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Density functional theory (DFT) and microcalorimetric
investigations of CO adsorption on Pt clusters
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Microcalorimetric measurements were conducted at 573 K of CO adsorption on Pt clusters supported in L-zeolite. The measured
heat of CO adsorption is 175 kJ/mol, and the heat decreases to 90 kJ/mol near saturation coverage. Quantum chemical calculations
were performed using density functional theory to study the interaction of CO with 10-atom Pt clusters. The heat of CO adsorption on
atop-sites is calculated to be 209 kJ/mol, while a lower heat of 142 kJ/mol is calculated for CO on bridge-sites. These values decrease
to 197 and 102 kJ/mol for population of two atop-sites and two bridge-sites, respectively, on the same Pt10 cluster. The heat of adsorption
decreases to 157 kJ/mol when six CO molecules adsorb on six atop-sites of the cluster. The calculated initial heat of CO adsorption
on Pt10 clusters is in agreement with experimental and theoretical values reported for CO adsorption on Pt single-crystal surfaces. The
higher heat of CO adsorption at atop-sites may be caused by more σ-donation from CO to sp orbitals of Pt for atop-sites. The heat
of CO adsorption on bridge-sites becomes higher on negatively charged platinum clusters. The calculated C–O stretching frequencies
for charged and neutral platinum clusters agree with experimental data.
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1. Introduction

Quantum chemical calculations are increasingly being
applied to predict the interactions of adsorbates with cat-
alytic sites [1]. Application of these theoretical approaches
requires careful comparison of the predictions with exper-
imental data, to determine which level of theory is suffi-
cient to describe the active sites at an acceptable computa-
tional time (e.g., the functionals used to describe electron
exchange and correlation, the basis sets used, the number
of atoms in the cluster, the symmetry constraints imposed
on the cluster). In the present investigation, the interac-
tion of carbon monoxide with a platinum cluster contain-
ing ten atoms was studied using both theoretical and ex-
perimental techniques. Density functional theory (DFT)
methods were used to predict the interactions of CO with
these Pt10 clusters. Such DFT methods have proven to be
useful to predict accurate geometries and reasonable ener-
getics for molecules containing transition metals [1–5]. The
currently available DFT methods use few semiempirical pa-
rameters in conjunction with more advanced functionals to
give an adequate description of nonlocal effects in electron
exchange and correlation interactions.

In addition to being computationally tractable, the Pt10

clusters are also of interest as models of highly dispersed
platinum catalysts. For example, small platinum clus-
ters supported in neutralized L-zeolite have been shown
to have novel catalytic properties for various hydrocar-
bon reactions, such as the aromatization of hexane to ben-
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zene [6–9]. Platinum clusters supported in L-zeolite have
also been suggested to possess chemisorption properties
that are different compared to larger platinum particles on
other supports [10]. These platinum clusters in L-zeolite
contain a limited number of platinum atoms (e.g., 5–
10 atoms) [11,12], and the unique catalytic and chemisorp-
tive properties of these clusters have been attributed to the
small cluster size, as well as to possible interactions of these
clusters with the zeolite support [8].

We will show in the present paper that the experimen-
tally measured initial heat of CO adsorption on Pt/L-zeolite
(∼175 kJ/mol) is in general agreement with the predictions
of DFT calculations for the adsorption of CO on atop-
sites of 10-atom platinum clusters. Furthermore, adsorp-
tion of CO on atop-sites is more stable than adsorption on
bridge-sites by 65 kJ/mol. We also report how the adsorp-
tion energy, the geometrical parameters, and C–O stretching
frequency of chemisorbed CO may depend on the charge
of the platinum cluster.

2. Methods

2.1. Density functional theory calculations

The density functional theory calculations were car-
ried out using DEC workstations, with PS-GVB software
(Schrodinger, Inc.) [13]. This software uses a pseudospec-
tral method to evaluate the various integrals. It com-
bines both a basis set and a physical space grid, thus
retaining the speed of discrete methods and the smooth-
ing properties of continuous functions. The chosen DFT
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method uses a hybrid method employing Becke’s three-
parameter approach, B3LYP [14]. This functional combines
the exact HF exchange, Slater’s local exchange functional,
Becke’s 1988 nonlocal gradient correction to the exchange
functional, with the correlation functionals of Vosko–Wilk–
Nusair (VWN) and Lee–Yang–Parr (LYP).

