of nanorod C, g, with the D5y symmetry. HOMO-n (p V) is the nth orbital below
the HOMO with orbital energy p eV. LUMO+m (q eV) isthe mth orbital above the LUMO with orbital
energy g eV.

From the M Os, one can infer that, when reacting with strong electron acceptors, the SWCNT rods C;7,
and C,g, will donate electrons from the sidewalls of the SWCNT s to the electron acceptors. When C,
and C, g, accept electrons, the first four electrons will go to the middle of the sidewalls of the SWCNTS,
and any extra (up to eight) electrons will go to the caps. From the frontier occupied MOs of C;,, and
C,50, ONe cannot see clearly the separation of the electronic structure of the caps from the sidewall of the
SWCNT, though there exists some gradual geometric change from the caps to the sidewall 2 The
delocalized MOs on the sidewall of the SWCNT rods extend to the ridge of the pentagons of the caps.

The pentagon regions have 6-6 (between two hexagons) and 6-5 (between a hexagon and a pentagon)
CC bond dternation, similar to that in Cg,. From the MOs of C;,, and C, g, One can infer that the
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electronic structure on the caps is localized and the geometric (topological) role of the caps can be the
dominant factor for determining the electronic properties of the SWCNT rods. 2

The atoms on the last layer of L4 (11 in Fig. 1 and 2) have the largest negative charge in C,5, and alarge
negative charge in C,4,. In chemical reactions, this layer is reactive toward el ectron acceptors and can be

treated as a bridge between the sidewall and the cap of a SWCNT rod. The middle layers of the sidewall
of the SWCNT rod have a positive charge.

For C,-, the vertical ionization potential (IP) and electron affinity (EA) are 5.86 and 2.89 eV,
respectively.

Due to the similarity of the electronic and geometric structures of C,,, and C, gy, we will focus on C;4
and its doping derivatives for the rest of the investigation.

2. Pt-doped SWCNT rods

For C,70, NBO partial charge analysisindicates that the five atoms connecting to the top pentagon of the
cap have the largest negative charges and the atoms of the next layer (I in Fig. 1) have the largest
positive charge. Thus, the caps can be chemical reaction centers. Substitution of the carbon atomsin the
cap by other elements will change the chemical selectivity and sensitivity of the SWCNT rod in catalytic
reactions. Replacing one carbon atom with a Pt atom in the end pentagon, in the next layer, or on the
sidewall of C,,, resultsin three Pt-doped SWCNT rods: the cap-end-doped C,44Pt(ce), the cap-doped
Ce9Pt(c), and the wall-doped C,59Pt(w), as shown in Fig. 5, 6, and 7. Single-point calculations at the
BPW91/6-31G level of theory predict that C,g9Pt(ce) is the most stable nanorod: the total energies of
Ci69Pt(c) and Cy59Pt(w) are 0.8 and 17.9 kcal mol-1 higher, respectively. Evidently, the cap-doped
SWCNTSs are more stable than the wall-doped SWCNT, because of the relaxation of the constraint on
the cap through doping. The total energy of the triplet electronic state of the Pt-doped nanorod is found
to be higher than that of the singlet, i.e. the ground state of the Pt-doped nanorod is singlet.
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Fig. 5 Density of states and local density of states for the Pt cap-end-doped nanorod
C,e9Pt(ce) with the C, symmetry. HOMO is the highest occupied molecular orbital with

orbital energy —4.51 eV, and LUMO is the lowest unoccupied molecular orbital with
orbital energy 4.21eV.L1,L2,L3,L4,L5L6,L7, L8, and L9 aretheloca density of
states for each specified layer of atoms of C,¢9Pt(ce) as marked on the structure.
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Fig. 6 Dengity of states and local density of states for the Pt cap-doped nanorod C, 9Pt
(c) with the C, symmetry. HOMO is the highest occupied molecular orbital with orbital

energy —4.48 eV, and LUMO is the lowest unoccupied molecular orbital with orbital
energy 4.25eV. L1, L2, L3,L4,L5 L6, L7 L8, and L9 aretheloca density of states
for each specified layer of atoms of C,5Pt(c) as marked on the structure.
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Fig. 7 Dengity of states and local density of states for the Pt wall-doped nanorod C,goPt
(w) with the C, symmetry. HOMO is the highest occupied molecular orbital with

orbital energy —4.46 eV, and LUMO is the lowest unoccupied molecular orbital with
orbital energy 4.26eV. L1, L2, L3, L4, and L5 arethelocal densities of statesfor
each specified layer of atoms of C,gPt(w) as marked on the structure.

