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Structures and properties the lead-doped carbon clusters
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Guoliang Li, Xiaopeng Xing, and Zichao Tang®
State Key Laboratory of Molecular Reaction Dynamics, The Center for Molecular Sciences,
Institute of Chemistry, Chinese Academy of Sciences, Beijing 100080, China

(Received 8 November 2002; accepted 21 January)2003

A systemic density functional theory study of the lead-doped carbon clusters/PbG, /PbG,
(n=1-10) has been carried out using B3LYP method with both CEP-31G and Ti&Bis 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 PbG/PbG/PbG, clusters except for PiZPbC, and PbG,/PbC,. Both PbG and

PbC, have bent ground state structure. For neutral ;gbGhe global minimum possesses a
Pb-containing 11-membered ring structure, while for cationic Bpte Pb-side-on { monocyclic
configuration has lowest energy. Except for the smallest PbC," Pla@d PbC, the electronic
ground state is alternate betwe®h (for n-odd memberand's, (for then-even membérfor linear

PbG, and invariably’IT for linear PbG and Pb(; . The incremental binding energy diagrams show

that strong even—odd alternations in the cluster stability exist for both neutrg| &Canionic

PbG, , with their n-even members being much more stable than the corresponding-edidand

n-+1 ones, while for cationic PRC, 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 Rb@& 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 Pb@@PbC, /PbG, clusters are given. €003 American Institute of Physics.

[DOI: 10.1063/1.1559916

I. INTRODUCTION atom, such as lead, are very difficult because there are too
many electrons. As we know, the complexity of quantum

Small carbon clusters ha\{e attracted much attention lpe nical calculations rapidly increases with the number of
the past decades both experimentally and theoretically foélectrons. In addition, heavy atoms all have very large rela-
their roles in astrochemistry, in combustion processes, and i '

the chemical vapor deposition of carbon clustersin the f\istic effects. To reduce molecular calculations to a compu-
P P . tationally more feasible valence electron problem, a common

inter_stellar mediu_m, t_he_ reactivity of_s_mall carbon clusters ISway is the utilization of the relativistic effective core poten-
forfeited by quasicollisionless conditions, and carbon take?ials (RECP3, which are usually derived from relativistic

the.hlg_héy stable, albeit highly reactive, form of linear |, o0 Foc or Dirac—Fock® atomic wave functions and
chains:~® In these linear carbon chains the atomic orbitals,

hvbridized’-9 S £ th b hai be t therefore incorporate relativistic effects in the potentials. Be-
are S? dybn ;12% ' on:e 0 ebcar tgn Ch atlns rr:ay € Azg.cause the molecular properties are always ascribed to valence
minated by hydrogen atoms or by other heteroaloms. I'electrons, RECPs replace the chemical inert core electrons

tlon.of heteroatoms provides a means to stabilize the .Ca.‘rbovr\]/ith potentials and thus eliminate these core electrons from
chain. The heteroatom-doped carbon clusters containing

: - fle molecular calculations. Considering the computational
first-or second-row element of the Periodic Table have beegfficiency RECPs have been well documented by their ap-
the subject of numerous studi®s>® but few works have '

. lications to heavy atom systems, including lead-containin
concerned heavy-atom-doped carbon clusters. Herein a thg vy y g g

oo oYy omplexeS=% In this article, employing two types of
oretical investigation on the lead-doped carbon clusters I ECPs for lead atom. we present a systemic investigation on
reported. As the heaviest member of the IVA elements, lea '

. - e lead-doped carbon clusters RBEbG /PbG, (n
belong; o the same group In the Periodic Table as carbon 1-10). The study includes the structures, stability, ioniza-
and silicon. While the silicon-doped carbon clusters hav

Sion potentialgIP9), electronic affinitie$EAS), and fragmen-
been extensively investigaté@l6202127.2932-5%dies for . P lals(IPs), ic affinitiesEAS), g

the lead-doped carbon clusters have not been found in thtgtlon energies of the PREPLGI/PHG, clusters.

literature to date to our knowledge.
Theoretical calculations on the system containing heaV){I THEORETICAL METHODS

dAuthor to whom correspondence should be addressed. Electronic mail: T_he PbC!/qu/qu clusters were examined using
zichao@mrdlab.icas.ac.cn density functional theoryDFT) method at the B3LYP level
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of theory, where B3LYP was formed from Becke’s three-applied, but we also used the finer gi@9, 590 to check
parameter nonlocal exchange functidAahlong with the some suspicious results when necessary.
Lee, Yang, and Parr nonlocal correlation functioHalhe
DFT/B3LYP method has been successfully applied to many
medium-sized heteroatom-doped carbon clusters. Il RESULTS AND DISCUSSION
Two types of basis sets were used in both geometry op-
timization and frequency calculations. The first type of basis  Figure 1 gives the structures investigated here for the
set, labeled as CEP-31G, employing the effective core poterPbG,/PbC; /PbG, clusters. We initially optimize these
tials (ECP3 developed by Stevens/Basch/Krauss/Jasien angtructures at the B3LYP/CEP-31G level of calculations. The
their corresponding valence Gaussian basis for both C andbtained geometries are refined with the B3LYP/TZVP
Pb atomg?’® The ECPs retained the outers’np® (C,  method. Tables | and Il list the optimized geometries and
2s%2p?; Pb, 6s%6p?) shells in molecular calculations, ex- their relative energies, respectively, with the TZ¥masis
plicitly replacing the remaining chemically inert core elec- set, while the corresponding data with CEP-31G basis set are
trons with potentials. For Pb atom, relativistic effects werenot shown in this paper; requirement for those data can be
incorporated by deriving the ECPs from numerical Dirac—supplied by authors. The results show that the calculations
Fock atomic wave function® The contraction schemes used with two types of basis sets predict similar energy order for
for the basis sets were $4p)/[2s2p] for C and (%5p)/  different isomers of the PZPbG,/PbC, clusters. On the
[2s2p] for Pb. other hand, the B3LYP/CEP-31G calculations usually give
In the second type of basis set, the relativistic ef-longer bond distances and lower relative energies, with re-
fective core potentials(RECP$ given by Hay/Wadt spect to the B3LYP/TZVR ones. Since the CEP-31G basis
and the corresponding LanL2DZ basis sets were usedet does not consist of thbtype polarization functions and
for Pb atom’® The RECPs replaced the inner diffuse sptype functions, which are necessary for the calcu-
15?2s?2p°3s?3p®3d1%4s?4p®4d1%f45s25p55d°  elec- lations including ions, in the following discussion, we will
trons of the Pb atom by potentials, leaving the remainingnainly use the TZVR results, unless otherwise indicated.
6s26p? electrons for calculations. The LanL2DZ basis sets .
were extended by additional tws, two p-, and oned-type A. Structures and energies
functions in this stud$® For C atom, all-electron 6-311 The neutral PbC molecule has a tripféf ground state
+G* basis sets were used, which employed the standardith a valence electronic configuration fforg o?c?o S,
6-311G triple-split-valence basis s€tsaugmented with The quintuplefIl state and the singlét\ state of the PbC
d-type polarization functions and diffussptype functions. molecule are energetically less stable than the grotlhd
This type of basis set is referred as TZV¥Rn the present state by 21.6 and 22.9 kcal/mol, respectively. Our B3LYP/
paper. TZVP+ calculations predict that the equilibrium bond
All calculations were carried out witBAussIAN 98pro-  lengths for PbC in itSII, °TI, and*A state are 2.063, 2.182,
gram suite® The spin-restricted wave functions were usedand 2.335 A, respectively.
for all closed shell systems, and the spin-unrestricted refer- The isomers of the neutral PhClusters can take the
ences were employed for the open-shell species. The defadtillowing five possible structures: Pb-terminated linear struc-
integration grid (75, 302 of GAussSIAN 98 was mainly ture inC,, symmetry(2a) and bent structure i€5 symme-
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TABLE |. Optimized geometries for possible structures of the Fb@lusters at the B3LYP/TZVP level of theory. Bond distances and bond angles are in
A and degrees, respectively.