The basis set employed in all calculations (LACVP**)
uses an effective core potential on all Pt atoms, developed
at Los Alamos National Laboratory by Hay and Wadt [15].
The electrons treated explicitly on Pt are the outermost core
and valence electrons (5s25p65d96s1), with the remaining
core electrons treated with effective core potentials which
account for the mass–velocity and relativistic effects. The
inclusion of outermost core electrons with the valence elec-
trons is necessary because these core orbitals have similar
sizes as the valence orbitals. The C and O have been treated
with the 6-31G** basis set [16], with all electrons being
treated explicitly.

The heat of adsorption (−∆Hads) is defined as

−∆Hads = (Ecluster +Hadsorbate)−Ecluster/adsorbate,

where Ecluster/adsorbate is the total energy of the adsorbate
on the cluster, Ecluster is the total energy of the bare clus-
ter (Pt10), and Hadsorbate is the enthalpy of the adsorbate
(CO). It is convenient to define the heat of adsorption as
−∆Hads, and a positive heat of adsorption indicates a fa-
vorable process.

Total energies were calculated for CO, Pt10 and CO–
Pt10 by conducting full geometry optimizations. The Pt–Pt
bond distances in these geometry optimizations were not
constrained, since relaxation and adsorption-induced recon-
struction effects are common for small particles [17–19].
For completeness, however, we also studied CO adsorption
on a Pt10 cluster for which the Pt–Pt bonds were fixed at the
bulk distance 2.77 Å, and the heat of adsorption obtained
was larger by ∼20–25 kJ/mol than the result obtained with-
out constraints.

The total energies calculated after geometry optimiza-
tions were corrected for basis set superposition error
(BSSE) using Boys–Bernardi counterpoise calculations for
all adsorbate/cluster models [20]. This correction is ∼10–
12 kJ/mol per bond between the adsorbate and the cluster.

Stretching frequencies of the C–O bond were calcu-
lated for various clusters. The calculated value of C–O
stretch for molecular CO was 2213 cm−1. This frequency
was scaled by 0.968 to match the experimental gas-phase
value for CO which is 2143 cm−1 [21]. The frequency for
chemisorbed CO was also scaled by the same factor from
the calculated value for all clusters.

2.2. Microcalorimetry

Microcalorimetric measurements were performed at
573 K using a high-temperature heat-flux microcalorime-
ter [22]. The microcalorimeter was connected to a
gas handling system and a volumetric system (dynamic
vacuum of 10−7 Torr) employing Baratron capacitance

manometers for precision pressure measurement (±0.5 ×
10−4 Torr). The maximum apparent leak-rate of the vol-
umetric system (including the microcalorimetric cells) was
ca. 10−6 Torr/min in a system volume of approximately
70 cm3 (i.e., 10−6 µmol/min).

The microcalorimetric procedures used in this study have
been described in detail elsewhere [22–24]. Briefly, each
sample was treated ex situ in ultra-pure flowing gases, and
then sealed in a Pyrex capsule. The Pyrex capsule formed in
this manner was then broken in a special set of microcalori-
metric cells [24], after the sample had attained thermal equi-
librium with the microcalorimeter. In this manner, it was
possible to expose the clean sample to CO without exces-
sive surface contamination that can accumulate during the
long times (ca. 5–10 h) required for thermal equilibration
of sample in the microcalorimeter. After the capsule had
been broken, microcalorimetric data were collected by se-
quentially introducing small doses (1–10 µmol quantities)
of adsorbate onto the platinum sample (0.25–1.0 g) until
it became saturated. The resulting heat response for each
dose was recorded as a function of time and integrated
to determine the energy released (mJ). The amount of gas
adsorbed (µmol) was determined volumetrically from the
dose and equilibrium pressures, and the system volumes
and temperatures. The differential heat of adsorption was
then calculated as a function of the amount adsorbed.

