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Structures and properties the lead-doped carbon clusters
PbCn ÕPbCn

¿ÕPbCn
À
„nÄ1 – 10…

Guoliang Li, Xiaopeng Xing, and Zichao Tanga)
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Institute of Chemistry, Chinese Academy of Sciences, Beijing 100080, China
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A systemic density functional theory study of the lead-doped carbon clusters PbCn /PbCn
1/PbCn

2

(n51 – 10) has been carried out using B3LYP method with both CEP-31G and TZP1 basis sets. For
each species, the electronic states, relative energies and geometries of various isomers are reported.
According to these calculations, the Pb-terminated linear or quasilinear isomer is the most stable
structure for PbCn /PbCn

1/PbCn
2 clusters except for PbC2 /PbC2

1 and PbC10/PbC10
1 . Both PbC2 and

PbC2
1 have bent ground state structure. For neutral PbC10, the global minimum possesses a

Pb-containing 11-membered ring structure, while for cationic PbC10
1 , the Pb-side-on C10 monocyclic

configuration has lowest energy. Except for the smallest PbC, PbC1, and PbC2, the electronic
ground state is alternate between3S ~for n-odd member! and1S ~for then-even member! for linear
PbCn and invariably2P for linear PbCn

1 and PbCn
2 . The incremental binding energy diagrams show

that strong even–odd alternations in the cluster stability exist for both neutral PbCn and anionic
PbCn

2 , with their n-even members being much more stable than the corresponding oddn21 and
n11 ones, while for cationic PbCn

1 , the alternation effect is less pronounced. These parity effects
also reflect in the ionization potential and electron affinity curves. The even–odd alternation
predicted by theoretical studies for anionic PbCn

2 is in good agreement with the even–odd
alternation mass distribution observed in the time-of-flight mass spectra. By comparing with the
fragmentation energies accompanying various channels, the most favorable dissociation channel for
each kind of the PbCn /PbCn

1/PbCn
2 clusters are given. ©2003 American Institute of Physics.

@DOI: 10.1063/1.1559916#
f
d

i
ke
ar
al
r-
d
b
g
ee

th
s
ea
b
v

t

av

too
m
of
la-
u-
on

n-
c

e-
ence
rons
om
nal
ap-
ing
f

on

za-

g
l

ma
I. INTRODUCTION

Small carbon clusters have attracted much attention
the past decades both experimentally and theoretically
their roles in astrochemistry, in combustion processes, an
the chemical vapor deposition of carbon clusters.1–3 In the
interstellar medium, the reactivity of small carbon clusters
forfeited by quasicollisionless conditions, and carbon ta
the highly stable, albeit highly reactive, form of line
chains.4–6 In these linear carbon chains the atomic orbit
aresp-hybridized.7–9 Some of the carbon chains may be te
minated by hydrogen atoms or by other heteroatoms. Ad
tion of heteroatoms provides a means to stabilize the car
chain. The heteroatom-doped carbon clusters containin
first-or second-row element of the Periodic Table have b
the subject of numerous studies,10–58 but few works have
concerned heavy-atom-doped carbon clusters. Herein a
oretical investigation on the lead-doped carbon cluster
reported. As the heaviest member of the IVA elements, l
belongs to the same group in the Periodic Table as car
and silicon. While the silicon-doped carbon clusters ha
been extensively investigated,10,16,20,21,27,29,32–58studies for
the lead-doped carbon clusters have not been found in
literature to date to our knowledge.

Theoretical calculations on the system containing he
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atom, such as lead, are very difficult because there are
many electrons. As we know, the complexity of quantu
chemical calculations rapidly increases with the number
electrons. In addition, heavy atoms all have very large re
tivistic effects. To reduce molecular calculations to a comp
tationally more feasible valence electron problem, a comm
way is the utilization of the relativistic effective core pote
tials ~RECPs!, which are usually derived from relativisti
Hartree–Fock59 or Dirac–Fock60 atomic wave functions and
therefore incorporate relativistic effects in the potentials. B
cause the molecular properties are always ascribed to val
electrons, RECPs replace the chemical inert core elect
with potentials and thus eliminate these core electrons fr
the molecular calculations. Considering the computatio
efficiency, RECPs have been well documented by their
plications to heavy atom systems, including lead-contain
complexes.61–69 In this article, employing two types o
RECPs for lead atom, we present a systemic investigation
the lead-doped carbon clusters PbCn /PbCn

1/PbCn
2 (n

51 – 10). The study includes the structures, stability, ioni
tion potentials~IPs!, electronic affinities~EAs!, and fragmen-
tation energies of the PbCn /PbCn

1/PbCn
2 clusters.

II. THEORETICAL METHODS

The PbCn /PbCn
1/PbCn

2 clusters were examined usin
density functional theory~DFT! method at the B3LYP leve
il:
4 © 2003 American Institute of Physics
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FIG. 1. The structures investigated fo
the PbCn /PbCn

1/PbCn
2 clusters.
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of theory, where B3LYP was formed from Becke’s thre
parameter nonlocal exchange functional70 along with the
Lee, Yang, and Parr nonlocal correlation functional.71 The
DFT/B3LYP method has been successfully applied to m
medium-sized heteroatom-doped carbon clusters.21–31

Two types of basis sets were used in both geometry
timization and frequency calculations. The first type of ba
set, labeled as CEP-31G, employing the effective core po
tials ~ECPs! developed by Stevens/Basch/Krauss/Jasien
their corresponding valence Gaussian basis for both C
Pb atoms.72,73 The ECPs retained the outerns2np2 ~C,
2s22p2; Pb, 6s26p2) shells in molecular calculations, ex
plicitly replacing the remaining chemically inert core ele
trons with potentials. For Pb atom, relativistic effects we
incorporated by deriving the ECPs from numerical Dira
Fock atomic wave functions.60 The contraction schemes use
for the basis sets were (4s4p)/@2s2p# for C and (5s5p)/
@2s2p# for Pb.

In the second type of basis set, the relativistic
fective core potentials ~RECPs! given by Hay/Wadt
and the corresponding LanL2DZ basis sets were u
for Pb atom.74 The RECPs replaced the inne
1s22s22p63s23p63d104s24p64d104 f 145s25p65d10 elec-
trons of the Pb atom by potentials, leaving the remain
6s26p2 electrons for calculations. The LanL2DZ basis s
were extended by additional twos-, two p-, and oned-type
functions in this study.63 For C atom, all-electron 6-311
1G* basis sets were used, which employed the stand
6-311G triple-split-valence basis sets75 augmented with
d-type polarization functions and diffusesp-type functions.
This type of basis set is referred as TZVP1 in the present
paper.

All calculations were carried out withGAUSSIAN 98 pro-
gram suite.76 The spin-restricted wave functions were us
for all closed shell systems, and the spin-unrestricted re
ences were employed for the open-shell species. The de
integration grid ~75, 302! of GAUSSIAN 98 was mainly
Downloaded 24 Oct 2007 to 159.226.25.119. Redistribution subject to AI
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applied, but we also used the finer grid~99, 590! to check
some suspicious results when necessary.

III. RESULTS AND DISCUSSION

Figure 1 gives the structures investigated here for
PbCn /PbCn

1/PbCn
2 clusters. We initially optimize these

structures at the B3LYP/CEP-31G level of calculations. T
obtained geometries are refined with the B3LYP/TZVP1
method. Tables I and II list the optimized geometries a
their relative energies, respectively, with the TZVP1 basis
set, while the corresponding data with CEP-31G basis set
not shown in this paper; requirement for those data can
supplied by authors. The results show that the calculati
with two types of basis sets predict similar energy order
different isomers of the PbCn /PbCn

1/PbCn
2 clusters. On the

other hand, the B3LYP/CEP-31G calculations usually g
longer bond distances and lower relative energies, with
spect to the B3LYP/TZVP1 ones. Since the CEP-31G bas
set does not consist of thed-type polarization functions and
diffuse sp-type functions, which are necessary for the calc
lations including ions, in the following discussion, we w
mainly use the TZVP1 results, unless otherwise indicated

A. Structures and energies

The neutral PbC molecule has a triplet3P ground state
with a valence electronic configuration of$core%s2s2s1p3.
The quintuplet5P state and the singlet1D state of the PbC
molecule are energetically less stable than the ground3P
state by 21.6 and 22.9 kcal/mol, respectively. Our B3LY
TZVP1 calculations predict that the equilibrium bon
lengths for PbC in its3P, 5P, and1D state are 2.063, 2.182
and 2.335 Å, respectively.

