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Density functional computations have been performed to determine equilibrium geometrical structures, magnetic
properties, and vibrational frequencies of a series &), (x < 4,y < 2) clusters. The results are compared

with experiments on CO adsorption on small rhodium aggregates deposited onto a thin, well-ordered alumina
film. The CO stretching frequency as a function of rhodium cluster topology and spin-state is reported and
discussed. The considered rhodium monocarbonyls are found to exhibit nonzero magnetic moments. They
show a more pronounced dependence of the CO-stretching frequency on the magnetic properties than on the
number of rhodium atoms. The CO bonding behavior in the formation i), species is rationalized on

the basis of the molecular orbital and the natural bond order analysis.

1. Introduction interaction of CO with rhodium clusters containing more than
two metal atomd314 In these papers the computations were
performed without relaxing the geometry of the metal cluster.
In the present study the computed geometrical and electronic
froperties and the vibrational frequencies of somg(@Q),

The interaction of CO with transition metals and supported
metal catalysts has been studied extensively for a long time and,
because of its rich chemistry, it is still an important challenge.
In the past years, research efforts have also been devoted t
nanostructures and nanomaterials. To answer the question o

how the catalytic actiyity and reactivity are ".’IffeCt.Ed by the only the atop structures were considered for thegdRhspecies
metal—supp_ort interaction and by the napopamcle SIZ€, usually (x > 2). All the calculations were carried out within density
the adsorption of small molecules on suitable model systems IStunctional theory

undertaken. At the same time, interest in the properties of Because of the experimerial® and theoretica? 2! evidence
isolated transition metal clusters, together with their adsorption for a nonzero magnetic moment of small ,Rfx = 1—13)

features, has also become nowadays an active field of researchclusters various spin states of the rhodium carbonyls are

These studies are expectgq to give better insight into meta] examined. Thus, the magnetic moment variation of Rbon
metal bonds and into transition from gas-phase clusters to solids;

. interaction with carbon monoxide is discussed.
and to help the development of new materials and catalysts.
R(_acently,_the _interac_tion of small Rilusters dep_osited_ ona 5 \Method and Computational Details
thin alumina filmt2 with CO molecules was studied utilizing _ _ _ o _ .
infrared reflection absorption spectroscopy (IRAS).In the Density functional theory in conjunction with the B3L¥3*
limit of low metal deposition, remarkably sharp peaks pointed hybrid exchange correlation functional was employed for the
to the presence of uniform isolated particles on the oxide Presentcomputations. Rhodium atoms were described using the
support. This experimental evidence for new type carbonyl Los Alamos effective core potential (ECPplus doubles (DZ%
species on the thin alumina surface has prompted the currentduality, and for carbon and oxygen, the 6-31G** basis set
theoretical study. was used. Geometrical parameters of the carbonyl structures

Theoretical data on CO/Rh species, coming from different Were obtained by full optimization with the Berny algoritn,
levels of computation, have also been repofted, mainly and the calculations were carried out without any constraint on
concerning the geometrical and electronic structures as well asth® geometrical parameters. The optimization of the(@0),
vibrational frequencies of RhCO and Rh(GOJhe geometrical and Rh(CO), structures has led to dlstort|on.of the appropriate
and vibrational features of Rh(C€3nd Rh(CO) computed by ~ Symmetry group, and therefore the properties of these species
using hybrid and nonlocal functionals within density functional Were computed without imposing a symmetry constraint.
theory (DFT) are also availablé! To our knowledge, there Vibrational frequencies of the optimized rhodium carbonyl

is a limited number of theoretical studies dealing with the Structures were computed by taking finite differences of
analytical first derivatives in the framework of the harmonic

oscillator approximatioA? Since the values of the vibrational

x = 1—4 andy = 1,2) species that are more likely to be relevant
o surface chemistry are reported. Following the IRAS data,
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Figure 1. B3LYP-geometrical parameters, total spin, S, and relative
energies (eV) for RICO structures. The bond lengths are in A and the
angles are in degrees.

and all-electron wave functions, respectively. All computations
were performed using the Gaussian94 céde.