Sample treatments for the microcalorimetric experiments
were performed in a Pyrex treatment cell equipped with
a Pyrex NMR tube for sealing the samples [24]. Ultra-
high purity hydrogen (99.999%, Liquid Carbonic), used for
sample treatments, was purified by diffusion through a pal-
ladium alloy thimble. Ultrahigh purity helium (99.999%,
Liquid Carbonic), also used for sample treatments, was pu-
rified by passage over heated (473 K) copper turnings and
activated molecular sieves (13X) cooled to 77 K. These
gases were further purified by passage through a bed of
reduced Oxy-Trap (Alltech Association, Inc.) and a bed
of reduced iron catalyst to remove oxygenates. Carbon
monoxide was purified by passage over heated (473 K)
quartz wool to decompose metal carbonyls and activated
molecular sieves (13X) maintained at room temperature.

The neutralized Pt/L-zeolite sample used in this study
is the 1 wt% Pt/BaK-L zeolite sample studied by Sharma
et al. [25]. This sample was prepared by incipient wet-
ness impregnation of Pt(NH3)4(NO3)2 on a neutralized
L-zeolite support (6.9 wt% Ba, 9.7 wt% K, Si/Al ∼ 3.5,
Linde Corp.), as described elsewhere [25]. The impreg-
nated catalyst was dried at 393 K and calcined at 523 K.
Prior to microcalorimetric studies, the sample was heated
slowly (0.8 K/min) in flowing hydrogen to 673 K, re-
duced for 3 h at this temperature, and subsequently
purged with flowing helium for 2 h at this tempera-
ture to remove adsorbed hydrogen. The reduced sample
was then isolated in 350 Torr of helium at room tem-
perature, and sealed in the Pyrex NMR tube (1.5 cm
o.d. × 4 cm long) attached to the side of the treatment
cell.
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3. Results and discussion

3.1. Microcalorimetry

Microcalorimetric results for carbon monoxide adsorp-
tion on 1 wt% Pt/BaK-L zeolite at 573 K are shown in fig-
ure 1. Also shown, for comparison, are microcalorimetric
data obtained by Sharma et al. for CO adsorption at 403 K
on the same sample [25]. At 573 K, the initial heat of CO
adsorption is ca. 175 kJ/mol. The differential heat decreases
with increasing CO coverage until a saturation coverage of
ca. 30 µmol/g is reached. In contrast, an initial heat of
ca. 130 kJ/mol is measured for CO adsorption at 403 K on
the same sample. The differential heat decreases gradually
with increasing coverage for the first 18 µmol/g of CO up-
take. At higher coverages, the differential heat decreases
more rapidly until the surface becomes saturated at a fi-
nal CO coverage of ca. 23 µmol/g. These results suggest
that CO does not equilibrate with the sample at the lower
adsorption temperature (i.e., 403 K). In fact, the rate con-
stant for CO desorption at 403 K is expected to be very
low (∼10−10 s−1) for a desorption energy of 175 kJ/mol,
using a standard preexponential factor of 1013 s−1. The low
heats of adsorption (100–130 kJ/mol) measured at 403 K for
this sample thus represent average adsorption heats, caused
by chromatographic adsorption of CO in the catalyst bed.
It is possible that complete equilibration of CO with Pt
does not take place even at 573 K (desorption rate constant
of 10−3 s−1), and therefore we conclude that the initial
heat of CO adsorption on Pt clusters in L-zeolite is higher
than 175 kJ/mol.

The aforementioned value of the initial heat of CO ad-
sorption on Pt/L-zeolite is near the range of values reported
for CO adsorption on various single-crystal platinum sur-
faces. The initial heats of CO adsorption on Pt(110) and
the hexagonal and (1×1) phases of Pt(100) have been mea-
sured to be 183, 180 and 225 kJ/mol, respectively [26,27].
The initial heat of CO adsorption on Pt(111) was reported
to be 180 kJ/mol [28].

