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Figure 3.30 Stacked plot for hydrogen thermolysis of 2% [Rh(CO).Cl];

supported on ALO3
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Figure 3.31 TPD profile for CO evolution (mass 28) during hydrogen thermolysis of 5% [Rh(CO0),Cl|, supported on AL O,
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Chapter 3

from the [Al-O]Rh(CO),Cl surface species. The fact that it is sharper than in the
helium thermolysis indicates that the reaction proceeds faster than in the former case,
and that hydrogen is increasing the rate at which decarbonylation proceeds. Again this
initial decarbonylation is believed to produce linear and bridging carbonyl species,
cvidenced by DRIFTS spectioscopy. Tne clusicring of these eieciron deficient
species, with the evolution of CO is believed to correspond to the main peak in the

TPD profile, at 130°C.

3.6 Re-adsorption of CO onto Hydrogen Thermolysed

Species

3.6.1 DRIFTS Study of Re-adsorption of CO onto Hydrogen
Thermolysed Species

Following the hydrogen thermolysis of the [Rh(CO),Cl], supported on
partially dehydroxylated titania, the sample was exposed to one bar of CO for two
hours at room temperature, in an attempt to regenerate the gem dicarbonyl species.
Again, this experiment serves as a probe for investigation of the size of the rthodium
clusters formed from the thermolysis experiment, as the type of rhodium carbonyl

species formed is indicative of the cluster size.

After two hours of exposure to CO, there are three sets of bands visible in the
DRIFTS spectrum, shown in figure 3.32. Approximately 50% of the gem dicarbonyl
species has been regenerated, the frequencies of the symmetric and asymmetric bands
being 2095cm™ and 2027cm’ respectively. There is an intense, sharp band at
2072cm’™, which is attributed to a linear carbonyl species. There is also a broad band
at 1850cm™ to 1890cm™. which is attributed to a bridging carbonyl species. As
discussed in section 3.4.1, the gém dicarbonyl species only torms on monodispersed
rhodium atoms. The monodispersion process can only be fulfilled by CO for small
rhodium clusters. The fact that 50% of the gem dicarbonyl species is regenerated
suggests that the hydrogen thernmolysis to 100°C generates approxunately this
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Figure 3.32 DRIFTS difference spectra of CO regeneration of [Rh(CO);Cl];
supported on partially dehydroxylated titania after hydrogen thermolysis. (a)
Room temp before thermolysis, (b) Post thermolysis, (¢) CO regeneration after

1hr, (d) CO regeneration after 2hrs.
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proportion of small rhodium clusters. The linear and bridging carbonyl species are
more commonly found on larger rhodium particles, and thus it can be assumed that
these exist on such larger clusters in this experiment. The conclusion is that the
hydrogen thermolysis to 100°C generates predominately small rhodium clusters,
which arc casiiy redispersed by CO at roumn icmuperaiure. There are however, a
number of larger rhodium clusters formed at this temperature. The results of this
experiment agree well with the EDE study of the hydrogen thermolysis, which
showed the presence of rhodium clusters at 100°C, although the carbonyl ligands

were not fully removed until a temperature of 120°C had been reached.

3.6.2 EDE Study of Re-adsorption of CO onto Hydrogen
Thermolysed Species

Following the hydrogen thermolysis to 120°C of [Rh(CO),Cl], supported on
partially dehydroxylated alumina, the sample was exposed to 4bar of CO for 1 hour at
room temperature, at a flow rate of 5ml/min. The EXAFS and Fourier transform
spectrum after CO exposure was acquired in 1 second, and is shown in figure 3.33.
The shape of the EXAFS and the Fourier transform strongly resembles that of bulk

rhodium metal.

3.7 Conclusions

EXAFS and DRIFTS spectroscopies indicate that [Rh(CO),Cl]2 is
chemisorbed to the TiO; and Al,O; surface. The chlorine is retained as the dimer is
broken to produce a [OJRh(CO),(Cl) species. Surface hydroxyl groups are consumed
during the adsorption process, evidenced by DRIFTS spectroscopy. Thermolysis of
the surface species under an inert helium atmosphere, results in removal of the gem-
dicarbonyl ligands by 220°C, evidenced by EDE, DRIFTS and TPD. The process of
removal of the gem-dicarbonyl ligands involves passing through a linear carbonyl

intermediate, evidenced by DRIFTS spectroscopy. EDE spectroscopy indicates the
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Figure 3.33 Rh K-Edge EXAFS and Fourier transform of [Rh(CO),Cl},