The isomers of the neutral PbC2 clusters can take the
following five possible structures: Pb-terminated linear str
ture in C`v symmetry~2a! and bent structure inCs symme-
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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TABLE I. Optimized geometries for possible structures of the PbCn
(6) clusters at the B3LYP/TZVP1 level of theory. Bond distances and bond angles are

Å and degrees, respectively.

Cluster Structure Coordinatea

Neutral Cation Anion

State Geometry State Geometry State Geometry State Geometry State Geometry State Ge

PbC(6) 1a (C`v) R12
1D 2.182 3P 2.063 2D 2.191 4S 2.179 2S 2.013 4S 2.213

PbC2
(6) 2a (C`v) R12

1S 2.011 3P 2.187 2S 2.121 4S 2.399 2P 2.096 4S 2.287
R23 1.278 1.237 1.232 1.298 1.268 1.247

2b (Cs) R12
1A8 b b 2A8 2.224 c c c

R23 1.265
A123 87.3

2c (C2v) R12
1A1 2.187 3B2 2.394 2A1 2.338 4A2 2.690 2B2 2.306 4A2 2.630

R23 1.271 1.282 1.267 1.347 1.286 1.270

PbC3
(6) 3a (C`v) R12

1D 2.097 3S 2.084 2P 2.198 4S 2.123 2P 2.044 4P 2.205
R23 1.288 1.286 1.260 1.289 1.316 1.285
R34 1.303 1.305 1.332 1.269 1.286 1.315

3b (C2v) R12
1A1 2.260 3B1 2.301 2B2 2.465 4B1 2.483 2A2 2.198 4A1 2.430

R14 1.329 1.332 1.315 1.308 1.347 1.324
R24 2.464 2.352 2.483 2.422 2.437 2.525

3c (C2v) R12
1A1 2.198 3B1 2.371 2A1 2.317 2.342 2B1 2.274 4B2 2.346

R23 1.454 1.520 1.519 1.922 1.451 1.945
R24 1.431 1.350 1.350 1.385 1.421 1.357

3d (C2v) R12
1A1 2.116 3B1 2.235 2A1 2.207 4A2 2.329 2B1 2.155 4A2 2.415

R23 1.428 1.382 1.397 1.405 1.433 1.361
R34 1.379 1.493 1.458 1.341 1.377 1.549

PbC4
(6) 4a (C`v) R12

1S 2.023 3S 2.215 2P 2.136 4P 2.378 2P 2.103 4P 2.307
R23 1.264 1.255 1.258 1.287 1.252 1.262
R34 1.311 1.321 1.309 1.285 1.342 1.327
R45 1.272 1.288 1.303 1.336 1.259 1.282

4b (C2v) R12
1A1 2.545 3A2 2.661 2B2 2.500 4A2 3.113 2B1 2.750 4A2 4.177

R14 2.343 2.779 2.639 3.038 2.480 3.811
R24 1.267 1.270 1.267 1.237 1.262 1.275
R45 1.386 1.342 1.352 1.355 1.377 1.335

4c (C2v) R12
1A1 2.079 3A2 2.264 2B1 2.216 4B2 2.187 2B2 2.133 4A1 2.209

R23 1.440 1.427 1.416 1.444 1.450 1.434
R34 1.479 1.496 1.508 1.765 1.477 1.702
R45 1.431 1.446 1.457 1.385 1.430 1.461

4d (C2v) R12
1A1 2.184 3A2 2.248 2B1 2.290 4A2 2.288 2B2 2.271 4B2 2.441

R23 1.382 1.439 1.411 1.475 1.373 1.395
R24 1.461 1.426 1.415 1.384 1.499 1.437
R45 1.298 1.371 1.356 1.383 1.290 1.357

PbC5
(6) 5a (C`v) R12

1D 2.083 3S 2.079 2P 2.161 4S 2.113 2P 2.041 4P 2.188
R23 1.284 1.272 1.250 1.268 1.299 1.263
R34 1.287 1.288 1.311 1.289 1.271 1.308
R45 1.290 1.288 1.263 1.298 1.317 1.295
R56 1.289 1.291 1.315 1.246 1.273 1.291

5b (C2v) R15
1A1 2.417 3B1 2.382 2B1 2.418 4A2 2.393 2B1 2.360 4A1 2.694

R53 1.270 1.271 1.272 1.289 1.277 1.275
R32 1.372 1.342 1.309 1.337 1.370 1.355
A153 90.5 93.8 130.0 113.6 92.7 76.9
A532 167.3 155.6 113.6 153.3 165.8 166.7

5c (C2v) R12
1A1 2.194 d d 4B1 2.208 2B2 2.147 4B2 2.144

R23 1.957 1.477 1.560 1.637
R34 1.318 1.460 1.387 1.365
R45 1.366 1.325 1.368 1.404
A234 82.0 108.3 104.3 104.3

5d (C2v) R12
1A1 2.196 3A2 2.368 2A1 2.273 4B1 2.412 2B1 2.282 4B2 2.332

R23 1.448 1.389 1.478 1.351 1.445 1.834
R24 1.409 1.412 1.373 1.432 1.395 1.393
R45 1.336 1.331 1.382 1.328 1.366 1.397
R56 1.267 1.286 1.211 1.239 1.254 1.247

PbC6
(6) 6a (C`v) R12

1S 2.035 3S 2.197 2P 2.120 4P 2.284 2P 2.113 4P 2.240
R23 1.264 1.248 1.252 1.270 1.251 1.262
R34 1.302 1.321 1.312 1.290 1.331 1.316
R45 1.255 1.251 1.257 1.282 1.243 1.259
R56 1.305 1.309 1.296 1.277 1.334 1.317
Downloaded 24 Oct 2007 to 159.226.25.119. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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TABLE I. ~Continued.!

Cluster Structure Coordinatea

Neutral Cation Anion

State Geometry State Geometry State Geometry State Geometry State Geometry State Ge

R67 1.274 1.286 1.301 1.324 1.261 1.280
6b (C2v) R16

1A1 2.307 3B2 2.273 2A1 2.371 4A2 2.386 2B1 2.513 4A2 2.441
R46 1.254 1.255 1.261 1.263 1.252 1.257
R24 1.346 1.346 1.323 1.324 1.364 1.361
R23 1.243 1.372 1.259 1.417 1.236 1.356
A164 118.0 125.3 134.3 128.9 109.3 113.7
A642 151.2 158.8 137.8 157.3 152.2 164.6

6c (C2v) R12
1A8 2.200 3A8 2.200 2A8 2.281 4A8 2.245 2A8 2.176 4A8 2.202

R23 1.484 1.463 1.450 1.536 1.478 1.396
R34 1.372 1.364 1.347 1.316 1.367 1.396
R45 1.286 1.380 1.313 1.347 1.318 1.382
R56 1.312 1.402 1.287 1.428 1.436 1.366

6d (C2v) R12
1A1 2.195 3A2 2.228 2B1 2.271 4A2 2.263 2B2 2.215 4B2 2.350

R23 1.405 1.451 1.430 1.463 1.423 1.426
R24 1.435 1.409 1.399 1.388 1.442 1.407
R45 1.293 1.337 1.332 1.355 1.306 1.343
R56 1.290 1.273 1.260 1.269 1.305 1.285
R67 1.284 1.313 1.319 1.272 1.283 1.305

PbC7
(6) 7a (C`v) R12

1D 2.076 3S 2.076 2P 2.139 4S 2.105 2P 2.043 4P 2.176
R23 1.269 1.268 1.248 1.261 1.291 1.255
R34 1.294 1.294 1.317 1.300 1.278 1.318
R45 1.274 1.273 1.249 1.275 1.299 1.270
R56 1.274 1.275 1.296 1.268 1.260 1.284
R67 1.295 1.293 1.270 1.310 1.320 1.305
R78 1.285 1.287 1.308 1.237 1.270 1.282

7b (C2v) R17
1A1 2.301 3B1 2.283 2A2 2.346 4B1 2.354 2B1 2.267 4B2 2.418

R75 1.254 1.255 1.256 1.270 1.263 1.260
R53 1.369 1.350 1.315 1.328 1.377 1.353
R32 1.297 1.289 1.288 1.297 1.304 1.290
A175 123.5 130.3 149.4 139.2 117.1 126.1
A753 172.3 163.7 141.4 158.9 174.6 162.4
A532 109.9 121.6 151.9 117.4 109.2 124.9