2.A. Cap-end-doped C,49Pt(ce). Fig. 5 and 8 display the structure, the DOS, the LDOS, and the
frontier MOs of CygoPt(ce). The Pt—C bond distances at the cap end are 2.01 A and the other Pt—C bond

distances are 1.96 A.. Clearly, the Pt atom points outwards along the translation direction of the
SWCNT. The distortion of the SWCNT rod due to the Pt-doping is localized on the pentagons and
hexagons around Pt. The overall DOS of C,g9Pt(ce) issimilar to that of C,;, with the Dg,, symmetry. The

doping of Pt produces more peaksin the DOS in the frontier MO region due to the introduction of the Pt
5d orbitals and the induced electronic structure change in the doped cap. The LDOSof L1 and L2 in Fig.

5 clearly indicates such changes. L1 (the LDOS of Pt) in Fig. 5 manifests the contribution of Pt to the
DOS of Cg9Pt(ce). The LDOS of the remaining layersin Fig. 5 are similar to one another.
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HOMO=5 (=5.63 eV)

LUMO+1 (—4.00 eV)

LUMO+2 (-3.82 eV) LUMO-+4 (-3.57 V) LUMO45 (-3.57 ¢V)

Fig. 8 Relevant frontier orbitals of the Pt cap-end-doped nanorod C,gPt(ce) with the C, symmetry.

HOMO-n (p eV) isthe nth orbital below the HOMO with orbital energy p eV. LUMO+m (g eV) isthe
mth orbital above the LUMO with orbital energy q eV.

The frontier MOsin Fig. 8 reveal details of the el ectronic structure of C,goPt(ce). The HOMO of CygoPt
(ce) issimilar to that of C,,, except for the significant contributions from Pt and its neighboring carbon
atomsin Cg9Pt(ce). The effect of Pt on the electronic structure of C,ggPt(ce) is also reflected in several
other occupied MOs. the HOMO-1, the HOM O-5, the HOM O-6, and the HOMO—7. The HOMO-1 has
some major contributions from the Pt 5d orbitals, which form d-p = bonds with the carbon atomsin the
next layer. The geometric distortion in C,g4Pt(ce) induces single and double CC bond alteration around
Pt, which isreflected in the strong  bonding around the doped cap in the HOMO-5. The symmetry of
the = bonds in the HOMO-7, the HOM O—6, and the HOM O-5 (corresponding to the HOMO—7, the
HOMO-6, and the HOMO-5 in C, ) isdestroyed in C,g9Pt(ce), resulting in concentrated . bonding on
one end cap, as clearly shown in Fig. 8. The LUMO of C,ggPt(ce) isvery similar to that of C,,,. The next
two unoccupied MOs, the LUMO+1 and the LUMO+2, of C;g9Pt(ce) are mainly from the 5d orbitals of
Pt, and the contribution to these two unoccupied M Os from the undoped cap diminishes. According to
the MOs of CgoPt(ce), it isquite clear that the reactive center in C,g9Pt(ce) is around the location of Pt.
The Pt atom can donate el ectrons to electron acceptors and its empty 5d orbitals can accept electrons
from electron donors, e.g. in reaction with gases like H,, C,H,, CO, NH;, NO, etc. NBO partia charge
anaysisindicates that Pt transfers about 0.80 electrons (0.40 electrons from 6s and 0.40 electrons from
5d) to nearby carbons: the electronic configuration of the Pt atom is essentially [core] 5d8-6065°-60. The
carbon atom connecting to Pt in the second layer from the doped cap end has the largest negative charge,
-0.22.