Neutral Cation Anion

Cluster Structure Coordindte State Geometry State Geometry State Geometry State Geometry State Geometry State Geometry

PbC™)  1a(C,,) R1s 1A 2182 N 2.063  2A 2191 43 2179 %3 2013 ‘3 2.213
PbG™  2a(C..,) Ry, ) 2011 %l 2187 %% 2121 %3 2399 I 2096 ‘3 2.287
Ros 1.278 1.237 1.232 1.298 1.268 1.247
2b (Cy) Riz A b b 2p’ 2.224 ¢ c ¢
Rs 1.265
Apns 87.3
2¢ (Cy,) Ry, A, 2.187  °B, 2.394 2\ 2.338 ‘A, 2.690 2B, 2306 ‘A, 2.630
Ros 1.271 1.282 1.267 1.347 1.286 1.270
PbG”)  3a(C.,) Ri, A 2097 33 2.084 210 2198 43 2123 210 2.044  “T0 2.205
Ros 1.288 1.286 1.260 1.289 1.316 1.285
Ras 1.303 1.305 1.332 1.269 1.286 1.315
3b (Cy,) Ry, A, 2.260 °B, 2301 ?%B, 2.465 ‘B, 2.483  2A, 2198 A 2.430
Rus 1.329 1.332 1.315 1.308 1.347 1.324
Ros 2.464 2.352 2.483 2.422 2.437 2.525
3¢ (Cyy) R, A, 2198  °B, 2371 %A 2.317 2342 2B, 2274 ‘B, 2.346
Ros 1.454 1.520 1.519 1.922 1.451 1.945
Roa 1.431 1.350 1.350 1.385 1.421 1.357
3d (Cy,) R, A, 2116 °B, 2235  2A, 2207 A, 2329 2B, 2.155 A, 2.415
Ros 1.428 1.382 1.397 1.405 1.433 1.361
Ras 1.379 1.493 1.458 1.341 1.377 1.549
Pbc™  4a(C..,) Riz s 2023 % 2215 711 2136 I 2378 I 2103 ‘I 2.307
Ros 1.264 1.255 1.258 1.287 1.252 1.262
Ras 1.311 1.321 1.309 1.285 1.342 1.327
Rus 1.272 1.288 1.303 1.336 1.259 1.282
4b (Cy,) R, A, 2.545  BA, 2.661 ’B, 2500 ‘A, 3113 2B, 2750 A, 4177
Rus 2.343 2.779 2.639 3.038 2.480 3.811
Ros 1.267 1.270 1.267 1.237 1.262 1.275
Rus 1.386 1.342 1.352 1.355 1.377 1.335
4c (Cy,) R, A, 2.079  °A, 2.264  %B, 2216 ‘B, 2187 B, 2133 YA 2.209
Ros 1.440 1.427 1.416 1.444 1.450 1.434
Raa 1.479 1.496 1.508 1.765 1.477 1.702
Rus 1.431 1.446 1.457 1.385 1.430 1.461
4d (Cy,) R, A, 2184  GA, 2248  %B, 2290 A, 2288 B, 2271 ‘B, 2.441
Ros 1.382 1.439 1.411 1.475 1.373 1.395
Ros 1.461 1.426 1.415 1.384 1.499 1.437
Rus 1.298 1.371 1.356 1.383 1.290 1.357
Pbd”) 5a(C.,) Riz A 2083 % 2079 21 2161 S 2113 21 2041 ‘11 2.188
Ros 1.284 1.272 1.250 1.268 1.299 1.263
Raa 1.287 1.288 1.311 1.289 1.271 1.308
Rus 1.290 1.288 1.263 1.298 1.317 1.295
Rss 1.289 1.291 1.315 1.246 1.273 1.291
5b (Cyp,) Ris A, 2.417  °B, 2.382 2B, 2.418 A, 2.393 2B, 2360 A, 2.694
Rss 1.270 1.271 1.272 1.289 1.277 1.275
Rs» 1.372 1.342 1.309 1.337 1.370 1.355
Asss 90.5 93.8 130.0 113.6 92.7 76.9
Ass) 167.3 155.6 113.6 153.3 165.8 166.7
5¢(Cy,) Ri» A, 2.194 d d ‘B, 2208 %B, 2.147  “*B, 2.144
Ros 1.957 1.477 1.560 1.637
Raa 1.318 1.460 1.387 1.365
Rus 1.366 1.325 1.368 1.404
Aoz 82.0 108.3 104.3 104.3
5d (Cy,) Ry, A, 2196  °A, 2.368 %A, 2273 B, 2.412  %B, 2282 ‘B, 2.332
Rs 1.448 1.389 1.478 1.351 1.445 1.834
Ros 1.409 1.412 1.373 1.432 1.395 1.393
Rus 1.336 1.331 1.382 1.328 1.366 1.397
Rsg 1.267 1.286 1.211 1.239 1.254 1.247
Pbc”)  6a(C.,) Ri, ) 2035 %% 2197 21 2120 ‘I 2284 711 2113 41 2.240
Rus 1.264 1.248 1.252 1.270 1.251 1.262
Raa 1.302 1.321 1.312 1.290 1.331 1.316
Rus 1.255 1.251 1.257 1.282 1.243 1.259
Rsg 1.305 1.309 1.296 1.277 1.334 1.317
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TABLE I. (Continued)

Neutral Cation Anion

Cluster  Structure Coordindte State Geometry State Geometry State Geometry State Geometry State Geometry State Geometry

Rs7 1.274 1.286 1.301 1.324 1.261 1.280
6b (Cy,) Ris A, 2307 °B, 2273 2A; 2371 %A, 238  %B; 2513 A, 2.441
Rus 1.254 1.255 1.261 1.263 1.252 1.257
Roa 1.346 1.346 1.323 1.324 1.364 1.361
Rus 1.243 1.372 1.259 1.417 1.236 1.356
Ass 118.0 125.3 134.3 128.9 109.3 113.7
Acar 151.2 158.8 137.8 157.3 152.2 164.6
6¢(Cy,) Ri» A 2200  SA 2200 A 2281  AA 2245 2N/ 2176 A 2.202
Ros 1.484 1.463 1.450 1.536 1.478 1.396
Raa 1.372 1.364 1.347 1.316 1.367 1.396
Rus 1.286 1.380 1.313 1.347 1.318 1.382
Rss 1.312 1.402 1.287 1.428 1.436 1.366
6d (C,,) R, A, 2195  BA, 2228 2B, 2271 A, 2263 B, 2.215 ‘B, 2.350
Ros 1.405 1.451 1.430 1.463 1.423 1.426
Ros 1.435 1.409 1.399 1.388 1.442 1.407
Rus 1.293 1.337 1.332 1.355 1.306 1.343
Rss 1.290 1.273 1.260 1.269 1.305 1.285
Re7 1.284 1.313 1.319 1.272 1.283 1.305
PbG™)  7a(C.,) Ry, A 2076 %% 2076 211 2139 43 2105 21 2043 11 2.176
Ros 1.269 1.268 1.248 1.261 1.291 1.255
Ras 1.294 1.294 1.317 1.300 1.278 1.318
Rus 1.274 1.273 1.249 1.275 1.299 1.270
Rsg 1.274 1.275 1.296 1.268 1.260 1.284
Re7 1.295 1.293 1.270 1.310 1.320 1.305
R7g 1.285 1.287 1.308 1.237 1.270 1.282
7b (Cy,) Ri7 A, 2301  °B; 2283  2A, 2346 ‘B, 2354  %B; 2267 ‘B, 2.418
R7s 1.254 1.255 1.256 1.270 1.263 1.260
Rss 1.369 1.350 1.315 1.328 1.377 1.353
Rs» 1.297 1.289 1.288 1.297 1.304 1.290
Aszs 1235 130.3 149.4 139.2 117.1 126.1
Azss 172.3 163.7 141.4 158.9 174.6 162.4
Aszy 109.9 121.6 151.9 117.4 109.2 124.9
7¢(Cy) R, A, 2.228  °B, 2.245 2 2.283 A, 2.420  %B, 2265 “B, 2.351
Ros 1.447 1.475 1.483 1.347 1.468 3.217
Raa 1.372 1.354 1.342 1.376 1.372 1.264
Rus 1.280 1.260 1.262 1.271 1.297 1.319
Rsg 1.319 1.380 1.368 1.335 1.394 1.351
Agas 114.4 115.0 115.8 125.8 118.3 85.5
Aaxss 153.9 146.5 144.7 123.8 126.0 159.3
PbG™)  8a(C.,) Rz I3, 2.040 33 2184 71 2110 ‘11 2230 21 2119 ‘I 2.193
Ros 1.264 1.246 1.250 1.262 1.250 1.263
Ras 1.302 1.325 1.316 1.298 1.330 1.311
Rus 1.256 1.246 1.250 1.274 1.243 1.262
Rsg 1.296 1.309 1.298 1.275 1.323 1.303
Re7 1.258 1.255 1.262 1.284 1.244 1.261
R7g 1.304 1.306 1.292 1.276 1.330 1.315
Rsg 1.275 1.285 1.298 1.316 1.262 1.278
8b (Cy,) Rig A, 2297  GA, 2.337 B, 2.357 A 2.358 2B, 2384 A, 2.299
Rss 1.233 1.257 1.243 1.277 1.244 1.259
Res 1.370 1.326 1.341 1.295 1.359 1.349
Rz 1.226 1.259 1.244 1.298 1.265 1.316
Ros 1.373 1.325 1.337 1.275 1.372 1.273
Ags 140.3 150.3 150.7 153.3 137.2 141.3
Asgsa 158.2 150.9 152.6 151.7 156.3 168.1
Agsz 144.4 149.2 147.3 146.0 149.4 123.6
8¢ (Cy,) R, A, 2.200 °A, 2.183  2A; 2.233 B, 2260  2A, 2181  “B; 2.184
Ros 1.379 1.492 1.400 1.511 1.472 1.497
Ras 1.426 1.347 1.400 1.324 1.368 1.360
Rus 1.227 1.271 1.239 1.287 1.262 1.259
Rsg 1.409 1.351 1.374 1.328 1.388 1.357
Agzs 1.225 1.259 1.239 1.274 1.246 1.390
Aasss 117.4 118.1 118.6 117.9 116.8 116.5
Agss 160.3 161.8 160.0 162.4 163.3 153.0
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TABLE I. (Continued)