7c (C2v) R12
1A1 2.228 3B1 2.245 2A1 2.283 4A2 2.420 2B1 2.265 4B2 2.351

R23 1.447 1.475 1.483 1.347 1.468 3.217
R34 1.372 1.354 1.342 1.376 1.372 1.264
R45 1.280 1.260 1.262 1.271 1.297 1.319
R56 1.319 1.380 1.368 1.335 1.394 1.351
A234 114.4 115.0 115.8 125.8 118.3 85.5
A345 153.9 146.5 144.7 123.8 126.0 159.3

PbC8
(6) 8a (C`v) R12

1S 2.040 3S 2.184 2P 2.110 4P 2.230 2P 2.119 4P 2.193
R23 1.264 1.246 1.250 1.262 1.250 1.263
R34 1.302 1.325 1.316 1.298 1.330 1.311
R45 1.256 1.246 1.250 1.274 1.243 1.262
R56 1.296 1.309 1.298 1.275 1.323 1.303
R67 1.258 1.255 1.262 1.284 1.244 1.261
R78 1.304 1.306 1.292 1.276 1.330 1.315
R89 1.275 1.285 1.298 1.316 1.262 1.278

8b (C2v) R18
1A1 2.297 3A2 2.337 2B2 2.357 4A1 2.358 2B1 2.384 4A2 2.299

R86 1.233 1.257 1.243 1.277 1.244 1.259
R64 1.370 1.326 1.341 1.295 1.359 1.349
R42 1.226 1.259 1.244 1.298 1.265 1.316
R23 1.373 1.325 1.337 1.275 1.372 1.273
A186 140.3 150.3 150.7 153.3 137.2 141.3
A864 158.2 150.9 152.6 151.7 156.3 168.1
A642 144.4 149.2 147.3 146.0 149.4 123.6

8c (C2v) R12
1A1 2.200 3A2 2.183 2A1 2.233 4B2 2.260 2A2 2.181 4B1 2.184

R23 1.379 1.492 1.400 1.511 1.472 1.497
R34 1.426 1.347 1.400 1.324 1.368 1.360
R45 1.227 1.271 1.239 1.287 1.262 1.259
R56 1.409 1.351 1.374 1.328 1.388 1.357
A234 1.225 1.259 1.239 1.274 1.246 1.390
A345 117.4 118.1 118.6 117.9 116.8 116.5
A456 160.3 161.8 160.0 162.4 163.3 153.0
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TABLE I. ~Continued.!

Cluster Structure Coordinatea

Neutral Cation Anion

State Geometry State Geometry State Geometry State Geometry State Geometry State Ge

PbC9
(6) 9a (C`v) R12

1D 2.072 3S 2.074 2P 2.125 4S 2.100 2P 2.048 4P 2.168
R23 1.267 1.266 1.247 1.258 1.285 1.251
R34 1.297 1.298 1.319 1.305 1.284 1.324
R45 1.269 1.268 1.246 1.265 1.291 1.258
R56 1.281 1.282 1.303 1.281 1.266 1.297
R67 1.280 1.279 1.256 1.287 1.304 1.281
R78 1.269 1.271 1.290 1.257 1.256 1.274
R89 1.297 1.295 1.273 1.318 1.321 1.309
R9,10 1.283 1.284 1.304 1.232 1.269 1.278

9b (C2v) R19
1A1 2.239 3B1 2.278 2B1 2.334 4A2 2.321 2B1 2.234 4B2 2.427

R97 1.257 1.247 1.247 1.262 1.257 1.246
R75 1.314 1.336 1.321 1.315 1.331 1.348
R53 1.277 1.257 1.270 1.271 1.263 1.252
R32 1.297 1.315 1.297 1.313 1.315 1.332
A197 162.6 147.5 161.1 153.9 147.5 144.5
A975 148.2 162.7 148.9 164.8 162.5 161.5
A753 162.7 148.2 162.8 144.8 147.5 152.6
A532 124.9 151.3 125.4 158.9 152.2 152.4

9c (C2v) R12
1A1 2.194 3B2 2.188 2B1 2.285 4B1 2.237 2B2 2.182 4A2 2.331

R23 1.453 1.480 1.487 1.418 1.441 1.432
R34 1.325 1.329 1.299 1.367 1.355 1.322
R45 1.284 1.275 1.304 1.254 1.261 1.281
R56 1.301 1.317 1.288 1.336 1.337 1.323
R67 1.301 1.299 1.307 1.297 1.294 1.305
A234 121.9 122.9 121.6 122.0 123.5 124.4
A345 167.1 155.8 167.7 157.6 157.5 154.5
A456 124.5 154.6 123.9 154.2 127.0 154.8

PbC10
(6) 10a (C`v) R12

1S 2.046 3S 2.181 2P 2.103 4P 2.196 2P 2.123 4P 2.160
R23 1.264 1.243 1.249 1.257 1.250 1.264
R34 1.303 1.330 1.318 1.304 1.329 1.308
R45 1.257 1.241 1.247 1.267 1.243 1.264
R56 1.295 1.316 1.304 1.280 1.322 1.298
R67 1.259 1.249 1.256 1.281 1.245 1.265
R78 1.294 1.306 1.293 1.270 1.319 1.301
R89 1.259 1.255 1.265 1.284 1.246 1.261
R9,10 1.303 1.305 1.291 1.277 1.326 1.314
R10,11 1.276 1.283 1.296 1.310 1.263 1.277

10b (C2v) R1,10
1A1 2.242 3B2 2.243 2A1 2.301 4A2 2.332 2B2 2.346 4B2 2.350

R10,8 1.241 1.245 1.247 1.250 1.243 1.245
R86 1.338 1.329 1.323 1.318 1.346 1.340
R64 1.238 1.251 1.253 1.265 1.238 1.246
R42 1.339 1.324 1.311 1.299 1.354 1.342
R23 1.241 1.365 1.258 1.396 1.236 1.357

A1,10,8 153.7 151.7 163.0 152.8 154.4 151.5
A10,8,6 166.0 165.6 158.1 165.4 163.2 164.1
A864 157.2 158.6 158.8 157.6 160.9 161.7
A642 146.5 164.7 143.5 164.9 143.4 164.3

10c (C2v) R12
1A1 2.211 3A2 2.457 2B2 2.288 4A2 2.567 2B1 2.309 4A2 2.369

R23 1.431 1.375 1.406 1.397 1.434 1.382
R34 1.348 1.308 1.324 1.299 1.334 1.330
R45 1.250 1.275 1.268 1.276 1.265 1.267
R56 1.323 1.296 1.296 1.304 1.319 1.321
R67 1.253 1.276 1.275 1.264 1.262 1.345
A234 1.334 1.302 1.297 1.318 1.348 1.253
A345 126.1 130.3 127.7 131.2 124.0 127.7
A456 161.5 160.4 163.4 155.7 167.2 160.2
A567 148.8 142.0 141.7 151.1 141.9 158.9

aAtom numbering is shown in Fig. 1.
bConverging to2c.
cConverging to2a.
dConverging to5b.
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TABLE II. Relative energies (Erel , in kcal/mol! and numbers of imaginary vibrational frequencies (Nimag, given in parentheses! for the possible structures
of the PbCn

(6) clusters at the B3LYP level with the TZVP1 basis sets.

Cluster Structure

Neutral Cation Anion

State Erel (Nimag) State Erel (Nimag) State Erel (Nimag) State Erel (Nimag) State Erel (Nimag) State Erel (Nimag)

PbC(6) 1a (C`v) 1D 22.9~0! 3P 0.0 ~0! 2D 13.1~0! 4S 0.0 ~0! 2S 0.0 ~0! 4S 25.0~0!

PbC2
(6) 2a (C`v) 1S 0.0 ~2! 3P 35.5~0! 2S 0.0 ~0! 4S 61.7~0! 2P 0.0 ~0! 4S 37.7~0!

2b (Cs)
1A8 a a 2A8 À0.6 ~0! b b b

2c (C2v) 1A1 À2.3 ~0! 3B2 32.3~0! 2A1 20.5 ~1! 4A2 67.1~0! 2B2 4.0 ~0! 4A2 41.2~0!
2d (D`h) 1Sg 172.9~0! 3Su 168.8~0! 2Pu 179.4~0! 4Pg 168.2~1! 2Pg 142.8~0! 4Su 144.2~0!
2e (C2v) c c 2B1 177.3~0! 4B2 162.7~0! d d

PbC3
(6) 3a (C`v) 1D 13.2~0! 3S 0.0 ~0! 2P 0.0 ~0! 4S 19.9~0! 2P 0.0 ~0! 4P 16.4~1!

