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The phenyt-lead metal complexes ([R@sHs] ) produced from the reactions between benzene and lead
clusters formed by laser ablation on a lead solid sample are studied by photoelectron spectroscopy (PES) and
density functional theory (DFT). The adiabatic electron affinities (EAs) of.{Rbls]~ are obtained from

PES at 308 nm, and the differences between the PES gfcgPls]~ and the PES of Rp are discussed in

detail. The results reveal that the phenyl group binds perpendicularly on lead clusters through-@e Pb

bond and the complexes have a closed shell structure. Calculations with DFT are carried out on the structural
and electronic properties of [RBsHs] ~, and the adiabatic detachment energy for the optimized structures of
anion are in agreement with the experimental PES results. The density of states (DOS) calculated is compared
with experimental PES and is discussed. The most possible structures for each species are concluded, and the
bonding between Pb and phenyl is analyzed, which also proves that the phenyl group binds perpendicularly
on lead clusters through the P& ¢ bond.

1. Introduction functional-theory (DFT) calculation, and they found that the

structures of smaller Rign < 10) clusters are similar to those

of Si and Ge clusters and the covalent-to-metallic transition starts

Trom Ph;. In addition to its structure and property investigations,

i 18 : the study on the reactivity of lead cluster ions is also of

gﬁigﬁﬁ’ (giy"f‘na?;)j acr? dvt?crle(féllel S;?Sgﬁfgs t(hFee Sggdvni‘;hof fundamental i_nterest. As early as 197_2, Castleman and co-
o ) workerg® studied the gas-phase hydration of the monovalent

metal/benzene complexes. Bowen and co-wofkétsusing lead ion using high-pressure mass spectrometry, and clusters
hotoelectron spectroscopy (PES) studied the electronic structure - . L

gf M/benzene ?M: Ti CF:))c/)(Ni) )cluster anions. Theoretical of up to eight water molecules around a single Ieaql ion were

investigations to understand the structures and properties of thes Observed. Later the same group reported the clustering reaction

metal-benzene association complexes were recently conducte f benzene with lead ions, and Phbenzene displayed an
by Rao and co-worker@v20v23WhiI2 these studies focuys mainl unusually strong interactiofi.In our publications?the reactions

y - C ) : Y of lead cluster anions with benzene were reported. The important
on the reaction of transition metal species with benzene

molecules, work is still required on the reactions of main group intermediate series of products were {Piphenyl]” (m = 1-5),

metal clusters with benzene molecules which were rare cases in chemistry.
Lead is the heaviest el ti ) Vo Itis K that The photoelectron spectroscopy (PES) is a well-known useful
€ad is the neaviest element in group V. 1t IS known tha experimental technique for the investigations of molecular
the bulk lead solid is metallic, in contrast to the semiconductors

¢ <ili q ; tals. The struct fload clust electronic and geometric structure of lead clustéfd 33 Here
orsilicon and germanium crystais. 'he structure ot lead clusters o, report the photoelectron spectroscopic study on aniog{Pb
is intriguing among the clusters of group IV elements due to

its | lativistic effect d il bt phenyll (m = 1-5), which were produced from reactions

s agg% reafivistic etlects and especially, Sporbit cou- between benzene and vapor lead generated by laser ablation on
pling**=Thus it IS partl_cularly_mterestlng o explc_)lt \_/vhether a lead solid sampl&. By combination of experimental and

the lead clluster is semimetallic or me}alhc. Negishi and €0° theoretical studies we have gained a significant understanding
works 2% using PES and a halogen-doping method, studied the

. h . of bonding, geometric, and electronic structures of the,fPb
electronic properties of group IV cluster anions, and found that phenyl]” (m = 1-5). It is our hope that the reported results
the properties of Rbclusters are different from those of the will aid in the deep study on physics and chemistry of lead
other group IV clusters, probably exhibiting a metallic nature. cluster complexes
However, Wang and co-workérsstudied the lowest energy '
structures and electronic properties of lead clusters by density-5 Experimental Methods

The chemisorption and dissociation of benzene on the metal
cluster surfaces and the structure of metal/benzene complexe
have been studied extensively in theory and experifiéator
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with high resolution and a photoelectron spectrometer with
magnetic-bottle type analyzer. The details of the apparatus have
been published elsewhet®3® and only an outline is given
below.