Figure 1. Microcalorimetric results for CO adsorption on 1% Pt/BaK-L
zeolite at 403 K (N) and 573 K (•).

Mojet and Koningsberger have reported CO-induced dis-
ruption of small Pt particles in K-LTL zeolite at high CO
pressures (375 Torr) [12]. An earlier study has shown that
neutral Pt carbonyl species may be formed from Pt parti-
cles upon CO adsorption at high CO pressures, whereas IR
data of CO adsorbed on Pt/K-L zeolite at low pressures
(0.76 Torr) did not show evidence for the disruption of Pt
particles [29]. These observations agree with IR data of CO
adsorption on the Pt/K(Ba)-L zeolite used in this study [30],
i.e., Pt carbonyl species are not formed upon exposure of
the Pt particles to CO at low pressures. Since the mi-
crocalorimetric measurements of the present study have
been performed at low CO pressures (lower than ∼4 Torr),
we attribute the measured energy change to the heat of CO
adsorption, without disruption of Pt particles to form Pt
carbonyl species.

3.2. Density functional theory calculations: Pt10

The Pt10 cluster used in this study has ten atoms arranged
into three layers resembling (111) planes, as shown in
figure 2. This cluster has three-fold, two-fold and atop-
adsorption sites. The Pt–Pt distances in the optimized
cluster range from 2.56 to 2.88 Å, with an average value
of 2.72 Å. The distance in bulk Pt metal is 2.77 Å. The
atoms in the center of the four faces are slightly puckered
out from the center of the cluster.

The geometry of the optimized Pt10 cluster has Cs point-
group symmetry. The absence of tetrahedral symmetry in
this cluster is not unusual for small metal clusters. For
example, Masel and co-workers used an embedded atom
method to show that the lower energy structures of plat-
inum clusters ranging from 5 to 60 atoms are disordered
and show surface structures which are not present in bulk
platinum [31]. Yang and co-workers have recently reported
the existence of low symmetry geometries that are lower
in energy than the icosahedral and cubo-octahedral struc-
tures [32].

The range of Pt–Pt distances found in the optimized clus-
ter geometry is in agreement with experimental findings of
Gallezot and Bergeret [18]. These authors determined from
X-ray diffraction analyses that Pt clusters in Y-zeolite are
distorted in the absence of adsorbates, and the interatomic
distances are contracted with respect to the normal structure
of bulk platinum. They also report a relaxation of the Pt
clusters towards the Pt–Pt distance in bulk Pt, following
adsorption of hydrogen and benzene. A wide variety of
adsorbate-induced relaxations have been reported for small
clusters [33–35]. This effect has been taken into account
in the present study by allowing the entire cluster to opti-
mize without imposing constraints, as described in the next
section.

Boyanov and Morrison have studied the structures of
platinum clusters containing 10–25 atoms on Y-zeolite, us-
ing X-ray absorption (XANES and EXAFS) and X-ray pho-
toelectron spectroscopy [36]. They report the average in-
teratomic distance to be 2.70 Å, and they conclude that this
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Figure 2. Two views of 10-atom platinum cluster.

bond contraction of 0.07 Å compared to bulk Pt is intrinsic
to the cluster with no effect from zeolite support. Konings-
berger and co-workers report from EXAFS measurements
that the interatomic distance is 2.74 Å for a cluster of 4–5 Pt
atoms with coordination number of 3.7 in L-zeolite [37].
Sachtler and co-workers have reported a value of 2.64 Å
for platinum particles with average coordination number
of 7.7 [38]. The results from these experimental studies
are in agreement with the predictions from the present study
that the average Pt–Pt distance of 2.72 Å in Pt10 clusters is
shorter than the value of 2.77 Å in bulk Pt metal.