3. Geometrical Parameters, Magnetic Properties, and
Potential Energy Surfaces

3.1. Rhodium Monocarbonyls. The B3LYP-equilibrium
geometries of rhodium monocarbonyl species,(Fh, x = 1—4)
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Figure 2. B3LYP-geometrical parameters for RBO), structures. The
bond lengths are in A and the angles are in degrees.
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an increase of the metaimetal bond length and a quenching
of the magnetism. The quintet and singletbRB clusters with

the atop bound carbon monoxide are found to be energetically
less stable than the triplet one. In difference to the linearly bound
carbon monoxide, a quintet structure with bridging CO was not
obtained.

While all previous data agree in predicting a;Rlnound state

with spin multiplicity 5, there are some controversies about the
magnitude of the total spin in the case ofsRfihe most recent
DFT calculations at loc& and gradient-correcté¥?!levels of
approximation pointed to nearly degenerate quartet and sextet
Rhg arrangments. This is in agreement with the experimental
indicationg?® reporting total magnetic moments of 5 ouB.
For RCO, our results give nearly degenerate species with spin
1/2, 3/2, and 5/2. Nevertheless, the quartet structure is found to
be lower in energy than the sextet and doublet structures by
0.10 and 0.14 eV, respectively.

From Figure 1, it can be seen that the most stable electronic
state of RRCO is that with S= 2, and very close on the potential

with an atop bound CO at different spin states are shown in energy surface (0.14 eV) another structure witls $ is found.
Figure 1. As seen from the relative energy values reported alsoFor Rh, the theoretical studié$?! predict a paramagnetic
in Figure 1, the ground state (GS) for RhCO is found to be a ground state with tetrahedral geometry. Experimental wéks,
linear molecule with total spin (S) 1/2 and the electronic state however, indicate nonzero magnetic moments also fof Rh

2A in agreement with previous theoretical computatiorig.n

the case of the rhodium atom, tH&(4cP5sh) state is the ground
state separated from the first exci#t(d®) state by 0.34 eV?!
The *A state of RhCO lies 1.46 eV higher in energy and the
CO molecule forms an angle of 144 With the rhodium atom.

In the latter case, the RIC distance increases by about 0.25
A and a slight decrease of the-© bond is observed. The same

systems. Our computations for the IO clearly predict that

these species exhibit nonzero magnetic moments. Indeed, the

two possible singlet states are found to lie considerably higher

in energy (0.63 and 1.48 eV) on the potential energy surface.
The results in Figure 1 reveal no significant changes of Rh

and C-O bond lengths and RhRC—O bond angles for the

various electronic states of RBO, RRCO, and RRCO. In fact,

tendency has been found also using the complete active spac@nly a general tendency of increasing the-Rhdistance by a
self-consistent field (CASSCF) and multireference singles and maximum of 0.1 A in going from ground to the excited states

doubles configuration interaction (MRSDCI) computational
schemes.

For the RRCO species, the linear and bridged CO bonding

can be seen. At a higher number of rhodium atoms this effect
is even smaller. The linear bonding of the carbon monoxide
causes, however, a lengthening of the metaktal bond ranging

to the rhodium dimer has been considered. The results in Figureup to 0.3 A in comparison to that in the isolated rhodium
1 reveal that the most stable structure is the structure with clusters'®2?

bridging CO and S= 1, followed by the atop RICO structure
with S= 1. The theoretical data for the isolated rhodium dimer
refer to the quintet as the GS and the-R&h distance of roughly
2.2 A19-21 Our results show that the interaction of CO with a
rhodium dimer leads to a metaimetal bond distance of about
2.5 A. Hence, the binding of carbon monoxide to,Rauses

3.2. Rhodium Dicarbonyls. Several possible rhodium di-
carbonyls have been studied and their equilibrium structures
are depicted in Figure 2. The binding of carbon monoxide
molecules to one and two rhodium atoms was considered. The
stability of different magnetic states of R80O), and OC-Rh,—