The lead disk targets (99.9%) in the source chamber of —
RTOFMS are rotated and ablated by a pulsed laser beam (532 Pb, [Pb.C H]

nm Nd:YAG laser, 10 Hz, 10 mJ/pulse). The laser-induced //\ e
/W .

[PbCH_|

N

plasma is carried by molecular beam generated by a pulsed valve
at a backing pressure of about 400 kPa of argon (purity 99.99%),
in which benzene is seeded. The volume ratio of benzene in [ py, - [Ph.C H|
the mixed gas is about 0.2%. The Pfphenyl cluster anion 3 3767s
products from the reactions of lead and benzene are entrained
by the carrier gas and undergo low pressure {1@a) in the
source chamber. After passing a skimmer, all products enter
into the acceleration area in the spectroscopic chamber* (10 | Pb, [Pb.C H|
Pa). The negatively charged clusters are accelerated in the e
direction perpendicular to the molecular beam and are reflected
toward to the detector, microchannel plates (MPC). The . o
resolution /AM) of RTOFMS is better than 2000, so it is Pb i
easy to resolve the number of hydrogen atoms in the products. $ [Pb,CH.]
The products can be mass selected by the timing probe. The
anions are photodetached by a XeCl excimer laser (308 nm),
and the photoelectrons detached are measured by the photo;
electron spectrometry, a magnetic-bottle time-of-flight analyzer,
calibrated by the known spectra of Agnd Au . The energy Lo
resolution of the photoelectrons is approximately 70 meV for Binding Energy (eV)

1 eV electrons. Figure 1. Photoelectron spectra of Rb(m = 2—5) and [PRCsHs] ~
(m = 1-5) at 308 nm (4.03 eV) photon.
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3. Computational Methods TABLE 1: Observed Electron Affinity for Pb , and

Full geometric optimization for all the cluster structures is Pbm(CeHs) (m = 1-5) (Uncertainty within +35 meV)
performed with relativistic density functional calculations at the m Phy~ EA (eV) [PhrCsHs]~ EA (eV)
level of generalized gradient approach, using a Pereétang

. ! 1 (0.365) 1.01
exchange-correlation function®.The zero-order regular ap- 2 1.21 (1.37,1.45) 1.70
proximation Hamiltonian is used to account for the scalar (mass 3 1.54 (1.79) 2.03
velocity, Darwin, and spirorbit) relativistic effects$’ The 4 1.40 (1.55,1.37) 2.35
standard Slater-type orbital basis sets of the tripjgus two 5 2.26 (2.35,2.1F) 229

polarization functions (TZ2P) are used for the orbitals of Pb,  aReference 39: (6 3Py — (6p°) “Ssr. ® Reference 33: according
C, and H atoms. And the frozen core {3414 approximation to the Franck-Condon simulationt Reference 31: the maximum of
is used for Pb. All the calculations are accomplished with the the first featured Reference 26: threshold of the electron detachment.
Amsterdam density functional (ADF 2002) programs. It was
shown previously that these theoretical methods were suitable

features are consistent with the results in refs 26, 31, 33, and
for study on the metal clustefg.

39 within experimental error.