The chemical bonding energy of the Pt10 cluster with
respect to Pt(d9s1) atoms is 2554 kJ/mol. The Pt–Pt bond
strength is thus equal to 106 kJ/mol (since 24 Pt–Pt bonds
are formed in the Pt10 cluster), compared to the value of
88 kJ/mol in bulk platinum metal [21]. The higher value
of the average Pt–Pt bond strength for the Pt10 cluster is
caused by the contribution from surface atoms of lower
coordination (3 and 6) compared to the coordination of Pt
in the bulk (12). The calculated average cohesive energy
per Pt atom for the Pt10 cluster is 255 kJ/mol, while the
bulk cohesive energy is 528 kJ/mol.

3.3. Density functional theory calculations: CO–Pt10

Carbon monoxide adsorbs on one-fold (atop-sites) and
two-fold (bridge-sites) positions on platinum surfaces. The
optimized geometries for CO adsorption on Pt10 corre-
sponding to the bridge and atop positions are shown in
figures 3 and 4. The heat of adsorption on the atop-site
is calculated to be 209 kJ/mol. The Pt–C and C–O bond
lengths are 1.83 and 1.15 Å, respectively. The heat of CO
adsorption on the bridge-site is calculated to be 142 kJ/mol,
with Pt–C and C–O bond lengths of 1.97 and 1.18 Å, re-
spectively. These values of 1.83 and 1.97 Å for the Pt–C
distance at the atop- and bridge-sites are in agreement with
LEED data which give Pt–C bond lengths of 1.85 (±0.1) Å
and 2.08 (±0.07) Å, respectively [39]. Furthermore, the
Pt–C distances in organoplatinum carbonyl compounds are
1.84–1.92 Å for terminal CO and 1.92–2.07 Å for bridged
CO [40].

Figure 3. CO adsorption on bridge-site of Pt10 cluster. Open circle = Pt
atom; filled circle = carbon atom; hatched circle = oxygen atom.

Figure 4. CO adsorption on atop-site of Pt10 cluster.

We have also calculated the heat of CO adsorption when
two sites are occupied on the same Pt10 cluster. The
heat of CO adsorption decreases from 209 to 197 kJ/mol
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Figure 5. Adsorption of six CO molecules on atop-sites of Pt10 cluster.

when two atop-sites are occupied, while the heat decreases
from 142 to 102 kJ/mol when two bridge-sites are occu-
pied. Furthermore, the heat of CO adsorption decreases to
157 kJ/mol when six atop-sites are occupied on the same
cluster, as shown in figure 5. At 403 K, the adsorption
of CO on Pt/L-zeolite may not be equilibrated and hence
the measured heat of adsorption, 125 kJ/mol, can be at-
tributed to the high coverage of platinum by CO, in agree-
ment with our theoretical results. Thus, the heat of CO
adsorption on Pt/L-zeolite is predicted to decrease with ad-
sorbate coverage, in agreement with our microcalorimetric
results at 573 K.

As noted above, we do not expect our platinum parti-
cles to be disrupted and form Pt carbonyl species at the
low CO pressures of this study. However, it is interest-
ing to use DFT calculations to estimate the heat associated
with this process. Specifically, we calculate the heat to
be −30 kJ (endothermic) per mole of CO for the forma-
tion of neutral Pt–CO carbonyl clusters by reaction of Pt10

clusters with 10 molecules of CO. The prediction that this
process in nearly neutral energetically is consistent with
the experimentally observed disruption of Pt particles at
high pressures of CO, especially when it is noted that the
platinum carbonyl species undoubtedly gain stability upon
interaction with the zeolite support.

We have corrected our calculated heat of CO adsorp-
tion at 0 K to compare with the measured heat at 573 K,
by considering zero-point energy (ZPE) and thermal ener-
gies. To calculate thermal energy corrections, we assume
that the adsorption process leads to a loss of one degree
of translation and loss of two degrees of rotation. To cal-
culate the ZPE we use the experimental values of C–O
and Pt–C stretching frequencies, which are equal to 2080
and 475 cm−1 [41]. The ZPE for gas-phase CO mole-
cule is calculated using the C–O stretching frequency of
2143 cm−1 [42]. The calculated heat of CO adsorption
at 573 K is 211 kJ/mol, compared to 209 kJ/mol at 0 K.
If we assume that the adsorption process leads to a loss
of all three degrees of translation and loss of two degrees

of rotation, the calculated heat of CO adsorption at 573 K
is 216 kJ/mol. Hence the temperature correction for CO
adsorption is small.