CO (not shown in Figure 2) has also been examined. For
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TABLE 1: Bond Lengths (r) in A, Mulliken Atomic Charges examined the variation of the CO stretching frequengy-§)
(), €O (vc-o) Stretching Frequencies in cm*, and in the free CO, RhCO, and Rh(C£)sing the nonlocal gradient-
?ggﬂsgl?osuEl]gilcf)l)elarlgr?i/(gngtl;:%rswg]% B%Eggr(co)z n corrected BP86 and the hybrid B3LYP functional in conjunction
with LANL2 plus DZ for rhodium and 6-31+G** for C and
system (el. state)r(Rh—C) r(C—0) orn Oc Go vc—o lco O and DZVP basis sets. These results, together with the bond
RhCO’ (*A) 2212 1117 0.80 0.27-0.07 2296 115 lengths, bond-angles, and previous MRSP@&nd local spin
Rh(COR"(*Ay)  1.868 1126 049 024 002 2246 208  (ensity (LSDY data, are collected in Table 2. The considered
2196 500 electronic statedy for CO, 2A for RhCO, andB; for Rh(COY},
The bond angle ERh—C = 87.6. are those yielding minimum energies for the respective species.
The same ground states were indicated by the previous
Rh(CO) and OC-Rh,—CO, the lowest possible spin state is theoretical studie$;1214 The results in Table 2 reveal a good
found to be the ground state. The quartet Rh(CS&jucture agreement between the different levels of theory for the
lies 2.53 eV above the minimum, and the triplet ©Rh,—CO geometrical structures, while fox_o a variation of up to 100
state is 1.22 eV higher in energy than the singlet one. The cm! is observed. Examining the predicted reductionino
structures of the RICO), (structure2) and OC-Rh—CO of the free CO in RhCO and Rh(C@§pecies, it is worth noting
(structure5) reported in Figure 2 are the triplet ones. The that the divergence of the various approximations is only 2%
corresponding singlet species are determined to be less stablgor RhCO and 1% for the gem-dicarbonyl. Hence, whichever
by 0.14 and 0.23 eV for the R{€CO), and OC-Rh,—CO, functional and basis sets within the DFT are employed, the
respectively. The other considered ©Rh—CO topology vibrational shift seems to be adequately computed in the
(structured) is the singlet one and lies 1.47 eV above structure framework of the harmonic oscillator approximation.
5. The Rh-Rh distances of the R{CO), species are obtained 4.1. CO Stretching Frequencies of R{CO. The CO

to resemble those of RBO species. No significant variation  gyretching frequencies of the considered monocarbonyl structures
of the carbor-oxygen bond length in going from RGO to are collected in Table 3. Discussing the_o in the RRCO

Rh(CO), is obtained either. ground and excited states, it emerges that the GSs of the clusters
3.3. RhCO" and Rh(CO),". The RhCO and Rh(COy" with an odd number of metal atoms are accompanied by the
species were investigated theoretically by numerous afthérs. highestvc_o values. By contrast, clusters with an even number

We will b”eﬂy discuss their geometrical and electronic struc- of Rh atoms show a decreaseveto in going from the excited

1 the bond lengths and angles, together with the electronic stategistance with the system multiplicity (see Figure 1) seems to
and the Mulliken net Chal‘ges for the most stable StrUCtureS, arebe negl|g|b|y Sma”' the dependence of the CO Stretching

collected. Our calculations for RhCCagree with all previous  frequency on the magnetic properties results in a shift, e.g., of
DF studies; ! which predicted théA electronic state to be  ahout 40 cm? in the RhCO and RGCO clusters.

the GS. The ground state of the rhodium cation is also a triplet,
SF(4df5¢), and therefore, in contrast to the Rh-atom, the CO
interaction with RH does not lower the spin state. This is not
surprising because the spin lowering in the carbonylated metal

_clltjsttehrs ('js ?]ttrliguted to the promotion of the outer s electron surfaces, the CO atop adsorption at low coverage is identified
into the d shek through vibrational frequencigs3’ between 1995 and 2030

The presence of a second CO molecule results in a singlet.y-1"while the experimental stretching frequency of free CO
GS for Rh(CO)" in agreement with the results obtained by s 2143 cmi38 The comparison of our GS frequencies with

McKee and Worlejand Papai et &l The comparison between  hese experimental data shows that even very small rhodium
their Rh-C, C-0, and C-Rh—C values and our data shows  c5rhonyis can be successfully used for theoretical models of
very good agreement, notwithstanding the differences in the oo interaction with rhodium surfaces or large supported
employed exchange correlation functionals and basis sets. Weparticles. In fact, the B3LYP values of_o in Rh,CO GSs
have examined also thi; state, which is 1.23 eV higher in gno aye o reduction of the free CO from 7.7 to 8.6% in the
energy than the GS. This result is in reasonable agreement withrange of the experimentally establisRed’:3 one.

the’A4f*B, energy separation computed by McKee and Wotley. As seen from Table 3, the CO stretching frequency of RhCO

