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Abstract: The characteristic CO vibrational frequency of supported monocarbonyl complexes Rh'CO, at
2014 and 1984 cm~! on dealuminated Y zeolite and alumina, respectively, is lower than the frequencies of
both the symmetric and the antisymmetric CO normal modes of the corresponding stable supported Rh(l)
dicarbonyls. The CO mode with a measured frequency between those of the symmetric and antisymmetric
CO frequencies of the dicarbonyls, previously assigned to rhodium monocarbonyl, is reassigned to mixed
carbonyl dihydrogen complexes Rh(H,)(CO) or Rh(H)2(CO). This reassignment is based on a critical analysis
of reported experimental data, supplemented by quantum chemical calculations.

Introduction frequencies of both the symmetric and the antisymmetric CO
normal modes of the corresponding stable supported Rh(l)
dicarbonyls. The CO mode with a frequency between those of
the symmetric and antisymmetric CO frequencies of the

reported vibrational frequencies of rhodium carbonyl complexes dlcf[artl)lonyl_s, pr?wously azygnedl o rhodlu;n_monocart:jcj:\?_/ls, |
in a neon matrix and hypothesized that these isolated (:omplexes‘ac uaily arses from mixed complexes containing an additiona

. ) |
can be used as models for supported rhodium carbonyl smﬁ"«s:cies.'mact or d|ssomateq hydrogen molecule, @)(CO) and
Based on a linear relationship between the charge of the RhRH(H)Z(CO)’ respectively. Such complexes with molecular or

center of the monocarbonyl complex ®ID (g = —1, 0, 1) in atomic hydrogen are well-known in transition metal cation

a neon matrix and the measured carbonyl stretching frequencyChem'Stry@

of such supported species, these authors estimated the charggesults

of mononuclear rhodium species supported on zeolite, alumina, .
and silica? using literature data. This interpretation recalls a  OUr quantum chemical models of supported Rh(l) monocar-

preceding discussion concerning the assignment of IR bandsPonyl are based on the recent determingtion of the_ location and
of CO in supported rhodium monocarbongfs.Since the  Structure of stable complexes O, in dealuminated Y
coordination shell of the rhodium center in these species is (PAY) zeolite” Combining experimental IR and EXAFS studies
unsaturated, an additional ligand of low reactivity may coor- With density functional (DF) calculations, it was found that the
dinate. For this reason, these complexes are considered to pglicarbonyl complex exhibits a planar pseudo-square structure

important intermediates in the activation ofNind of the G-H with the Rh cation bonded to two oxygen centers that are
bonds of alkanes. connected to an Al center in a four-ring of the zeolite

7 |
Supported Rh(l) monocarbonyls are unstable and thus their Tamework? Here, we model the complexes 'RID, RH,(CO),
identification and characterization is complicafédwith a and Ri(H)(CO) located in the same position of a DAY zeolite
critical analysis of reported experimental data corroborated by structure since all these intermediate species are produced from
theoretical modeling, we suggest a new assignment of the |R the dicarbonyl complex. All calculations have been carried out

frequency that corresponds to the-O mode of supported at the gradient-corrected density functional level with the
monocarbonyl complexes RBO. We will show that their program ParaGausfor parallel computers (see the Methods

characteristic CO vibrational frequency is smaller than the S€Cton):

Supported rhodium carbonyl complexes form an important
class of catalysts and precursors for the preparation of different
supported rhodium speciésRecently, Zhou and Andrews
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Table 1. Experimental and Calculated Vibrational Frequencies (in cm~?) of CO in Different Rh(l) Carbonyl Complexes on Support or in
Solution: Symmetric (vsym) and Antisymmetric (vasym) Vibrations of Rh!/(CO)2; ¥mono 0f Rh'CO; vmix of Rh!H,(CO) or Rh!(H)2(CO) Species/

system Vsym Vasym Vmono Vsym ~ Vmono Vasym ~ Vmono Viix Vasym ~ Vmix

supported

DAY?2 2118 2053 2093 25 —25

DAY — new 2014 104 39 2093 —40

Al,04¢ 2099 2028 2061 38 —-33

Al,03 — new! 1984 115 44 2061 —-33

TiO2 2104 2028 2078 —50
in solutiorf

n-hexané 2084 2015 2001 83 14

cyclohexane 2082 2013 1996 86 17

THF 2081 2010 1970 111 40
calculated

RH(CO)/zeo 2114 2060 2046 68 14 2076 —-16

2096 —36

apata and assignment according to reP 2ssignment suggested in this work based on the experimental frequencies of @#ta. and assignment
according to ref 49 Assignment suggested in this work based on the experimental frequencies ¢fDeftd.and assignment according to ref Zxperimental
data for the acetylacetonate dicarbonyl complex of Rh(1), [Rhe@G©@#xc)], in the corresponding solvent, according to rePReference 7" Mixed complex
RhH,(CO)/zeo with H ligand undissociated.Mixed complex RKH)2(CO)/zeo with H ligand dissociated.Numbers in italics represent the new assignment
of measured frequenciesono and vmix suggested in this work.