There seems to be disagreement in the literature re-
garding the energy difference between adsorption of CO
on atop- and bridge-sites. A molecular orbital study us-
ing atom superposition and electron delocalization (ASED)
showed the binding energy of CO on Pt(111) to be
180 kJ/mol for the atop-site and 120 kJ/mol for the bridge-
site [43], in agreement with our results. Mieher and others
have estimated the difference between these two sites to
be only 0.62 kJ/mol [44]. At low coverage, Bradshaw and
co-workers estimated that the atop-site is 6 kJ/mol more
stable than the two-fold site [45], while Froitzheim and
Schulze reported a difference of 30 kJ/mol [46]. Roszak
and Balasubramanian have studied adsorption of CO on
atop- and of bridge-sites on platinum dimers [47]. They
show that the bridge-site is more stable than the atop-site by
46–96 kJ/mol, depending on the level of theory. We have
carried out calculations of CO adsorption on Pt dimer us-
ing B3LYP theory and the LACVP** basis set. The ground
state of the platinum dimer has multiplicity of three as there
is an unpaired electron on each platinum atom. The ground
state for bridged CO complex has no unpaired electrons,
while the atop complex has a ground state with multiplicity
of three which has a slightly lower energy than the singlet.
We find that CO adsorption to form the bridged structure is
more stable by 70 kJ/mol, in agreement with Roszak and
Balasubramanian [47]. However, the opposite trend is seen
with the Pt10 cluster, where the atop-site is more stable than
the bridge-site by 70 kJ/mol. Indeed, several experimen-
tal studies have shown that only the atop-sites on Pt are
occupied at low coverages, while population of the bridge-
sites takes place on the Pt surface at fractional coverages
above 0.14 [48–51].

According to Norskov and co-workers, the heat of CO
adsorption on atop-sites of various Pt surfaces can be re-
lated to the position of the d-band of the Pt atop-atom rel-
ative to the Fermi energy [52]. Accordingly, we show in
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(a) (b)

Figure 6. Platinum d-orbital density of states (a) before adsorption and (b) after CO adsorption; (- - -) bridge-site, (—) atop-site.

figure 6(a) the d-band density of states for the Pt atop-atom
in the Pt10 cluster. The d-band center is 2.24 eV below
the Fermi level, where the Fermi level of −4.99 eV has
been taken to be the average of the HOMO and LUMO
energies of the platinum cluster (−5.52 and −4.47 eV, re-
spectively). According to the correlation of Norskov and
co-workers, a d-band position of 2.24 eV relative to the
Fermi energy corresponds to a heat of CO adsorption equal
to 193 kJ/mol, in agreement with the value of 209 kJ/mol
calculated in the present study. Thus, the same principles
that control the heat of CO adsorption on bulk Pt surfaces
(as studied by Norskov and co-workers) also seem to con-
trol adsorption on small Pt clusters (as studied in the present
work). In agreement with this prediction, TPD analysis has
shown that the desorption properties for CO on small par-
ticles of Pt on alumina are very similar to those for CO on
bulk Pt [53]. We show in figure 6(b) the d-band density of
states for the Pt atom in the Pt10 cluster after CO adsorp-
tion. The shift in the density of states to lower energy is
more significant for adsorption of CO on atop-sites because
of the stronger interaction of CO with the Pt10 cluster at this
site.

