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Spectroscopic Studies on Adsorbed Metal Carbonyls. Part 1.
Interaction of [Rh,(CO),.] and [Rhe(CO),¢] with Alumina,

Silica, and Titania t

John Evans * and Gregory S. McNulty

Department of Chemistry, The University, Southampton SO9 5NH

The interaction of [Rh,(CO),,] (1) and [Rhg(CO),¢] (2) with Al,O3, TiO,, and SiO, has been
monitored by i.r. spectroscopy, using isotopic substitution and spectrum simulation technigues.
Conversion of (1) into (2) has been demonstrated on Al,O5 and TiO,. Isolated Rh'(CO), sites are
considered to exist on all three oxides after oxidative fragmentation of (1) or (2). Rh(CO), (n = 3, or
possibly 4) sites were also suggested from (1) and TiO, or SiO,. Extended reaction times (TiO, and
Al,O3) or exposure to the i.r. spectrometer beam (Al,03) causes aggregation to metal crystallites.

Since the early investigation of new catalytic materials from
the interaction of [Ru;(CO),,] with silica,! there has been
considerable interest in the reactions between metal carbonyl
clusters and oxides. Starting from a particular cluster
nuclearity, interaction may maintain the original skeleton,
aggregate, or fragment, perhaps oxidatively, We wish to
specify some of these processes spectroscopically and in this
paper we concentrate on the interaction of [Rhy(CO),;] (1)
and [Rhy(CO),6] (2) with three Aerosil type oxides and extend
the normal use of the intense carbonyl absorptions in the i.r.
spectrum by use of mixed isotopes and spectral simulation to
test various structural hypotheses. Isotopic mixing is generally
a very effective method of establishing molecular shapes in
high-resolution situations, but nevertheless it is valuable even
with the degraded resolutions obtainable in the polar environ-
ment of an oxide surface. These particular cluster-oxide
interactions have been studied previously 2'° and the oxidised
carbonyl-bearing site of rhodium on alumina is among the
best characterised, as a Rh(CO), unit !' and can be used as a
calibration for the techniques employed here. (This work can
only yield structural information in detail about isolated
carbonylated centres or those in close proximity.)

Experimental

Infrared and mass spectra were recorded on Perkin-Elmer
580B (with a model 3500 data station) and AEI MS12
instruments respectively. Lr. spectra were recorded as Nujol
mulls.

[Rhy(CO),,] and [Rhe(CO),4] were prepared by the methods
of Chini and Martinengo.'? All hydrocarbon reaction solvents
were stirred over H,SO, to remove unsaturates, distilled off
CaH;,. and stored over molecular sieves. The oxides used were
Aerosil 200 (SiO,), Aluminoxid C (Al,0s), and Titanoxid
P25 (TiO,) from Degussa and were dried at 160 °C in vacuo
before use.

Preparation of “CO-enriched [Rhy(CO);;].—[Rhy(CO),,)
(0.1 g) was stirred in light petroleum (b.p. 40-60 °C)-CH,Cl,
(30 cm?®) in a closed glass vessel (135 cm®) under 3CO (220
Torr) for 15 h at room temperature. The '*C enrichment level
was determined as ca. 409, from matching isotopic distri-
bution calculations to the observed mass spectrum. A similar
value was obtained by measuring the intensity of the bridging
v(CO) bands in the i.r. spectrum.

t Non-S.1. units employed: Torr = (101 325/760) N m™?; dyn =
107* N.

Solution Reactions of Rhodium Carbonyls with Oxides.—
[Rhe(CO)y6] or [Rhy(CO),,] (0.015 g) was dissolved in the
appropriate hydrocarbon solvent (40 cm?) and stirred with the
oxide (0.2 g) for the required reaction time. The powder was
filtered off from the reaction solution and dried ir vacuo.
Experiments in air and under a dry nitrogen atmosphere were
carried out.

Interaction of Supported Complexes with CO.—Typically the
sample (0.025 g) was placed in a glass vessel fitted with a
greaseless stopcock. The vessel was evacuated and then CO
introduced and the stopcock closed. Any heating was by an
external resistive heating furnace and the temperature was
measured using a thermocouple based digital thermometer.

