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Reactions of lead atoms and small clusters with carbon monoxide
in solid argon
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Reactions of laser-ablated Pb atoms with CO molecules in solid argon lead to the formation of the
lead carbonyls, PbnCO (n51 – 4), using matrix-isolation infrared spectroscopy. Absorption at
2027.7 cm21 is assigned to C–O stretching mode of the PbCO product, which appears and increases
on annealing, disappears on broadband irradiation, and recovers on further annealing. Small lead
cluster mono-carbonyls PbnCO (n52 – 4) are also observed in the present infrared spectra. Based
on the results of stepwise annealing and the comparison with theoretical predictions, the absorptions
at 1915.5, 1923.8, and 2042.8 cm21 are assigned to Pb2CO, Pb3CO, and Pb4CO, respectively.
Bridging CO is found in Pb2CO or Pb3CO, whereas terminal CO in Pb4CO. The density functional
theory calculations have been performed on these molecules and small naked lead clusters. The
good agreement between experimental and calculated vibrational frequencies, relative absorption
intensities, and isotopic shifts provides strong support for the identifications of these lead
mono-carbonyls PbnCO (n51 – 4). Furthermore, energetic analysis for the possible reactions of
lead atoms with CO molecules is also given. ©2005 American Institute of Physics.
@DOI: 10.1063/1.1834915#

I. INTRODUCTION

Reactions of carbon monoxide with atoms of main group
elements as well as transition metals have been the topic of
experimental and theoretical interest in recent years.1–3 A
good case in point is the investigation of the spectra, struc-
tures, and bonding of group 14 carbonyls.4–16 The M (CO)n
(M5C, Si, Ge, and Sn;n51, 2! molecules have been ob-
tained from the reactions of thermally evaporated or laser-
ablated C, Si, Ge, and Sn atoms with CO molecules in low-
temperature rare gas matrices.5,15,16 In addition to these
group 14 carbonyl neutrals, carbonyl anions such as SiCO2,
GeCO2, and SnCO2, all of which have triplet ground states
with a linear geometry, have also been successfully
synthesized.5

A variety of experimental and theoretical studies on
group 14 clusters could be found in the literature.17–21 The
gas phase electronic spectra of Sn2 and Pb2 have been ob-
tained by combining pulsed laser vaporization with laser in-
duced fluorescence.17 The vibrational frequency of Pb2 has
been reported to be 112 cm21 in the X (Og

1) ground state in
solid argon.18 There have been a few experimental studies on
charged lead clusters.19 The photodetachment spectra of Sn2

2

and Pb2
2 clusters and mixed dimers have been studied and

the results have been found to be in very good agreement
with the previous theoretical calculations on Sn2

2 and Pb2
2 .20

Moreover, the ground states of Ge4 , Sn4 , and Pb4 have been

calculated to be1Ag states with equilibrium geometries of
rhombus similar to Si4 .21

Recently, the infrared spectra of Fe2CO,22–24 Co2CO,25

B2CO,26 and SinCO (n52 – 5) ~Ref. 27! have been reported.
Theoretical investigations have been carried out for
FenCO (n51 – 6),28 CunCO (n52 – 13),29 and Ni2CO.30 In
contrast with considerable experimental and theoretical stud-
ies of the interactions of CO molecules with the transition
metal and main group element atoms, however, almost none
is known about the heavier lead carbonyl. Here, we report
the observation of the lead carbonyls, PbnCO (n51 – 4),
generated from the reactions of lead atoms with CO mol-
ecules in solid argon using infrared spectroscopy. The den-
sity functional theory~DFT! calculations are performed to
support the experimental assignments of the infrared spectra.
We also make an attempt to elucidate the mechanisms for the
possible reactions of CO molecules with lead atoms and
clusters.

II. EXPERIMENTAL AND THEORETICAL METHODS

The experiment for laser ablation and matrix isolation
infrared spectroscopy is similar to those reported
previously.31 The Nd:YAG ~YAG—yttrium aluminum gar-
net! laser fundamental~1064 nm, 10 Hz repetition rate with
10 ns pulse width; Minilite II, Continuum! was focused on
the rotating lead target. The laser-ablated lead atoms were
codeposited with CO in excess argon onto a CsI window
cooled normally to 7 K by means of a closed-cycle helium
refrigerator~Cryotec, Daikin!. The matrix gas deposition rate
was typically of 2–4 mmol per h. Typically, 2–5 mJ/pulse

