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Electron Density. For a direct comparison of electron density 
in the monomer and polymeric fragments, we have computed 
two electron density maps, one being the central Be-H-B lo
calized orbital of the trimer and the other being the Be-H-B 
localized orbital of the D2cj monomer, but with bond lengths 
constrained to equal those of the solid state. The trimer was 
chosen for computational convenience and because all indi
cations are that electron reorganization upon going from the 
inner part of the trimer to the inner part of the hexamer is small 
compared to that from the monomer to the trimer (e.g., see 
Figures 5-7). The distortion of the monomeric Did bond 
lengths to those of the solid state allows a direct measure of 
reorganization of electron density brought about solely by 
BeB2Hg units bonding to each end of the monomer, and not 
by bond-length changes. In Figure 8, we show a difference 
electron density map calculated as 

Pdiff = Ptrimer — pD2d 

for the central Be-H-B localized orbital within the helix. The 
pronounced "flow" of electron density from the region of the 
beryllium to the region of the boron is another strong indication 
of the increased ionic character of the Be-B interaction within 
the helix. 

Conclusion 

Overlap populations, localized orbitals, and electron density 
comparisons all indicate that solid-state beryllium borohydride 
is best viewed as BeBH4^+-BH45_, with the boron-beryllium 
interaction within the helix clearly being more ionic than in 
the Dii monomer. This conclusion is consistent with the known 
geometrical parameters of the solid state6 and the infrared 
spectrum of the solid.7 

Calculated properties of the molecular wave function for the 
central region of the polymeric fragments show little difference 
between the pentamer and the hexamer. Therefore, it seems 
reasonable to conclude that the hexamer results are close to 
the limit of infinite chain length. Properties calculated from 

Introduction 

Metal cluster chemistry has become an additional way 
for surface-physics research to understand chemisorption of 
molecules on transition-metal surfaces. Recently, several pa
pers have commented on the analogy which exists between 
transition-metal cluster complexes and few-atom bare metal 

the center BeB2Hg unit of the trimer agree only moderately 
well with those calculated from the hexamer, but virtually all 
of the inaccuracies associated with the trimer properties are 
corrected at the pentamer level. The pentamer corresponds to 
two BeB2Hg units on each end of the central BeB2H8 moiety, 
and the above results indicate that two monomeric units are 
necessary to eliminate edge effects in modeling the solid-state 
polymer. 
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clusters.' We and others feel that cluster complexes may 
provide a way of studying metal-metal and metal-adsorbate 
interactions in a more straightforward way than with metals 
themselves. 

We have chosen to study platinum carbonyl dianion oli
gomers by X-ray photoemission spectroscopy (XPS) for several 
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Abstract: A series of platinum carbonyl dianion clusters has been studied by X-ray photoemission spectroscopy. Members of 
the series include [Pt3(CO)6]„2- where « = 2, 3, 4, 5, 6, ~10. The general structure of all valence spectra, in particular that 
of the Pt 5d derived bands, is remarkably similar. This observation is taken to be evidence that negligible interaction exists be
tween the Ptj(CO)6 layers. We observe changes in the binding energies of Pt 4f, Pt 4d, and the molecular orbitals (5<r + 17r) 
of the carbonyl ligands as a function of cluster size. All levels except the carbonyl 4cr orbitals are shifted to higher binding ener
gy asymptotically as the cluster size increases. This behavior of binding energies is interpreted as being due to the decreasing 
effect of the anion charge in larger clusters and to the bonding character of the (5<x + 1 7r) orbitals. 
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Figure 1. Valence XPS spectra ol" [Pt3(CO)6],

2-; (a) n = 2, (b) n = 3, (c) 
n = 4, (d) n = 5, (e) « = 6, and (f) n ~ 10. 