Spectrum Simulation.—The calculations started with the
Wilson GF eigenvalue problem,'* equation (i), where A =
4n?v? and v is the vibrational frequency.

|GF — EA] =0 (i)

A standard energy-factored force field was employed, so the
G matrix becomes diagonal with values of the inverse, reduced
mass of the carbonyl groups, equation (ii), and the F matrix
consists of the C—O stretching force constants on the diagonal,

— Hc, + lloi
Hc Mo,

Gy (ii)

with the off-diagonal terms being the interaction force con-
stants. Symmetry was determined only by the values of these
matrix elements. The eigenvalues, A, were obtained by
converting the GF matrix to upper Hessenberg form and
solutions obtained via the Francis QR algorithm method.!*
Eigenvectors were obtained from the matrix equation (iii),
with (0) a zero column vector and L the eigenvector matrix.
On the assumptions that the dipole changes in the vibrations

(GF — ExyLe = (0) (iii)

are parallel with the CO bond axis, and have the same
magnitude for each *CO stretch, input of a direction cosine
matrix and the normalised eigenvectors allow calculation of
the intensity of the kth vibrational mode, /.. by equation (iv),
where k" and & are the indexes of the carbonyl groups. The
calculated intensities and their respective frequencies were
converted into a Gaussian form, so the peak areas represented
relative intensity, and the peak positions the vibrational fre-
quency. Summations of a number of chemical and ‘or isotopic
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Figure 1. Lr. spectra for the reaction products of (1) and silica:
(a) after 4 d at room temperature in CH,Cl,; (b) sample (a) after
exposure to the i.r. beam

species could be carried out prior to plotting the resultant on
a digital plotter. The experimental spectra, in absorbance,
were replotted to avoid the scale change at 2 000 cm™ and
the calculated spectra presented in a very similar form.

I :kz oSOk Lk Ly s (iv)
L

Results

Preliminary Investigations.—The majority of cluster/oxide
studies have involved deposition onto the surface, and
subsequent pyrolysis of the cluster carbonyls. However, in this
study, the clusters were adsorbed from solution. Because of
this constant partitioning with the solvent, only relatively
strongly bound species will be observed on the oxide supports
and this avoids the formation of adsorbed crystallites of the
cluster complexes, as has been observed for [Os;(CO);;).!°

[Rh4(CO),,1 (1) and silica. Solutions of (1) in dichloro-
methane were stirred with silica under air at room temperature.
No carbonyl i.r. absorptions were observed for short reaction
times, but after 4 d, an uncoloured powder was produced with
i.r. bands at 2 105vw, 2 088w, and 2 028w cm™. Allowing this
species to remain as a mull in the beam of the i.r. spectrometer
produced a change in which the intensity of the band at 2 028
cm ™! decreased, a new band at 2 012 cm™ appeared, and the
2 088 cm ™! absorption underwent a 5 cm™! red shift (Figure 1).
The reaction solution was found to contain a mixture of (1)
and (2) after the reaction.

(1) and alumina. Solutions of (1) in dichloromethane were
stirred with alumina at room temperature under N,. After | h,
a pale mauve solid resulted, exhibiting four terminal (2 083,
2058, 2032, and 2002 cm™") and one weak bridging (1 803
cm™!) carbonyl absorptions. After 4 h in air at room tem-
perature, the sample became bleached and its i.r. spectrum
simplified to two strong bands at 2082 and 2002 cm!
(Figure 2). Further exposure to air caused complete de-
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Figure 2. I.r. spectra for the reaction products of (1) and alumina:
(a) after 1 h at room temperature in CH,Cl, under N, (b) sample (a)
after exposure to air for 1 h: (c) the difference between (a) and (b)
showing the species lost on oxidation

carbonylation (after 12 h at 25 *C). Allowing the impregnation
reaction to continue for 4 h produced a darker mauve solid,
with similar properties. Leaving a mull of this reaction product
in the spectrometer beam caused the spectrum to become more
complex [2 096w, 2 070 (sh), 2 060s, 2 028m, 2 000s, 1 860br,
and 1806br cm !]. After 24 h impregnation, the oxide
acquired a brown colouration, with absorptions at 2 087s,
2 058s, 2 007vs, and 1 860—1 800br cm™! and after a reaction
time of 50 h, the dark powder exhibited two broad absorptions
at 2000 and 1 850 cm™. Over this period the supernatant also
darkened and was found to have ir. bands at 2 100vw,
2078s, 2067ms, 2 035w, 2 013vw, and | 800w br cm .