supported on Al;O; after H; reaction at 130°C and exposure to CO for 30 mins
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formation of small rhodium clusters during the thermolysis experiment. Re-exposure
of the thermolysed sample to CO at rcom temperature results in 70% regeneration of
the gem-dicarbonyl species, evidenced by DRIFTS spectroscopy. Thermolysis under
a hydrogen atmosphere results in removal of the gem-dicarbonyl ligands by 100°C,
agaiit via a liuear catbonyi iniermediaie. EDE spectroscopy again shows the formation
of rhodium clusters during the hydrogen thermolysis. It was observed that heating to
400°C in helium led to larger clusters being formed than under hydrogen at the same
temperature, despite the initial formation of clusters at lower temperatures under
hydrogen. It was also observed that smaller clusters were formed during hydrogen
thermolysis, for a 2% weight sample, than for a 5% weight sample. Re-exposure to
CO results in the formation of a mixture of gem-dicarbonyl, linear and bridging

carbonyl species, evidenced by DRIFTS spectroscopy.

3.8 Experimental

The synthesis of [Rh(CO),Cl], follows the method of McCleverty and
Wilkinson30, in which a flow of CO is passed through RhCl;.nH,O at 95°C for two

hours:
2(RhCl5.nH,0) + 6CO — [Rh(CO),Cl]; + 6H,O + 2C0O +2Cl,

The reaction was conducted in a glass tube, containing a medium porosity frit
on which the starting material is placed. The sample is lowered into an oil bath and
care taken such that the reaction temperature does not exceed 100°C, which would
lead to the formation of unreactive RhCls. Carbon monoxide was flushed slowly
through the system. For the first 5-10 minutes of the reaction, the evolved water was
removed from the sides of the reaction vessel, which was required since the moisture
sensitive product will sublime up the sides of the tube. After 1-4 hours, the product
was collected by means of scraping it out of the reaction vessel with a spatula. The
product is further purified by sublimation, resulting in the formation of red needles of

the product. The purified sample was characterised by infrared spectroscopy in



pentane  (see section 3.2.1): 2105cm™ (m). 2090cm™ (vs), 2080cm’ (satellite),

2035¢m™! (s), 2003cm’™ (satellite).

Preparation of the surface supported organometallic species for DRIFTS and

EYAFS studie

DY Vi

s, by MOCVD involved deposition of [Rh{CG), 1}, (50-60 mng) onio
partially dehydroxylated titania (Degussa P25, 0.5g) or y alumina (Degussa, 0.5g),
according to the general procedure given in section 2.7. Heating the organometallic
sample to 50°C for 2 hours caused sublimation, resulting in the titania becoming a
reddish brown colour, or the alumina becoming a deep yellow colour. The sample was
treated as air sensitive as was thus stored in a Schlenk tube under an argon

atmosphere, and refrigerated until used.
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Reaction of [Rh(CO),Cl], Supported
on TiO, and ALO;, with NO
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Chapter 4

4.1 Introduction
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hydrocarbons, particulates and oxidants. A ‘three way catalyst’ simultaneously
promotes the removal of each of the three major pollutants, namely CO, NO and

hydrocarbons!-7.

Platinum, which in 1992 found 34% of its total usa‘gé in such automotive
catalysts89, serves as an effective catalyst for the oxidation of CO and
hydrocarbons’-8. Rhodium, which in the same year, found 87% of its usage in

automotive catalysts39, is superior for reduction of NO to NZIO.
Schemes for the net reactions of the above catalysts are shown below:

2NO +2C0 _, N, +2C0, (1)
2NO+CO ,N,0+CO, (2)

The homogeneous analogue of reaction 2 is facilitated by [Rh(CO),Cl]L,!,

which is an active species in this reaction.

The heterogeneous systems are typically more complex than the homogeneous
analogues, and NO reactions are observed to exhibit temperature and dispersion
dependent behaviour. Dissociation of NO on rhodium is rate limiting due to low

concentrations of clusters of sufficient size to facilitate the reaction!!.
NOa >N +0, 3)

However, larger clusters formed by raising the temperature of the system,

permit the dissociation to occur with greater ease!2.

The recombination of N_ to form N, is also dependent on particle size:
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The reaction proceeds rapidly on large particles, and higher temperatures are

required to facilitate the reaction on small particles.