reasons: (1) Small transition-metal carbonyl complexes may 
serve as models for chemisorption and catalysis by metal sur
faces. (2) It is interesting both experimentally and theoretically 
to examine a uniform progression in the size of a transition-
metal cluster which maintains a repeating geometric config
uration. All of the clusters we have studied are composed of 
Pt3(CO)6 units stacked on top of each other. (3) XPS is unique 
in its ability to probe both the valence-band levels of a material 
and the core electronic levels. Also data are already available 
from XPS studies of small Pt clusters formed by vapor depo
sition.2 (4) There is increasing evidence to show that carbonyl 
cluster complexes can be supported on oxide substrates and 
subsequently decarbonylated to yield bare metal clusters, 
presumably of the same size or slightly larger.3 

Experimental Section 

The series of dianions as tetra-«-butylammonium salts were pre
pared using the starting material sodium hexachloroplatinate (Alfa) 
in methanol solution. Our synthetic method, similar to that of Longoni 
and Chini,4 resulted in progressive reduction of the platinum(IV) salt 
by carbon monoxide in the presence of alkali, where the size of the 
platinum oligomer was dependent on the alkali:Pt ratio. All reactions 
were run in a carbon monoxide atmosphere, using Schlenk-tube 
techniques. After each synthesis, the product was confirmed by 
characterizing the infrared absorptions in the carbonyl stretching 
region. 

To minimize the contamination and possible decomposition of the 
samples by exposure to oxygen, the samples were prepared for XPS 
study in a dry nitrogen atmosphere in a glovebag. Typical preparation 
was to make a saturated solution of the platinum carbonyl in TH F and 
deposit a thin uniform film of the liquid solution onto ultrapure 
graphite sheets, whose surface was then allowed to evaporate to dry
ness. The sample passed without exposure to air into a Hewlett-
Packard 595OA electron spectrometer with a vacuum <I.O X 1O-8 

Torr. Spectra were taken at about 160 K to prevent possible decom
position within the vacuum and did not require the use of a sample-
neutralizing electron-flood gun. Monochromatic Al KoIi2 radiation 
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Figure 2. Variation in the binding energies for the 4<r and (5<r + Ix) CO 
molecular orbitals as a function of platinum oligomer cluster size. 

(1486.6 eV) was used for excitation, and the ejected photoelectrons 
were energy analyzed. The use of monochromatized X-rays reduces 
the minimum peak full width at half-maximum to ~0.6 eV and 
eliminates unwanted "bremsstrahlung" and X-ray satellite lines. For 
valence band (VB) spectra this is particularly useful. 

Graphite substrates were chosen for two reasons: (1) Carbon has 
a VB which has a low photoemission cross section at Al Ka X-ray 
energies and has only one core level which may overlap and interfere 
with other lines in the total spectrum. (2) Graphite is also a semimetal; 
consequently, charging the substrate and coated platinum carbonyl 
oligomers is not a problem, if the coating is thin enough. 

In this study all core and valence-band binding energies (BE) have 
been referenced by the gold-evaporation technique.5 Ginnard and 
Riggs have demonstrated that, by controlling the coverage of evapo
rated gold so each sample receives an equivalent amount, charges of 
~5 eV or more on an insulating substrate may be corrected with a 
precision of better than ±0.2 eV. Graphite used in our study is a 
semimetal; however, the thin layer of Pt salt is nonconducting. Al
though no gross charging was apparent, requiring use of an elec
tron-flood gun, careful control of evaporated gold was used for BE 
calibrations. After each sample was run, a number of Au evaporations 
were made with a core level analysis after each deposition. This pro
vided a sequence of spectra which could be related to the increasing 
surface coverage of Au. Au 4f BE values were taken at coverages 
corresponding to surface electrically conductive coatings. 