(1) and tirania. A similar interaction of (1) with titania
under N, was carried out and afforded a pale grey solid after
3.5 h which exhibited an i.r. spectrum with three weak
absorptions at 2 102w, 2 085mw, and 2 010mw cm™!. Extend-
ing the reaction time to 6 h gave a mauve solid which showed
carbonyl bands at 2 102ms, 2 087s, 2 058m, 2 041 (sh), 2 007s,
1 857br, and 1 803w cm™. After 24 h, the solid was dark and
exhibited only weak bands. Using light petrolecum (b.p. 40—
60 °C) as solvent increased the rate of the reaction, a deep
mauve powder and a colourless solution being produced
within 2 h.

[Rhe(CO)6] (2) and silica. Silica was stirred in a CH,Cl,
solution of (2} at room temperature but no carbonyl absorp-
tions could be observed for the resulting solid after extended
reaction times. Refluxing this reaction solution caused the
oxide to darken. as did reaction mixtures in n-hexane (69 “C),
cyclohexane (80 ~C), or nonane (150 C). A single i.r. feature
at ca. 2 060w cm ' was observed for the cyclohexane derived
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Figure 3. I.r. spectra for reaction products of (2) and alumina:
(a) after 1.5 h at room temperature in CH,Cl;; (b) sample (a) after
35 min exposure to the i.r. beam

Transmission

solid after 46 h. These darkened oxides were exposed to CO
at room temperature and at 240 °C, but they still gave i.r.
spectra showing little v(CO) intensity.

(2) and alumina. After stirring a suspension of alumina in a
solution of (2} in CH,Cl, under air (or N,) for 1.5 h, a pale
golden brown solid could be extracted which showed carbonyl
absorptions at 2 083s, 2 060ms, 2 004s, and 1 802w br cm™.
After 35 min in the spectrometer beam, the i.r. spectrum of a
mull of this solid contained three bands at 2 068ms, 2 001ms,
and | 880—1 800br cm™ (Figure 3), but this was not com-
pletely reproducible. The impregnation product was totally
decarbonylated after exposure to air overnight. After inter-
action with CO (100 Torr) at room temperature for 40 min,
the solid exhibited carbonyl bands at 2 080m, 2 059w, and
2002m cm™.

(2) and tirania. A fawn coloured solid [v(CO) at 2 080s,
2 056s, 2 005s, and 1 802w cm™'] was obtained after stirring a
suspension of titania in a solution of (2) in CH,Cl; under air
at room temperature for 4 h. Exposure to air caused preferen-
tial loss of the bands at 2 056 and 1 802 cm™ (Figure 4), and
decarbonyiation eventually became almost complete. Exposure
to CO (100 Torr, room temperature, 40 min) gave a product
with i.r. bands at 2 082s, 2 060w (sh), and 2 005s cm™.

Derailed Considerations.—A common species is evident in
several of these systems. Complex (1) on alumina and (2) on
alumina and titania all show two strong bands of nearly equal
intensity at ca. 2082 and ca. 2002 cm™. This species could
also be generated by exposing the decarbonylated materials
from (1) or (2) to CO. These same systems also show bands at
ca. 2060 and 1 802 cm™! with intensities independent of the
other two bands, and which were preferentially lost in air.
Similar results have been reported !! for the adsorption of CO
on alumina-supported rhodium. Two bands at 2 103 and
2030 cm ' were assigned to the dicarbonylrhodium unit, in
isolated, oxidised sites, with features at 2 060 and 1 860 cm™
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Figure 4. L.r. spectra for the reaction products of (2) and titania:
(a) after 4 h at room temperature in CH,Cl;; (b) sample (a) after
exposure to air for 1 h

assigned to terminal and bridging sites on rhodium crystallites.
Two types of mixed carbon isotope experiments were carried
out to test these conclusions.