There have been several investigations of the reaction of NO with high area
supported Rh systems!4-22. Several rhodium nitrosyl species have been observed in
these investigations including Rh(NO*), Rh(NO), Rh(NO-) and Rh(NO),. See table
4.1 for references to above species. See also 3.1.3 for a detailed discussion of some of
the above studies. An isocyanate species has also been observed upon co-adsorption

of CO and NO onto high area supported Rh systems!4.19.20,

The above studies have shown that the pre-treatment of the Rh affects the type
of nitrosyl species formed. NO has also been shown to facilitate the disruption of Rh

clusters, aiding the formation of monodipersed Rh(CO), in the presence of CO!316.17,

A bridge bonded NO species has been postulated in single crystal UHV
studies?3.24.25, The validity of this ‘claim, however, has been challenged by temperature
programmed static-SIMS26, core-level X-ray photoelectron diffraction (XPD)?27 and
theoretical calculations?8, suggesting that hollow sites ( y~1640cm-i-1544cm-!) may

also be likely.

Table 4.1 shows the infrared frequency of CO and NO species observed in
previous work on Rh/NO/CO systems. This table has been provided by Dr M. A.

Newton, from a pre publication version of reference 29.

Adsorbed Species Frequency (cm™) | Support and References
Rh,(CO) bridge 1500-1830 ALO,T, 510,15, 110,(110)°
Rh (CO) (x>2) linear 2020-209C ALO T 510,10, 110, (110)1°
Rh,(CO), bridge 1818 ALO!

Rh,(CO), linear 1987 ALO!

)
4
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RR(CO), (vyp) 2108 (2T12) AL O, TFIEITSI0 17, TIO (T T0)%0
Rh(CO), (v ym) 2040 (2050) ALOIBTITSIO BT TI0 (110)%0
Rh(NO)* 1910-1930 AL O 18217510, 517 T10, (110)30
Rh(NO), (v, 1820-1830 AL O, 82T 50,17

Rh(NO), (Vasym) 1740 ALOTRTITSIO

RH(NO)(CO) (vcp) 2101 ALO,AD.I

RH(NO)(CO) (vyp) 1755 ALO,TAI5T0

Rh(NO) 1830 ALO;TRITI

Rh(NO)- T770-1710 ALO, 197, Si0, 51

Rh,(NO) bridge 1630, 1560-1710 Rh(111)%, Ra(T10)#

Rh,(NO) hollow sites 1644-1690 Theory2s

(NCO) 2260, 2235 ALO;AT22 510,

N,O 2225 ALO;TE S0,

CO,* 1385, 1440, 1580 AL 0,20

NOZ' or NOB-

1550

AL0,30, S10, 7

Table 4.1 Transmission Infrared Frequencies for rhodium carbonyl and nitrosyl

species on both high area and single crystal systems.

4.2 Reaction of [Rh(CO),Cl], Supported on TiO, and ALO;
with NO followed by CO, at Room Temperature

4.2.1 DRIFTS Study of Reaction of [Rh(CO),Cl]; Supported on TiO;
and Al,O; with NO followed by CO, at Room Temperature

[Rh(CO),Cl], was supported on partially dehydroxylated titania with a 5%

metal loading, by MOCVD (method described in sections 2.6 and 3.7). Following

this, a difference DRIFTS spectrum was acquired, using hydroxylated titania as a

background, figure 4.1(a). A discussion of the assignments of the infrared bands in the
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Figure 4.1 DRIFTS difference spectra of reaction of [Rh(CO),Cl], supported on
TiO, with NO and CO at room temp: (a) Before exposure to NO, (b) After

reaction with NO for 30 mins, (c) After reaction with CO for 2 hrs.
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spectrum is found in section 3.2.1. In addition to the gem dicarbonyl species present
there also appears to be bridging rhodium carbonyl species Rh,(CO); present at
1840cm™, and a surface carbonate species (and possibly surface water) at 1600cm.
These may arise from slight reduction of the rhodium gem dicarbonyl species, and
have been observed in differing degrees in the starting spectra of several analogous
experiments. Their presence has not been observed to affect the subsequent reaction

of the gem dicarbonyl species with NO, discussed below.