3b (C2v) 1A1 9.7 ~0! 3B1 15.6~0! 2B2 8.5 ~0! 4B1 57.5~1! 2A2 21.5~1! 4A1 26.3~0!
3c (C2v) 1A1 13.9~0! 3B1 19.7~0! 2A1 1.1 ~0! 4A2 79.7~2! 2B1 17.4~0! 4B2 52.6~1!
3d (C2v) 1A1 25.4~1! 3B1 38.6~0! 2A1 27.9~0! 4A2 38.5~0! 2B1 21.3~0! 4A2 42.7~1!
3e (C`v) 1D 130.8~1! 3S 104.6~2! 2P 144.0~2! 4S 130.6~2! 2P 87.2~0! 4S 104.9~4!
3f (C2v) 1A1 129.3~0! 3A2 102.5~0! 2A2 140.0~3! 4A2 131.8~2! 2B1 90.3~0! 4B1 90.3~0!

PbC4
(6) 4a (C`v) 1S 0.0 ~0! 3S 30.0~0! 2P 0.0 ~1!e 4P 38.7~1! 2P 0.0 ~0! 4P 34.4~0!

4b (C2v) 1A1 12.3~0! 3A2 55.0~1! 2B2 26.2~2! 4A2 90.5~2! 2B1 14.8~0! 4A2 68.6~0!
4c (C2v) 1A1 53.0~0! 3A2 63.8~0! 2B1 35.4~0! 4B2 81.3~2! 2B2 58.5~0! 4A1 97.2~1!
4d (C2v) 1A1 54.5~0! 3A2 81.0~0! 2B1 46.9~0! 4A2 81.0~0! 2B2 69.6~1! 4B2 86.8~0!
4e (C2v) 1A1 100.4~2! 3B2 157.1~1! 2A1 131.5~0! 4A2 189.0~0! 2B2 99.8~1! 4B2 127.9~1!
4f (D`h) 1Sg 101.8~4! 3Su 141.6~6! 2Su 133.9~3! 4Pu 162.9~5! 2Sg 95.5~6! 4Sg 132.9~5!
4g (C`v) 1S 156.3~0! 3S 153.2~2! 2P 143.8~2! 4S 133.4~2! 2S 142.6~4! 4P 139.8~2!
4h (C2v) 1A1 175.6~0! 3A2 161.9~2! 2A2 175.3~2! 4A2

f 2B2 142.7~1! 4B2 167.9~2!
4i (C2v) 1A1 181.2~2! 3A2 156.5~2! 2A2 150.0~2! 4A2 140.3~2! 2B2 148.0~1! 4A2 154.6~2!

PbC5
(6) 5a (C`v) 1D 10.7~0! 3S 0.0 ~0! 2P 0.0 ~0! 4S 20.6~0! 2P 0.0 ~0! 4P 13.2~0!

5b (C2v) 1A1 20.7~0! 3B1 18.8~0! 2B1 29.1~0! 4A2 52.8~0! 2B1 11.7~0! 4A1 40.0~0!
5c (C2v) 1A1 52.2~0! g g 4B1 96.1~1! 2B2 94.1~0! 4B2 90.8~0!
5d (C2v) 1A1 28.2~0! 3A2 52.8~1! 2A1 45.6~1! 4B1 88.3~0! 2B1 25.7~0! 4B2 94.1~2!

PbC6
(6) 6a (C`v) 1S 0.0 ~0! 3S 23.7~0! 2P 0.0 ~1!h 4P 31.2~0! 2P 0.0 ~0! 4P 30.2~0!

6b (C2v) 1A1 12.4~0! 3B2 42.0~0! 2A1 24.6~1! 4A2 51.6~0! 2B1 37.3~1! 4A2 67.7~0!
6c (C2v) 1A1 37.1~1! 3A1 55.4~1! 2B2 34.0~1! 4A1 66.5~1! 2B2 63.2~0! 4A1 90.8~1!
6d (C2v) 1A1 50.8~0! 3A2 68.0~0! 2B1 43.4~0! 4A2 75.2~0! 2B2 62.6~0! 4B2 74.4~0!

PbC7
(6) 7a (C`v) 1D 9.1 ~0! 3S 0.0 ~0! 2P 0.0 ~0! 4S 20.7~0! 2P 0.0 ~0! 4P 10.8~0!

7b (C2v) 1A1 17.3~0! 3B1 22.3~0! 2A2 22.5~0! 4B1 53.8~1! 2A2 27.3~1! 4A1 45.2~0!
7c (C2v) 1A1 64.5~4! 3B1 38.2~0! 2A1 23.5~0! 4A2 59.5~1! 2B1 42.3~0! 4B2 55.3~0!

PbC8
(6) 8a (C`v) 1S 0.0 ~0! 3S 19.5~0! 2P 0.0 ~0! 4P 26.1~0! 2P 0.0 ~0! 4P 27.5~0!

8b (C2v) 1A1 22.6~2! 3A2 49.5~1! 2B2 26.0~1! 4A1 54.6~2! 2B1 39.0~1! 4A2 62.7~1!
8c (C2v) 1A1 48.1~2! 3A2 69.2~2! 2A1 45.2~1! 4B2 54.9~1! 2A2 80.9~3! 4B1 86.7~0!

PbC9
(6) 9a (C`v) 1D 8.0 ~0! 3S 0.0 ~0! 2P 0.0 ~2!i 4S 20.9~0! 2P 0.0 ~0! 4P 9.2 ~0!

9b (C2v) 1A1 13.6~0! 3B1 13.3~0! 2B1 15.6~0! 4A2 36.6~0! 2B1 15.3~0! 4A1 45.8~0!
9c (C2v) 1A1 7.5 ~0! 3B2 37.4~2! 2B1 22.8~1! 4B1 43.5~1! 2B2 42.4~1! 4A2 63.2~3!

PbC10
(6) 10a (C`v) 1S 0.0 ~2!i 3S 17.2~2!i 2P 0.0 ~2!i 4P 22.5~2!i 2P 0.0 ~2!i 4P 25.1~2!i

10b (C2v) 1A1 À1.8 ~0! 3B2 29.4~0! 2A1 9.6 ~1!i 4A2 39.9~0! 2B1 29.2~1! 4A2 59.1~0!
10c (C2v) 1A1 20.7 ~1! 3A2 26.8~2! 2B2 24.2 ~1! 4A2 54.1~2! 2B1 31.3~1! 4A2 55.0~0!
10c-2 (Cs)

1A8 21.5 ~0! 3A9 24.1~0! 2A8 À4.2 ~0! 4A9 34.6~0! 2A9 28.3~0!

aConverging to2c.
bConverging to2a.
cConverging to2c.
dConverging to2d.
eSee the text for the corresponding structure with all real vibrational frequency.
fConverging to4i.
gConverging to5b.
hSee the text for the corresponding structure with all real vibrational frequency.
iIt has been noted that the 6-3111G* basis sets become over-complete for some carbon chain systems because of the large overlap between t
functions. When we reinvestigate these systems using 6-311G* basis sets~in which diffusesp-functions are excluded! for carbon atoms, they all have n
imaginary vibrational frequency, indicating that they should be stable.

jFurther calculations following the normal mode of the imaginary vibrational frequency lead to aCs symmetry structure with its relative energy being 9
kcal/mol at the B3LYP/TZVP1 level of theory, with respect to the2P state of10a.
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try ~2b!, Pb-side-on adduct Pb(C2) in C2v symmetry~2c!,
and Pb-inserted dicarbide CPbC inD`h symmetry~2d! and
in C2v symmetry~2e!. At the B3LYP/CEP-31G level of com
putations, structure2b in its singlet 1A8 state has lowes
energy, while structure2a in its 1S state and structure2c in
its 1A1 state are energetically less stable by 0.1 and 2.6 k
mol, respectively. On the other hand, the B3LYP/TZVP1
calculations predict that the1A1 state of2c has lowest energy
with the 1S state of 2a being 2.3 kcal/mol energetically
higher. The optimization on structure2b also converges to2c
with the B3LYP/TZVP1 method. Since the singlet states
structure2a, 2b, and2c are almost energetically degenera
to further characterize their energies, we also study them
higher CCSD~T! level of theory. The CCSD~T!77,78 method
requests a coupled cluster calculations using both single
double substitutions and including triple excitations. Bo
the CCSD~T!/CEP-31G and CCSD~T!/TZVP1 calculations
predict that the1A8 state of2b has lowest energy and all rea
vibrational frequencies, indicating that the1A8 state ~2b!
should be the ground state of the neutral PbC2 cluster. The
1A1 state of2c and the1S state of2a lie 0.03 and 5.0 kcal/
mol above the 1A8 state ~2b!, respectively, with the
CCSD~T!/TZVP1 method, and have one or two imagina
vibrational frequencies. Following the normal modes rela
to these imaginary frequencies, structure2c and 2a in their
singlet states also fall into structure2b. Compared with their
singlet states, the corresponding triplet states of structure2a,
2b, and2c all have higher energies. Structure2d, either in its
singlet 1Sg state or in its triplet3Su state, has very high
energies~see Table II!, indicating that the PbC2 cluster pre-
fers the structures in which the two C atoms bond to e
other, with the Pb atom being end-on or side-on the C2 unit.
When we start the Pb-inserted dicarbide structure CPbC
C2v symmetry~2e!, it goes back to the side-on adduct stru
ture Pb(C2) ~2c!.