I . (2043 cn1?) undergoes a decrease of only 22, 5, and 15%cm

4. Vibrational Frequencies in the RRCO, RRCO, and RRCO ground states, respectively.

Infrared spectroscopy is widely used to probe the structure These observations lead to the conclusion that the surrounding
of CO adsorbed on clean metal surfaces and on deposited metametal atoms do not influence significantly the CO stretching
particles in supported catalysts. Theoretical estimates of thefrequency, whatever topology of the metal arrangement is
vibrational frequencies have already shown to aid a better considered. Therefore, the linear CO bonding to rhodium is
understanding of the experimental data. The accuracy in thePredominantly determined by the local €&h interaction. This
potential energy surface curvature description, which dependsis @lso consistent with thec_o = 2022 cnr* measured for
on the employed method, affects the absolute value of the RnCO in solid neoR?! which is near the metal surface CO
vibrational frequency. The use of DF-based approaches, espeadsorption frequencs.
cially for inorganic systems, has led to an improvement in the  The Rh-C stretching frequencies/#,-¢c) of the monocar-
vibrational frequency computatiofisn comparison to Hartree bonyls are also given in Table 3. A pronounced dependence of
Fock theory. Nevertheless, the accumulated results have showngn-c On the electronic structure can be noted. Nevertheless,
a clear dependence of the vibrational frequency on the choicethe GS Rh-C stretching frequencies fall in the range of the
of the exchange correlation functional and the initial basis sets. experimentalvg,-c reported for CO adsorption on Rh(100)
To fit the experimental values, scaling factors for the calculated (vgrp—c = 535 cnT1)*% and Rh(311) (Mh-c = 524 cnT1)*! at
frequencies have been proposédror these reasons we have low CO coverage.

Usually, the infrared bands in the range of 192070 cnt?!
are attributed to a single adsorbed CO molecule attached to a
single Rh atom, which is thought to be a part of larger particles
of supported rhodium atoni8. On rhodium single-crystal
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TABLE 2: Geometrical Parameters and CO Stretching Frequencies for CO, RhCO, and Rh(CQ)from Different Levels of
Theory?

system method r(Rh—C) r(C—0) 0(Rh—C-0) Vc-o Avc—o
Cco B3LYP+DZVP 1.141 2191
B3LYP+LANL2(DZ) 1.128 2213
BP86+ LANL2(DZ) 1.140 2122
MRSDCP 1.128 2260
LSDe 1.140 2163
RhCO B3LYP+DZVP 1.863 1.162 180.0 2039 152
B3LYP+LANL2(DZ) 1.820 1.153 180.0 2043 170
BP86+ LANL2(DZ) 1.791 1.171 179.3 1959 163
MRSDCP 1.839 1.146 2127 133
LSD* 1.758 1.169 2037 126
Rh(CO}» B3LYP +DzVP 1.931 1.156 170.2,100.2 2090, 2041 101
B3LYP+LANL2(DZ) 1.895 1.145 170.0, 101.5 2099, 2035 114
BP86+ LANL2(DZ) 1.865 1.162 168.7,98.8 2006, 1949 116
LSD* 1.832 1.161 177.1,85.9 2074, 2013 89

aThe bond distances)(are in A, bond angles are in degrees, and the vibrational frequengias) are in cntl. For Rh(CO), the second angle
is the angle between-&Rh—C. Avc_o = vc-o (CO) — vc—o (Rh(CO), x = 1, 2).° From ref 8.¢ From ref 7.