The supported sample was loaded into the DRIFTS cell under an inert
atmosphere, and was exposed to 1 bar of NO at a flow rate of 5 ml/min for a period of
20 minutes, at room temperature. Following this, the DRIFTS cell was flushed with
helium for 5 minutes to remove any gaseous products and unreacted NO. The
resulting spectrum acquired is shown in figure 4.1(b). The spectrum shows a strong,
broad band at 1742cm’™, which is assigned to a Rh(NO) species. There is another
small peak at 2145cm™, which is possibly an [O]JRh(NO)(CO)(CL) species (Cl and
surface O ligands included for completeness). The shape of this feature shows two
components. This can be interpreted as being due to two possible isomers. In one
isomer the NO species is trans to the surface oxygen, and in the other the NO is trans
to the Cl, with the higher frequency component being due to the latter situation. Peaks
at 1458cm™ and 1313cm™ are assigned to surface nitrate/nitrite species, 1.e.
interaction of NO with surface alumina sites. Refer to Table 1 for infrared
assignments. There is no evidence of the prevalence of the rhodium gem dicarbonyl
species after exposure to NO, and indeed the band was observed to diminish in
intensity as spectra were acquired during exposure to NO. The conclusion drawn from
this experiment is that substitution of the rhodium gem dicarbonyl species for a
Rh(NO") species, and a Rh(NO)(CO) species has occurred. There is no evidence for
the formation of a Rh(NO)" species, which has been observed in an analogous
experiment performed on both TiO, powder and single crystal, under UHV
conditions®. There is also no evidence for the formation of a Rh(NO), species, as the
symmetry and frequency of the second band at 2145cm’™ is inconsistent with this (the
symmetric and asymmetric bands are at 1825cm™ angi 1740cm™ respectively).
DRIFTS spectroscopy offers no clues as to whether the chlorine remains attached to
the rhodium centre, or if there is any change in the bonding of the rhodium to the TiO;
surface. Changes in the coordination around the rhodium are to be expected due to the
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need to satisfy the 16-electron rule required for square planar complexes (see chapter
5 for a more substantial discussion of geometry of Rh complexes). Spectrum 4.1(b)
shows an increase in the hydroxyl region (3000-3500cm™), indicating consumption of
these species during the NO reaction. This may be a result of the formation of
nitrate/nitrite species on free areas of alumina discussed above. EXAFS spectroscopy

will be more helpful in understanding the coordination around the rhodium centre.

Following this, the sample was exposed to CO, at room temperature, at a
pressure of 1 bar and a flow rate of Sml/min, for 2 hours. Following exposure to CO.
the DRIFTS cell was flushed with helium and the spectrum was acquired. The
spectrum illustrates a 95% return of the rhodium gem dicarbonyl bands at 2103cm™
and 2028cm™ (the same frequencies as the starting species) and the appearance of a
weak band at 19O9cm'1, which can be attributed to a Rh(N O)+ species. However, there
is little decrease in the intensity of the Ri(NO)- band at 1733cm™ (frequency decrease
of 10cm™). The weak band at 2145cm™ produced after exposure to NO, disappears
completely after exposure to CO. The surface nitrate species at 1458cm™ and 1313cm’
' are also removed during exposure to CO. A possible conclusion from this
experiment is that substitution of the rhodium NO ligand for the gem dicarbonyl
ligand has occurred. However, there is no explanation for the persistence of the band
at 1732cm™. The change of frequency may suggest that the ligand has migrated to the
TiO; surface, with a small amount of Ra(NO)” being formed. However, exposure of
NO to TiO, revealed no infrared frequencies in this region. Again, it is hoped that

EXAFS spectroscopy will reveal the coordination around the rhodium atom after

exposure to CO.

This experiment was repeated using Al,O; as a support, as this would enable direct
comparison with results obtained by EDE (TiO, could not be used as a support for this
experiment, section 3.2). The results obtained from this experiment are almost
identical to those from the TiO, analogue, figure 4.2. Initial substitution of the gem
dicarbonyl band for Rh(NO), 1736cm™ and Rh(NOXCO), 2150cm ! occurs. The
latter band has a greater intensity here than in the TiO; al}alogue. Re-substitution of
the gem dicarbonyl occurs on exposure to CO, with a larger Rh(N O)" band produced

and persistence of the Rh(NO)™ band at a lower frequency of 1723cm™. The
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Figure 4.2 DRIFTS difference spectra of reaction of [Rh(CO),Cl], supported on

ALO, with NO and CO at room temp: (a) Before reaction with NO, (b) After

reaction with NO for 30 mins, (¢) After reaction with CO for 1 hr, (d) After

reaction with CO for 2 hrs.



conclusion of this experiment is that there is identical chemistry for the two supports

used for the NO/CO reaction.

4.2.2 EXAFS Study of Reaction of [Rh(C0O),Cl], Supported on TiO,
and AL,O3 with NO followed by CO, at Room Temperature

The Rh K-edge Energy Dispersive EXAFS experiment for the reaction of
[Rh(CO),Cl], supported on partially dehydroxylated alumina with NO and CO, was
performed at the ESRF in Grenoble at station ID24. The starting spectrum shows the
[AI-O]Rh(CO),Cl species, figure 4.3. The spectrum is an average of 100 scans, each
lasting 19 ms (19 frames at 1ms), resulting in a total acquisition time of 1.9s. The

rationale behind the assignments of this species is given in section 3.2.2.