Various possible structures of the neutral PbC3 cluster
have been investigated: the linear structures with Pb a
located at one end~PbCCC, 3a! or in a central position
~CPbCC,3e!, the Pb(C3) structures with Pb atom bonded
one side of a quasilinearC3 unit ~3b!, or to one side of a
cyclic C3 unit ~3c!, or to one apex of a cyclicC3 unit ~3d!,
and structure3d’s analogue~3f! in which the Pb atom taking
part in the ring and a C atom in an exocyclic position, ... Th
global minimum for neutral PbC3 is theC`v symmetry linear
structure PbCCC~3a! in its triplet 3S state. The calculated
bond distances for structure3a are R(Pb1 – C2)52.084,
R(C2 – C3)51.286, and R(C3 – C4)51.305 Å with the
B3LYP/TZVP1 method. Compared with the3S ground
state, the corresponding singlet1D state of3a is 13.2 kcal/
mol energetically less stable. Another low-energy minimu
found for PbC3 is structure3b. Its singlet1A1 state and trip-
let 3B1 state are energetically above the3S ground state~3a!
by 9.7 and 15.6 kcal/mol, respectively, at the B3LY
TZVP1 level. Structure3c is also a minimum on the poten
tial energy surface~PES! of the PbC3 cluster. It has similar
electronic states (1A1 and3B1) to structure3b, but is about
4.1 kcal/mol less stable than the latter, for both its singlet
triplet states. Structure3d is either a saddle point or a min
mum on the PES of PbC3, with its singlet1A1 and triplet
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3B1 state energetically higher than the3S ground state~3a!

by 25.4 and 38.6 kcal/mol, respectively. For the structure
which three C atoms are separated, such as3e and3f, they
both have very high energies, lying more than 100 kcal/m
above the3S ground state~3a!, so we do not consider this
kind of structures further. We have also studied theC3v sym-
metry trigonal pyramid structure of PbC3. It is about 64
kcal/mol energetically less stable than the3S ground state
~3a!, and has two imaginary vibrational frequencies, expre
ing it is not a minimum on the PES of PbC3.

Attaching a C atom to the structures mentioned abo
for PbC3 leads to the possible structures of PbC4 investigated
herein, as depicted in Fig. 1. For the neutral PbC4 cluster, the
most stable isomer possesses a linear PbCCCC stru
~4a!. Its electronic ground state has1S symmetry. The cal-
culated bond distances are R(Pb1 – C2)52.023,
R(C2 – C3)51.264, R(C3 – C4)51.311, and R(C4 – C5)
51.272 Å at the B3LYP/TZVP1 level of calculations.
When starting from a Pb-containing monocyclic structure
PbC4 with C2v symmetry, we get a fanlike structure~4b!,
which can be viewed as a Pb atom bonded to one side
chainC4 unit. Structure4b in its lowest-lying1A1 state has
all real vibrational frequencies and lies only 12.3 kcal/m
energetically above the1S ground state~4a! with the
B3LYP/TZVP1 method. Kitelike structures4c and 4d,
which can be yielded by adding a C atom to structure3d or
3c, are also minima on the PES of PbC4, with their energies
higher than the global minimum by 53.0 and 54.5 kcal/m
respectively, at the B3LYP/TZVP1 level. The structures
with the Pb atom bonded to four-membered ringC4 unit
from its one side~in C2v symmetry! or from its top~in C4v
symmetry! are also investigated. In their singlet states,
former transforms into the fanlike planar structure~4b!,
while the latter has very high energy. Again, for the stru
tures in which four C atoms are separated by the Pb at
such as4e, 4f, 4g, 4h, and4i, they all have very high ener
gies, lying more than 100 kcal/mol above the ground1S
state~4a!.

There are mainly four kinds of structures investigated
the PbC5 cluster, i.e., linear PbCCCCC structure~5a!, Pb-
containing monocyclic ring~5b!, Pb-side-onC5 monocyclic
ring ~5c!, and kitelike structure~5d!. For PbCn , when then
carbon atoms are inserted by the lead atom, the structure
have very high energies, such as2d–2e, 3e–3f, 4e–4i, so we
do not consider this kind of structures further whenn>5.
The ground state of the neutral PbC5 cluster is the triplet3S
state of structure5a. Its corresponding singlet1D state is
higher in energy by 10.7 kcal/mol at the B3LYP/TZVP1
level. The calculated bond distances for the ground state
R(Pb1 – C2)52.079, R(C2 – C3)51.272, R(C3 – C4)
51.288, R(C4 – C5)51.288, and R(C5 – C6)51.291 Å.
Structure5b is also a minimum on the PES of PbC5, with its
lowest triplet electronic state (3B1) being 18.8 kcal/mol en-
ergetically less stable than the3S ground state. Structure5c
either converges to structure5b, or has very high energy
indicating it is unstable. The kitelike structure~5d! is a mini-
mum in its lowest-lying singlet1A1 state, with its energy
being 28.2 kcal/mol higher than the3S ground state~5a!.

For the PbC6 cluster, we also mainly investigate its fou
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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types of structures:~6a! the linear structure with the Pb atom
located at one end;~6b! the Pb-containing seven-member
ring structure;~6c! the structure with the Pb atom bonded
one side of a monocyclicC6 unit; and ~6d! the kite-like
structure. Similar to that of PbC5, the global minimum of the
neutral PbC6 cluster also has a linear PbCCCCCC struct
~6a!, but its electronic ground state is its singlet1S state. Our
B3LYP/TZVP1 calculation predicts the bond distances f
the ground state areR(Pb1 – C2)52.035, R(C2 – C3)
51.264, R(C3 – C4)51.302, R(C4 – C5)51.255,
R(C5–C6)51.305, andR(C6–C7)51.274 Å, respectively.
Structure6b in its singlet 1A1 is either a minimum~at the
B3LYP/TZVP1 level! or a transition state~at the B3LYP/
CEP-31G level! with its energy being higher than the1S
ground state by 12.4 and 6.4 kcal/mol, respectively, at
above two levels. For structure6c, when C2v symmetry is
constrained, it has an imaginary vibrational frequency. F
lowing the eigenvector for the imaginary frequency leads
another Pb-cappedC6 monocyclic structure, in which all the
seven atoms are still in a plane but the point group symm
of the cluster is reduced formC2v to Cs . This Cs symmetry
structure is a minimum with its energy lying 34.2 kcal/m
above the1S ground state at the B3LYP/TZVP1 level of
calculation. The kitelike structure withC2v symmetry~6d! is
also a minimum on the PES of PbC6, but its relatively high
energy, about 50 kcal/mol above the1S ground state, ex-
presses that this structure should be less stable.