TABLE 3: B3LYP C —O (vc-o) and Rh—C (vrn-c) stretching frequency, which is twice that found experimentally.
Stretching Frequencies in cn* and Intensities (c-o and The splitting between both stretching modes obtained by us is
Rn-c) in km/mol for Rh,CO Structures about 20 cm?! smaller than the splitting indicated from the
system spin  vco lc-o VRh-C Irh-c experiments on Rh/ADz* and Rh in zeoliteg® As discussed
RhCO 1/2 2043 687 502 7 earlier, our B3LYP results for Rh(C®jall in the same range
3/2 2017 1404 347 15 as those reported in the previous theoretical studies.
Rh,CO 0 2040 852 548 8 Another fact that needs to be mentioned in this context is
L 2021 843 560 6 that the gem-dicarbonyl on the supported rhodium is usually
2 2063 1060 447 16 . .
Rh,CO? 0 1908 577 450 5 assgned to th(_e formation of_ REO), as the sole surf_ace
1 1883 537 445 0 specied345 This understanding has prompted a series of
RhCO 1/2 2029 1166 492 30 theoretical studies on the spectroscopic constants of RR{CO)
3/2 2038 912 569 13 species;”% 1 reporting two possible stable structures, the linear
RhCOP g/ 2 gggg ﬁgg jgg fi’ (3A)8:7:10.11gnd the bent!@;)7° ones. The frequt_ency of the bent
Rh.CO 0 2065 967 549 18 Rh(CO)* computed here predicts a blue shift to 22457¢m
1 2035 1250 472 21 which is in clear contradiction with the experimentally observed
2 2028 1181 487 15 va_o in the gem-dicarbonyl. This result, however, agrees very
aCO adsorbed in bridge positioPPlanar RECO structure. well with t_he previous theoretical studies despite that the level
of theory is employed and the electronic structure for the bent
TABLE 4: B3LYP C —O (vc—o) Symmetric and Asymmetric Rh(CO)}" is considered:*1° Indeed, for the less stabRB,
Stretching Frequencies and G-C Bending (cc) species we have found®_, = 2261 cmrl. The splittings
Erﬁ%’gnfgfsélhnx(cgro)f ggggitggsmes lc-oandic-c)in betweer! both stretching components for thie, and 8B,
electronic states are 49 and 27 Tinrespectively. If we look
system geometty vco lco vec lec at the Mulliken net chargeg] of the cation carbonyls given in
Rh(CO} 1 2099 403 512 0 Table 1, it emerges that thgrn in Rh(COY™ is 0.49, in
2041 1315 agreement with the other DFT data, and the tharge is
Rhy(CO) 2 gggg 2882 480 33 redistributed in the way that a significant amou_qt=€ 0.48)
OC-Rh,—CO 3 2070 1004 412 1 goes to the carbon atoms. The general correlation between the
2027 462 increase ofvc_o with the increase of the net rhodium charge
OC—-Rh,—CO 4 2071 1072 390 1 from neutral to cation gem-dicarbonyl already was discussed
2049 1179 by Zhou and Andrew$! Thus, one might expect an even bigger
OC-Rh—CO 5 228275 1652175 429 4 blue shift ofvg_, if the charge of rhodium is-t.
) It is interesting to note that whereas the_o for the
“The geometry numbers refer to the corresponding(&D). considered gas-phase monocarbonyls (Table 3) generally agree

structures drawn in Figure 2. with the IR datd=510113537.39 for supported rhodium mono-

4.2. CO Stretching Frequencies of RR(CO),. In Table 4 carbonyls, there is an obvious discrepancy between the calcu-
the computed vibrational features for the dicarbonyl species arelated v_, in the gas-phase Rh(C®3pecies and the IR data
presented. Considering first the dicarbonyls with the CO for the gem-dicarbonyl on the surfac®¢'3-4> Therefore, one

molecules bound to the single Rh-site (struct@irand 2 in can conclude that the influence of the support on the formation
Figure 2), we note that both species give rise to almost equal of Rh(CO) seems to be more pronounced than on the formation
symmetric ¢2_o) and asymmetrici_,) CO stretching fre-  of the monocarbonyls. It is difficult to compare our B3LYP

guencies. frequencies with the IR bands observed in the matrix isolation

The presence of Rh gem-dicarbonyl species on the supportedspectroscopy experimetsince in that study only an IR band
rhodium particles is well established by the appearance of two at 2031 cm? is assigned to the asymmetrig o in the linear
infrared bands in the 2000 to 2100 chrange3®4243 The Rh(CO) species.
symmetric-asymmetric splitting is reported to amount to 70 The symmetric and asymmetric stretching frequencies of the
cmt for Rh/AI,Os*3 and Rh in zeolite$® Our values for the dicarbonyls with two CO molecules bound linearly to two Rh
gem-dicarbonyls predict a 5.1% reduction for the free@ sites (geometrie8, 4, and5 in Figure 2) are summarized also
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in Table 4. Again, a small dependencegf , with the metal a) o 2017
cluster topology is established. Indeed, the & distance of 2143 2087 2037 1999

interest in structurd is longer ty 1 A than that in OG-Rh,— I ‘ ’ | l Exp.
CO, but thev_, are almost equal for both cases. As expected,