The sample was then exposed to NO at a pressure of 1 bar and a flow rate of
Sml/min, at room temperature. After an exposure time of 10 minutes, the cell was
flushed with helium for 5 minutes and a spectrum was acquired, figure 4.4. The
acquisition time of the spectrum is 1.8s. There is a significant change in the shape of
the EXAFS and the Fourier transform spectra. The EXAFS has changed from having
three main peaks for the surface gem dicarbonyl species, to two in the nitrosyl
species. There is also a phase shift in the peak positions during the reaction. This is
reflected in the Fourier transform, which shows three main peaks, but at different
distances and relative intensities than for the surface gem dicarbonyl species. The first
peak is at ~1.80A, and is assigned to contributiohs from the Rh-N bond (1.80A) and
the Rh-O(surface) bond (1.95A). The second peak in the Fourier transform is due to
contributions from another Rh-O(surface) bond at 2.12A and a Rh-Cl bond at 2.40A.
The third peak at 2.87A, is due to the Rh-O (nitrosyl) bond. A variety of possible
models were attempted to fit the data to. The best, and most consistent across a series
of spectra from repeats of the reaction, however, involved a bent (135 Rh-N-O
species, with two surface oxygen bonds, and a single chlorine bond. The orientation

and bond distances of the nitrosyl species are in agreement with literature values for a
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Figure 4.3 Rh K-Edge EXAFS and Fourier transform of [Rh(C0),Cl], supported

on A1203
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Figure 4.4 Rh K-Edge EXAFS and Fourier transform of [Rh(C0),Cl], supported

on ALQOs; after reaction with NO for 10 mins
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bent inorganic nitrosyl (Rh-NO") species32’33. The differing distances of the surface
oxygen species may be due to differing types of bonding (one standard surface
oxygen bond and one surface hydroxyl group). The second oxygen atom could also
originate from dissociation of NO. The two different Rh-O bondlengths could also
originate from the NO ligand being trans to either the Cl ligand or a surface O, in the
[ORh(NO)(CI) isomers described in 4.2.1. The inclusion of multiple scattering
improved the quality of the fit from R=58% to 53%. The conclusion from this
experiment i that exposure to NO results in substitution of the gem dicarbonyl
ligands for a single NO™ ligand and an additional surface oxygen bond. There are no
previous EXAFS investigations of this reaction to compare results with, but the
results obtained are in agreement with those of the DRIFTS reaction. The DRIFTS
experiment also indicated the formation of a mixed Rh(CO)(NO) species, which could
not be fitted in the EXAFS experiment. It is probable that only a small quantity of this
species is formed, whilst the majority of the rhodium gem dicarbonyl reacts to form
the Rh(NO)™ species. A stacked plot of this reaction is shown in figure 4.5. This
clearly illustrates the shifts in the profile of the EXAFS during the transition from the

rhodium gem-dicarbonyl to the nitrosyl species.

The sample was then exposed to CO for 1 hour at room temperature at a
pressure of 1 bar and a flow rate of Sml/min. The EXAFS and Fourier transform
acquired during this experiment are illustrated in figure 4.6. The shape of the EXAFS
and Fourier transform spectra resemble that of the rhodium gem dicarbonyl species. A
variety of models were attempted to fit the data to, including mixed carbonyl and
nitrosyl species and varying the number of surface oxygen atoms. The best model
however, is the rhodium gem dicarbonyl species. The bond distances closely resemble
those of the starting species, although the shape and relative intensities of the Fourier
transform are not quite the same. The results of this experiment and the DRIFTS
experiment suggest that the reverse reaction proceeds at a considerably slower rate
than the forward one. The EXAFS data suggests that the majority if not all the
been converted back to the gem dicarbonyl! species after
one hour. The shape of the EXAFS and the DRIFTS spectra suggest that some of the
Rh(NO) species still persists after this time however. Attempts to fit spectra obtained

during the course of re-exposure to CO, thus offering the opportunity to study reaction
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Figure 4.5 Energy dispersive X-ray absorption spectra recorded during reaction

of [Rh(CO),Cl], supported on Al,O; with NO at room temperature. Acquisition
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time of each spectrum is 0.4s. Recorded in time resolved mode.



Figure 4.6 Rh K-Edge EXAFS and Fourier transform of [Rh(CO):Cl]:

supported on AlLO;3 after reaction with NO for 30 mins and CO for 1 hr, at

room temp.
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Ef=-1.56 eV
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intermediates, were unsuccessful. These experiments were performed in time resolved
mode, with each spectrum being acquired in 0.4s. Even with an average of 10 spectra,
the signal to noise ratio was too high to identify a reaction intermediate. A stacked
plot of this reaction is shown in figure 4.7. This clearly illustrates the changes in the
profile of the EXAFS during the transition from the rhodium nitrosyl species back to

the gem dicarbonyl species.