(A) Interaction of decarbonylated species with '**CO and 3CO.
Powders formed by reacting (1) or (2) with the oxide and then
allowing the product to decarbonylate in air were exposed
to 2CO, “CO, and a mixture of the two. The observed
frequencies are presented in Table 1, together with the
calculated frequencies for the '*CO-enriched derivatives,
assuming a Rh(CO), unit of C,, symmetry. A good frequency
match was obtained on both alumina and titania using
similar force constants, but the band intensities were investig-
ated for further confirmation. Background subtracted spectra
obtained from a sample prepared by exposing a {[Rh,(CO),,}
derived decarbonylated alumina species with 2CO and a
2CO/*CO mixture are shown in Figure 5. Only absorptions
due to the Rh(CO), unit were discernible, and the subtraction
merely allowed for the alumina background. The typical
linewidths and relative intensities of the high- and low-
frequency bands were determined from the '*CO spectrum.
Assuming the Rh(CO), model, the intensities can be used to
calculate the C—-Rh—C bond angle and this, together with the
measured linewidths and a value of the isotopic enrichment
level (39%,) were used to simulate the mixed isotope i.r.
spectrum (Table 2). These simulated spectra match the
experimental spectra very closely, confirming the identity of
the species with i.r. absorptions at 2 080 and 2 002 cm™ as an
isolated Rh(CO), unit (C—Rh—C 94°).

(B) Interaction of *C-enriched [Rhy(CO),,] with alumina.
Materials produced by interacting 40%, *CO-enriched (1) with
alumina and then allowing the preferential loss of the non-
dicarbonyl species showed almost identical i.r. spectra to those
produced in method (A4). The differences evident bztween this
spectrum and its related computer-simulated spectrum are
minor and appear to be due to another species contributing to
the experimental spectrum (Figure 6).
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Figure 5. Experimental (——) and simulated (- ---) v(CO)

absorption using a Rh(CO), model, for the decarbonylated Rh/
Al O; powder after exposure (a) to '2CO and (b) to a *CO/"*CO
mixture

The i.r. spectrum of the other species initially present in the
mauve material formed by interacting (1) and alumina was
obtained by taking the difference between the spectra (a) and
(b) in Figure 2, Two of the bands due to this species, giving the
spectrum in Figure 2(c¢), could either be due to terminal and
bridge sites of CO on metal crystallites, reported at ca. 2 060
and 1860 cm ! respectively ' or at ca. 2035—2025 and
1 850—1 825 cm™ by Basset and co-workers,*” or they could
be assigned to [Rh(CO);,], reported as showing v(CO) bands
at 2058 and 1 830 cm™! on alumina pretreated at 200 “C.%~

A spectrum very similar in profile to the original spectrum
obtained when (1) was reacted with alumina was obtained
when a previously decarbonylated Rh/Al,O; powder was
exposed to *CO (200 Torr) at 50 °C for 5 h (Figure 7). The
expected isotopic shift is seen for all bands, the only distinct
difference being an extra weak band at 2010 cm * which can
be assigned to the symmetric stretch of a Rh(*?CO)('*CO)
species. The similarity of the profiles indicates that CO loss is
reversible. Similar exposure to a 359% "CO/'*CO mixture
afforded the spectrum in Figure 7(b), showing two distinct
i.r. absorptions in the bridging v(CO) region at 1 802 and
1 762 cm™!, the intensities of which reflect the isotopic pro-
portions. These bands correspond to those observed in the
all-'?C and all-'3C samples respectively. This observation
suggests the presence of a bridging monocarbonyl species
since strong bands of intermediate frequency would be
anticipated from (2), with four bridging groups. The i.r.
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Table 1. Observed and calculated frequencies for decarbonylated
supported rhodium exposed to CO ¢

Observed
frequency Calculated frequency
Experiment (cm™) (cm™) for Rh(CO), unit

(2) */A1,0; + 2CO 2 080m 2 080.0

(40 Torr, 300 K, 15 min) 2 059w
2 002m 2 002.0

(2) */ALLO; + 3CO 2061w

(40 Torr, 300 K, 15 min) 203Im 2033.8
1 956m 1957.5

(2) */ALO, + CO/CO 2 080s 2 080.0, M(**CO),

(80 Torr, 300 K, 15 min) 2062m 2 063.1, M(*?*CO)(*3CO)
2 002s 2 002.0, M(**CO),
1973m 1 973.6, M(**COX**CO)

(2)/Ti0, + *CO 2 082s 2 082.0

(100 Torr, 300 K, 40 min) 2 060w
2 005s 2 005.0

(2), TiO; + *CO 2 060w

(100 Torr, 300K, 40 min) 2 033s 20357
2 010w
1 959s 1 960.4

(2) TiO, + CO/*3CO 2 063m 2 065.1, M(2CO)(**CO)

(100 Torr, 300K, 40 min) 2 031m 2 035.7, M(**CO),
1977m 1 976.5, M(**CO)(**CO)
1 960m 1 960.4, M(3CO),

@ Force constants: K = 16.84, k; = 0.64 mdyn A™! on alumina;
K = 16.88, k, = 0.66 mdyn A™! on titania. ® Identical results using
a decarbonylated [Rh(CO),,] derived material.