Neutral Cation Anion

Cluster  Structure Coordindte State Geometry State Geometry State Geometry State Geometry State Geometry State Geometry

Pbc” 9a(C.,) Ris A 2072 3% 2074 21 2125 4% 2100 210 2.048  4T0 2.168
Ros 1.267 1.266 1.247 1.258 1.285 1.251
Ras 1.297 1.298 1.319 1.305 1.284 1.324
Rus 1.269 1.268 1.246 1.265 1.291 1.258
Rsg 1.281 1.282 1.303 1.281 1.266 1.297
Rg7 1.280 1.279 1.256 1.287 1.304 1.281
Rzg 1.269 1.271 1.290 1.257 1.256 1.274
Regg 1.297 1.295 1.273 1.318 1.321 1.309
Ro.10 1.283 1.284 1.304 1.232 1.269 1.278
9b (Cy,) Rig A, 2239 B, 2278 2B, 2334 ‘A, 2.321 2B, 2.234 ‘B, 2.427
Rg7 1.257 1.247 1.247 1.262 1.257 1.246
Rys 1.314 1.336 1.321 1.315 1.331 1.348
Rs3 1.277 1.257 1.270 1.271 1.263 1.252
Ra» 1.297 1.315 1.297 1.313 1.315 1.332
Arg7 162.6 147.5 161.1 153.9 147.5 144.5
Ag7s 148.2 162.7 148.9 164.8 162.5 161.5
Azss 162.7 148.2 162.8 144.8 147.5 152.6
Ass) 124.9 151.3 125.4 158.9 152.2 152.4
9c (Cyp,) R, A, 2194 3B, 2188 2B, 2285 ‘B 2237 2B, 2182 ‘A, 2.331
Ro3 1.453 1.480 1.487 1.418 1.441 1.432
Ras 1.325 1.329 1.299 1.367 1.355 1.322
Rys 1.284 1.275 1.304 1.254 1.261 1.281
Rsg 1.301 1.317 1.288 1.336 1.337 1.323
Re7 1.301 1.299 1.307 1.297 1.294 1.305
Agzs 121.9 122.9 121.6 122.0 123.5 124.4
Axss 167.1 155.8 167.7 157.6 157.5 154.5
Auss 124.5 154.6 123.9 154.2 127.0 154.8
Pbd;’ 10a(C..,) R1s s, 2.046 3% 2181 M1 2103 ‘Il 2196 21 2123 ‘01 2.160
Rys 1.264 1.243 1.249 1.257 1.250 1.264
Ras 1.303 1.330 1.318 1.304 1.329 1.308
Rs 1.257 1.241 1.247 1.267 1.243 1.264
Rsg 1.295 1.316 1.304 1.280 1.322 1.298
Rg7 1.259 1.249 1.256 1.281 1.245 1.265
Ryg 1.294 1.306 1.293 1.270 1.319 1.301
Rago 1.259 1.255 1.265 1.284 1.246 1.261
Ro.10 1.303 1.305 1.291 1.277 1.326 1.314
Rio11 1.276 1.283 1.296 1.310 1.263 1.277
10b (Cy,) Ri10 A, 2242  °B, 2.243 27, 2301 ‘A, 2332 2B, 2.346 ‘B, 2.350
Rios 1.241 1.245 1.247 1.250 1.243 1.245
Regs 1.338 1.329 1.323 1.318 1.346 1.340
Rea 1.238 1.251 1.253 1.265 1.238 1.246
Rz 1.339 1.324 1.311 1.299 1.354 1.342
Ros 1.241 1.365 1.258 1.396 1.236 1.357
Al0s 153.7 151.7 163.0 152.8 154.4 151.5
Asoss 166.0 165.6 158.1 165.4 163.2 164.1
Asgsa 157.2 158.6 158.8 157.6 160.9 161.7
Ao 146.5 164.7 143.5 164.9 143.4 164.3
10c(C,,) Ry, A, 2211 GA, 2457 2B, 2.288 ‘A, 2567 2B, 2.309 ‘A, 2.369
Ros 1.431 1.375 1.406 1.397 1.434 1.382
Raa 1.348 1.308 1.324 1.299 1.334 1.330
Rus 1.250 1.275 1.268 1.276 1.265 1.267
Rsg 1.323 1.296 1.296 1.304 1.319 1.321
Re7 1.253 1.276 1.275 1.264 1.262 1.345
Aggs 1.334 1.302 1.297 1.318 1.348 1.253
Agss 126.1 130.3 127.7 131.2 124.0 127.7
Ausg 161.5 160.4 163.4 155.7 167.2 160.2
Ase7 148.8 142.0 141.7 151.1 141.9 158.9

@Atom numbering is shown in Fig. 1.
bConverging to2c.
‘Converging to2a.
dConverging ta5b.
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TABLE Il. Relative energiesE,,, in kcal/mo) and numbers of imaginary vibrational frequenci®g.fy, given in parenthesggor the possible structures
of the Pb¢™ clusters at the B3LYP level with the TZ\iPbasis sets.