In comparison of the electron detachment threshold, EA, of
every [Ph(CsHs)]~ (m = 1—4) is comparatively higher than

4.1. PES Study on [PRh(Ce¢Hs)]” Complexes.The photo- that of the corresponding naked lead clusterg P his can
electron spectra (PES) of Rb(m = 2—5) and [Ph(CeHs)]~ be understood with molecular orbital theory as follows. After
(m = 1-5) at 308 nm are shown in Figure 1. It is supposed the bonding of PR~ with the phenyl group, the symmetries of
that the anions are in their electronic ground state due to thethe products are lowered and the original degenerate orbitals
cooling in supersonic expansion. Each of these photoelectron(for example, 6g®Bp,6p, for Pb-, 6pr for Pky~, etc.) are
spectra represents a transition from the ground state of the aniondgransformed into nondegenerated ones. The MOs near the
to the ground or excited electronic states of the neutrals. BecauseHOMO are rearranged and have a lower energy level with the
the photodetachment process is much faster compared with thecontribution of the forming PbC bond. Therefore the closed
movement of the nuclei, PES provides the electronic and shell structures of the electron for ground state,{®lgHs)] ~
vibrational information of the neutral species with the anionic are expected to have a total even number of electrons. The facts
cluster geometry. EA is defined as the energy of the origin as above could cause the enhancement of the electron detach-
transition between the ground state of the anion and the groundment threshold. However, the [REsHs] complex is an excep-
state of the neutral. As can be seen in Figure 1, every position,tion. Its EA is 2.29 eV, close to the EA value of £land the
indicated with the arrow, is evaluated to be the EA of the photoelectron spectra of [E®Hs]~ and P~ have a similar
corresponding complexes. The evaluation has considered theenergy gap (between the first feature and the second feature)
instrumental resolution (70 meV/1 eV). The broad features at of about 0.7 eV. Furthermore, Phas an especially higher EA
the lower binding energy side of the spectra of JfRHs)]~ value than its neighborar(= 2—4). The explanation is that
(m = 3-5) are caused by the isomers or are due to small Pb;~, like Phks;, has a structure close to the Zintle configuration
contamination. The EA values are listed in the Table 1. The (trigonal bipyramid) of PE&~,24#40with a difference of just the
measured EA values of Rb (m = 2—5) and their spectra  electron number. After absorbing phenyl, the original trigonal

4, Results and Discussion
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TABLE 2: Various Structural and Energetic Characteristics
for Neutral and Anionic Complexes of Ph,CeHs (m = 1-5)

EA (eV)

point Repbc AE?
clusters isomer stategroup (A) (ev) cal exp

PbGHs B, Co 230 0.00 094 101
[PbGsHs] ™ A1 Cp 232 0.00
Pb,CeHs 2a B, Ca 226 046 1.60 1.70
2b B, Co 254 0.00 151 ~
[PhCeHs~ 2a A, 230 0.37
2b 1A, 2.61 0.00
Pb:CeHs 3a B, Co 224 0.02 1.93 2.03
3b 2A; Ca 225 0.00 193 ™
[PCeHs]~ 3a !A; Cp 231 0.02
3b A, Ca 2.34 0.00
Ph,CeHs 4a 2A" Cs 229 0.00 213 235
Figure 2. Optimized structures for neutral and anionic complexes of (Ph.CaH- ig iﬁ gs ggg 8% 151
= 1— 6115, S . .
Ph.CsHs (m = 1-5). See Table 2 for structural parameters. b ™ c 531 079
bipyramid structure of Rfmloes not change much and the orbital PhCeHs 5a A" G 225 0.00 251 ,,9

distribution of the electrons of the Pts not much influenced. PhCaH- gg iﬁ% EZV %%g 8-(1)3 2.45 ™
Therefore, the EA value and the feature of the spectrum of o 5b 1A, Gy 229 024
PlsCsHs are close to the case of Riurther description of . _ _
this result with the help of theoretic calculation can be seen in | *AE s the difference of complex energy relative to the correspond-
Part 4 ingly lowest lying structure? The uncertainty for the experimental EA
| . . is +£0.035 eV.