the positions of the asymmetric components vary with the

distance between the two metal centers. The dipdipole 2%?3 2099 2070 2028 5051
coupling interaction obviously decreases with the—Rh [ l 2043 }
distance in structuré, and therefore the symmetri@symmetric
splitting is found to be half of that in O€Rh,—CO. Further-
more, the obtainedc-o blue shift of about 50 cm' in going Energy [cm™]
from RhCO to OC-Rh,—CO clusters is consistent with the
experimentally observedc_o shift as a function of the CO
coveragée'! and therefore the small O&Rh—CO species can

be appropriate models for the G®&h interaction approaching O‘Pi{% /@5@ Q@\ ;;? g

B3LYP

2200 7160 2000

saturation.

As already mentioned, the prompting force for the current 7009 3070 2043
theoretical study was the very recent experimental woealing
with subnanometer size rhodium particles deposited on an b)
ultrathin alumina film~2 To gain insight into the morphology 2067
of these particles, the infrared (IR) features of adsorbed CO
were examined using IRA spectroscopy. The infrared
spectrum taken from a Rh deposit with an average particle size
below 5 atoms saturated with CO at low temperatures resulted
in a series of sharp bands with low halfwidth. This points to
the presence of uniform isolated RBO), species. The positions
of these IR bands together with our B3LYE-¢ values of some
selected monocarbonyls and dicarbonyls are drawn in Figure 217
3a. In the same figure the positions of the experimental and 209 2043 1999 100%
B3LYP vc_o value of free CO are also reported. I

The bands observed at 2117 and 2087 tm@we identified 3700 ' 2000
by isotopic mixture experiments (mixture BCO and3CO)~5
to originate from species containing two, and more than two,
CO molecules, respectively. The band at 1999 tiw probably
due to the adsorption of a single CO molecule op &jgregates.
Note that because of the surface selection rule the asymmetric
components of Rh(CQ)species cannot be obsen&d. As g -
pointed out earlier, the B3LYP values oo in Rh,CO GSs 2099 2083 2050 2043 1996
show avc-o reduction ranging from 7.7 to 8.6%, which iS in  rigyre 3. (a) Experimental and B3LYP-vibrational stretching frequen-
reasonable agreement with the value of 6.7% indicated by thecies of some selected (CQJRh, clusters. The experimental date are
experiments under discussion. Schematically, the intensity taken from ref 5. The experimental and B3LYP vibrational stretching
variation of the IR bands witlPCO content in thé2CO —13CO frequencies of the free CO are also reported. (b) Vibrational stretching
mixture is shown in Figure 3b. Our B3LYPc_o values of frequencies from the isotopic mixture experimeA€O and*CO) and

B3LYP-vibrational stretching frequencies for R¥¢O),, Rh(2CO)
Rh(“CO), R1(ZCO)(*CO), REECO), RN*CO, and RKCO (13C0O), Rh{3CO), RH2CO, and RKCO. The dashed lines denote the
are designated in the same figure. These results confirm the

] : B3LYP frequencies.

observed downshifts of 16 cthin Rh(*2CO)(3CO) and of 50
cm-tin Rh(**CO), with respect tarc—o in Rh(**CO), and those Finally, let us discuss the origin of the IR band at 2117 &m
of 46 cni'* in RCO relative to RFFCO. (Figure 3a). The experimental evidentéspointed to a gem-

Furthermore, the computed shift of 30 cibetween the  dicarbonyl responsible for this signal. The computed reduction
bands due to the Rh(C®and OC-Rh,—CO coincides with  for the freeveo of 5.2% in Rh(CO) and 5.0% in Ri(CO), is
the shift between the bands at 2117 and 2087 cidowever, higher by 3% roughly than the experimental value. So, as
the evolution of the band at 2087 cfrwith isotopic composi-  mentioned above, the support effect on the binding of two CO
tion suggests the presence of ZO), with y > 2, since this  molecules to the single Rh site appears to be somewhat stronger
band vanishes completely upon admixture of 38%0. For than on the formation of the linear RhCO. To understand better
this reason a Rh(C@)cluster has been considered. Our the reasons for the latter result, further calculations accounting
computations yield a T-shaped structure, in line with the BP86 for the alumina support are under way.
calculations of Zhou and AndrewW&!! and a symmetric
frequency of 2116 cml, i.e., 17 cm® higher thanvg_g in 5. Bonding Analysis
Rh(CO). The frequency order is well reproduced within the
DFT based approach&s*and thus the presence of carbonyls The nature of the adsorption bond between CO and d-metal
with more than two CO molecules bound to the single rhodium surfaces is conventionally understood in terms of theC®
center can be ruled out. The B3LYP optimization of the gas- donation to the metal associated with a back-donation to the
phase RICO), (x = 2—4;y = 3,4) structures did not give any  empty 2r* CO orbital#*® The great variety of the theoretical
minimal geometry that can be postulated on the surface understudies corroborates this overall description, although further
these experimental circumstances. analyses have involved the Pauli repuléfoand the balance