Neutral Cation Anion

Cluster Structure State Eg (Nimag State Eg (Nimag State Er (Nipag State Egg (Nimag State Eg (Nipag State  Erg (Nimag

PbG®)  1a(C,,) A 22.9(0) Gl 0.0(0) 2\ 13.1(0) 43 0.0(0) 2y, 0.0(0) ) 25.0(0)
PbG”)  2a(C,,) = 0.0(2 ail 35.5(0) 23, 0.0(0) 43 61.7(0) 11 0.0(0) ) 37.7(0)
a a b b b

2b (Cy) A 2p’ —0.6(0)

2c(Cy) A —-2.3(0 °B, 32.3(0) A, -05(1) ‘A, 67.1(0) 2B, 4.0(0) A, 41.2(0)
2d (D.,) 'S, 1729(0) 3%, 168.8(0) I, 179.4(00 ‘Il  168.2(1) 21, 142.8(0) ‘¥, 144200
2e(Cy,) c c ’B, 177.3(00 “*B,  162.7(0) d d

PbG”  3a(C,,) A 13.2(0) 33 0.0(0) 21 0.0(0) 43 19.9(0) 11 0.0(0) 1 16.4(1)
3b(Cy) A 9.7(0) °B, 15.6(0) 2B, 8.5(0) ‘B, 57.5(1) 2p, 21.5(1) AL 26.3(0)
3c(Cy) A 13.9(0) B, 19.7(0) 2A, 1.1(0) A, 79.7(2) ’B, 17.4(0) ‘B, 52.6(1)
3d(Cy) A 25.4(1) B, 38.6(0) 2A, 27.9(0) ‘A, 38.5(0) ’B, 21.3(0) ‘A, 42.7(1)
3e(C.,) IA 130.8(1) 53 104.6(2) 1 144.0(2) 43, 130.6(2) 1 87.2(0) 43, 104.9(4)
3f(Cp) A, 1293000 %A, 1025000 %A,  140.0(3) ‘A, 13182 2B, 90.3(0) ‘B, 90.3(0)

Pb¢”  4a(C.,) = 0.0(0) 33 30.0(0) 11 0.0(2)° 11 38.7(1) 11 0.0(0) 1 34.4(0)
4b (Cy,) A 12.3(0) A, 55.0(1) 2B, 26.2(2) n, 90.5(2) ’B, 14.8(0) A, 68.6(0)
4c(Cy) A 53.0(0) A, 63.8(0) B, 35.4(0) B, 81.3(2) B, 58.5(0) A, 97.2(1)
4d (Cy) A, 54.5(0) A, 81.0(0) B, 46.9(0) an, 81.0(0) B, 69.6(1) ‘B, 86.8(0)
4e(C,) A, 10042 °B, 157.1(1) %A, 13150 ‘A, 189.0000 2B, 99.8(1) ‘B,  127.9(1)
4f (D) 'z, 1018(4) %%, 141.6(6) ¥, 133.9(3) ‘I, 162905 %I, 95.5(6) %, 132.9(5
49 (C.,) 53 156.3(0) 83, 153.2(2) 1 143.8(2) 43, 133.4(2) 23, 142.6(4)  “I 139.8(2)
4h(Cy) A, 1756(00 %A, 16192 %A, 1753(2) ‘A, f ’B, 142.7(1) “B, 167.9(2
4i (Cp) A, 18122 A, 15652 %A, 150.020 ‘A, 140320 2B, 148.0(1) ‘A,  154.6(2)

Pb¢”  5a(C.,) A 10.7(0) 33, 0.0(0) B 0.0(0) ) 20.6(0) 11 0.0(0) 11 13.2(0)
5b(Cy) A 20.7(0) °B, 18.8(0) B, 29.1(0) an, 52.8(0) ’B, 11.7(0) A, 40.0(0)
5¢(Cy) A 52.2(0) 9 9 ‘B, 96.1(1) 2B, 94.1(0) ‘B, 90.8(0)
5d (Cp) A 28.2(0) 5A, 52.8(1) 2A, 45.6(1) ‘B, 88.3(0) ’B, 25.7(0) ‘B, 94.1(2)

Pb¢”  6a(C.,) = 0.0(0) 3y 23.7(0) 11 0.0()" 11 31.2(0) 11 0.0(0) 11 30.2(0)
6b (Cy) A, 12.4(0) °B, 42.0(0) 2p, 24.6(1) A, 51.6(0) B, 37.3(1) an, 67.7(0)
6c(Cy) A 37.1(2) A, 55.4(1) g, 34.0(2) -y 66.5(1) ’B, 63.2(0) A 90.8(1)
6d (Cy) A, 50.8(0) A, 68.0(0) 2B, 43.4(0) n, 75.2(0) ’B, 62.6(0) ‘B, 74.4(0)

PbG™)  7a(C.,) A 9.1(0) 3y, 0.0 (0) ] 0.0(0) 43 20.7(0) 21 0.0(0) 1 10.8(0)
70 (Cy) A 17.3(0) B, 22.3(0) 2A, 22.5(0) ‘B, 53.8(1) 2A, 27.3(1) AL 45.2(0)
7¢(Cy) A 64.5(4) B, 38.2(0) 2A, 23.5(0) A, 59.5(1) ’B, 42.3(0) ‘B, 55.3(0)

PbG”  8a(C.,) = 0.0(0) 3y, 19.5(0) 11 0.0(0) 11 26.1(0) 11 0.0(0) 11 27.5(0)
8b (Cy) A, 22.6(2) 3A, 49.5(1) ’g, 26.0(1) -y 54.6(2) B, 39.0(1) A, 62.7(1)
8c(Cy) A 48.1(2) A, 69.2(2) 2p, 45.2(1) B, 54.9(1) 2A, 80.9(3) ‘B, 86.7(0)

Pb¢”  9a(C.,) A 8.0(0) 33, 0.0(0) ] 0.0(2) 43 20.9(0) 2] 0.0(0) 1 9.2(0)
9b (Cp) A, 13.6(0) °B, 13.3(0) B, 15.6(0) A, 36.6(0) B, 15.3(0) A, 45.8(0)
9c(Cy) A 7.5(0) B, 37.4(2) ’B, 22.8(1) ‘B, 43.5(1) B, 42.4(1) A, 63.2(3)

Pbd;’ 10a(C.,) = 0.0(2) 3% 17220 °1 0.0(2) ‘M 2252 N 0.0(2) ‘e 25.1(2)

10b(C,) *A; —1.8(0) °B, 29.4(0) 2p, 9.6(1) n, 39.9(0) 2B, 29.2(1) A, 59.1(0)
10c(Cy,) A} -0.7() %A, 26.8(2) 2B, -42(1) ‘A, 54.1(2) B, 31.3(1) A, 55.0(0)
10c-2(Cy A’ -1.5(0) SA” 24.1(0) 2N —4.2(0) '\ 34.6(0) 2A” 28.3(0)

&Converging to2c.

bConverging to2a.

‘Converging to2c.

dConverging to2d.

€See the text for the corresponding structure with all real vibrational frequency.

fConverging to4i.

9Converging to5h.

"See the text for the corresponding structure with all real vibrational frequency.

It has been noted that the 6-3tG* basis sets become over-complete for some carbon chain systems because of the large overlap between the diffuse
functions. When we reinvestigate these systems using 6-3hKSis setgin which diffusesp-functions are excludedor carbon atoms, they all have no
imaginary vibrational frequency, indicating that they should be stable.