a!Author to whom correspondence should be addressed. Electronic mail:
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laser power was used. Carbon monoxide~99.95% CO, Japan
Fine Products!, 13C 16O ~99%,18O,1%, ICON!, and12C 18O
~99%, ICON! were used to prepare the CO/Ar mixtures. In
general, matrix samples were deposited for 1–2 h. After
sample deposition, IR spectra were recorded on a BIO-RAD
FTS-6000e spectrometer at 0.5 cm21 resolution using a liq-
uid nitrogen cooled HgCdTe~MCT! detector for the spectral
range of 5000–400 cm21. Samples were annealed at differ-
ent temperatures and subjected to broadband irradiation~l
.250 nm! using a high-pressure mercury arc lamp~Ushio,
100 W!.

Quantum chemical calculations were performed to pre-
dict the structures and vibrational frequencies of the ob-
served reaction products using theGAUSSIAN03 program.32

To address the difference in CO binding energies forMCO
(M5C, Si, Ge, Sn, and Pb! carbonyls, compared calcula-
tions were also carried out. The Becke three parameter hy-
brid functional with the Lee-Yang-Parr correlation correc-
tions ~B3LYP! was used.33,34 The 6-3111G(d) basis sets
were used for C, O, Si, and Ge atoms,35 and the Los Alamos
ECP plus DZ ~LANL2DZ ! were used for Sn and Pb
atoms.36,37 Geometries were fully optimized and vibrational
frequencies were calculated with analytical second deriva-
tives.

III. RESULTS AND DISCUSSION

Experiments have been done with carbon monoxide con-
centrations ranging from 0.2% to 2.0% in argon. Typical in-
frared spectra for the reactions of laser-ablated lead atoms
with CO molecules in excess argon in the selected regions
are shown in Figs. 1–3, respectively, and the product absorp-
tions are listed in Table I. The stepwise annealing and pho-
tolysis behavior of the product absorptions is also shown in
the figures and will be discussed below.

Quantum chemical calculations have been performed on
the potential product molecules. The most stable structures
optimized by hybrid B3LYP calculations for lead carbonyls
are displayed in Fig. 4.38 The ground states, point groups,

vibrational frequencies, and intensities are listed in Table II.
Table III presents a comparison of observed and calculated
isotopic frequency ratios for the C–O stretching modes of
the reaction products. Net charges of CO, selected bond
lengths ofM – C and C–O, and CO binding energies along
with vibrational frequencies of C–O stretching mode are re-
ported in Table IV. Energetic analysis for possible reactions
of Pb atoms with CO molecules is given in Table V.

A. PbCO

The sharp band at 2027.7 cm21 with two trapping sites at
2031.7 and 2022.7 cm21 ~Table I and Figs. 1–3! has been
observed on sample annealing, destroyed on broadband irra-
diation, and reobserved on sample annealing. Interestingly,
the relative yields of these bands sharply increased with
higher CO concentration~i.e., 2.0%! and lower laser power
~3 mJ/pulse!. The 2027.7 cm21 band shifts to 1983.9 cm21

FIG. 1. Infrared spectra in the 2050–1900 cm21 region from codeposition of
laser-ablated Pb atoms~5.0 mJ/pulse! with 0.5% CO in Ar.~a! One hour of
sample deposition at 7 K,~b! after annealing to 30 K,~c! after annealing to
34 K, ~d! after 15 min of broadband irradiation,~e! after annealing to 38 K,
and ~f! after annealing to 40 K.

FIG. 2. Infrared spectra in the 2050–1900 cm21 region from codeposition of
laser-ablated Pb atoms with 0.5% CO in Ar after 15 min of UV irradiation
and annealing to 38 K. Laser power~mJ/pulse!: ~a! 2.0, ~b! 3.5, ~c! 4.0, and
~d! 5.0.

FIG. 3. Infrared spectra in the 2050–1850 cm21 region for laser-ablated
lead atoms codeposited with isotopic CO in Ar after 15 min of UV irradia-
tion and annealing to 38 K.~a! 0.5%12C 16O, ~b! 0.25%12C 16O
10.25%13C 16O, ~c! 0.5%13C 16O, ~d! 0.25%12C 16O1 0.25%12C 18O,
and ~e! 0.5%12C 18O.
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with 13C 16O and to 1978.2 cm21 with 12C 18O. The mixed
12C 16O113C 16O and12C 16O112C 18O isotopic spectra~Fig.
3! only provide the sum of pure isotopic bands, indicating
that only one CO subunit is involved in this mode. The iso-
topic 12C/13C and16O/18O ratios are 1.0221 and 1.0250, re-
spectively, also indicating single CO involvement. Accord-
ingly, the 2027.7 cm21 band is assigned to the C–O
stretching mode of PbCO.