The sample was again exposed to NO for 30 mins under the same conditions
as before. The EXAFS and Fourier transform are shown in figure 4.8. The spectrum
was acquired in 1.8 seconds. The spectrum has identical features to that of the initial
NO exposure experiment. There are three main peaks in the Fourier transform, their
assignments the same as before. The quality of the fit is superior with an R factor of
40%, and demonstrates that the NO/CO/NO reaction is reversible. It can also be
concluded that the rhodium remains monodispersed during the course of these
reactions, as no rhodium-rhodium coordination could be detected. A stacked plot of
this reaction is shown in figure 4.9 illustrating the changes in the profile of the

EXAFS during the transition from the rhodium gem-dicarbonyl to the nitrosyl species.

These data illustrate the reversibility of this reaction at room temperature
though they do not fully reveal the extent of gem-carbonyl regeneration, which is
better evidenced by DRIFTS spectroscopy. Indeed it would seem that there are a

mixture of carbonyl and nitrosyl species upon re-exposure to CO at room temperature.

4.3 Re-Exposure to CO at Variable Temperature After
Reaction with NO

This reaction was performed at the ESRF using Energy Dispersive EXAFS on
5% weight [Rh(CO),Cl], supported on Al,O; prepared according to the standard
method ( section 2.6 and 3.7). In each experiment, the sample was exposed to NO for

30 minutes before exposure to CO for 1 hour at various temperatures. The aim of this
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Figure 4.8 Rh K-Edge EXAFS and Fourier transform of [Rh(CO),CI]2
supported on ALO; after reaction with NO (30 mins), CO ( 2 hrs) and NO (30

mins)
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experiment was to investigate the temperature dependence of the regeneration of the
gem-carbonyl species, in order to extract kinetic data about the reaction. This would
potentially further the limits of the uses of EDE. The regeneration temperature was

raised from room temperature in 10°C increments up to 65°C. The spectra of the
nitrosyl species are not shown here as this reaction has been shown by DRIFTS and

EDE to proceed to completion at room temperature.

Figure 4.10 shows the species after re-exposure to CO for 1 hour at 35°C.
This spectrum and all others recorded in this section were acquired in 1.9s. The
spectrum resembles that for the gem-carbonyl species much more closely than that of
the room temperature regeneration (fig 4.6). The bond distances are also more
realistic for a Rh(CO),(CI)(O) species and the statistical errors smaller. The three
peaks in the Fourier transform are more visibly defined and it can be inferred that a
greater degree of regeneration has occurred relative to the room temperature

experiment.

Figure 4.11 shows the spectrum acquired after re-exposure to CO for | hour at
45°C. The Fourier transform resembles that observed for a standard Rh(CO),(O)(Cl)
species (fig 4.3) even more closely than that for the species regenerated at 35°C. The
statistical errors for the fit and the R factor are lower than those for the 35°C species
too. There are three distinct peaks in the Fourier transform at distances that are
diagnostic of the rhodium gem-carbonyl species. This suggests that the regeneration

of the gem-carbonyl species is very nearly or totally complete at this temperature.

The spectrum for the species re-exposed to CO at 55°C is shown in figure
4.12. The quality of the data obtained in this experiment is poorer than that of the
previous two samples. However, the Fourier transform has the shape and bond

distances, which are strongly diagnostic of the rhodium gem-carbonyl species.

Figure 4.13 shows the spectrum acquired after re-exposure to CO for 1 hour at
65°C. The shape of the Fourier transform and the bond distances observed are
virtually identical to those observed for the rhodium gem-carbonyl species (figure

4.3). The fit is of high quality, with low statistical errors and R factor. This result
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Figure 4.10 Rh K-Edge EXAFS and Fourier transform of [Rh(CO),Cl]:
supported on ALOj3 after reaction with NO for 30 mins and CO for 1 hr, at 35°C
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Figure 4.11 Rh K-Edge EXAFS and Fourier transform of [Rh(CO),Cl];
supported on AL,O; after reaction with NO for 30 mins and CO for 1 hr, at 45°C
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Figure 4.12 Rh K-Edge EXAFS and Fourier transform of [Rh(CO),Cl,

supported on ALO; after reaction with NG for 30 mins and CO for 1 hr, at

55°C
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Figure 4.13 Rh K-Edge EXAFS and Fourier transform of [Rh(CO),Cl],

supported on ALQOj; after reaction with NO for 30 mins and CO for 1 hr, at

65°C
8.0
6.0 -

4.0 -

2.0 -

K.xk)

10.0 -

Amplitude

0.0 1.0 20 R/A) 3.0 4.0 5.0

Atom C.N. /A 2671 A?