For [Phy(CsHs)]~ (m = 4, 5), the PES (including the EAs, s €

the slow rising tails, and the first and the second electron peaks)Pba_ group structures are similar to that of the nakeg @bster,

are very similar to that of [REF]™ (m = 4, 5), in which the  \5ying 3 trigonal bipyramid structure. The difference between
F atom surely combines with Riwith a single chemical bor#. these two isomers is the Pb atom coupled by the phenyl group.
This is evidence that the phenyl group absorbs on the surface|, g the phenyl group couples on thesRbrough one top lead

of the lead cluster through a single P86 chemical bond. In atom, and inbb the phenyl group couples on the Fhrough

conclusion of PES obtained from experiments, it can be one middle lead atom. So structua has Cs symmetry and
suggested that [RCHs)]~ species have the PIC bond and gy ctyresih hasC,, symmetry.

closed shell electronic configuration. These characteristics are 4 3 Assignments of the Complex Structuresin the
also confirmed by the DFT calculations on [P6sHs)] ~, shown

belo following, we will confirm the structures of RiCsHs (m= 1-5)
W,

) by calculating EAs using the relativistic DFT. The assignment
4.2. Theoretical Calculated Low-Energy Structures.For of the most possible structures of,f@Hs is given on the basis
both the neutral RfCsHs and anion [PRCeHs] ~ (m = 1-5), of relative energies and comparisons between the theoretically
we considered a variety of structures. The optimized low-energy ¢ |c\jated DOS and the experimental PES spectra. The structural
structures are shown in Figure 2, and their structural and assignment method has been widely used in cluster &gt 45

energetic characteristics are summarized in Table 2. For neutralg p s calculated as the difference between the total energies of
PbGHs and the anion [PbgEts] -, their optimized structures are  yho neytral and anion at their respective optimized structures.

Cz, symmetry, in which the phenyl group couples with the lead ¢ theoretical DOS is shifted by setting the HOMO level of
atom through the PbC bond and the phenyl and lead atoms  yhe gpectra to give the negative of the DOS value for the

are coplanar. The other initial structures collapse to this complex. This is called the theoretically generalized Koopman

geometry during optimization. For neutral RgHs and the  hoqrem (GKTIE-shifted DOS' The comparisons of theoretical
anion [PhCeHs] ™, there are two low-energy isomeric structures  aqits with experimental PES of [RBsHs]~ are shown in

(23, 2b) which all haveCz, symmetry. Isomegais that where g re5 3-7. Here it should be noticed that in comparison of
the phenyl group couples with the lead atom through the®b

bond and the phenyl and lead atoms are coplanar. Is@bnisr
that where the PbPb bond is perpendicular to the plane of the
phenyl group. For neutral BBsHs and the anion [PiCsHs] ~,
also the two low-energy conformational isome3s,(3b) exist.
Isomer3a is that where the phenyl group is perpendicular to
the Pl3 plane, and isome8b is that where the phenyl group . 4 .
rotates to be in the Rbplane. The two structures ha&, B [PbC H,] DOS
symmetry. For neutral RBs¢Hs and the anion [PiCsHs] —, the
two structuregtaand4b shown in Figure 2 hav€s symmetry.
Isomer4ahas the lowest energy, in which the Rivoup has a
butterfly structure and couples with the phenyl group through _ ‘ _ _ _ ‘ ‘
the Pb-C bond. Isome#b has an energy a little bit more than 00 05 1.0 15 20 25 30 35
that of 4a, in which the Pk group has a tetrahedron structure Bonding Energy (eV)

and couples on the phenyl group through the-Bibond. For Figure 3. The comparison of PES of [PkBs]~ with theoretical

neutral PBCsHs and the anion [P4CeHs] ~, the two optimized  generalized Koopman theorem-shifted DOS for the optimized ground-
low-energy structuressg, 5b) are obtained, in which the two  state structure of [Phls] .