According to the calculations above, the PbCn (n<6)
clusters mainly have linear structures with the Pb atom
cated at one end~na!. On the other hand, when more
atoms are included, the Pb-containing (n11)-membered
monocyclic ring structure~nb! and the Pb-side-onCn mono-
cyclic ring structure~nc! also should have lower energie
Therefore, for PbC7– PbC10 clusters, only these three kind
of structures are investigated. For the PbC7 cluster, all of our
calculations predict linear PbCCCCCCC structure~7a! in its
triplet 3S state has lowest energy and all real vibration
frequencies, indicating it should be the ground state of Pb7 .
The singlet1D state of7a is 9.1 kcal/mol energetically les
stable at the B3LYP/TZVP1 level of theory. The calculated
bond distances for the ground state structure
R(Pb1 – C2)52.076, R(C2 – C3)51.268, R(C3 – C4)
51.294, R(C4 – C5)51.273, R(C5 – C6)51.275,
R(C6 – C7)51.293, andR(C7 – C8)51.287 Å. For the Pb-
containing monocyclic ring structure~7b! of PbC7, its sin-
glet 1A1 state and triplet3B1 are energetically less stable tha
the 3S ground state~7a! by 17.3 and 22.3 kcal/mol, respec
tively. For the Pb-side-onC7 monocyclic structure~7c! of
PbC7, its singlet 1A1 state has four imaginary vibrationa
frequencies and very high energy, and further calculati
following the normal modes related to the imaginary fr
quencies do not reduce the energy dramatically. The tri
3B1 state of7c has all real vibrational frequencies with i
energy 38.2 kcal/mol higher than that of the3S ground state
~7a! at the B3LYP/TZVP1 level of computations.

The global minimum of the neutral PbC8 cluster is also
its linear PbCCCCCCCC isomer~8a!. Its electronic ground
state is the singlet1S state with the corresponding triplet3S
state being higher in energy by 19.5 kcal/mol at the B3LY
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TZVP1 level of theory. The calculated bond distances
the global minimum areR(Pb1 – C2)52.040, R(C2 – C3)
51.264, R(C3 – C4)51.302, R(C4 – C5)51.256,
R(C5 – C6)51.296, R(C6 – C7)51.258, R(C7 – C8)
51.304, and R(C8 – C9)51.275 Å. For Pb-containing
monocyclic ring structure~8b! of PbC8, whenC2v symme-
try is constrained, structure8b in its lowest-lying1A1 state
has two imaginary vibrational frequencies, indicating th
structure8b is a saddle point on the PES of PbC8. Following
the eigenvectors for the imaginary frequencies leads to aC1

symmetry nonplanar ring structure. Compared with theC2v
symmetry ring structure~8b!, this nonplanar ring structure i
1.7 kcal/mol more stable, but it is still 20.9 kcal/mol le
stable than the1S ground state~8a!. Structure8c has two or
more imaginary vibrational frequencies. Because of its
high energy, we do not consider it further.

The B3LYP/TZVP1 method predicts that neutral PbC9

cluster has a linear PbCCCCCCCCC ground state struc
~9a! with a triplet 3S electronic state. The calculated bon
distances for the linear structure9a in its 3S state are
R(Pb1 – C2)52.074, R(C2 – C3)51.266, R(C3 – C4)
51.298, R(C4 – C5)51.268, R(C5 – C6)51.282,
R(C6 – C7)51.279, R(C7 – C8)51.271, R(C8 – C9)
51.295, andR(C9 – C10)51.284 Å. Compared with the3S
state of9a, the Pb-containing 10-membered ring structu
~9b! has lower energy at the B3LYP/CEP-31G level, b
more reliable B3LYP/TZVP1 method predicts that structur
9b ~in its lowest-lying3B1 state! is 13.3 kcal/mol energeti-
cally much higher. Similarly, although the B3LYP/CEP-31
calculations give the Pb-side-onC9 monocyclic structure
~9c! in its singlet 1A1 state has lowest energy among t
structures investigated, the B3LYP/TZVP1 method predicts
that this1A1 state is less stable than the3S state of9a by 7.6
kcal/mol.

Unlike the cases of PbCn (n<9), which all have the
linear structures as their ground states, our calculati
predict that, for neutral PbC10 cluster, the linear
PbCCCCCCCCCC structure~10a! is less stable than the
Pb-containing 11-membered ring structure~10b! or the Pb-
side-on C10 monocyclic structure~10c!. At the B3LYP/
TZVP1 level, structure10b with C2v symmetry in its singlet
1A1 state has lowest energy and all real vibrational frequ
cies, indicating that it should be the global minimum
PbC10. On the other hand, the B3LYP/CEP-31G calculatio
give the1A1 state of structure10b an imaginary vibrational
frequency (46.10i ,b2). Following the normal mode for the
imaginary frequency leads to a similar 11-membered r
structure but the point group symmetry of the cluster is
duced fromC2v to Cs . This Cs symmetry ring structure is a
minimum with its energy lying only 2.6 kcal/mol below th
C2v symmetry ring structure at the B3LYP/CEP-31G lev
of theory. It should be noted that thisCs symmetry ring
structure goes back to the aboveC2v symmetry ring structure
~10b! when B3LYP/TZVP1 method is used. For the
Pb-side-on C10 monocyclic structure, whenC2v symmetry
is constrained, structure10c has an imaginary vibra-
tional frequency. Further calculations following the norm
mode of the imaginary frequency leads to aCs symmetry
structure ~10c-2! with geometries ofR(Pb1 – C2)52.238,
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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R(C2 – C3)51.431, R(C3 – C4)51.363, R(C4 – C5)
51.243 Å, R(C5 – C6)51.339, R(C6 – C7)51.257,
R(C7 – C8)51.328 Å, R(C8 – C9)51.272, R(C9 – C10)
51.308, R(C10– C11)51.263 Å, A(C2 – C3 – C4)5125.7,
A(C3 – C4 – C5)5155.6, A(C4 – C5 – C6)5160.8, A(C5
– C6 – C7)5129.4, A(C6 – C7 – C8)5155.6, A(C7 – C8
– C9)5120.8,A(C8 – C9 – C10)5159.9,A(C9 – C10– C11)
5139.5°. Compared with the1A1 state of 10b, structure
10c-2 in its 1A8 state is 0.3 kcal/mol less stable with th
B3LYP/TZVP1 method while 4.6 kcal/mol more stable wit
the B3LYP/TZVP1 method.

In summary, for the neutral PbCn clusters, whenn51,
the PbC1 cluster has a triplet3P ground state; whenn52,
the global minimum of PbC2 is found by the B3LYP/CEP-
31G and CCSD~T! calculations to have a Pb-terminated be
chain structure~2b! and a singlet1A8 state; whenn53 – 9,
the linear isomer having a terminal lead atom~3a, 4a, 5a, 6a,
7a, 8a, 9a! is the lowest energy form for every member
this PbCn series and the electronic ground state is triplet3S
for n-odd member or singlet1S for the n-even member;
when n510, the PbC10 cluster possesses a Pb-containi
11-membered ring ground state structure.

Removing an electron from neutral PbCn gives cationic
PbCn

1 clusters. All the structures studied for PbCn are also
investigated for the PbCn

1 cations. Both the doublet and th
quartet electronic states are considered for each structu
PbCn

1 . As shown in Table I, all the PbCn
1 clusters have dou

blet ground states except for PbC1, which has a quartet4S
ground state with a$core%s2s2s1p2 valence electronic con
figuration. Similar to PbC2, structure2a, 2b, and 2c have
almost degenerate energies for the PbC2

1 cluster cation. At
the B3LYP/TZVP1 level, structure2b in its 2A8 state has
lowest energy while structure2c in its 2A1 state and structure
2a in its 2S state lie 0.1 and 0.6 kcal/mol above, respective
The global minimum of the PbC3

1 cluster cation has aC`v
symmetry linear structure~3a! and a doublet2P electronic
state. This is also the case for the cationic PbC5

1 , PbC7
1 ,

PbC8
1 , and PbC9

1 clusters, i.e., their global minima all hav
linear structures~5a, 7a, 8a, and9a! and 2P states. On the
other hand, all of our calculations predict that, for the c
ionic PbC4

1 and PbC6
1 clusters, theC`v symmetry linear

structures4a and6a in their doublet2P states are transition
states for they both have an imaginary vibrational frequen
Following the eigenvector for the imaginary frequency lea
to a Cs symmetry quasilinear structure for PbC4

1 and a C1

symmetry quasilinear structure for PbC6
1 , which both pos-

sess all real vibrational frequencies. For PbC4
1 , theCs sym-

metry quasilinear structure in its2A8 state has lowest tota
energy, lying 0.9 kcal/mol below the linear structure4a
(2P), indicating it should be the global minimum on th
PES of PbC4

1 . For PbC6
1 , the C1 symmetry quasilinear

structure in its2A8 state and the corresponding linear stru
ture 6a in its the 2P state have almost degenerate energ
with the former being only 0.1 kcal/mol energetically mo
stable. The optimized geometries areR(Pb1 – C2)52.129,
R(C2 – C3)51.251, R(C3 – C4)51.322, R(C4 – C5)
51.282 Å, A(Pb1 – C2 – C3)5175.4, A(C2 – C3 – C4)
5177.3, A(C3 – C4 – C5)5164.0° for the Cs symmetry
quasi-linear structure of PbC4