Results 

Figure 1 shows valence-region XPS spectra of the 
[Pt3(CO)6]n

2 _ clusters. All spectra show remarkable resem
blance. Each spectrum has an intense broad band in the 0-7-eV 
region, which can be attributed to the energy levels consisting 
predominantly of Pt 5d electrons. This "Pt band" in every 
spectrum is composed of a doublet separated by 1.3 ± 0.1 eV, 
with the lower binding energy component being slightly more 
intense. The doublet is resolved better in some cases than in 
others, which is traceable to sample inhomogeneity. Further
more, the fwhm of the Pt band remains essentially unchanged 
at 4.0 ± 0.3 eV throughout the series. All spectra show two 
relatively weak bands at about 9 and 12.8 eV, which are pri
marily the (5ff + l7r) and Aa molecular orbitals of CO, re
spectively. The energy positions of these two bands vs. cluster 
size are plotted in Figure 2. The lower binding energy band 
moves to higher energy with increasing cluster size, ap
proaching asymptotically to 9.5 eV at n = 4, whereas the en
ergy position of the high-energy band stays essentially constant 
at 12.7 eV. The spectra did not show any distinguishable fea-
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Figure 3. Variations in the core-level binding energies, Pt 4f7/2, and Pt 
4d5/2 as a function of platinum oligomer cluster size. 

ture which might be attributed to the two tetra-«-butylam-
monium cations. This is not at all surprising since the cross 
section of the butyl group is extremely small in the XPS region, 
and it is most likely lost in the rather intense background. 

In addition to the valence levels, we have measured the BEs 
of the Pt 4f and Pt 4d core levels (Figure 3). All core-level BEs 
increase asymptotically with increasing cluster size and closely 
approach the asymptotic values at about n = 5. 

Although precaution was taken in sample preparation, slight 
decomposition did occur in several samples. Such decompo
sition is conveniently detected in the 4f spectra by noting the 
presence of a shoulder on the low-energy side of the main Pt 
4f7/2 peak. This is exemplified by comparing the Pt 4f spectra 
of [Pt3(CO)6]32 _ and [Pt 3 (CO) 6 ] 5

2 - in Figure 4, where the 
latter shows a definite low-energy shoulder. 

From the energy position of the shoulder, i.e., ~71 eV, the 
decomposed product is tentatively identified as Pt metal, and 
the valence band of Pt should contribute to the intensity near 
the threshold of the cluster valence spectra. This assignment 
is consistent with the observation that a more intense Pt 4f 
shoulder is accompanied by higher intensity at the threshold 
of the valence spectra (Figures 1 and 4). Using this charac
teristic, we detected noticeable decomposition in clusters n = 
5, 6, and 10. Some slight decomposition to other members of 
the series may have evaded detection. Other than the presence 
of the low-energy shoulder, all Pt 4f peaks appeared quite 
symmetric with their fwhm varying between 1.4 and 1.8 eV, 
reflecting primarily the differential charging due to sample 
inhomogeneity. 

Discussion 

In spite of the dianionic character of the Pt clusters, their 
valence XPS spectra are qualitatively similar to those of neu
tral transition-metal carbonyls.6-7 Like those of the neutral 
carbonyls, the valence spectra can be conveniently assigned 
in terms of Pt and CO derived bands. Therefore, the strong first 
energy band falling between 0 and 7 eV is assigned to the Pt 
5d levels, the second band at ~ 9 eV to CO (5<r + 1 TT) M O S , 
and the third band at ~12.7 eV to CO 4c MOs. This assign
ment is consistent with the normally weak bonding interaction 
between the ligand and metal orbitals, such that they undergo 
little change upon cluster formation. However, there are three 
interesting features unique to the Pt clusters themselves: (1) 
The Pt band is insensitive to the size of the cluster. All Pt bands 
show a similar band profile and exhibit a doublet with 1.3-eV 
separation and fwhm of ~ 4 eV. (2) The ratio of CO intensity 
to Pt band intensity is unusually low. Using the CO/metal 
band intensity ratio found in some polynuclear carbonyls8 and 
the calculated cross sections of the metal valence d orbitals,9 

78 76 74 
Binding energy (eV) 

Figure 4. Comparison of Pt 4f spectra for [Pt3(CO)6 (top) and 
[Pt3(CO)6Js2" (bottom). The presence of some decomposition is noticeable 
in the spectrum for [Pt3(CO)6J5

2- which is attributed to Pt metal. 

we expect the CO/Pt band intensity ratio to be ~ l / 7 . The 
experimental values vary between 1 /12 and 1/21, and are thus 
a factor of ~ 2 too low. (3) Different behavior of the BEs of CO 
(5CT + 1 TT) and 4cr bands is observed as a function of cluster size 
(Figure 2). 