A [PbC HJ PES
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A [Pb,C H] PES

276 5

B [Pb.C H_]' (2a) DOS

2765

C [Pb,CH,] (2b) DOS

|

00 05 10 15 20 25 30 35
Bonding Energy (eV)

Figure 4. The comparison of PES of [RBHs]~ with theoretical

generalized Koopman theorem-shifted DOS for struct@aeand 2b

of [Ph,CeHs) ™.

A [Pb.C H] PES

376 5

B [Pb,C_H,J (3a) DOS

C [Pb,C,H| (3b) DOS

376 5
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Figure 5. The comparison of PES of [BBsHs]~ with theoretical
generalized Koopman theorem-shifted DOS for struct@aeand 3b
of [Pb3C6H5]7.
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B |Pb.C.H.[ (2a) DOS
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Figure 6. The comparison of PES of [RBsHs]~ with theoretical
generalized Koopman theorem-shifted DOS for structdee of
[Pb4C5H5]7.
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A [Pb,C H] PES
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B [Pl; CH ]" (5a) DOS
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C [Pb‘ CH ]"(5b) DOS
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Figure 7. The comparison of PES of [BBHs]~ with theoretical
generalized Koopman theorem-shifted DOS for struct®aeand 5b
of [PbsCeHs] .
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in Figure 3-7 by aligning the HOMO level of anions with the
threshold peak, instead of the fitted DOS spetira.

[PbGsHs]~. The planar structure witB,, symmetry, in which
the phenyl group couples on the lead atom through the@®b
bond, is clearly the ground state for both neutral and anionic
complexes. The energy difference between the neutral and
anionic structures (corresponding to the calculated EAS) is listed
in Table 2. The calculated EA of Phs by the relativistic
DFT is 0.94 eV. Itis in good agreement with the experimental
results of 1.01 eV. As shown in Figure 3, the energy gap
between the HOMO levels in the DOS spectrum agrees
reasonably well with the experimental PES spectrum. Thus it
is suggested that only the ground state of anions contributes to
the measured PES.

[PCgHs] . The energy separation between struct@aand
2b is 0.46 eV for neutral and 0.37 eV for anions. Although
structure2b has a lower energy th&g, the EA of structur@a
is much closer and in good agreement with the experimental
result of 1.70 eV (the EAs of structur@aand2b are 1.60 and
1.51 eV, respectively). Furthermore, the calculated DOS of
structure2a, exhibiting a large HOMG-LUMO gap of the
neutrals (Figure 4), is consistent with the measured PES. So it
is likely that the planar structure2d) of the phenyl group,
coupling on the lead atom through a single-®b bond, is
dominant in the anions [BBsHs] ~ produced in the experiments.
By the above analysis, the structure of product,{Bbls]~ is
assigned t@athough2ais not the lowest energy structure. Of
course, the total energy of the structures is a very important
factor for the determination of the structures of the products,
but it is not the only one.

[PbsCeHs] . The energies of these two structur&s,(3b)
have almost the same value (the difference is 0.02 eV), and
they also have the same calculated EA value of 1.93 eV, having
good agreement with the experimental results of 2.03 eV. The
two calculated DOS of structur@ and3b are compared with
experimental PES as shown in Figure 5. It can be concluded
that3a matches that of the experiment well aBld also partly
matches that of the experiment. So it is suggested that both of

the DOS spectra with the PES spectra, the importance is thethe structures are presented in the products.

electron binding energy corresponding to each feature and not [PhyCgHs] . The calculations reveal that the ground state of
the relative intensity. The relative intensity also depends on other [Pb,CgHs] ™ is structureda, and its energy is 0.79 eV lower than
factors such as the unknown orbital-dependent photodetachmenthe second lower energy structutie. And for neutral PECgHs,
cross-section. So here the DOS is plotted as the stick spectrunthe energy difference betwedia and4b is only 0.17 eV. The
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Cl S

a) 5b,(HOMO) 16a,(HOMO-1)  4b,(HOMO-2) 2a,(HOMO-3)  9b,(HOMO-4)  3b,(HOMO-5)

b) 7b,(HOMO) 12b,(HOMO-1) 21a;(HOMO-2) 6b;(HOMO-3)  3a,(HOMO-4) 11b,(HOMO-5)