1 , and R(Pb1 – C2)52.119,
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R(C2 – C3)51.251, R(C3 – C4)51.314, R(C4 – C5)
51.255,R(C5 – C6)51.300,R(C6 – C7)51.296 Å, A(Pb1
– C2 – C3)5179.5, A(C2 – C3 – C4)5179.9, A(C3 – C4
– C5)5179.9, A(C4 – C5 – C6)5179.4, A(C5 – C6 – C7)
5170.0° for the C1 symmetry quasilinear structure o
PbC6

1 , respectively. For PbC10
1 cation, the most stable isome

possesses a Pb-side-on C10 monocyclic structure withCs

symmetry ~10c-2! while the linear (PbCCCCCCCCCC)1

structure in its2P state is 4.2 and 14.4 kcal/mol higher at th
B3LYP/TZVP1 and B3LYP/CEP-31G levels, respectivel
The optimized geometries for structure10c-2 are
R(Pb1 – C2)52.290, R(C2 – C3)51.405, R(C3 – C4)
51.328, R(C4 – C5)51.267 Å, R(C5 – C6)51.298,
R(C6 – C7)51.278, R(C7 – C8)51.295 Å, R(C8 – C9)
51.283, R(C9 – C10)51.294, R(C10– C11)51.271 Å,
A(C2 – C3 – C4)5128.0, A(C3 – C4 – C5)5158.2, A(C4
– C5 – C6)5151.5, A(C5 – C6 – C7)5137.1, A(C6 – C7
– C8)5151.2, A(C7 – C8 – C9)5125.4, A(C8 – C9 – C10)
5157.7, A(C9 – C10– C11)5137.1°. The Pb-side-on C10

monocyclic structure withC2v symmetry ~10c! has one
imaginary vibrational frequency.

Attaching an electron to neutral PbCn gives anionic
PbCn

2 clusters. Again, we choose all the structures cons
ered for PbCn as the initial structures of the PbCn

2 anions,
and both the doublet and the quartet electronic states
investigated for each structure of the PbCn

2 clusters. The
computational results for the PbCn

2 clusters are also given in
Tables I and II. The electronic ground state of the Pb2

anion has2S symmetry and a$core%s2s2s1p4 valence elec-
tronic configuration. For each PbCn

2 (n52 – 10) cluster, the
C`v symmetry linear structure~na! in its 2P state has all rea
vibrational frequencies and the lowest energy, express
that it should be the global minimum on the correspond
potential energy hypersurface.

B. Stabilities

To compare the relative stability of the clusters with d
ferent sizes, we adopt the concept of incremental bind
energy,21–25,79labeled asDEL, as suggested by Pascoli an
Lavendy.DEn

L is defined as the consecutive binding ener
difference between adjacent PbCn /PbCn

1/PbCn
2 and

PbCn21 /PbCn21
1 /PbCn21

2 clusters, and can be determined b
the reaction energies of

PbCn→PbCn211C1, ~DN1!

PbCn
1→PbCn21

1 1C1, ~DC2!

PbCn
2→PbCn21

2 1C1. ~DN3!

The incremental binding energies versus the carbon a
numbers for Pb-doped linear carbon cluste
PbCn /PbCn

1/PbCn
2 are presented in Fig. 2. From Fig. 2 w

can see that there exists a strong even–odd alternation in
cluster stability for neutral PbCn and anionic PbCn

2 , with
their n-even members being much more stable than the
responding oddn21 and n11 ones, while for cationic
PbCn

1 clusters, the parity effect is very weak.
Systematical investigations on second-row-atom-do

linear carbon clusters80 have shown that, for linea
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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CnX/CnX1/CnX2 (n51 – 10, X5Na, Mg, Al, Si, P, S, or
Cl!, the parity effect in cluster relative stability is a result
the number of available valencep-electrons, especially the
electron number inp-type highest occupied molecular o
bital ~HOMO!. Similar to linear SiCn , when the core 1s2

electrons for each carbon atom an
1s22s22p63s23p63d104s24p64d104 f 145s25p65d10 elec-
trons for lead atom are excluded, linear PbCn has 4n14
valence electrons, and the electronic configurations can
summarized as followed:

~core!1s2
¯1p4

¯~n12!s2S n

2Dp4,

n-even members,

~core!1s2
¯1p4

¯~n12!s2S n11

2 Dp2,

n-odd members~except for PbC!.

Thus, except for the smallest member PbC, linear Pbn

cluster contains 2n14 valences-electrons and 2n valence
p-electrons. The 2n14 s-electrons fully occupyn12
s-orbitals. For the species with evenn, the 2n p-electrons
constitute a closed shell, resulting in āp4 electronic con-
figuration and a1S state, while for the cluster with oddn, the
p-type HOMO is half-filled with only two electrons, resul
ing in a¯p2 electronic configuration and a3S state. Since
the former situation~fully filled p-orbitals! is energetically
much more stable than the latter one~half-filled p-orbitals!,
a strong even–odd alternation exists in the stability of lin
PbCn clusters, with then-even members being much mo
stable than then-odd ones. Cationic PbCn

1 has one less va
lence electron than neutral PbCn . For linear PbCn

1 , its
n-even member has āp1 electronic configuration and it
n-odd member has āp3 electronic configuration. None o
them correspond to a fully filled HOMO, so the stabilities f
both n-odd andn-even species do not differ much.

It is very interesting to note that, for linear PbCn
2 anions,

the ‘‘valencep-electrons number’’ rule—it is the number o
available valencep-electrons that determines the relative s

FIG. 2. Incremental binding energies for linear PbCn /PbCn
1/PbCn

2 clusters
vs the number of carbon atoms.
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bilities of the heteroatom-doped linear carbon clusters—
invalid. Anionic PbCn

2 has one more valence electron th
neutral PbCn . Linear PbCn

2 has¯p1 electronic configura-
tion for its n-even member and̄ p3 electronic configura-
tion for its n-odd member. Again, none of them correspon
to a fully filled HOMO, so the parity effect for linear PbCn

2

should also less pronounced, according to the ‘‘valen
p-electrons number’’ rule. However, this is not the case.
understand the origin of this conflict, Fig. 3 displays t
valence molecular orbitals of linear PbC5

2 and PbC6
2 cluster.

For linear PbC5
2 anion, the singly occupied molecular orbit

~SOMO! is ap-type bond orbital, while the SOMO of linea
PbC6

2 anion is best described asp-type lone-pair orbital.
When going from PbC5

2 to PbC6
2 , one electron will occupy

p-type bond orbital. On the other hand, when going fro
PbC6

2 to PbC7
2 , both the twop electrons will occupyp-type

lone-pair orbitals. These are also the cases for other Pn
2

anions. Perhaps this is the reason why then-even members
of the PbCn

2 anions are much more stable than the cor
sponding oddn21 and n11 ones. The theoretical resu
predicted herein is in good agreement with the even–
alternation mass distribution observed in our recent time
flight mass spectra~Fig. 4!.

C. Ionization potentials and electron affinities

Comparing the total energies of PbCn , PbCn
1 , and

PbCn
2 , we get the ionization potential~IP! and the electron

affinities ~EA! of the PbCn clusters. Three forms of the ion
ization potential are reported herein, evaluated as the dif
ence of total energies in the following manner:
the adiabatic ionization potential are determined by

IPad5E~optimized cation!2E~optimized neutral!,

FIG. 3. The highest fully occupied molecular orbital~HFOMO!, the singly
occupied molecular orbital~SOMO!, and the lowest unoccupied molecula
orbital ~LUMO! of linear PbC5

2 and PbC6
2 clusters. The core orbitals

formed by the 1s orbitals of the carbon atoms and th
1s2s2p3s3p3d4s4p4d4f 5s5p5d orbitals of the lead atom, are exclude
and not numbered herein.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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the vertical electron affinity by

IPvert5E~cation at optimized neutral geometry!

2E~optimized neutral!,

and the vertical ionization potential of the cation by

IPVAE5E~optimized cation!

2E~neutral at optimized cation geometry!.

Since the total energy of the optimized cation,E ~opti-
mized cation!, is lower than the total energy of the cation
the optimized neutral geometry,E ~cation at optimized neu
tral geometry!, and the total energy of the optimized neutr
molecule,E ~optimized neutral!, is lower than the total en
ergy of the neutral molecule at the optimized cation geo
etry,E ~neutral at optimized cation geometry!, three forms of
EA should have an order of IPVAE,IPad,IPvert. Thus, for
the IPs of any system, the IPVAE gives the lower bound while
the IPver gives the upper bound.