In the following, we shall focus on the interpretation of the vmono is smaller than either one of the frequencigg, and
bands assigned to Rh(l) monocarbonyls supported on DAY v,smof the dicarbonyld! Monocarbonyls are produced by UV-
zeolite since this system corresponds to our model cluster andinitiated partial decarbonylation of the corresponding dicarbonyl
the structure and location of the initial REO), complex are complexes and, to account for their short lifetime, observed by
well-known®7 We will also discuss the IR bands corresponding ultrafast transient IR spectroscopyAs can be seen in Table
to rhodium monocarbonyls on alumina due to the similarity in - 1, vmonois by 14-40 cnt ! smallerthanvasym this difference is
the experimental IR spectra for the transformation of{80), similar to the value’asym — Ymono= 14 cnv%, derived from our
species on both supports. quantum chemical model calculations. According to the assign-

On DAY zeolite and alumina, Rh(l) cations form well-defined  ment of supported rhodium monocarbonyls in refs 3 and 4, the
and stable supported RBO), specied*"°with vibrational Vmono Values are by 40 (DAY) and 32 crh (alumina)higher
frequenciesrsym = 2118-2115 cnt! andvasym= 2053-2049 than the corresponding frequeneysym This comparison of
cm™t on DAY37 andvsym = 2099 andvasym = 2028 cnT! on molecular and supported rhodium carbonyl complexes suggests
alumind (Table 1). The IR frequenciegnono assigned to the  that previous assignments of the bands to supported rhodium
rhodium monocarbonyl species on these supports are 2093 andnonocarbony! species are questionable. Indeed, if one considers
2061 cm* on DAY and alumin&* respectively. These  the original measuremedtst becomes apparent that the
frequency values lisbetweenthose of the symmetric and  assignment of these bands is not straightforward since the
antisymmetric modes of the corresponding dicarbonyl SPECieS-species are unstable. In both reported cies supported
The calculated carbonyl IR frequenciesf the complex  mongcarbonyls, the corresponding band appeared during the

RH/(CO), supported on a cluster model, representative for DAY onyersion of the initial species RBO), under UV irradiation
zeolite, areveym = 2114 cn! and vasym = 2060 cnT?, very or heating.

close to the experimental valués. The band in question with a frequency of 2093 ¢émvas

strﬁtsz'lzge t(f;;e tr?:nsjﬁ Z?)(r)tlgs ggﬁt)ega:ggge: 'swscizggrl;en?j the observed when R{CO), species in DAY zeolite were heated
bp Yi sp at 250°C in diluted H flow.2 Under heating in a vacuum such

we calculated the vibrational frequency of CO at 2046 tm species were not observed. Whesisiremoved from the flow,

This value is smaller than the frequencies of either the this band is partially transformed into a new one at 2014%cm

symmetric or the antisymmetric modes of the corresponding Based thp b y tion. toaeth ith th ; ith

dicarbonyl complex. This difference in position of the mono- ased on this observaton, together wi € comparison wi
molecular rhodium carbonyl complexEswe suggest that the

carbonyl frequency (with respect to the dicarbonyl modes) . - . .
between the experimental assignment and the computationalband at 2993 et may be associated with mixed s_peueél-ﬂ&h
CO), while the band at 2014 crh can be assigned to the

modeling leads us to reconsider the reported assignment of the( o
CO stretching frequency. monocarbonyl RICO. Also on the (110) surface of TiOmixed

In this context we consider the relative position of the surface complexes containing both hydroggn and CO !igands
monocarbonyl band of molecular analogues of supported Rh(l) hf"“/e been _suggesﬁé’dto form after heating of rhodium )
carbonyls. The CO vibrational band of the complex Rh(g0)  dicarbonyls in hydrogen atmosphere. The CO frequency of this
(acac) in various solverifsis also split into symmetric and ~ SPecies is 2078 cm (Table 1), similar the mixed complex in
antisymmetric partsysym = 2084-2081 cn? and vasym = zeolites, 2093 cmt. The authors hypothesized that hydrogen
2015-2010 cni! (Table 1). In these solvents, the CO vibra- 1S included in the surface complexes because an activation of
tional frequency of the corresponding monocarbony! species, the hydrogen molecules in the presence of filament before the