IFurther calculations following the normal mode of the imaginary vibrational frequency leadC{osgmmetry structure with its relative energy being 9.6
kcal/mol at the B3LYP/TZVFR- level of theory, with respect to thidl state of10a
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try (2b), Pb-side-on adduct PB%) in C,, symmetry(2c), 3B, state energetically higher than tAE ground state3a)

and Pb-inserted dicarbide CPbCIn.,, symmetry(2d) and  py 25 4 and 38.6 kcal/mol, respectively. For the structures in
in C,, symmetry(2e). At the B3LYP/CEP-31G level of com- \yhich three C atoms are separated, sucB@and 3f, they
putations, structureb in its singlet'A’ state has lowest poth have very high energies, lying more than 100 kcal/mol
energy, while structur@a in its 'S state and structurgc in above the®S ground state3a), so we do not consider this
its 'A; state are energetically less stable by 0.1 and 2.6 kcaling of structures further. We have also studied @hg sym-
mol, respectively. On the other hand, the B3LYP/TZVP metry trigonal pyramid structure of PRCIt is about 64
calculations predict that tHe\; state of2c has lowest energy kcal/mol energetically less stable than tH ground state

with the ' state of 2a being 2.3 kcal/mol energetically (3a), and has two imaginary vibrational frequencies, express-
higher. The optimization on structus also converges t8c g it is not a minimum on the PES of PRC

structure2a, 2b, and2c are almost energetically degenerate, for ppG, leads to the possible structures of RhiGvestigated

to further characterize their energies, we also study them &{erein, as depicted in Fig. 1. For the neutral PblDster, the
higher CCSIUT) level of theory. The CCSI)™ ™ method  most stable isomer possesses a linear PbCCCC structure
requests a coupled cluster calculations using both single andg)  |ts electronic ground state hd&% symmetry. The cal-
double substitutions and including triple excitations. Bothcyjated bond  distances  are R(Pbl—C2)=2.023,
the CCSIOIT)/CEP-31G and CCSQ@)/TZVP+ calculations R(C2-C3)=1.264, R(C3-C4)=1.311, and R(C4-C5)
predict that thé/A’ state of2b has lowest energy and all real —1 272 A at the B3LYP/TZVR level of calculations.
vibrational frequencies, indicating that té' state (2b)  \hen starting from a Pb-containing monocyclic structure of
should be the ground state of the neutral Plolister. The  ppc, with C,, symmetry, we get a fanlike structurdb),

1 1 i . . .

A, state of2c and the’> state of2alie 0.03 and 5.0 kcal/  \yhich can be viewed as a Pb atom bonded to one side of a
mol above the'A’ state (2b), respectively, with the chain C,4 unit. Structuredb in its lowest-lyingA, state has
CCSOT)/TZVP+ method, and have one or two imaginary || real vibrational frequencies and lies only 12.3 kcal/mol
vibrational frequencies. Following the normal modes relatetkpergetically above théS ground state(4a) with the

to these imaginary frequencies, struct@eand2ain their B3| YP/TZVP+ method. Kitelike structurestc and 4d,
singlet states also fall into structue®. Compared with their  \hich can be yielded by adding a C atom to structBdeor
singlet states, the corresponding triplet states of stru@are 3¢, are also minima on the PES of PhGuith their energies
2b, and2c all have higher energies. Structtd, either inits  higher than the global minimum by 53.0 and 54.5 kcal/mol,
singlet '3 state or in its triplet’Y, state, has very high respectively, at the B3LYP/TZVP level. The structures
energiegsee Table |, indicating that the PbCcluster pre-  with the Pb atom bonded to four-membered ri6g unit
fers the structures in which the two C atoms bond to eachrom its one sideiin C,, symmetry or from its top(in C,,
other, with the Pb atom being end-on or side-on theu@it.  symmetry are also investigated. In their singlet states, the
When we start the Pb-inserted dicarbide structure CPbC witformer transforms into the fanlike planar structub),

C,, symmetry(2e), it goes back to the side-on adduct struc-while the latter has very high energy. Again, for the struc-
ture PbC,) (20). tures in which four C atoms are separated by the Pb atom,
Various possible structures of the neutral Rlfluster  such asde 4f, 4g, 4h, and4i, they all have very high ener-

have been investigated: the linear structures with Pb atorgies, lying more than 100 kcal/mol above the grou
located at one endPbCCC,3a) or in a central position state(4a).

(CPbCC,3e), the PbCs) structures with Pb atom bonded to There are mainly four kinds of structures investigated for
one side of a quasilinedZ; unit (3b), or to one side of a the PbG cluster, i.e., linear PbCCCCC structuf®a), Pb-
cyclic C3 unit (3c), or to one apex of a cycli€; unit (3d),  containing monocyclic ring5b), Pb-side-orCs monocyclic
and structuredd's analogug3f) in which the Pb atom taking ring (5¢), and kitelike structurg5d). For PbG,, when then
part in the ring ad a C atom in an exocyclic position, ... The carbon atoms are inserted by the lead atom, the structures all
global minimum for neutral PbQds theC.., symmetry linear have very high energies, such2s-2¢e 3e-3f, 4e-4i, so we
structure PbCCG3a) in its triplet 33 state. The calculated do not consider this kind of structures further whes 5.
bond distances for structurBa are R(Pb1-C2)=2.084, The ground state of the neutral Pp€luster is the triplef>
R(C2-C3)=1.286, and R(C3-C4)=1.305A with the state of structurésa Its corresponding singletA state is
B3LYP/TZVP+ method. Compared with théS ground higher in energy by 10.7 kcal/mol at the B3LYP/TZV¥P
state, the corresponding singfet state of3ais 13.2 kcal/  level. The calculated bond distances for the ground state are
mol energetically less stable. Another low-energy minimumR(Pb1-C2)»>2.079, R(C2-C3)=1.272, R(C3-C4)
found for PbG is structuredb. Its singlet'A; state and trip- =1.288, R(C4—-C5)=1.288, and R(C5-C6)=1.291 A.

let B, state are energetically above tH% ground staté3a) Structurebb is also a minimum on the PES of PbQwith its

by 9.7 and 15.6 kcal/mol, respectively, at the B3LYP/lowest triplet electronic state’B;) being 18.8 kcal/mol en-
TZVP+ level. Structure3c is also a minimum on the poten- ergetically less stable than tR& ground state. Structursc

tial energy surfac€éPES of the PbG cluster. It has similar either converges to structufb, or has very high energy,
electronic states’@; and®B;) to structure3b, but is about indicating it is unstable. The kitelike structuf®d) is a mini-
4.1 kcal/mol less stable than the latter, for both its singlet andnum in its lowest-lying singletA; state, with its energy
triplet states. Structurgd is either a saddle point or a mini- being 28.2 kcal/mol higher than tH& ground statg5a).