Table 2. Observed and calculated parameters for the Rh(CO),
species obtained on exposure of a decarbonylated Rh/AlO; sample
to CO (natural abundance)

Frequency ° Relative Linewidth
(cm™) intensity ® (cm™)

2 081 (2 081) 1.0 13

2 002 (2 002) 1.16 18

? Calculated values in parentheses: K = 16.84, k&, = 0.65 mdyn A"
®C-Rh—C = 94.2°.

spectrum of a partially enriched sample of (2) did show
intermediate intensity, but the strongest bands were those at
the extremes of the isotopic shift. This is in accord with the
natural abundance spectrum observed by Cariati er al.,'®
showing the interaction between the p;-CO groups in (2) to be
small. So, allowing for the complications due to the surface
environment, this species giving rise to the band at 1 802 cm™!
could be (2). Indeed, Watters er al?® extracted (2) from
alumina into chloroform solution under a CO atmosphere.

A similar experiment, but in the absence of CO, was carried
out on titania, which also shows this species (Figure 4). A
purple sample derived from interacting this oxide with a
solution of (1) in light petroleum (b.p. 40—60 °C) was washed
with boiling tetrahydrofuran. The support showed three bands
obtained by interacting (1) with titania over a short reaction
time, and the dissolved material gave rise to an i.r. spectrum
(recorded in cyclohexane) which indicated that (2) was the
major component with no residual compound (1). It therefore
appears that (1) is partially converted to (2) on both alumina
and titania.

This three-band pattern (2 101, 2083, and 2010 cm™;
relative intensities 0.25: 0.85: 1.0) formed from the reaction
between (1) and titania, is different from the two-band
spectrum analysed above, and is similar to that of [{Rh(CO),-
Cl},;] (3) (2105, 2089, and 2034 cm™). Spectra of samples
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Figure 6. Experimental (——) i.r. spectrum obtained by the reaction
of 39°; 3CO-enriched (1) with alumina (after background sub-
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Figure 7. Imitial i.r. spectra obtained on exposing a decarbonylated
Rh/Al;0; powder (a) to *CO and (b) to a *CO/*CO mixture

prepared with natural abundance and 40° '*CO-enriched (1)
are shown in Figure 8.

The initial model chosen to simulate these spectra was that
of (3), for which a force field has been established by C'%0
exchange studies!'” (K = 17.254, kyem = 0.541, kirons =
0.057, and ks = 0.078 mdyn A™"). A frequency match for the
supported species with natural abundance CO could be
obtained by altering two of these values, K and k,.m to 17.0
and 0.7 mdyn A, respectively. Whilst this is not a unique
solution, this forms a good estimate of these values for reason-
able magnitudes of k;..ns and k.. The relative intensities
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Figure 8. L.r. spectra for the reaction products of (1) and titania:
(a) natural abundance CO; (b) 40% '*CO-enriched CO
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could be matched by reducing the geminal C-Rh—C angle to
87°, whilst keeping a dihedral angle of 62° between the
Rh(CO), plane and the direction of the C, axis. The mixed
isotope simulation is presented in Figure 9(a).

If the high-frequency band is independent of the other two
bands, then much of the pattern should be reproducible using
the Rh(CO), model. The calculated mixed isotope spectrum is
presented in Figure 9(b). This is a closer match of the experi-
mental spectrum [Figure 8()] than that of the dimer model.
However, the intensity match is poor since the calculated
spectrum contains a clear shoulder at 2093 cm™ and the
experimental spectrum contains intensity due to another
species in the region 2 000—2 050 cm™'. Freely floating the
force field for the [{Rh(CQ),Cl},] model did not improve on
the calculated spectrum in Figure 9(a). It is therefore probable
that the experimental spectrum is due to an isolated Rh(CO),
unit and a second carbonyl species. This is clearly not a
monocarbonyl, since the enrichment level would lead to the
band being at 2 102 cm™ at 60%; of its original intensity. Very
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Table 3. Combinations of C—Rh—C bond angles allowed to simulate the '*CO spectrum of the species formed from (1) and TiO, using a two-

species model *

Rh(CO), Rh(CO), Rh(CO),

Angle (°) L., I, Angle (°) L ‘Angle (°) L, L.
90 0.85 0.85 64 0.25 0.15 51.5 0.25 0.15
85 0.85 0.714 78.5 025 0.286 62 0.25 0.286
80 0.85 0.598 85.7 0.25 0.402 67.5 0.25 0.402
75 0.85 0.5 90 0.25 0.5 70.5 0.25 0.5