Thevertical IP and EA of C,gPt(ce) are 5.45 and 3.40 eV, respectively.
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2.B. Cap-doped C,gPt(c). Fig. 6 shows that the DOS and the LDOS of each layer of atoms of C;goPt
(c) are very similar to those of C,g9Pt(ce). The structure of C,gPt(C) isaso similar to that of C,gqPt(ce),
except for the region around Pt. The Pt—C bond distance between Pt and the carbon atom in the top
pentagon is 1.97 A ; the other two equivalent Pt—C bond distances are 2.00 A . The long Pt—C bonds
make the carbon atom of the top pentagon connected to Pt slightly point out of the pentagon, as shownin
Fig. 6. Thefrontier MOs of C,g9Pt(C), asshownin Fig. 9, are very similar to those of C,ggPt(ce) in Fig.
8. The noticeable difference is that Pt contributes to the HOMO of C,g9Pt(c) more than it doesin CygoPt
(ce), which will enhance the reactivity of Pt in C,gPt(c). The electronic configuration of the Pt atom is

essentially [core] 5d8-63650-60, The partial charge of Pt is 0.77 and the carbon atom connecting to Pt in the
top pentagon has the largest negative partial charge, —0.25. The vertical IP and EA of C,gPt(C) are 5.49

and 3.21 eV, respectively.

?-1}# s 388

NS SUE Py
AR B 5

LUMO+1 (=4.06 eV)

LUMO+2 (-3.75 eV) LUMO+4 (-3.56 ¢V) LUMO+5 (-3.39 ¢V)
Fig. 9 Frontier orbitals of the Pt cap-doped nanorod C,gPt(c) with the C, symmetry. HOMO-n (p eV) is

the nth orbital below the HOMO with orbital energy p V. LUMO+m (q eV) is the mth orbital above the
LUMO with orbital energy q eV.

2.C. Wall-doped C,gPt(w). Fig. 7 and 10 display the DOS, the LDOS of each layer, and the frontier
MOs of C;g9Pt(w). The DOS of C,g9Pt(w) around the frontier MO region is different from those of CgoPt
(ce) and C,9Pt(C): the contribution to the DOS at the frontier MO region from Pt has noticeably
increased in CgoPt(w). The LDOS of Pt indicates that Pt contributes significantly to the DOS at the
frontier MO region in CgqPt(w). The introduction of Pt on the sidewall of the SWCNT also drastically

changes the LDOS of its neighboring carbon layers, which can be vividly demonstrated by the
comparison of the LDOS of L2 and L3 inFig. 7withL1and L2 of C;7oin Fig. 1. The LDOS

contribution from each layer is also depicted by the frontier MOs, as shown in Fig. 10. From the HOMO—
1 to the LUMO+3, Pt has significant contributions to each MO. The HOMO-LUMO gap (0.20 eV) of
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Cie9Pt(w) issmaller than those of C,4, (0.35 eV), CygoPt(ce) (0.30 eV), and Cy59Pt(c) (0.23 eV). In
chemical reactions, Pt will serve as various catalytic centers with flexible oxidation states capable of
accepting and donating electrons. The electronic configuration of Pt is essentially [core]5d8-636s054, The
partial charge of Pt is0.83. The partia charge of the carbon atom connecting to Pt in the symmetric
plane is—0.18, where the Pt—C bond distance is 2.01 A . The partia charges of the other two equivalent
carbon atoms connecting to Pt are —0.10, and the two equivalent Pt—C bond distances are 1.95 A . The
vertical IP and EA of C,gPt(w) are 5.44 and 3.28 eV, respectively.

LUMO+3 (-3.63 eV)

LUMO45 (-3.52 ¢V)
Fig. 10 Relevant frontier orbitals of the Pt wall-doped nanorod C;5.Pt(w) with the C, symmetry. HOMO—

n (p eV) isthe nth orbital below the HOMO with orbital energy p eV. LUMO+m (g eV) isthe mth orbital
above the LUMO with orbital energy q eV.