The logical deduction which can be drawn from the simi
larity of the Pt bands is that the bonding interaction between 
Pt3(CO)6 layers is small. This weak interaction is not surprising 
in view of the relatively long intertriangular Pt-Pt distance 
between Pt3(CO)6 units along the pseudo-threefold axis.10 

Furthermore, recent Pt NMR results" on [Pt 3(CO) 6] 3
2 _ 

which show fluxional behavior of the outer Pt3 triangles with 
respect to the middle triangle are consistent with this assertion. 
Therefore, to a good approximation, the electronic structure 
of the Pt clusters can be treated as the Pt3(CO)6 unit but with 
proper allowance made for the dianion charge. Owing to the 
lack of reliable calculations, analysis of the Pt band has to be 
qualitative. The general structure of the Pt XPS band leads 
us to postulate that the electronic structure of Pt3(CO)6 can 
be compared to that of a single Pt atom of 5d10 configuration 
in the presence of other Pt and CO ligands. This is reasonable 
because the strong spin-orbit interaction in Pt is likely to be 
more important than the ligand field effects. In this picture, 
the Pt band can be interpreted as the spin-orbit doublet of Pt 
5d orbitals, and the broadening of the individual doublet 
components is then the result of ligand field splitting, lifetime 
broadening, and of course inhomogeneous sample charging. 
The 1.3-eV separation in the Pt band compares well with the 
1.1 -eV spin-orbit splitting of free Pt 5d electrons.'2 The excess 
charge introduced by the anionic character would go into the 
Pt 6s orbital. The latter has very low cross section in the XPS 
energy region and thus has little effect on the band and our 
interpretation. If our postulate is correct, we would expect the 
Pt band of the clusters to closely approximate the spectrum of 
supported Pt nuclei consisting of either single or a few atoms 
with 5d10 configurations. Unfortunately, since the small Pt 
nuclei supported on carbon exist essentially in the 5d96s' 
configuration,2 a meaningful comparison of their XPS spectra 
is not feasible, owing to multiplet structure. However, we found 
that small supported Au nuclei existed in the 5d106s' config
uration.13 Comparing the spectra of small Au nuclei and the 
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Pt clusters, we found, as expected, a close similarity (except 
of course for the difference in the spin-orbit splitting, which 
is 1.8 eV for Au). This agreement offers support for our pos
tulate and serves to link the study of metal clusters to that of 
catalytic metal nuclei. 

One reason for the low CO/Pt intensity ratio is the loss of 
CO due to decomposition to metallic Pt. This finds support in 
that the ratio is generally lower in the larger clusters which, 
as shown earlier, noticeably decomposed. Yet, even after al
lowance is given for this cause, the ratio is still at least a factor 
of 1.5 too low. This may result from two possible causes— 
intrinsic loss processes such as shakeup14 or molecular orbital 
dilation resulting from the excess negative charge on the CO 
moiety. 