The DFT calculations lend strong support for the assign-
ment. PbCO is predicted to have a linear geometry~Fig. 4!
with a 3S2 ground state~Table II!, which is in good agree-
ment with the previous theoretical investigation.5 The calcu-
lated C–O stretching mode of the PbCO species is 1999.8
cm21 ~Table II!, which should be multiplied by 1.014 to fit
the observed frequency. The calculated12C/13C and16O/18O
isotopic frequency ratios of 1.0224 and 1.0252 are consistent
with the experimental observations 1.0221 and 1.0250. At
the B3LYP/6-3111G(d) level, the CO binding energies for
CCO, SiCO, and GeCO carbonyl are 61.99, 36.56, and
27.93 kcal/mol, respectively. At the B3LYP/6-311
1G(d)-LANL2DZ level, the CO binding energies for SnCO
and PbCO are predicted to be 18.30 and 16.12 kcal/mol,
respectively. That is to say, the dissociation of PbCO to Pb
atom and CO molecule requires the smallest energy among

theMCO (M5C, Si, Ge, Sn, and Pb! carbonyls. In fact, the
present experiments show that the infrared absorptions of
PbCO appear and increase on annealing, disappear on broad-
band irradiation, and recover on further annealing~Fig. 1!,
suggesting that the interaction of CO with Pb is not strong
enough to resist the photoinduced dissociation as expected.
The feature of photoinduced dissociation for other lighter
MCO (M5C, Si, Ge, and Sn! carbonyls was not observed in
the previous experiments.5,15,16

It appears that both the mono-carbonyl and the dicarbo-
nyl absorptions are prominent for the Si, Ge, and Sn1CO
systems,5 and one might expect such a situation also to pre-
vail for the Pb1CO system. However, the mixed isotopic
substitution experiments on the 50%13C and 18O enriched
samples~Fig. 3! do not indicate the mixed isotopic charac-
teristic of Pb~CO)2 in the present work. There is one excep-
tion in which a prominent central peak for the mixed12C,
13C or 16O, 18O dicarbonyl would not appear; the two CO-
stretching vibrations would be decoupled if the CO bonds
were perpendicular to one another. However, our DFT calcu-
lation of the geometry of Pb~CO)2 shows that this situation
does not arise, in agreement with the previous report.5 Fur-
thermore, the small reaction energy~22.44 kcal/mol! calcu-
lated for the reaction, PbCO1CO→Pb~CO)2 , accounts for
the absence of the heavier Pb~CO)2 absorptions~vide infra!.

B. PbnCO „nÄ2 – 4…

The present infrared spectra also provide evidence for
the formation of small lead cluster carbonyls in the excess
argon matrices. For instance, three new bands at 1915.5,
1923.8, and 2042.8 cm21 are observed on sample annealing,
which observably decrease upon broadband irradiation and
almost recover on further annealing~Fig. 1!. The IR spectra
as a function of change of laser energies are of particular
interest here~Fig. 2!. When the laser power decreases from 5
to 4 mJ/pulse, the 2042.8 cm21 band disappears. The yields
of the 1915.5 and 1923.8 cm21 bands decrease one by one
with further decreasing the laser power.

Each band has some trapping site absorptions~Table I
and Figs. 1–3! and we will focus on the main bands. These
new bands shift to 1874.8, 1882.7, and 1998.8 cm21 with
13C 16O, and to 1868.6, 1876.7, and 1993.2 cm21 with

TABLE I. Infrared absorptions~cm21! observed after codeposition of laser-ablated lead atoms with CO in
excess argon at 7 K.