3. Adsorptions of C,H, and H, on C,4Pt

From the EAs and IPs of C,, and the three Pt-doped nanorods, one can see that the doping of Pt

enhances both the electron accepting and donating capacities of the doped nanorod. Thus, the doping of
Pt certainly changes the chemical reactivity and regioselectivity of the SWCNT and broadens the field of

application of the SWCNT rodsin such areas as gas sensors.® Present studies have found that the
change of structure and reactivity through the doping of Pt in the SWCNT islocalized at the doping site.
To reveal the different reactivity of the Pt-doped SWCNTS, we are now studying adsorptions of C,H,

and H, on the Pt atom of the three Pt-doped SWCNTSs. The relative stability of the Pt-doped SWCNTs
and the adsorption energies of C,H, and H, on the Pt-doped SWCNTSs are collected in Table 1.
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Table 1 The relative stabilities of the Pt-doped nanorods and the adsorption energies of C,H, and H, on

the Pt-doped nanorods. The minus sign indicates the release of the heat of formation upon the
adsorption. All energies arein kcal mol-1

Adsorbate Level of theory CieoPt(ce) CieoPt(C) CieoPt(W)

None BPW/6-31G 0.0 0.8 17.9
B3LY P/Lanl2mb 0.0 2.4 28.6
B3LY P/Lanl2dz 0.0 3.3 26.3

CH, B3LYP/Lani2mb 204 235 ~19.2
B3LY P/Lanl2dz —20.6 —22.2 -14.7

H, B3LYP/Lanl2mb 2.1 —2.3 -10.7
B3LY P/Lanl2dz 2.8 3.0 -10.9

As can be seen from the bond distances at the adsorption sitein Fig. 11, thereis no significant structural
change at the Pt-doped region for the adsorption of H, on the two cap-doped SWCNTS, as exemplified

by the Pt—C bond distances. These two cases are physisorptions according to the H-H bond distance and
the distances between H, and the SWCNT shown in Fig. 11 and the adsorption energiesin Table 1. On
the other hand, the adsorption of H, on the Pt atom in the middle of the nanorod C,gPt(w) isachemical
one. Obviously, the H—H bond is broken and the two hydrogen atoms form chemical bonds with Pt with
bond lengths of ca. 1.70 A . The distance between the two hydrogen atomsis 2.29 A . This
chemisorption releases about 10.0 kcal mol-1 energy, which is nearly five times the energy (about 2.0 ~
3.0 kcal mol-1) released by the adsorption of H, on the Pt atom at the end cape of the SWCNT rods. The

interaction between H, and Pt in the two physisorptions is mainly the electron transfer from the bonding
orbital of H, to the empty 5d orbital of Pt, asindicated by the MOsin Fig. 12. Though the two hydrogen
atomsin the adsorption on C,59Pt(w) are separated, the interaction between these two hydrogen atoms
remains strong, as revealed by the MO overlaps between them (Fig. 12).
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Fig. 11 The relevant bond distances (in A ) of the adsorptions of
C,H, and H, on the Pt atom in the Pt-doped nanorods (C,gPt).

The Pt atom isthe big ball. The C=C bond distancesin the C,H,
adsorption are about 1.4 3 . The H—H bond distances in the H,
adsorptions on Cyg9Pt(ce) and C,59Pt(C) and on CygPt(w) are 0.75

and 2.29 A , respectively. The PtC bond distances between Pt and
the carbon atoms of C,H, in the C,H, adsorption are about 2.3 4 .

The PtH bond distances in the H, adsorptions on C,gPt(ce) and
CieoPt(c) and on CyeoPt(w) are about 2.7 and 1.7 3 , respectively.

The PtC bond distances between Pt and its nearest carbon atoms
of the SWCNT are about 2.0 4 . The numbersin parentheses are
the PtC bond distances of the isolated C,44Pt without adsorption,

the C=C bond distance in the isolated free C,H,, and the H—H
bond distance of the isolated free H..
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439 :ﬁ!