C 2(0.1) 1.889(2) | 0.003(1)

O 1(0.1) 2.132(3) | 0.001(2)

Cl 1(0.2) 2.360(2) | 0.006(2)

O 2(0.2) 3.008(4) | 0.006(3)

Al 1(0.3) 3.612(6) | 0.016(4)
R=41.42 %
Ff=3.85eV

154



suggests that complete regeneration of the gem-carbonyl species has occurred. There
is no evidence of any remaining nitrosyl species as fits including linear and bent NO

species were attempted.

4.4 Thermolysis of Rhodium Nitrosyl Species

The helium thermolysis (inert atmosphere) of the rhodium nitrosyl species,
generated by exposure of the rhodium gem-carbonyl species to NO for 30 minutes,
was performed at the ESRF using EDE spectroscopy. The first spectrum shown in
figure 4.14 was taken after heating to 120°C. This spectrum and all others recorded in
this section were acquired in 1.8s. The spectrum shows no significant change from the
room temperature Rh(NO7)(0),(Cl) species (figure 4.4). This finding supports the idea
that the Rh-NO™ bond is stronger than the Rh-CO bond, which is broken at this

temperature.

The spectrum of the species after heating to 180°C is shown in figure 4.15.
This spectrum illustrates partial decomposition to small rhodium clusters of the
rhodium nitrosyl species. The degree of decomposition is slight at this temperature
and the surface is still likely to be populated with the starting species. This result
again suggests that the Rh-NO™ bond is stronger than the Rh-CO bond. At this
temperature, the rhodium gem-carbonyl species had been reduced to small rhodium

clusters.

The spectrum shown in figure 4.16 shows the sample after heating to 220°C.
Analysis of the spectrum, involving attempting to fit a variety of models, suggests that
further reduction to rhodium clusters had occurred, though there remained some

Rh(NO)(O),(Cl) on the surface.
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Figure 4.14 Rh K-Edge EXAFS and Fourier transform of [Rh(CO):Cl],

supported on ALO; after reaction with NO for 30 mins and subsequent

thermolysis in helium to 120°C
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Figure 4.15 Rh K-Edge EXAFS and Fourier tramsform of [Rh(CO),Cl},

supported on ALO; after reaction with NO for 30 mins and subsequent

thermolysis in helium to 180°C
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Figure 4.16 Rh K-Edge EXAFS and Fourier transferm of [Rh(CO):Cl],

supported on ALO; after reaction with NO for 30 mins and subsequent

thermolysis in helium to 220°C
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The sample was subsequently heated to 300°C. The spectrum is shown in
figure 4.17, and illustrates the presence of small rhodium clusters on the alumina

surface. This happens at 150°C higher than for the rhodium gem-carbonyl species.

This experiment has served to confirm the greater strength and thermal

stability of the Rh-NO bond relative to the Rh-CO bond.

4.5 NO/CO Reaction of [Rh(CO),Cl}, with Variable Surface
Pre-treatment of TiO, and ALO;

The effect of the pre-treatment of the oxide surface upon the NO/CO reaction
of supported [Rh(CO),Cl], was investigated by DRIFTS spectroscopy. Typically, in
supported systems studies in this thesis, the oxide support is heated to 220°C under
vacuum for 6 hours prior to MOCVD. Brensted acidity derives from the inherent
acidity of surface OH groups present on an oxide. In samples pre-treated as above, the
surface remains largely hydroxylated and should therefore show little Lewis acidity.
Varying the pre-treatment of the surface necessarily alters the concentration of
hydroxyl groups and thus the reactivity of the surface. In this case removal of
hydroxyl groups (20H — H,O + O) will result in one oxygen deficient site per
hydroxyl. This will show Lewis acidity and may be capable of stabilising electron rich
species. As the temperature is raised during pre-treatment, the Brensted acidity is
reduced, and Lewis acid functionalities emerge. In the case of pre-treating TiO; at
700°C under an H; atmosphere, there is conversion of the anatase polymorph to rutile,
evidenced by XRD by T. Campbell at Southaimpton University. There is also a net
reduction of the TiO, surface, promoting the formation of point defects and increasing

Lewis acidity.