€) 12b,(HOMO) 24a,(HOMO-1) 13b,(HOMO-2) 23a,(HOMO-3) 11b,(HOMO-4) 5a,(HOMO-5)

d) 21a”(HOMO) 442’ (HOMO-1)  43a’(HOMO-2) 20a”(HOMO-3)  42a’(HOMO-4) 19a” (HOMO-5)

€) 24a”(HOMO) 52a’(HOMO-1) 51a’(HOMO-2) 23a”(HOMO-3) 50a’(HOMO-4) 49a’(HOMO-5)

f) 21b,(HOMO)  15b; (HOMO-1) 20b, (HOMO-2) 9a,(HOMO-3) 31a;(HOMO-4) 30a,(HOMO-5)

Figure 8. Molecular orbital pictures for (a) [Ph€s]~, (b) [PCsHs], (c) [PCeHs]~, (d) [PCeHs]~, (€) [PCsHs]~ (structure5a), and (f)
[PbsCesHs] ~ (structure5b). The last picture in each row is the coordinate sketch of the cluster complex corresponding to its molecular orbital
pictures.

EA of structureda is 2.13 eV, to be consistent with the not matched well with the PES spectra. For structhaethe
experimental value of 2.35 eV. As shown in Figure 6, the DOS distribution of DOS stick spectrum is similar to that of PES,
of structureda also have a good agreement with measured PES. but the energy gaps of the theoretical DOS are much smaller
So thedacan be considered as the dominantBis] ~ in the than those of the PES. This characteristic, i.e., the calculated
cluster distribution. The calculated EA of structubie is 1.51 energy gaps are smaller than that of experimental PES, can also
eV, which is much smaller than the experimental EA. This value be seen for other clusters (Figures®. But for structuresa
of 1.51 eV is close to that of the lower binding energy side of the difference between the two gaps, theoretical and experi-
the broad PES of [RisHs]~. So the calculated value can be mental, is larger than others. For struct@ite the DOS stick
evidence that the isomer (structugb) exists for [PCsHs]~ spectrum can match well with the two low-energy features of
with a much lower abundance. the PES. Therefore, neither of the two low-energy structures
[PbsCgHs] ~. For the neutral and the anion, two low-energy can be excluded by the DOS analysis. A further investigation
structuresbaand5b, are found. The energy difference between is needed for this complex. Here we suggest that the PES of
the two structures is 0.24 eV for anions and 0.18 eV for neutrals. [PbsCgHs] ~ can be considered as contributions from both
The EAs of structureSaand5b are 2.51 and 2.45 eV, respec-  structuressa and5h.
tively. They are in good agreement with the experimental results  4.4. Orbital Composition and Bonding. We have also
of 2.29 eV. The calculated and GKT-shifted DOS of structures analyzed the orbital compositions for the anion complexes, and
5aand5b are shown in Figure 7. The two calculated DOS are the MO pictures from the calculated [fHs]~ are given in
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Figure 8. For [Pb@Hs]~ as shown in Figure 8a, the HOMO is
mostly from the 6pof Pb atoms, and it is a nonbonding MO
for the Pb-C part. The HOMO-1 (164 is formed by
interaction from 6s and gmf the Pb atom with 1Laof CgHs
(mainly formed with C6: 2p see ref 47), and it is a MO for
the Pb-C part. Following the HOMO-1, the inner MOs of
[PbGsHs] ~ are only from the @Hs part, which are nonbonding
MOs for the Pb-C part. Therefore, the Pb atom and the phenyl
group bind together by the bond, in which 6s and gprbits
of the Pb atom hybridize and then bond with the @it of
the nearest C6 atom. As for [REsHs] —, the HOMO is from
the 6p interaction of Pb12 and Pb13 atoms and the HOMO-1
is from the 6p interaction of Pb12 and Pb13 atoms. These two
MOs are localz-type bonds between Pb and Pb. The HOMO-2
(21a) is formed by interaction from 6s and 6pf Pb atoms
with 11a of CgHs and it is ag MO for the Pb-C part. And the
inner MOs are similar with the case of [P¥€]~, with
nonbonding MOs for the PbC part. Therefore, the Pb12 atom
and the phenyl group bind together by #héond, in which 6s
and 6p orbits of the Pb atom hybridize and then bond with the
2p, orbital of the nearest C6 atom.