We now speculate on the difference in energy for ad-
sorption of CO on atop- and bridge-sites. We show in
figures 7 and 8 the projection of the density of states for
the sp and d orbitals of Pt onto the s and py orbitals of C,
where the y-axis is normal to the Pt surface. It can be seen
that the initially unoccupied sp orbitals of Pt near −3 eV
overlap more extensively with the py orbital of the C atom
at the atop-site. We conclude that there is more σ-donation
from CO to Pt at the atop-site than the bridge-site, since
there are more empty states available at the atop-site to ac-
cept electrons from CO. In addition, from figure 7 we see
that there are more filled d-states near −9 eV that project
onto the s and py orbitals of the C atom at the bridge-site
than the atop-site. The filled states of Pt lead to repulsion
interaction with the electrons of CO, and the adsorption
of CO at the bridge-sites thus appears to be less favorable.

Because various authors have commented about the pos-
sible effects of electron transfer between platinum clusters
and supports, we have also studied Pt10 clusters with a
formal positive and negative charge, simulating electron-
deficient and electron-rich species, respectively. Electron-
deficient metal particles have been postulated to be the re-
sult of interaction with acid centers of zeolites [8,54–57].
Electron-rich metal particles can be attributed to the in-
fluence of basic oxygen atoms in zeolites or to the coad-
sorption of strong electropositive elements like potassium
[58–60]. Interaction of CO with electron-deficient platinum
atoms in zeolites has been investigated in a recent theoret-
ical study by Rösch and co-workers [61].

The calculated structural parameters and heats of CO
adsorption are presented for charged Pt clusters in table 1.
The heat of CO adsorption at the atop-site is about the same
for all the three species considered here. The C–O bond
weakens as the cluster becomes more negative, which can
be explained by more π-backdonation from the electron-
rich cluster to CO. Weakening of the C–O bond is also
evident in the calculated C–O stretching frequencies. The
positions of the CO stretching frequencies have been re-
ported to be influenced by several factors including, cov-
erage effects, particle size effects, electron density changes
induced by the catalyst support or cations, adsorption of CO
on the matrix and structural rearrangement of platinum par-
ticles [29,62–70]. The calculated value of 2050 cm−1 for
the neutral species is in agreement with the experimental
values of 2040–2100 cm−1 for CO chemisorbed on atop-
sites on platinum surfaces [49,71–74]. The C–O stretching
frequency has been found to be sensitive to the metal sur-
face coverage. Isotopic dilution experiments have shown
that the frequency is 2050 cm−1 at vanishing coverage [68].
This frequency is in agreement with the value of 2050 cm−1

calculated for a single CO molecule adsorbed on the plat-
inum cluster. At higher coverages the stretching frequency
undergoes an upward shift to about 2080 cm−1 [68]. The
cluster shown in figure 5 is representative of a highly cov-
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Figure 7. Platinum sp-orbital density of states projected on s and py orbitals of carbon; (- - -) bridge-site, (—) atop-site.

Figure 8. Platinum d-orbital density of states projected on s and py orbitals of carbon; (- - -) bridge-site, (—) atop-site.

Table 1
DFT results for CO adsorption on atop- and bridge-sites of Pt10 cluster.

Charge on Pt10 Atop-site Bridge-site Gas
cluster phase1 0 −1 1 0 −1

∆Hads (kJ/mol) 227 209 221 138 142 181
Pt–C (Å) 1.85 1.83 1.82 2.00 1.98 1.96
C–O (Å) 1.14 1.15 1.16 1.17 1.18 1.19 1.13
C–O stretch (cm−1) 2120 2050 2020 1970 1850 1780 2143

ered surface. The C–O bond length in this cluster, where
six CO molecules are adsorbed on the platinum cluster, is
0.007 Å shorter than the value for a single chemisorbed CO
molecule. As we note from the table 1, the C–O stretch-
ing frequency is inversely proportional to the C–O bond
length. Hence our results predict an upward shift of the
C–O stretching frequency for the highly covered surface.