* Total intensities: I, [M(CO),; n = 3 or 4] = 0.25, I, [M(CO),] = 0.85; I,, + I. = 1.0.
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Figure 9. Computed i.r. spectra for the reaction products of '*CO-
enriched (1) and titania using (@) a [M(CO),), model and (b) a
M(CO), model

little intensity is observed at that frequency, so species with
more carbonyls per rhodium atom are suggested. Tetra-, tri-,
and di-carbonyls would be expected to exhibit 13, 21.5, and
36%; respectively of the '2CO band intensity at that point;
the first two therefore seem more probable.

For a M(CO), species (n > 2) to exhibit a single i.r.-active
mode, high symmetry is required. For n = 4, 7, symmetry
will allow this; Rh(CO),~ exhibits an i.r. band at ca. 1 900
cm™! 8 and the hypothetical Rh(CO),* is unlikely. In addition,
the effective lowering of symmetry caused by partial *CO
substitution would give i.r.-active bands at a higher frequency
than the 7, mode, none of which was observed. A D,,
geometry would also show this effect. Therefore the band at
2 102 cm™! must be associated with another band obscured by
one of the M(CQO), absorptions, the lower frequency one being

(a)

|
j\‘f\/\g

2200 2000 1800
V/em™!

Relative absorbance

Figure 10. Computed i.r. spectra for the reaction products of (i
and titania using a M(CO),/M(CO); model: (a) *CO: (b) *CC-
enriched

more likely. Spectra assuming the experimental spectrum to be
(iy a Rh(CO),-Rh(CO); mixture and (/i) a Rh(CO),-Rh(CO),
mixture were calculated. If the low-frequency band is assumed
to be the b, mode for the dicarbonyl plus the ¢ mode of either
a ;. Rh(CO); or C,, Rh(CO), unit, then the observed
relative intensities give an allowed set of C—Rh—C angles
some of which are listed in Table 3. Expected bond angles
are ca. 90, ca. 90, and ca. 76 for the M(CO),, M(CO),, and
M(CO), moieties respectively. Of the combinations listed for
(i), the most viable pairing is M(CO),, 85°, and M(CO)s,
78.5°; for (ii) the combination of 80 and 67.5° for di- and
tetra-carbonyl units is most probable. Spectra calculated for
both these models, using the linewidths observed in the '*CO
spectra are given in Figures 10 and 11 for (i) and (/i) respect-
tvely. A ratio of kirans : kcis Of 1.63 was used for (ii), based on
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the values obtained for [V(CO)4(n*-CsHs)].!* The match is
slightly better for model (ii). The angles in that model are
smaller than generally observed in free complexes and are
improbable. although the C—Rh—C angle is 85° in [Rh(CO),-
(CsH,0,)1.7

The species produced by interacting [Rhy(CO),,] with silica
also has three terminal carbonyl i.r. bands at 2 105, 2 088,
and 2028 cm™! (relative intensity 0.12:0.79:1.0). A weak,
complex spectrum was obtained from the sample prepared
with the 40°, *C-enriched sample of (1) [2 096 (sh), 2 088
(sh), 2070w, 2039 (sh), 2025m, 1995mw, and 1984 (sh)
cm™!). On standing in the mull, a general broadening occurred
together with a loss of intensity at 1 995 cm™, an increase at

(@)
@
i
C
=]
2
o
v
o !
c
L4
2
]
]
a

(6)

| e—— 1 1 |
2200 2000 1800

v/em™!

Figure 11. Computed 1.r. spectra for the reaction products of (1)
and titania using a M(CO),/M(CO), model: (a) *CO: (&) 3CO-
enriched
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1967 cm™, and a bathochromic shift of the band at 2 025 to
2012 cm™!. The all-'2CO spectrum could be fitted using the
[{Rh(CO),Cl},] model, modified with a Rh(CO), plane to C,
axis angle of 68° and values of 17.22, 0.541, 0.035, and 0.102
mdyn A™! for the force constants K, Kiem, Kirans, and kg
respectively. A spectrum was also calculated assuming the
more intense peaks of the 'CO spectrum were due to a
Rh(CO), unit. The frequencies of the latter gave a better match
of the experimental mixed isotope spectrum; the results are
presented in Table 4. A Rh(CO); model gave inferior results.