12C 16O 13C 16O 12C 18O 12C 16O113C 16O 12C 16O112C 18O R(12/13) R(16/18) Assignment

2042.8 1998.8 1993.2 2042.8, 1998.8 2042.8, 1993.2 1.0220 1.0249 Pb4CO
2040.8 1996.8 1991.2 2042.8, 1996.8 2042.8, 1991.2 1.0220 1.0249 Pb4CO site
2037.6 1993.4 1988.0 2037.6, 1993.4 2037.6, 1988.0 1.0221 1.0250 Pb4CO site
2031.7 1987.7 1982.1 2031.7, 1987.7 2031.7, 1982.1 1.0221 1.0250 PbCO site
2027.7 1983.9 1978.2 2027.7, 1983.9 2027.7, 1978.2 1.0221 1.0250 PbCO
2022.7 1978.9 1973.4 2022.7, 1978.9 2022.7, 1977.3 1.0221 1.0250 PbCO site
1925.6 1884.4 1878.4 1925.6, 1884.4 1925.6, 1878.4 1.0219 1.0251 Pb3CO site
1923.8 1882.7 1876.7 1923.8, 1882.7 1923.8, 1876.7 1.0218 1.0251 Pb3CO
1915.5 1874.8 1868.6 1915.5, 1874.8 1915.5, 1868.6 1.0217 1.0251 Pb2CO
1913.6 1872.8 1866.7 1913.6, 1872.8 1913.6, 1866.7 1.0218 1.0251 Pb2CO site
1910.8 1870.3 1864.1 1910.8, 1870.3 1910.8, 1864.1 1.0217 1.0251 Pb2CO site
1906.7 1866.1 1860.1 1906.7, 1866.1 1906.7, 1860.1 1.0218 1.0251 Pb2CO site

FIG. 4. Optimized structures~bond lengths in angstrom, bond angles in
degree! of the reaction products.
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12C 18O, respectively. In the mixed12C 16O113C 16O and
12C 16O112C 18O, the 2042.8 cm21 band is overlapped by the
13C 18O absorption, and only pure isotopic counterparts are
observed. The isotopic ratios (12C/13C: 1.0217, 1.0218, and
1.0220;16O/18O: 1.0251, 1.0251, and 1.0249, respectively!
and mixed isotopic characteristic~Fig. 3! indicate that only
one CO subunit is involved in these modes. Based on the
laser power dependence of product yields, the absorptions at
1915.5, 1923.8, and 2042.8 cm21 are assigned to the C–O
stretching vibration of Pb2CO, Pb3CO, and Pb4CO, respec-
tively.

The assignments of the 1915.5, 1923.8, and 2042.8 cm21

bands to PbnCO (n52 – 4) are strongly supported by the
density functional calculations~Table II!. The calculated fre-
quencies are again in excellent agreement~only 0.3%, 1.3%,
and 4.4% higher, respectively! with experimental values. As
shown in Fig. 4, the optimized results predict that the most
stable structures of Pb2CO, Pb3CO, and Pb4CO include
semibridge, bridge, and terminal-bonded carbonyls, respec-
tively.

The optimized Pb–Pb distance in the naked Pb2 cluster
is 2.952 Å in accord with the previous relativistic calcula-
tions ~2.94 Å! carried out by Balasubramanian and Pitzer.17

The absorption for the Pb–Pb stretching of the Pb2 cluster is
IR inactive, whereas the vibrational frequency of Pb2 was
observed at 112 cm21 in a study of emission and laser exci-
tation spectra.18 Bondybey and English reported the ground
state of Pb2 to be X (Og

1).18 We find that Pb2CO has an
asymmetric structure with a1A8 ground state~Table II and
Fig. 4!. There are two inequivalent Pb–C bond lengths in

Pb2CO ~i.e., 2.264 and 2.749 Å!. For Pb2CO, the Pb–Pb
bond length is 2.915 Å, which is 0.037 Å shorter than that of
Pb2 .

The naked Pb3 cluster has a3A28 ground state with a
triangle structure ofD3h symmetry, and the Pb–Pb bond
length is 3.067 Å, which are in accordance with the previous
studies.39,40 The calculated results indicate that Pb3CO has a
1A1 ground state with two equivalent Pb–C bonds~2.500 Å!.
In Pb3CO, the Pb–Pb bonds~2.922 and 3.250 Å! are 0.145
Å shorter and 0.183 Å longer than those of Pb3 at the same
DFT level.

For Pb4 , a planar rhombus arrangement withD2h sym-
metry in the1Ag ground state is the most stable structure, in
agreement with the previous studies.21,39 The most stable
structure of Pb4CO is predicted to have a nonplanar geom-
etry with Cs symmetry. The CO molecule is terminally
bonded to one of the apex Pb atom of near rhombus Pb4 and
is nearly perpendicular to the Pb4 plane. The C–O bond
length in Pb4CO ~1.132 Å! is observably shorter than that in
other lead carbonyls~1.147–1.158 Å!, indicating that the in-
teraction of CO with the Pb4 cluster is the weakest among
the lead carbonyls observed here.