The binding energy of the CO molecular orbitals is also in
fluenced by the excess negative charge. In metal carbonyls15 

the terminal and bridging carbonyls are bonded to the metal 
mainly through 5a and lir MOs of CO, whereas the O lone 
pair (4(T MO) remains essentially nonbonding or slightly an-
tibonding. Therefore, it is expected that (5<r + Ix) derived 
MOs which are involved in bonding in the clusters are more 
sensitive to the perturbation of cluster formation. Furthermore, 
whatever portion of the two negative charges that goes into the 
CO moieties probably occupies the antibonding CO 2TT MOs. 
Since this orbital is primarily C 2p in character, the negative 
charge is highly localized on carbon.16 As a result, 5trand \ir 
MOs which have a significant carbon contribution16 should 
be more susceptible to the amount of negative charge on the 
Pt3(CO)6 unit than the 4rj MO. The different behavior of the 
BEs of (5o- + 17r) and 4<x derived bands is attributable to their 
respective bonding and nonbonding character. The asymptotic 
increase of the (5<T + l7r) BE with increasing cluster size is 
accountable then by the decreasing negative charge per 
Pt3(CO)6 unit. The increasing BE trend agrees with the IR 
data4 giving an increase in absorption frequency, thus stronger 
bonding for the terminal CO groups with increasing cluster 
size. 

Binding energy of core levels is also closely related to local 
charge. Since negative charges on Pt atoms decrease for larger 
clusters, it is expected that the BEs of Pt 4f and 4d should in
crease with increasing cluster size. The variations in Pt core 
level BE with cluster size (Figure 3) can qualitatively be ex
plained in terms of a simple spherical charge model.17 In the 
present cluster case this model is practically the same as the 
more elaborate and successful potential model.17 This is be
cause of the negligible interlayer interaction, such that mo
lecular potential and relaxation energy can be regarded as the 
same throughout the series. In the spherical charge model, the 
binding energy shift AE is proportional to q/r, where q is the 
atomic charge and r is the atomic radius. Using the Bohr model 
of atoms, r is proportional to \/q, and, since q is inversely 
proportional to n, this results in AE <* 1 /n2. This variation of 
BE shift, as the inverse of n2, then explains the observed shape 
of the asymptotic curves shown in Figure 3. 

The absolute BEs of the Pt 4f s and 4d's are appreciably 
larger than the corresponding values for bulk Pt metal (4f7/2 
BE = 71.0 eV and 4d5/2 BE = 314.8 eV).2 In fact, the Pt 4f7/2 

BEs here are closer to those found in PtO, which is 73.4 eV,19 

than to that in Pt metal. This anomalous behavior is thought 
to result from two factors. First, photoemission20 and work 
function21 measurements indicate that CO withdraws electrons 
when adsorbed on Pt metal. Theoretical calculations for Ni also 

show significant electron transfer away from the transition 
metal upon CO adsorption.22 The residual positive charge on 
Pt should produce a shift to higher binding energy, as observed. 
In fact, it is generally true that metal carbonyls show core-level 
binding energies which are higher than those observed in the 
bulk metals.7,18 The same should hold for the ionic clusters of 
large n where the anionic charge is dispersed over many atoms. 
The second factor which contributes to the high metal binding 
energy in metal carbonyls is the incomplete extraatomic re
laxation. As mentioned earlier, there is very little interaction 
between adjacent Pt3(CO)6 groups. The extraatomic relaxa
tion is therefore diminished in comparison to the bulk metal, 
and the core-level binding energies are accordingly higher. 

Conclusions 

The XPS study of the series [Pt3(CO)6Jn
2 - presents a 

unique example by which a correlation between BE shift and 
charge is demonstrated directly by experiment. Thus, the 
core-level BE shift follows roughly a l / « 2 dependence of the 
anionic charge. From the analysis of the valence spectra, we 
are led to believe that interlayer interactions are small so that 
the electronic structure of the series is basically like that of a 
single Pt3(CO)6 unit with the appropriate charge. Further
more, because of the strong spin-orbit coupling of Pt 5d elec
trons, the Pt valence spectra of the clusters can be understood 
satisfactorily in terms of a single Pt atom of 5d10 configuration 
perturbed by ligand fields. By analogy, we believe that, in fa
vorable cases, the metal carbonyl clusters could serve as model 
systems for the study of catalytic metal nuclei having the same 
valence electron configuration. 
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