The change to a second species on standing was also con-
sidered, and the changes could be accommodated by another
Rh(CO), model with rather different force constants (K =
16.96, k; = 0.604 mdyn A™") indicating a more electron-rich
site.

The results on silica are tentative since the spectra were of
low intensity, and the silica background is significant in this
region. The weak band at 2 105 cm™ in the '2CO spectrum has
not been explained, and it is not possible to identify its origin
from the data available. However, comparisons with titania
favour a tri- or tetra-carbonyl species.

Discussion

The conclusions of this study on the interaction of (1) and (2)
with alumina and titania are given in Figure 12. The behaviour
on both these oxides is similar, the major difference being that
the fragmentation of [Rh,(CO);;] on titania appears to
generate a Rh(CO), (n = 3, or possibly 4) species in addition
to the Rh'(CO), site. This species is not observed from
[Rh(CO),). However, complex (2) has a lower CO : Rh ratio
than (1), so this is probably not surprising. The schemes differ
from other studies of (1)7 and (2)% on Al,O; in that the
Rh(CO), units are considered to be effectively isolated in this
work. We also differ in this regard to the unusual suggestion
of a Rh(CO),,0,, entity.>** Providing there is surface
mobility, the generation of [Rhy(CO);s] on these surfaces does

Table 4. Experimental and calculated frequencies (cm™) assuming
the C,, Rh(CO), model for the surface species produced from *CO-
enriched [Rh(CO),;] with SiO,

Experimental Calculated

Rh (metal) + CO and @ -CO

()
[Rh,(CO),,] + oxide ———= Rh'(C0O), + Rh(CO};*

{ (rv})
t) v r(”)

frequency frequency  Difference Assignment
2 096 (sh)
2 088 (sh) 2088 0 M(?CO),. a,
2070w 2073 3 M(2COX*3CO0), a’
2039 (sh) 2042 3 M(CO),. a,
2 025m 2028 3 M(2CO),. b,
1 995mw 1 998 3 M(2CO)3CO), a’
1 984 (sh) 1983 1 M®CO),. b,
T (v)

(1) 1 .

Rh'/oxide

(n=3o0r4)

[RhS(CO)1G] + oxide

Figure 12. Reaction scheme for the interaction of (1) and (2) with ALO; and TiO,: (/) N,, room temperature; (i) air; (iiiy CO; (iv)
CO,,H,;0; (r) long reaction times. The asterisk (*) indicates a product for (1) and titania only
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not require there to be a cluster derived grouping. Rather it
parallels the synthesis of (2).!? Our evidence, albeit less clearly
in this case, is also opposed to the suggestion of a dimeric
[{Rh(CO),Cl1},] type structure on silica.! The isolation of
these fragmented rhodium carbonyl centres is, however, in
accord with a variety of data obtained on conventionally
prepared alumina-supported rhodium.!! The frequencies of
the two v(CO) bands of the Rh(CO), sites vary significantly
between research groups, e.g. from 2105 and 2040 cm™
(ref. 6) to 2080 and 1997 cm™! (ref. 10). It is clear that the
type of alumina used and the water content both affect these
frequencies. Somewhat higher frequencies have been reported
on the same alumina as used in our studies.?? However,
sampling then was in pressed discs and we have noted ca. 8
cm™! shifts to high frequency for pressed oxide discs compared
with Nujol mulls. In all cases, it is probable that the rhodium
is in the +—1 oxidation state, and the varying water content
affects the electron density available to the carbonyl groups
transmitted through the rhodium and the surface oxygen
atoms to which it is bound.

It has been shown that oxidative fragmentation can be
spontaneous on alumina, while oxygen is required on silica.®”’
It seems also from the partitioning nature of our adsorption
experiments that even in the presence of oxygen, (1) and
especially (2) form supported rhodium sites very slowly on
silica. Evidently a strong surface cluster interaction is required
initially and this is not possible for silica. This does occur on
alumina and titania, probably involving Lewis acid sites. We
note also the photochemical changes occurring in the i.r.
beam, particularly the probable aggregation on alumina.
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