To get insight into the CO dissociation energies for these
lead carbonyls, we compute the binding energies between
Pbn (n52 – 4) and CO. Table IV lists the calculated results
together with related properties. The CO binding energies for
Pbn (n52 – 4) are 22.60, 21.29, and 1.37 kcal/mol, respec-
tively. In contrast to the aforementioned PbCO species, we
note that the largest CO binding energy for lead carbonyl is
Pb2CO, closely followed by Pb3CO, and then by PbCO, and

TABLE II. Ground electronic states, point groups, vibrational frequencies~cm21!, and intensities~km/mol! of
lead carbonyls calculated at the B3LYP/6-3111G(d)-LANL2DZ level.

Species

Ground
electronic

state
Point
group Frequency~intensity, mode!

PbCO 3S2 C`v 1999.8~1233,s!, 225.9~2, s!, 221.9~132, p!

Pb2CO 1A8 Cs 1921.7 (845,A8), 348.5 (18,A8), 289.8 (8,A9),
256.5 (3,A8), 122.4 (0.1,A8), 62.6 (1,A8)

Pb3CO 1A1 C2v 1947.9 (1003,A1), 326.7 (0,B2), 307.0 (0,B1),
199.9 (1,A1), 131.3 (0,B2), 125.4 (0.4,A1),
98.0 (1,B2), 92.2 (3,A1), 47.2 (1,B1)

Pb4CO 1A8 Cs 2133.0 (842,A8), 254.0 (6,A8), 193.5 (1,A9),
130.5 (4,A8), 113.6 (0.1,A8), 101.6 (0.3,A9),
87.9 (1,A8), 67.5 (1,A8), 52.9 (0.3,A9),
38.7 (2,A8), 29.3 (0,A8), 26.7 (0,A9)

TABLE III. Comparison of the observed and calculated isotopic frequency ratios of the reaction products.

Molecule Mode

12C/13C 16O/18O

Obs Calc Obs Calc

PbCO C–O stretching 1.0221 1.0224 1.0250 1.0252
Pb2CO C–O stretching 1.0217 1.0225 1.0251 1.0252
Pb3CO C–O stretching 1.0218 1.0222 1.0251 1.0254
Pb4CO C–O stretching 1.0220 1.0226 1.0249 1.0251

034505-4 L. Jiang and Q. Xu J. Chem. Phys. 122, 034505 (2005)



the smallest one is Pb4CO, suggesting that the activation of
CO by Pbn (n51 – 4) is in the order Pb2CO.Pb3CO
.PbCO.Pb4CO. Also, the strength of CO binding with
Pbn (n51 – 4) is well exhibited by the observed and calcu-
lated vibrational frequencies of C–O stretching mode and
C–O bond lengths in PbnCO carbonyls. In addition, the net
charges of CO presented in Table IV show that the partial
electron is transferred from Pbn (n51 – 4) to CO, where Pbn
behaves as a donor while CO behaves as an acceptor in
bonding between Pbn and CO.

C. Reaction mechanisms

At the present experimental conditions, lead atoms seem
to be the predominant species produced from the laser abla-
tion of the lead target. No primary lead carbonyl species are
formed on sample deposition. The laser-ablated lead atoms
react with CO molecules upon annealing in the excess argon
matrices to produce PbCO as well as small lead cluster car-
bonyls PbnCO (n52 – 4).

Table V presents the energetics for possible reactions of
lead atoms with CO molecules calculated at the
B3LYP/6-3111G(d)-LANL2DZ level. The reaction 1 is
exothermic~238.30 kcal/mol!, indicating that the formation
of Pb2 cluster from two Pb(3P0) atoms is very favorable,
which is consistent with the previous observations.17,18,41

Successive formation of Pb3 and Pb4 clusters is more exo-
thermic than that of Pb2 . The present DFT calculations
strongly imply that the formation of these small lead clusters

from Pb atoms is attainable, for which some weak absorp-
tions are expected to appear in far-infrared spectra.