Similarly, there are also three forms of electron affini
according to the following energy differences.

The adiabatic electron affinity are determined by

EAad5E~optimized neutral!2E~optimized anion!,

the vertical electron affinity by

EAvert5E~optimized neutral!

2E~anion at optimized neutral geometry!,

and the vertical detachment energy of the anion by

EAVDE5E~neutral at optimized anion geometry!

2E~optimized anion!.

FIG. 4. Time-of-flight mass spectrum of PbCn
2 produced by laser ablating

the mixture of lead and carbon powders. Details of the experimental s
have been described in the previous paper~Ref. 81!. Briefly, the clusters
were produced by direct laser ablation~532 nm output of a pulsed YAG
laser, about 10 mJ/Pulse! on a target plate. The plume expanded into a h
vacuum chamber with an operating pressure of about 1026 Torr, and no
buffer gas was introduced during this experiment. Then they entered pe
dicularly into the accelerating area and were analyzed by the reflec
time-of-flight mass spectrometer. Dramatic even–odd alternation of the
signal intensity of PbCn

2 can be observed except that of PbC3
2 .
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and an EA order of EAvert,EAad,EAVDE , with the EAvert

giving the lower bound and the EAVDE giving the upper
bound.

Figure 5 depicts the IP and EA values as function of
number of carbon atoms in the clusters. For the IPs
PbCn /PbCn

1(n51 – 9), the IPad, IPvert, and IPVAE have simi-
lar values due to the small geometry changes between ne
PbCn and its PbCn

1 cations. The large geometrical differenc
between the global minima for PbC10 and PbC10

1 leads to the
IPVAE value being much higher than the IPad and IPvert values.
For the EAs of PbCn /PbCn

2 , when n51 – 9, the EAad,
EAvert, and EAVDE values are also similar because of t
similar ground state structures between the neutral PbCn and
its corresponding PbCn

2 anions, which all have linear groun
state structures. Whenn510, the EAVDE value is much
lower than those of the EAad and EAvert because the globa
minima for the neutral PbC10 and anionic PbC10

2 have signifi-
cantly different geometries. On the other hand, there is
obvious even–odd parity effect in the ionization potent
curve of PbCn , n-even clusters having higher IP thann-odd
ones. This behavior is related to the higher stability ofn-even
PbCn clusters than then-odd ones. It should be noted tha
although the PbCn

2 anions have a strong even–odd altern
tion effect in cluster stabilities, the parity effect in the ele
tron affinity curve is less pronounced, because neutral Pn

have very similar alternation trends to anionic PbCn
2 . Thus,

the statement that the even–odd alternation in the time
flight signal intensities is ascribed to the parity effect of t
calculated EAs17–19 is not always right. It is also easily see
in Fig. 5 that there is a tendency to lower IPs and higher E
asn increases.

D. Fragmentation energies

Various fragmentation energies, as the function of
number of clustering carbon atoms, for line
PbCn /PbCn

1/PbCn
2 clusters, are displayed in Fig. 6. Besid

the fragmentation energies accompanying channel D
DC1, and DA1, many other dissociation reactions are a
examined, which include the following seven channels
neutral PbCn clusters:

PbCn→PbCn221C2, ~DN2!

PbCn→PbCn231C3, ~DN3!

PbCn→Cn1Pb, ~DN4!

PbCn→Cn211PbC, ~DN5!

PbCn→Cn221PbC2, ~DN6!

PbCn→Cn231PbC3, ~DN7!

PbCn→Cn
21Pb1; ~DN8!

the following 10 channels for cationic PbCn
1 clusters:

PbCn
1→PbCn22

1 1C2, ~DC2!

PbCn
1→PbCn23

1 1C3, ~DC3!

PbCn
1→PbCn

11Pb, ~DC4!

up

n-
n
n

P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



s.

6895J. Chem. Phys., Vol. 118, No. 15, 15 April 2003 Lead-doped carbon clusters
FIG. 5. Ionization potentials~IP! and electron affinities
~EA! of PbCn clusters vs the number of carbon atom
ies
ari-
ex-
the
PbCn
1→Cn21

1 1PbC, ~DC5!

PbCn
1→Cn22

1 1PbC2, ~DC6!

PbCn
1→Cn23

1 1PbC3, ~DC7!

PbCn
1→Cn1Pb1, ~DC8!

PbCn
1→Cn211PbC1, ~DC9!

PbCn
1→Cn221PbC2

1 , ~DC10!

PbCn
1→Cn231PbC3

1 ; ~DC11!

and the following 13 channels for anionic PbCn
2 clusters:

PbCn
2→PbCn22

2 1C2, ~DA2!

PbCn
2→PbCn23

2 1C3, ~DA3!

PbCn
2→PbCn211C2, ~DA4!

PbCn
2→PbCn221C2

2 , ~DA5!
Downloaded 24 Oct 2007 to 159.226.25.119. Redistribution subject to AI
PbCn
2→PbCn231C3

2 , ~DA6!

PbCn
2→Cn

21Pb, ~DA7!

PbCn
2→Cn21

2 1PbC, ~DA8!

PbCn
2→Cn22

2 1PbC2, ~DA9!

PbCn
2→Cn23

2 1PbC3, ~DA10!

PbCn
2→Cn1Pb2, ~DA11!

PbCn
2→Cn211PbC2, ~DA12!

PbCn
2→Cn221PbC2

2 , ~DA13!

PbCn
2→Cn231PbC3

2 . ~DA14!

It should be noted that, in Fig. 6, the fragmentation energ
of channel DN1, DC1, and DA1 are represented for comp
son, while some channels with very high energies are
cluded. From Fig. 6 we can see that losing a Pb atom is
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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dominant channel for neutral PbCn ~channel DN4! and an-
ionic PbCn

2 ~channel DA7!, while for cationic PbCn
1 , the

most favorable dissociation pathway is the loss of Pb1 ion
~channel DC8!.

IV. CONCLUSION

Lead-doped carbon clusters PbCn , PbCn
1 , and PbCn

2

have been simultaneously studied with DFT method at b
B3LYP/CEP-31G and B3LYP/TZVP1 level. The following
conclusions have been reached:

FIG. 6. Fragmentation energies of linear PbCn /PbCn
1/PbCn

2 clusters. DNx,
DAx, and DCx corresponds to different dissociation channels, as show
the text.
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~1! For neutral PbCn clusters, whenn51, the PbC1 clus-
ter has a triplet3P ground state; whenn52, the global mini-
mum of PbC2 has a Pb-terminated bent chain structure an
singlet 1A8 state; whenn53 – 9, the linear isomer having
terminal lead atom is the lowest energy form for every me
ber of this series and the electronic ground state is triplet3S
for n-odd member or singlet1S for the n-even member;
when n510, the cluster possesses a Pb-containing
membered ring ground state structure. All the PbCn

1 clusters
also have doublet ground states except for PbC1, which has
a quartet4S ground state. For PbC2

1 , the Pb-terminated ben
structure in its2A8 state has lowest energy. The global min
mum for the PbC3

1 , PbC5
1 , PbC7

1 , PbC8
1 , and PbC9

1 cat-
ions hasC`v symmetry linear structure and doublet2P elec-
tronic state, while that for PbC4

1 and PbC6
1 clusters has

quasilinear structure. For PbC10
1 cation, the most stable iso

mer possesses a Pb-side-on C10 monocyclic structure withCs

symmetry. The electronic ground state of the PbC2 anion has
2S symmetry. For each PbCn

2 (n52 – 10) cluster, theC`v
symmetry linear structure in its2P state is the global mini-
mum on the corresponding potential energy hypersurface

~2! Strong even–odd alternations in the cluster stabi
exist for neutral PbCn and anionic PbCn

2 , with their n-even
members being much more stable than the correspon
odd n21 andn11 ones, while for cationic PbCn

1 clusters,
the alternation effect is less pronounced. The parity eff
predicted by theoretical studies is in good agreement with
even–odd alternation mass distribution observed in our
cent time-of-flight mass spectra.

~3! The parity effects in the cluster stability also refle
in the ionization potential and electron affinity curves.

~4! Losing a Pb atom is the dominant channel for neut
PbCn and anionic PbCn

2 , while for cationic PbCn
1 , the most

favorable dissociation pathway is the loss of Pb1 ion.
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