2050 1996 1954
i i 0%

20982083 2067 1996 1954
H i 25%

Energy [em']
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Figure 4. Contour plots of molecular orbitals with predominantly C and O character in th@®bpecies from B3LYP computations. LUMO and

HOMO for each molecule are also plotted.

between w-bonding and o-repulsion in the CO bonding
mechanisnt®-0 In this section we are mainly going to analyze
the nature of the molecular orbitals (MOs) in the monocarbonyls

compared to the MOs of the carbonyls with an odd number of
rhodium atoms. Indeed, the, drbital is no more formed and
instead a dramatic destabilization of &nd 4 is obtained. The

with the aim to describe how the magnetism and the number of occupied electronic states with predominantly metal character

atoms in the small rhodium clusters affect the @ bond.

Starting with the analysis of the molecular contour plots of
the most interesting MOs for the PO ground states, reported
in Figure 4, we note that the CO interaction with the rhodium
atom and trimer yields orbitals that differ remarkably from those
for RnbCO and RRCO. The evolution of the free CO electronic
states in RhCO and BBO consists of the formation of new
type valence orbitals ()l composed by the metal, @lectrons
and the oxygen lone pair. There are othetype orbitals (&)
having the symmetry and character close to thenlfree CO.
The orbitals ofo-symmetry () with character and shape
resembling those of din free CO lie below the &. Very
recently, a similar MO picture has been reported for CO binding
on Ni(100) and Cu(100) surfaces using X-ray emission spec-
troscopy and DFT calculatiorf83° The MOs with predomi-
nantly metat-metal bond character in BBO occupy the space
between the highest occupied molecular orbital (HOMO) and
d, and between the,dand ¥ orbitals. Hence, the role of the
metametal bond seems to be in preserving the energies of d
and 17 close to those of their counterparts in RhCO.

The molecular orbital coefficients for the other less stable
states of RECO (doublet and sextet) are qualitatively very
similar to the most stable quartet one. The* 2lectronic state
becomes the highest singly occupied orbital only in the
RhCO structure. ThéA state is the only example among the
series of RR(CO), clusters of the metal back-donation to the
27* CO orbital that corroborates also the inverse relation
between the extent ot back-donation and the shift in CO
stretching frequency.

The MO contour plots of the triplet and quintet RO and
RhCO ground-state structures show a quite different picture

fill the space below the & and 4 orbitals. Moreover, an
occupied orbital with a& character is not identified. Théds
polarized toward the carbon atom which facilitates its overlap
to the ¢, rhodium electrons.

The less stable RO (singlet) and the RO clusters form
molecular orbitals, which closely resemble those of the mono-
carbonyls with an odd number of Rh atoms. Most probably,
this fact reflects the increase in the CO stretching frequency in
going from ground to the excited RBO and RRCO states. It
is surprising that the MOs in the quintet &O are very similar
to those in the triplet (GS) structure, despite the remarkable
vc—o differences for both spin-states (see Table 3). Nevertheless,
the increased spin-polarization in the quintet structure yields a
shorter C-O bond (see Figure 1), which may be the reason for
the 40 cm! blue shift relative to the triplet GS one.