mum on the PES of PhG with its singlet*A; and triplet For the Pbg cluster, we also mainly investigate its four
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types of structureq6a) the linear structure with the Pb atom TZVP+ level of theory. The calculated bond distances for
located at one endgb) the Pb-containing seven-membered the global minimum areR(Pb1l-C2)-2.040, R(C2-C3)
ring structure;6¢) the structure with the Pb atom bonded to = 1.264, R(C3-C4)=1.302, R(C4-C5)1.256,
one side of a monocycli€g unit; and (6d) the kite-like R(C5-C6)1.296, R(C6-C7)=1.258, R(C7-C8)
structure. Similar to that of PhC the global minimum of the =1.304, and R(C8-C9)=1.275A. For Pb-containing
neutral Pb@ cluster also has a linear PbCCCCCC structuremonocyclic ring structuré8b) of PbG, whenC,, symme-
(6a), but its electronic ground state is its sing!®t state. Our  try is constrained, structur@b in its lowest-lying*A; state
B3LYP/TZVP+ calculation predicts the bond distances forhas two imaginary vibrational frequencies, indicating that
the ground state areR(Pbl1-C2)>2.035, R(C2-C3) structure8bis a saddle point on the PES of PhG-ollowing
=1.264, R(C3-C4)=1.302, R(C4-C5)=1.255, the eigenvectors for the imaginary frequencies leads@g a
R(C5-C6)=1.305, andR(C6—-C7)=1.274 A, respectively. symmetry nonplanar ring structure. Compared with @g
Structure6b in its singlet!A; is either a minimum(at the ~ symmetry ring structuré8b), this nonplanar ring structure is
B3LYP/TZVP+ level) or a transition statéat the BSLYP/ 1.7 kcal/mol more stable, but it is still 20.9 kcal/mol less
CEP-31G leval with its energy being higher than tHe& stable than thé3 ground staté8a). Structure8c has two or
ground state by 12.4 and 6.4 kcal/mol, respectively, at thenore imaginary vibrational frequencies. Because of its too
above two levels. For structuigec, whenC,, symmetry is  high energy, we do not consider it further.
constrained, it has an imaginary vibrational frequency. Fol-  The B3LYP/TZVP+ method predicts that neutral PHC
lowing the eigenvector for the imaginary frequency leads tccluster has a linear PbCCCCCCCCC ground state structure
another Pb-cappeds monocyclic structure, in which all the (9a) with a triplet 3, electronic state. The calculated bond
seven atoms are still in a plane but the point group symmetrdistances for the linear structur@a in its 33 state are
of the cluster is reduced fori@,, to C5. ThisCg symmetry R(Pb1-C2)}2.074, R(C2-C3)=1.266, R(C3-C4)
structure is a minimum with its energy lying 34.2 kcal/mol =1.298, R(C4-C5)=1.268, R(C5-C6)=1.282,
above the'> ground state at the B3LYP/TZVP level of R(C6-C7)=1.279, R(C7-C8)=1.271, R(C8-C9)
calculation. The kitelike structure wit@,, symmetry(6d) is =1.295, andR(C9-C10)=1.284 A. Compared with th&,
also a minimum on the PES of PpCbut its relatively high  state of9a, the Pb-containing 10-membered ring structure
energy, about 50 kcal/mol above th® ground state, ex- (9b) has lower energy at the B3LYP/CEP-31G level, but
presses that this structure should be less stable. more reliable B3LYP/TZVR- method predicts that structure
According to the calculations above, the Rb@=6) 9b (in its lowest-lying®B; state is 13.3 kcal/mol energeti-
clusters mainly have linear structures with the Pb atom lo€ally much higher. Similarly, although the B3LYP/CEP-31G
cated at one endna). On the other hand, when more C calculations give the Pb-side-o8y monocyclic structure
atoms are included, the Pb-containing+1)-membered (90) in its singlet'A; state has lowest energy among the
monocyclic ring structurénb) and the Pb-side-o€, mono-  structures investigated, the B3LYP/TZWPmethod predicts
cyclic ring structure(nc) also should have lower energies. that this'A; state is less stable than th® state of9a by 7.6
Therefore, for Pbg-PbG, clusters, only these three kinds kcal/mol.
of structures are investigated. For the Rlaflister, all of our Unlike the cases of PhC(n=<9), which all have the
calculations predict linear PbCCCCCCC struct(ife) in its linear structures as their ground states, our calculations
triplet 33 state has lowest energy and all real vibrationalpredict that, for neutral Pbg cluster, the linear
frequencies, indicating it should be the ground state of PbC PbCCCCCCCCCC structurél0g) is less stable than the
The singlet'A state of7ais 9.1 kcal/mol energetically less Pb-containing 11-membered ring structf®b) or the Pb-
stable at the B3LYP/TZVR level of theory. The calculated side-on C;; monocyclic structure(10¢). At the B3LYP/
bond distances for the ground state structure ardZVP+ level, structurelObwith C,, symmetry in its singlet
R(Pb1-C2)=2.076, R(C2-C3)=1.268, R(C3-C4) !A, state has lowest energy and all real vibrational frequen-
=1.294, R(C4-C5)=1.273, R(C5-C6)=1.275, cies, indicating that it should be the global minimum of
R(C6—C7)=1.293, andR(C7—-C8)=1.287 A. For the Pb- PbC,. On the other hand, the B3LYP/CEP-31G calculations
containing monocyclic ring structur@b) of PbG,, its sin-  give thelA, state of structurdOb an imaginary vibrational
glet'A; state and tripletB, are energetically less stable than frequency (46.1Qb,). Following the normal mode for the
the 33 ground statg7a) by 17.3 and 22.3 kcal/mol, respec- imaginary frequency leads to a similar 11-membered ring
tively. For the Pb-side-oi€; monocyclic structurg7c) of  structure but the point group symmetry of the cluster is re-
PbG,, its singlet'A; state has four imaginary vibrational duced fromC,, to C. This C, symmetry ring structure is a
frequencies and very high energy, and further calculationsninimum with its energy lying only 2.6 kcal/mol below the
following the normal modes related to the imaginary fre-C,, symmetry ring structure at the B3LYP/CEP-31G level
guencies do not reduce the energy dramatically. The tripledf theory. It should be noted that thiS; symmetry ring
3B, state of7c has all real vibrational frequencies with its structure goes back to the abo®g, symmetry ring structure
energy 38.2 kcal/mol higher than that of tf ground state  (10b) when B3LYP/TZVP+ method is used. For the
(7a) at the B3LYP/TZVP+ level of computations. Pb-side-on G, monocyclic structure, whelC,, symmetry
The global minimum of the neutral PRCluster is also is constrained, structurelOc has an imaginary vibra-
its linear PbCCCCCCCC isomé8a). Its electronic ground tional frequency. Further calculations following the normal
state is the singlets, state with the corresponding trip&t, mode of the imaginary frequency leads toCa symmetry
state being higher in energy by 19.5 kcal/mol at the B3LYP/structure (10c-2 with geometries ofR(Pb1-C2)2.238,
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R(C2-C3)=1.431, R(C3-C4F1.363, R(C4-C5)
=1.243A, R(C5-C6)=1.339, R(C6-C7)=1.257,
R(C7-C8)=1.328 A, R(C8-C9)=1.272, R(C9-C10)
=1.308, R(C10-C11)=1.263 A, A(C2-C3-C4}125.7,
A(C3-C4-C5)3155.6, A(C4-C5-C6)160.8, A(C5
—-C6-C7)129.4, A(C6-C7-C8¥3155.6, A(C7-C8
—C9)=120.8,A(C8-C9—-C10¥159.9,A(C9-C10-C11)
=139.5°. Compared with théA; state of 10b, structure

Li, Xing, and Tang

R(C2-C3)=1.251, R(C3-C4)=1.314, R(C4-C5)
=1.255,R(C5-C6)=1.300,R(C6—C7)=1.296 A, A(Pb1
—C2-C3)=179.5, A(C2-C3-C453179.9, A(C3-C4
—C5)=179.9, A(C4-C5-C6}F179.4, A(C5-C6-C7)
=170.0° for the @ symmetry quasilinear structure of
PbG , respectively. For Pbfg cation, the most stable isomer
possesses a Pb-side-ongGnonocyclic structure withCg
symmetry (10c-2 while the linear (PbCCCCCCCCCC)

10c-2in its A’ state is 0.3 kcal/mol less stable with the structure in itIl state is 4.2 and 14.4 kcal/mol higher at the

B3LYP/TZVP+ method while 4.6 kcal/mol more stable with
the B3LYP/TZVP+ method.

In summary, for the neutral PhClusters, whem=1,
the PbG cluster has a tripletIT ground state; when=2,
the global minimum of Pbgis found by the B3LYP/CEP-

B3LYP/TZVP+ and B3LYP/CEP-31G levels, respectively.
The optimized geometries for structureOc-2 are
R(Pb1-C2)=2.290, R(C2-C3)=1.405, R(C3-C4)
=1.328, R(C4-C5)=1.267A, R(C5-C6)=1.298,
R(C6—-C7)=1.278, R(C7-C8)=1.295A, R(C8-C9)

31G and CCSD) calculations to have a Pb-terminated bent=1.283, R(C9-C10)=1.294, R(C10-C11)}-1.271A,

chain structurg2b) and a singletA’ state; whem=3-9,
the linear isomer having a terminal lead at(@®a, 4a, 5a, 63,

A(C2-C3-C4)128.0, A(C3-C4—C5)%158.2, A(C4
—C5-C6)=151.5, A(C5-C6-C7)137.1, A(C6-C7

7a, 843, 9a) is the lowest energy form for every member of —C8)=151.2, A(C7-C8-C9)=125.4, A(C8-C9-C10)

this PbG, series and the electronic ground state is tripkt
for n-odd member or singletS for the n-even member;

=157.7, A(C9-C10-C11¥137.1°. The Pb-side-on ;¢
monocyclic structure withC,, symmetry (100 has one

when n=10, the PbG, cluster possesses a Pb-containingimaginary vibrational frequency.