The PbCO carbonyl appears on sample annealing, disap-
pears on broadband irradiation, and recovers on further an-
nealing, suggesting that the generation of PbCO is exother-
mic with some activation energy, in agreement with the
calculated reaction energy~reaction 5,216.12 kcal/mol!. It
can be found from Table V that the two pathways~reactions
7 and 8! for the formation of Pb2CO carbonyl~reaction en-
ergy: 222.60 and239.82 kcal/mol! are both more exother-
mic than that for Pb~CO)2 ~22.44 kcal/mol!. The CO addi-
tion to PbCO to produce Pb~CO)2 seems to be less favorable
even at high CO concentrations, which is consistent with the
absence of the Pb~CO)2 absorption.

We also note that the absorption of Pb3CO carbonyl ap-
pears after Pb2CO. It can be inferred that the contributions to
the formation of Pb3CO are mainly from the reactions of
PbCO with Pb2 ~reaction 10,260.08 kcal/mol! and Pb2CO
with Pb atom~reaction 11,258.56 kcal/mol!, while the con-
tribution from the reaction 9 cannot be excluded. The latest
observation of the Pb4CO absorption indicates that the gen-
eration of Pb4CO carbonyl may be mainly from reactions 13,
14, and 15, whereas the contribution from reaction 12 seems
to be of minor importance.

IV. CONCLUSIONS

Laser-ablated Pb atoms react with CO molecules on an-
nealing in excess argon to produce the lead carbonyls,

TABLE IV. Net charges of CO (qCO), selected bond lengths ofM – C and C–O, vibrational frequencies of C–O
stretching mode, and CO binding energies (Eb) calculated at the B3LYP/6-3111G(d)-LANL2DZ level.

Species Spin qCO RM – C ~Å) RC–O ~Å) nC–O ~cm21) Eb (kcal/mol)

CO 0 0.000 1.128 2211.4
PbCO 1 20.190 2.307 1.147 1999.8 16.12
Pb2CO 0 20.290 2.264 1.158 1921.7 22.60
Pb3CO 0 20.231 2.500 1.155 1947.9 21.29
Pb4CO 0 20.027 2.600 1.132 2133.0 1.37

TABLE V. Energetics for possible reactions of lead atoms with CO calculated at the B3LYP/6-311
1G(d)-LANL2DZ level.

Reaction Reaction energya ~kcal/mol!

1 Pb(3P0)1Pb(3P0) → Pb2@X(Og
1)# 238.30

2 Pb2@X(Og
1)#1Pb(3P0) → Pb3(3A28) 256.52

3 Pb2@X(Og
1)#1Pb2@X(Og

1)# → Pb4(1Ag) 283.62
4 Pb3(3A28)1Pb(3P0) → Pb4(1Ag) 265.40
5 Pb(3P0)1CO→ PbCO(3S2) 216.12
6 PbCO(3S2)1CO→ Pb~CO)2(1A1) 22.44
7 Pb2@X(Og

1)#1CO→ Pb2CO(1A8) 222.60
8 PbCO(3S2)1Pb(3P0) → Pb2CO(1A8) 239.82
9 Pb3(3A28)1CO→ Pb3CO(1A1) 221.29

10 PbCO(3S2)1Pb2@X(Og
1)# → Pb3CO(1A1) 260.08

11 Pb2CO(1A8)1Pb(3P0) → Pb3CO(1A1) 258.56
12 Pb4(1Ag)1CO→ Pb4CO(1A8) 21.37
13 PbCO(3S2)1Pb3(3A28) → Pb4CO(1A8) 250.65
14 Pb2CO(1A8)1Pb2@X(Og

1)# → Pb4CO(1A8) 267.35
15 Pb3CO(1A1)1Pb(3P0) → Pb4CO(1A8) 247.09

aA negative value of energy denotes that the reaction is exothermic.

034505-5 Observation of lead carbonyls J. Chem. Phys. 122, 034505 (2005)



PbnCO (n51 – 4). The absorptions at 2027.7 and 1915.5
cm21 are assigned to C–O stretching modes of PbCO and
Pb2CO, respectively. Further reactions lead to the formation
of Pb3CO ~1923.8 cm21! and Pb4CO ~2042.8 cm21!. Pb2CO
and Pb3CO are bridge-bonded carbonyl compounds, whereas
Pb4CO is a terminal-bonded carbonyl molecule. The obser-
vation of PbnCO (n51 – 4) is in good agreement with the
prediction of density functional theory calculations. The cal-
culated CO binding energies for PbnCO (n51 – 4) follow
the order Pb2CO.Pb3CO.PbCO.Pb4CO, in accord with
the observed infrared frequencies of C–O stretching.
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