The experimental value for the stretching frequency
of CO adsorbed on Pt clusters in neutralized L-zeolite is

2067 cm−1 [30], which indicates that these platinum clus-
ters do not possess a significant charge. In contrast, bands
near 2120 cm−1 have been reported for CO adsorbed on
platinum clusters in acidic zeolites [69,75,76]. This band
position agrees with our calculated value of 2120 cm−1 for
the electron-deficient platinum cluster. On the other hand, a
downward shift of the frequency with respect to Pt/SiO2 has
been reported for CO adsorption on platinum particles sup-
ported on basic K-L zeolite [29,62,67]. The low frequency
band at 2030 cm−1, assigned to the CO molecule adsorbed
on electron-rich platinum particles, is in agreement with
the calculated value of 2020 cm−1 for the CO adsorbed on
the negatively charged platinum cluster. A broad band near
1850 cm−1 has been attributed to the bridge-bonded CO
on various platinum surfaces [49,62,77,78]. The calculated
value for the bridge-bonded CO on the neutral cluster is
1850 cm−1, while we predict significant upward and down-
ward shifts for the electron-deficient and electron-rich plat-
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inum clusters, respectively. As can be seen from table 1,
the Pt–C distance decreases, the C–O distance increases,
and the C–O stretching frequency decreases, as the charge
on the platinum cluster becomes more negative. These ob-
servations are in agreement with a recent study of the Pt–
C bond of CO adsorbed on small platinum particles sup-
ported in a NaX zeolite. This study concludes that the Pt–C
stretching frequency is about 60 cm−1 higher, compared to
larger particles and the authors attribute the stronger Pt–C
bond to a negative charge on small platinum particles [79].

The heat of CO adsorption on bridge-sites for electron-
rich clusters is significantly higher than that for neutral
and electron-deficient clusters. For example, while CO
adsorption is favored by 67 kJ/mol on the atop-sites for
neutral Pt10, it is favored by only 40 kJ/mol on negatively
charged Pt10 clusters. This behavior can be attributed to in-
creased backdonation from Pt to CO for these electron-rich
clusters, since effects of backdonation are more important
for bridge-sites compared to atop-sites [1,72]. This predic-
tion may also be supported by experimental evidence that
bridge-sites become increasingly occupied as electroposi-
tive potassium is co-adsorbed on platinum [60].

4. Conclusions

Carbon monoxide adsorption was studied on small plat-
inum clusters using theoretical and experimental methods.
The coverage effects and the electronic effects on the heats
of adsorption as well as the C–O stretching frequencies
were investigated for atop- and bridge-sites of adsorption.
Density functional theory calculations show that CO lin-
early bonds on atop-sites and bridge-bonds on a clean Pt10

cluster with heats of adsorption of 209 and 142 kJ/mol, re-
spectively. The higher heat for atop-sites can be explained
by more σ-donation from CO to sp orbitals on Pt. Our
results for CO adsorption on clusters agree with theoreti-
cal studies on extended metal surfaces, suggesting that CO
adsorption is a local phenomenon and can be modeled us-
ing small metal clusters. Furthermore, our calculations in-
dicate that the heat of adsorption of linearly bonded CO
decreases from 209 to 157 kJ/mol as the CO coverage
increases from one to six CO molecules per Pt10 cluster.
Similarily, the heat of adsorption of bridge-bonded CO de-
creases from 142 to 102 kJ/mol as the number of bridge-
bonded CO molecules increases from one to two per Pt10

cluster. Microcalorimetric measurements of CO adsorption
at 573 K on L-zeolite-supported Pt give an initial heat of
adsorption of 175 kJ/mol. These theoretical and experi-
mental results are in general agreement, since at 573 K, the
adsorption/desorption of CO is not completely equilibrated
and the measured heat is the average heat of a highly cov-
ered Pt cluster. Electronic effects caused by electron trans-
fer between Pt clusters and supports were addressed by
studying CO adsorption on charged platinum clusters. We
find that the bridge-site becomes more favorable on neg-
atively charged platinum. The C–O stretching frequency

observed experimentally for CO adsorption on Pt clusters
in L-zeolite agrees with that calculated for neutral Pt clus-
ters, suggesting that platinum clusters in this zeolite do not
possess a significant charge. The calculated C–O stretching
frequencies for the charged platinum clusters predict shifts
in general agreement with experimental data.
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