11-membered ring ground state structure.
Removing an electron from neutral Pb@ives cationic
PbC! clusters. All the structures studied for Pp&re also

Attaching an electron to neutral PhQjives anionic
PbG, clusters. Again, we choose all the structures consid-
ered for Pb@ as the initial structures of the PRCanions,

investigated for the PR cations. Both the doublet and the and both the doublet and the quartet electronic states are
quartet electronic states are considered for each structure tfvestigated for each structure of the BPbClusters. The
PbC! . As shown in Table I, all the PgCclusters have dou- computational results for the PRClusters are also given in
blet ground states except for PbCwhich has a quartéts, Tables | and Il. The electronic ground state of the PbC
ground state with &cored o220 2 valence electronic con- anion has's, symmetry and gcorg oo’ 7 valence elec-

figuration. Similar to Pbg, structure2a, 2b, and 2c have

almost degenerate energies for the Ph@uster cation. At
the B3LYP/TZVP+ level, structure2b in its ?A’ state has
lowest energy while structuicin its 2A; state and structure

tronic configuration. For each PRQn=2-10) cluster, the
C.., symmetry linear structur@a) in its ?II state has all real
vibrational frequencies and the lowest energy, expressing
that it should be the global minimum on the corresponding

2ain its 23 state lie 0.1 and 0.6 kcal/mol above, respectively.potential energy hypersurface.

The global minimum of the PbCcluster cation has &..,
symmetry linear structuré3a) and a doubletIl electronic
state. This is also the case for the cationic Ph@bG, ,
PbG , and PbG clusters, i.e., their global minima all have
linear structure$5a, 7a, 8a, and9a) and?Il states. On the

B. Stabilities

To compare the relative stability of the clusters with dif-
ferent sizes, we adopt the concept of incremental binding

1-25,79 P
other hand, all of our calculations predict that, for the cat-energy; labeled asAE", as suggested by Pascoli and

ionic PbG and PbG clusters, theC,,, symmetry linear
structuresta and6a in their doublet’Il states are transition

Lavendy.AE,ﬁ is defined as the consecutive binding energy
difference between adjacent PP®bG /PbCG, —and

states for they both have an imaginary vibrational frequencyPbG-1/PbG_1/PbG_; clusters, and can be determined by
Following the eigenvector for the imaginary frequency leadshe reaction energies of

to a C; symmetry quasilinear structure for Pb@nd a G
symmetry quasilinear structure for Pwahich both pos-
sess all real vibrational frequencies. For PhGhe C¢ sym-
metry quasilinear structure in ifsA’ state has lowest total
energy, lying 0.9 kcal/mol below the linear structuda
(?II), indicating it should be the global minimum on the
PES of PbG . For PbG , the G symmetry quasilinear

PbG,—PbG,_,+C;, (DN1)
PbCH —PbG_,+Cy, (DC2)
PbC, —PbC_,+C;. (DN3)

The incremental binding energies versus the carbon atom
numbers for Pb-doped linear carbon clusters

structure in its?A’ state and the corresponding linear struc-PbG,/PbG!/PbG, are presented in Fig. 2. From Fig. 2 we
ture 6a in its the Il state have almost degenerate energiesgan see that there exists a strong even—odd alternation in the
with the former being only 0.1 kcal/mol energetically more cluster stability for neutral PhCand anionic Pb, with

stable. The optimized geometries dRéPb1—-C2)2.129,
R(C2-C3)=1.251, R(C3-C4)F1.322, R(C4-C5)
=1.282A, A(Pbl1-C2-C3¥175.4, A(C2-C3-C4)
=177.3, A(C3—C4—-C53164.0° for the Cg symmetry
quasi-linear structure of PRG and R(Pb1-C2)=2.119,

their n-even members being much more stable than the cor-
responding oddn—1 and n+1 ones, while for cationic
PbG clusters, the parity effect is very weak.

Systematical investigations on second-row-atom-doped
linear carbon cluste?® have shown that, for linear
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FIG. 2. Incremental binding energies for linear RBEbG! /PbC, clusters 4n (LUMO) 4n (LUMO)

vs the number of carbon atoms.

PbCs PbCs

C XIC XtIC, X~ (n=1-10, X=Na, Mg, Al, Si, P, S, or , _ _ _
FIG. 3. The highest fully occupied molecular orbitelFOMO), the singly

Cl), the parity eﬁec_t in cluster relative Stab'“ty IS a, result of occupied molecular orbitdlSOMO), and the lowest unoccupied molecular
the number of available valence-electrons, especially the orpital (LUMO) of linear PbG and PbG clusters. The core orbitals,
electron number inr-type highest occupied molecular or- formed by the % orbitals of the carbon atoms and the
bital (HOMO). Similar to linear SiG, when the core 42 1s252p3s3p3d4s4p4d4f5s5p5d orbitals of the lead atom, are excluded
electrons for each carbon atom and and not numbered herein.
15225%2p%3s?3p®3d1%4s24p®4d194f145525p55d10  elec-
trons for lead atom are excluded, linear Rbidas s +4
valence electrons, and the electronic configurations can
summarized as followed:

btéilities of the heteroatom-doped linear carbon clusters—is
invalid. Anionic Pb( has one more valence electron than
neutral PbG. Linear PbG has--- 7! electronic configura-
tion for its n-even member ane -7 electronic configura-
tion for its n-odd member. Again, none of them corresponds
to a fully filed HOMO, so the parity effect for linear PRC
should also less pronounced, according to the “valence
n+1 m-electrons number” rule. However, this is not the case. To
(core)loz---1774---(n+2)02(7) w?, understand the origin of this conflict, Fig. 3 displays the
valence molecular orbitals of linear Ph@nd Pbg cluster.
n-odd members(except for PbC. For linear PbG anion, the singly occupied molecular orbital
(SOMO) is a m-type bond orbital, while the SOMO of linear
PbG anion is best described astype lone-pair orbital.
When going from Pbg to PbG , one electron will occupy
m-type bond orbital. On the other hand, when going from
PbG to PbG , both the twor electrons will occupys-type
lone-pair orbitals. These are also the cases for other, PbC
anions. Perhaps this is the reason why theven members
of the PbE anions are much more stable than the corre-
sponding oddn—1 andn+1 ones. The theoretical result
predicted herein is in good agreement with the even—odd
plternation mass distribution observed in our recent time-of-
flight mass spectrérig. 4).

n
(corelo® --1m*+(n+ 2)02(5) s

n-even members,

Thus, except for the smallest member PbC, linear PbC
cluster contains @+ 4 valenceo-electrons and 2 valence
m-electrons. The @+4 o-electrons fully occupyn+2
o-orbitals. For the species with even the 2n mr-electrons
constitute a closed shell, resulting in-arm* electronic con-
figuration and &3 state, while for the cluster with odd the
m-type HOMO is half-filled with only two electrons, result-
ing in a---? electronic configuration and ¥ state. Since
the former situation(fully filled 7-orbitalg is energetically
much more stable than the latter ofelf-filled w-orbitalg,

a strong even—odd alternation exists in the stability of linea
PbG, clusters, with then-even members being much more
stable than the-odd ones. Cationic PhChas one less va- C. lonization potentials and electron affinities
lence electron than neutral PhCFor linear Pb¢ , its

n-even member has an! electronic configuration and its S :
n-odd member has e electronic configuration. None of Pb_(}? . We get the ionization potentiglP) and the electr_on
them correspond to a fully filed HOMO, so the stabilities for _aff|r_1|t|es (EA) .Of the Pbg, clusters. _Three forms of the lon-
both n-odd andn-even species do not differ much ization potential are reported herein, evaluated as the differ-
. . . . L ence of total energies in the following manner:
It is very interesting to note that, for linear Pb@nions, . LY . ;
the “valencem-electrons number” rule—it is the number of the adiabatic ionization potential are determined by

available valencer-electrons that determines the relative sta-  IP,4= E(optimized cation— E(optimized neutrgl,