There are two possible isomeric structures of3[BRbls] ~,
so we investigate the MOs and bonding for the two isorBers
and 3b. In structures3a and 3b their MOs near HOMO are
similar, so as an example, the MO pictures are only given for
structure3ain Figure 8c. The HOMO, HOMO-1, and HOMO-2
are mostly the local MOs between Pb atoms (shown in Figure
8c). Only the HOMO-3 is @ MO for the Pb-C part, and the
inner MOs also are nonbonding MOs for the-Rb part. So
we conclude that in [PCsHs]~ the Ph cluster connects with
the phenyl group by the PEC ¢ bond. Similar cases can be
seen for the rest of the anion complexes [BiHs]~ (m= 3—-5)
in Figure 8d-f, and there is only one MO for the Pb-C part,
and for all [PRCsHs]~ complexes the number of outer local
MOs (meaning the MOs with the higher energy level of the
assignedr MO for the Pb-C part) between Pb atoms is equal

to the number of Pb atoms. This result also indicates that the

PES features for largen of [PbCsHs] ~ are like the PES of
Phy~. As shown in Figure 1, the PES of [f&Hs]~ has similar
characteristics as PES of £hwhich has good agreement with
the predicted result of the DFT calculations.

For each of the [PRCsHs] ~ complexes, there exists only one
o MO for the Pb-C part, which can be evidence that phenyl
group binds on lead clusters through the®bo bond. This
interaction can also influence the energy level of the outer MOs
to result in the electron detachment threshold of [@iis] ~
complexes being higher than that of,PbAs for the exceptional
[PbsCeHs] —, although this also has@MO for the Pb-C part,
the calculated EAs oba and 5b are agreement with the
measured EA of [PiCsHs]~ and have a much closer value to
the EA of Pg~. The reason as mentioned in part 3 is that the
Pb;~ part of the [PBCgsHs]~ cluster has a stable trigonal
bipyramid structure similar with that of the puresPbTheoretic
calculation also proved that Phhas a trigonal bipyramid
structure in both structureésa and 5b, and the bonding orbit

between Pb atoms and phenyl is the very inner HOMO-5 (shown

in Figure 8e,f).

5. Conclusions

Phenytlead complexes with 45 lead atoms are produced
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are higher than that of pure Rland are similar to that of B2

in which the F atom combines on lead clusters with a single
chemical bond. This can be evidence that thg-Rihenyl anion

has a closed shell electron structure and the phenyl group binds
on lead clusters through the P& o bond. This conclusion has
been proved by theoretic molecular orbital analysis extracted
from the DFT calculation.

For each species, the theoretical EAs are in good agreement
with EAs from PES. By comparison of the experimentally
measured PES and DOS calculated by the relativistic DFT, we
assigned the most possible structures. In summary, all the
assigned structures [RBsHs]~ (m = 1-5) present a closed
shell electron ground-state structure, and the phenyl group binds
on lead clusters through the P& ¢ bond. For [PbCgHs]~,
the actual structure of the products is not the lowest energy
structure. For [P#CsHs] ~, the calculated DOS of the two lower
energy structures all partly match with the experimental PES,
so it is suggested that the PES of §8kHs] ~ is the contributions
from the structure®a and5b.
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