The above analysis reveals that it is difficult to rationalize
the C-0O bond evolution in the series of monocarbonyls only
within the frontier -donation-2r*-back-donation theory. The
participation of the low-lying & and 4 orbitals is evident.
Moreover, except for the quartet RhCO molecule, thie ates
are determined to lie higher than the lowest unoccupied
molecular orbitals (LUMOs). Even if one associates the
stabilization of & in RhCO and RKCO GSs with ther-donation
to the metal atoms and consequently the formation of the d
orbitals with the back-donation from the metal, the CO
interaction with the dimer and tetramer cannot be accommodated
in such a framework. In the latter case, the MO picture suggests
that the C-O bond weakness is rather due solely to the
o-donation to the rhodium atoms, which in turn leads to an
increase in the electronic repulsion within the entire compound
and thus to a significant destabilization of &nd 4 orbitals.
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TABLE 5: Natural Electron Configuration for the Ground and Rh ground state magnetic moments. The presence of a
State Rh(CO), from the B3LYP Natural Bond Order second CO molecule leads to paramagnetic Rh{Ca@)d
Analysis Rhy(CO), structures.
C 9 RH The carbon monoxide vibrational stretching frequency is

system 2s 2p 2s 2p 5s 4d 5p 5d slightly influenced by rhodium cluster topology but depends
co 164 183 173 473 more strongly on the electronic configuration. .Therefore,
RhCO 128 222 171 4.76 030 8.66 precisely established ground state structures with correctly
Rh,CO 0.97 049 1.80 3.98 0.44 995 0.14 0.19 obtained relaxed geometries of the entire cluster are needed in
Rh,CO 116 223 1.70 4.77 0.56 8.56 order to achieve correct harmonic frequencies.
RCO 061 030 1.79 245 024 992 0.09 027  The symmetric CO stretching frequencies for (@&0O),
Rh(CO)» 145 234 170 468 0.77 7.55 0.09 0.01

OC-RM-CO 1.18 2.20 170 475 0.48 861 species are algo sligthly affected by the numbe_r of Rh atoms.
The asymmetric components of the CO stretching frequencies

2 Natural electron configuration of rhodium atom bound to the CO  gre, however, more specific for the RBO), geometries.
molecule. The vc_o for the RRCO ground-state generally agree with
he experimental data, while the value of the symmaetgco
or the gem-dicarbonyl is more strongly influenced by the
support. To give more insight into this problem, further
calculations accounting for the influence of an alumina substrate
are under way.

The detailed MO analysis suggests that the CO bonding
mechanism, and thus the CO bond strength, is very sensitive to
Cthe particular electron distribution, e.g., the spin-states and the

initial occupations of the Rh 5s electronic states. Moreover, for
d RhCO speciesg-donation,z-back-donation, electron redistri-
bution, and electrostatic interactions may differ significantly
between molecules containing an even number of Rh atoms and
those containing an odd number of Rh atoms.

The above bonding schemes are supported also by the natur
electron configuration (NEC) values presented in Table 5 for
the ground state monocarbonyl arrangements. The hybridization
between outer s and d electrons of the rhodium atom(s)
facilitates a promotion of a fraction of an electron from 5s to
4d states, and the resulting 5s occupancy does not vary
significantly within the RRCO series. For RhCO GS, we note
the very good agreement between our NEC values and the NE
values from MRSDC computations. In the RhCO and &0
clusters the resulting electronic transfer between rhodium an
CO molecules is almost negligible. By contrast, the CO
interaction with the Rh and Rh is accompanied by the
electronic transfer from the CO molecule to the metal d shell.

To summarize, let us note that these completely different
bonding schemes of CO to the rhodium atom and trimer on
one hand and to the rhodium dimer and tetramer on the other
hand lead to the'c—o values varying only by 20 cni. So, it
seems to be far from straightforward to establish a general
correlation between the CO bonding mechanism in the carbo- (1) Jaeger, R. M.; Kuhlenbeck, H.; Freund, H.-J.; Wuttig, M.; Hoff-
nylated rhodium clusters and the CO vibrational stretching ma”(rz") Vg;gs;fj”cg'_ﬁh'beav‘;h’cfe“g S|r$tl'1|§c?4E3nlgﬁggl7' 36 452
frequency. On the basis of our calculations we can only conclude  (3) Frank, M.; Kihngemljth, R.: Bamer, M. Freund, H.-JSurf. Sci.
that the extent of the factors asdonation,z-back-donation, 200Q 454—456, 968.
electron rearrangements, and electrostatic interactions depends __(4) Frank, M.; Kihnemuth, R.; Bamer, M.; Freund, H.-JSurf. Sci.
on the particular electronic configuration and magnetic char- 199?5;12,;;1@8‘,\%38[’3@mer M.; Kihnemuth, R.; Freund, H.-J. Phys
acteristics that are associated with the geometrical structures ashem B 2001 105 8569. T T '
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