Comparing the total energies of PbCPbG , and
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16 17 18 18 20 21 22 23 24 25 26 27 28 29 30 C, and an EA order of E&”<EAad<EAVDE'.V\.Iith the EAven
e {’(')"’5'"1"';'é"':'é"'j';,f"':"5'"':”6'":";";'é"';’é””ib”"ﬁ'"'1"2”55[:”’ giving the lower bound and the Efg giving the upper
U A bound.
; A ﬁ S I Y B B O Figure 5 depicts the IP and EA values as function of the
B S S A ) I S Y R number of carbon atoms in the clusters. For the IPs of
: : ' 1 o PbG,/PbC (n=1-9), the IRy, IPyeq, and IR have simi-
. lar values due to the small geometry changes between neutral
al PbG, and its Pb¢ cations. The large geometrical difference
: between the global minima for Phgand PbG, leads to the
IPyae value being much higher than theJRnd IR values.
For the EAs of PbgG/PbG, , when n=1-9, the EAy,
EAer, and EA,pg values are also similar because of the
r 'u o im i similar ground state structures between the neutral,Rind
T e e e e its corresponding PhCanions, which all have linear ground
80 85 90 95 100 105 110 state structures. When=10, the EApg value is much
Time of flight (us) lower than those of the Ef and EA., because the global

_ : _ minima for the neutral Pbfg and anionic Pbg, have signifi-
FIG. 4. Time-of-flight mass spectrum of Ph(roduced by laser ablating antly different eometr?e% On the othergﬁand thgre is an
the mixture of lead and carbon powders. Details of the experimental setuﬁ y g
have been described in the previous pafief. 81). Briefly, the clusters ~Obvious even—odd parity effect in the ionization potential
were produced by direct laser ablatigh32 nm output of a pulsed YAG  curve of PbG, n-even clusters having higher IP tharodd
laser, about 10 mJ/Pulsen a target plate. The plume expanded into a high ones. This behavior is related to the higher stability-afven
vacuum chamber with an operating pressure of abouf T@rr, and no b | h h dd It should b d th
buffer gas was introduced during this experiment. Then they entered perpe|l|:3 G clusters than t .e]'o ones. It shou e noted that,
dicularly into the accelerating area and were analyzed by the reflectiodlthough the PbC anions have a strong even—odd alterna-
time-of-flight mass spectrometer. Dramatic even—odd alternation of the ionion effect in cluster stabilities, the parity effect in the elec-
signal intensity of Pbf can be observed except that of BbC tron affinity curve is less pronounced, because neutral,PbC
have very similar alternation trends to anionic RhCThus,

. o the statement that the even—odd alternation in the time-of-
the vertical electron affinity by flight signal intensities is ascribed to the parity effect of the
calculated EAY ~Y%is not always right. It is also easily seen
in Fig. 5 that there is a tendency to lower IPs and higher EAs
—E(optimized neutral, asn increases.

and the vertical ionization potential of the cation by

lon Intensity (a.u)

u]

IPye= E(cation at optimized neutral geomefry

IPyae=E(optimized cation D. Fragmentation energies

—E(neutral at optimized cation geomelry Various fragmentation energies, as the function of the

Since the total energy of the optimized cati@(opti- number of clustering carbon atoms, for linear
mized catiof, is lower than the total energy of the cation at PbG,/PbG, /PbG, clusters, are displayed in Fig. 6. Besides
the optimized neutral geometri, (cation at optimized neu- the fragmentation energies accompanying channel DN1,
tral geometry, and the total energy of the optimized neutral DC1, and DAL, many other dissociation reactions are also
molecule,E (optimized neutra| is lower than the total en- examined, which include the following seven channels for
ergy of the neutral molecule at the optimized cation geomneutral PbG clusters:

etry, E (neutral at optimized cation geomelryhree forms of PbG,—PbC, ,+C (DN2)
EA should have an order of {R<IPyq<IP,e. Thus, for T
the IPs of any system, the 2 gives the lower bound while PbG,—PbG,_3+Cs, (DN3)

the IR, gives the upper bound.
Similarly, there are also three forms of electron affinity,
according to the following energy differences. PbG,—C,_,+PbC, (DN5)
The adiabatic electron affinity are determined by

PbG,— C,+ Pb, (DN4)

o o _ PbG,—C,_»,+PbG, (DN6)
EA,— E(optimized neutrgl— E(optimized aniom,
Pb C,_3t+PbG, DN7
the vertical electron affinity by G Cn-s G ( )
PbG—C, +Pb"; (DN8)

EA,e= E(optimized neutral

— E(anion at optimized neutral geomelry the following 10 channels for cationic PRQlusters:

and the vertical detachment energy of the anion by PbG —PbG+Cp, (DC2)
EAype=E(neutral at optimized anion geomelry PbG, —PbG_3+Cs, (DC3
— E(optimized anioi. PbG, —PbG, +Pb, (DC4)
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0 DAY
L .
PbG —C;_,+PbC, (DC5) PbG, —PbG, 3+C; , (DAB)
PbG —C,_,+PbG, (DC6) PbG, —C, +Pb, (DA7)
PbG, —C,_3+PbG, (DCY) PbG, —C._,+PhbC, (DAS)
PbG —C,+Pb", (DC¥) PbG, —C,_,+PbG, (DA9)
PbG, —Cy_1+PbC, (DC9) PbG, —C,_5+PbG, (DA10)
PbG —C,_,+PhC, (DC10 PbG, —C,+Pb, (DA1Y)
PbGl —C,_3+PhG ; (DC1Y) PbG, —C,_,+PbC, (DA12)
and the following 13 channels for anionic PpClusters: PbC —C, ,+PbG (DA13)
PbC, —PbC, _,+C,, DA2
G PPG-o+C (DA2) PbG, —C,_3+PhG; . (DA14)
— + . . . .
PbG —PbG 3+ Cs, (DA3) It should be noted that, in Fig. 6, the fragmentation energies
PbG, —PbG, ;+C, (DA4) of channel DN1, DC1, and DAL are represented for compari-
- B son, while some channels with very high energies are ex-
PbG, —PbG_»+C; , (DA5)  cluded. From Fig. 6 we can see that losing a Pb atom is the
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200 I (1) For neutral Pbgclusters, whem= 1, the Pb@ clus-
ol :::g:g ter has a triplefIl ground state; when=2, the global mini-
= —v—DNé mum of PbG has a Pb-terminated bent chain structure and a
g1e0 - :’;g:g singlet'A’ state; whem=3-9, the linear isomer having a
Sl —x—DN7 terminal lead atom is the lowest energy form for every mem-
B T*TDNg ber of this series and the electronic ground state is trijlet
g0 for n-odd member or singlets for the n-even member;
S0l when n=10, the cluster possesses a Pb-containing 11-
membered ring ground state structure. All the Plhdusters
5% also have doublet ground states except for Po@hich has
E oot a quartet’> ground state. For PBC, the Pb-terminated bent
‘ . 1 . . structure in its’A’ state has lowest energy. The global mini-
® 2 4 6 5 10 n mum for the Pbg, PbG , PbG , PbG , and PbG cat-
PbCn ions hasC.., symmetry linear structure and doubféi elec-

tronic state, while that for PhC and PbG clusters has
quasilinear structure. For PBgcation, the most stable iso-
mer possesses a Pb-side-of @onocyclic structure witlC
symmetry. The electronic ground state of the PlaBion has
25, symmetry. For each PRC(n=2-10) cluster, theC..,
symmetry linear structure in itd1 state is the global mini-
mum on the corresponding potential energy hypersurface.

(2) Strong even—odd alternations in the cluster stability
exist for neutral Pbgand anionic PbC, with their n-even
members being much more stable than the corresponding
oddn—1 andn+1 ones, while for cationic PRCclusters,
the alternation effect is less pronounced. The parity effect
predicted by theoretical studies is in good agreement with the
even—odd alternation mass distribution observed in our re-
cent time-of-flight mass spectra.

(3) The parity effects in the cluster stability also reflect
in the ionization potential and electron affinity curves.

(4) Losing a Pb atom is the dominant channel for neutral

V' o PbG, and anionic Pb{, while for cationic Pb¢; , the most

@
I=]
T

N
o
T

Fragmentation energy (kcal/mol)
EE
T T

= L —v—DA4 favorable dissociation pathway is the loss of Fibn.
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