(10) Frank, M.; Kinnemuth, R.; Bamer, M.; Freund, H.-Burf. Sci200Q 454— (12) (a) Hayden, B. Ii€Chemisorption and Reaetty of Supported Clusters and
456, 968. Thin Films Lambert, R. M., Pacchioni, G., Eds.; Kluwer: Dordrecht, The

(11) Dougherty, T. P.; Grubbs, W. T.; Heilweil, E.Jl.Phys. Cheml994 98, Netherlands, 1997; p 215. (b) Hayden, B. E.; King, A.; Newton, M. A
9396. Surf. Sci.1998 397, 306.
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reaction substantially increases the rate of formation of the in a vacuunt. Participation of hydrogen from the surface

corresponding speciés.

hydroxyl groups of alumina in the transformation of supported

To check this (re-)assignment we modeled the structure of rhodium species is consistent with earlier works where isolated

adsorbed RIH,(CO) species with the same zeolite fragment
used previouslyand calculated its CO frequency. We found

Al—OH groups were found to be consumed in the formation
of RN(CO), species from metallic RH: Bridging OH groups

two stable structures, one corresponding to an undissociated anavere also consumed during the formation of rhodium dicarbo-

the other to a dissociated hydrogen molecule in the Rh(l)
complexes, RiH,(CO) and RKH)(CO), respectively. The

nyls in DAY zeolite2 We should point out that the interpretation
of experimental results is additionally complicated since the CO

distance between the two H atoms calculated in the former casefrequency under consideration, at 2061 ¢nis in the frequency

is Ru—y = 96 pm, similar to H-H distances in molecular
complexes of H, 79-98 pmi3 In the complex with the
dissociated ligand, the HH distance is considerably longer,
208 pm. In general, the HH distances between two H ligands
of dihydride complexes of transition metal cations vary within
a wide margin £150 pm), depending not only on the metal
but also on the relative positions of the two hydride ligands in
the complex® The two structures of the Rh(l) hydrogen
complex are almost equally stable, with 2 kJ/mol in favor of
the complex with the undissociated kigand. As anticipated,
the calculated CO frequencies of both mixed complexgg,

= 2076 cn1? for RWH,(CO) and 2096 cmt for Rh/(H)(CO),

range typical for terminal chemisorption of CO on metallic Rh
particlest4ac

In addition to the frequency/charge correlation fori@0O)
species, Zhou and Andre® proposed a similar correlation
also for dicarbonyl complexes. However, as they pointed out,
the structure of the RCO), complexes on the surface and in
a neon matrix is different. On the surface, the angle between
the two CO ligands is close to 90 while the complexes with
g = 0 and+1 in a neon matrix are linedrTo provide a
frequency/charge correlation for REO), complexes suitable
for supported species, Zhou and Andrews combine the experi-
mental frequencies in the neon matrix with calculated CO

fall between those of the symmetric and antisymmetric modes frequencies for isolated linear and bent@0), complexes.

of the dicarbonyl species. Recall that the calculated CO Although the construction of this correlation is somewhat
vibrational frequency of the monocarbonyl specie&®% vmono complicated, the charge estimate of the'(RD), complex
= 2046 cml, is smaller than the frequencies of either the supported on DAY zeolite, 0.5 e, is very close to the calculated
symmetric or the antisymmetric modes of the dicarbonyl, just charge of the rhodium dicarbonyl complex supported on a zeolite
as the measured bands at 2014 ¢mn zeolite fragment described in ref 7, 0.53 e.

With these computational results, it remains unclear whether
the mixed species contain an undissociated or a dissociatedConclusions
hydrogen ligand. On one hand, the calculated CO frequency at

2096 cnt! of the complex with the dissociated dihydrogen
ligand is closer to the experimental value of 20937¢n0On
the other hand, the adsorption complex'HR4(CO) complies

better with the experimental observation that the exchange of
H, by D, leaves the CO frequency of the surface species

essentially unchangeédwe calculate this isotope exchange to
shift the CO frequency at 0.3 crhonly. The calculated CO
frequency of the complex with the dissociated dihydrogen ligand
accidentally is close to one of the RHl frequencies; this results

in an 18% contribution of the later mode to the vibration at
2096 cntl. When H is exchanged by ) C—0O and Rk-D

modes are well separated and the characteristic CO frequenc

of the complex is 4 cmt higher than the complex with 4

The shift is not large but should be experimentally observable.