475

a@cﬂhﬁa AP AA

CoHy + CPtice) Hy+ CgoPtice) CHy+ CePi(e)

H; + CPtic) CyH, + CiePtiw)  Hy + CoPt{w)
Fig. 12 Portions of the molecular orbitals relevant to the interaction of the adsorbates, C,H, and H,, with

the three kinds of the Pt-doped nanorods, C,goPt(ce), Ci9Pt(C), and CygoPt(w). The numbers beside the
molecular orbitals are the orbital indexes. The critical geometries of these structures are shown in Fig. 11.

The adsorption of C,H, on the Pt atom in the three Pt-doped nanorods is physisorption with C—Pt
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distances ca. 2.30 A. Asthe adsorption site changes from the end-caps of C,ggPt(ce) and Cy44Pt(C) to the
middle of the sidewall of C,gPt(w), the CC bond distance in C,H, gets longer, and Pt—C bond distances
between C,H, and Pt get shorter, perhaps indicating the strength of the interaction between C,H, and the
Pt-doped SWCNTSsin this ascending order: C,goPt(ce) < Cyig9Pt(C) < CygoPt(w). However, this
conclusion based on structure analysis alone does not agree with the datain Table 1: the adsorption
energy of C,H, isthe smallest on C,gPt(w) and the largest on C;59Pt(C). The trend of the adsorption
strengths of C,H, on the Pt-doped SWCNTSs is the compromise of the weakening of the C=C double
bond in C,H,, the electrostatic attraction between the two carbon atoms of C,H, and Pt, and the
repulsion between the C,H, and the SWCNT. It is also interesting to note that the geometries of the
adsorptions of C,H, on the Pt atom at the end-cap of the Pt-doped SWCNTSs are very similar to those on

the Pt-doped fullerene, C59Pt,gg which should possess similar adsorption strengths.

Overall, the adsorptions of H, and C,H, get stronger as the adsorption site changes from the hemispheric
cap to the sidewall of the SWCNT, as manifested by the relevant MOsin Fig. 12 and the adsorption
energiesin Table 1.

V. Conclusions

Within DFT, the electronic structures and chemical reactivity of the SWCNT rods C;,, and Cg,, the Pt-
doped SWCNT rods CggPt(ce), Cig9Pt(C), and Cy9Pt(W) have been studied in detail. According to the
analyses, we have reached the following conclusions:

1. There indeed exist localized electronic states on the caps of the SWCNT rods as confirmed by the
DOS, the LDOS, and the frontier MOs. The circular cis-polyene chain between the cap and the sidewall
of the SWCNT ischemically active.

2. The ground state of the Pt-doped SWCNT rod isasinglet.

3. The doping of Pt inthe SWCNT rod resultsin localized electronic states at Pt, thus rendering Pt as the
active center in chemical reactions, particularly for the wall-doped C,gPt(w). The Pt-doped SWCNT rod
with Pt at the end of the cap, C;49Pt(ce), can be used as a chemical sensor, since the doping of Pt
enhances the sensitivity of the cap in interaction with the substrate due to the Pt 5d orbitals and the
charge transfer from Pt to the carbon atoms. In Pt-doped SWCNT rods, Pt is essentially acting as Pt+,
because of the electron transfer of about one electron from Pt to the carbon atoms.

4. The doping of Pt in the middle of the sidewall of the nanorod has stronger interaction with the
adsorbates (e.g., H, and C,H,) than the nanorods with the doping of Pt at the hemispheric caps. This
further suggests that the Pt-doped SWCNT has stronger adsorbing capacity than the Pt-doped fullerene.
However, this phenomenon has to be investigated for systems involving other metals.

In summary, present DFT studies reveal that doping produces localized active centers, thus enhancing
the chemical reactivity of the SWCNTs (with hemispherically capped ends). Our studies point to new
directions for future applications of the SWCNTs in catalysis, chemic sensor, surface science, and
nanotube chemistry.
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