During UV irradiation of RWCO), species on alumina in N

atmosphere, Wovchko and Yates observed two bands at 206

and 1984 cm! and assigned the former one to rhodium
monocarbonyl speci¢sHowever, the latter frequency fits the
trend found for molecular compounds much better since it is
44 cmt lower thanvasym (Table 1). Based on the analysis of
the IR spectra of Rh(I) monocarbonyls on DAY zeolite, we
assign the band at 2061 cito the alumina supported species
RHhH,(CO) and the band at about 1984 chio the supported
pure rhodium monocarbonyl, RBO. The hydrogen required
for the formation of RHH,(CO) species during irradiation in
N, atmosphere likely comes from surface hydroxyl groups of

alumina, resulting in very low band intensities. The same bands (15

were found also after irradiation of REO), species on alumina

(13) Maseras, F.; Lledn A.; Clot, E.; Eisenstein, OChem. Re. 200Q 100,
601.

Y

In conclusion, our quantum chemical modeling and the
analysis of experimental data of the literature suggests the
following: (a) The vibrational frequencies of the-© mode
of the monocarbonyl complex RRO supported on DAY (2014
cm 1) or alumina (1984 cmt) are in each case smaller than
the frequencies of either the symmetric or the antisymmetric
CO modes of the corresponding stable Rh(l) dicarbonyls. (b)
The CO modes with/(CO) = 2093 and 2061 cm on DAY
and alumina, respectively, with a frequency between those of
the symmetric and antisymmetric CO frequencies of the
corresponding Rh(l) dicarbonyls, are due to mixed complexes
RHH,(CO) or RH(H),(CO) containing a dissociated or an
undissociated Himolecule as an additional ligand.

As a result of the reassignment of the CO frequencies of
supported Rh(I) monocarbonyls, the charge estimates of these

1ts)pecies on DAY and alumina by Zhou and André¥have to

e revised®17 Applying their frequency/charge correlatién
to the correct CO frequencies of supported rhodium monocar-
bonyls, one finds charges 6f0.05 and—0.22 e for DAY zeolite
and alumina, respectively. These values do not conform to
expectations for cationic complexes, but likely are due to the
simplified representation of the suppedomplex interaction
via the frequency/charge correlation.

(14) (a) Basu, P.; Panayotov, D.; Yates, J. T.,JJiPhys. Chem1987, 91, 1,

3133. (b) Basu, P.; Panayotov, D.; Yates, J. T.JJAm. Chem. S04988

110, 2074. (c) Zaki, M.; Kunzmann, G.; Gates, B. C.; kinger, H.J.

Phys. Chem1987 91, 1486.

Figure 2 of ref 2.

(16) The CO frequency used by Zhou and Andreasthe experimental value
for rhodium monocarbonyls on silica, 2071 thpertains to CO terminally
bonded to rhodium centers on small Rh partiéfes.

(17) Anderson, J. A.; Rochester, C. H.; Wang, Z1.Mol. Catal. A1999 139,
285.
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While the frequency/charge correlation can hold for gas-phasetional suggested by Becke (exchange) and Perdew (correfdtiva$
Rh monocarbonyls, the support likely modifies the electronic used. The KohrSham orbitals were represented by Gaussian-type basis
structure of these species and it is not an “innocent” ligaid ~ Sets, contracted in generalized form: (6s3p]3s1p] for H, (9s5p1d)

that simply changes the charge of the complex. Coordinating ~~ [°$4p1d] for O and C, (1éfgpld7h[654plhd] for Al and Si, and
substrate oxygen centers modify the electron distribution of (19s15p10d)~ [8s6p4d] for RIF2 The RACO, RHA(CO), and RiH)-

. . (CO) complexes were supported on a model four-ring of a zeolite with
Rh(l) and thus change the CO frequency in a way that is not an additional OSikigroup (denoted as T5 in ref 7). Since DAY zeolite

necessarily connected with an alteration of the charge of thefeatures only isolated Al centers, only a ring with one Al center is

supported species. The direct frequency/charge correlationogeled. The geometries of the complexes were optimized with the T
subsumes all such effects in the variation of the charge. Likely, atoms constrained to experimentally determined positions. A restricted
this simplified representation of the support interaction results frequency analysis was carried out where all vibrational modes of the
in the negative estimates of the charge of the complexes onsupported complex as well as the RB(zeo) modes were taken into
alumina and DAY zeolite when reassigned-QO frequencies account. Similarly to the procedure used previodslye shift the

of supported monocarbonyls are used. calculated CO frequency by a correction of 32 ¢émwhich is the
Methods difference between the calculated (2111 épand experimental (2143

cm™) vibrational frequency of a free CO molecule.
The program ParaGaudss based on the linear combination of . .
Gaussian-type orbitals fitting-functions density-functional method  Acknowledgment. We thank K. M. Neyman for a stimulating
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