The first study involves preparing alumina at 550°C under vacuum, prior to
MOCVD, which occurs according to the procedure detailed in section 2.6. The
reaction with NO occurs at room temperature and the spectra are shown in figure
4.18. The peak at 2145cm’™* is much more prominent than for the sample prepared
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Figure 4.17 Rh K-Edge EXAFS and Fourier transform of [Rh(CO).Cl],
supported on ALO; after reaction with NO for 30 mins and subsequent

thermolysis in helium to 300°C
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Figure 4.18 DRIFTS difference spectra of reaction of [Rh(CO),Cl], supported on

ALO; ( Dehydroxylated at 550°C) with NO and CO: (a) Before exposure to NO,

(b) After reaction with NO for 30 mins, (¢) After reaction with CO for 1 hr, (d)

After reaction with CQO for 2 hrs.
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according to general procedure (figure 4.2). This peak has been attributed to a Rh-
(NO)(CO) species. The NO™ peak at 1742cm™ is weaker and broader than in the
previous case. There is also a weak band at 1920cm’™, which is attributed to a linear
Rh-NO” species. This is the species, which is commonly observed in analogous UHV
systems upon exposure to NO®. The greater level of dehydroxylation of such systems
supports this propesal. The features present in the spectrum between 1200cm™ and
1600cm™ are attributed to surface nitrate/nitrite and carbonate species (see table 4.1),
as well as possible surface water. Re-exposure to CO results in 70% regeneration of
the gem-dicarbonyl species, and complete removal of the Rh-(NO)(CO) band. The

Rh-NO™ and Rh-NO™ bands are unchanged in intensity, even after 2 hours.

This result is even more pronounced for a sample in which the alumina is
heated to 700°C under vacuum for 6 hours prior to MOCVD (figure 4.19). The Rh-
CO band has greater intensity than in the previous sample. Again, there is evidence of
a weak Rh-NO" band at 1920cm™. Re-exposure to CO shows exactly the same results
as the previous example. Again the results show greater similarity to those obtained

under UHV conditions when prepared in a similar way.

Figure 4.20 shows the spectra obtained for the NO/CO reaction for alumina
pre-treated under a hydrogen atmosphere at 700°C for 6 hours prior to MOCVD. This
resulted in an extremely dehydroxylated surface. Although there is a strong Rh-
(NO)(CO) band at 2140cm™, there is no evidence of the Rh-NO™ species in addition
to the broad Rh-NO” species at 1742cm™. Re-exposure to CO for 2 hours results in
70% regeneration of the gem-dicarbonyl species, a bridging carbonyl species at

1840cm™, and a band at 1915c¢m™, which is attributed to Rh-NO™.

This experiment was also performed on titania, pre-treated at higher
temperatures. Figure 4.21 shows the spectra obtained for the NO/CO reaction for
titania pre-treated under H, at 700°C for 6 hours prior to MOCVD. The results are
very similar to those obtained by pre-ireating alumina at the same temperature. The
sharp peak at 2140cm™ is again believed to be a Rh-(NO)(CO) species. The broad
peak at 1740cm™ is diagnosed as the Rh-NO species. There is again a weak band at
1920cm™, which is believed to be the Rh-NO* species. Again, it is believed that the
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Figure 4.20 DRIFTS diiference specira of reaciion of [Rh(CG),Cij, supported oi
ALOj; ( dehydroxylated at 700°C in H,) with NO and CO: (a) Before exposure to
NO, (b) After reaction with NO for 30 mins, (c) After reaction with CO for 1 hr

(d) After reaction with CO for Z hrs.
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Figure 4.21 DRIFTS difference spectra of reaction of {Rh(C0O),Cli], supported on

TiO, ( Reduced at 700°C Under H,) with NO and CO: (a) Before exposure to

NO, (b) After reaction with NO for 30 mins, (¢) After reaction with CO for 1 hr,

(d) After reaction with CO for 2 hrs.



greater dehydroxylation of the surface is related to the nature of the nitrosyl species

[*] ~
, the surfaces are strongly

formed. In UHV studies performed at Southampton®
reduced and Rh-NO" species are observed after exposure of titania supported
[Rh(CO),Cl],. Re-exposure to CO for 2 hours results in 80% regeneration of the gem
dicarbonyl species. There is also a bridging carbonyl band at 1830cm™. There is

however, little attenuation of the NO™ band.

It is possible that the apparent preference for the Rh(CO)(NO) species to form
on the surfaces pre-treated at higher temperatures, is due to the fact that the extra
electron from the NO can be transferred into the Lewis acid sites (present at higher
temperatures). A 16 electron count will apply to the Rh(I) centre and the electron

deficient Lewis may have been filled.

4.6 Conclusions

DRIFTS and EDE studies have shown that exposure of titania or alumina
supported [Rh(CO),Cl]; to NO for 30 minutes results in a substitution reaction with
the gem-dicarbonyl ligands and the formatioh of a Rh-NO™ nitrosyl species and a
mixed Rh(NO)(CO) species (indicated by DRIFTS only). EXAFS studies indicates
the surface species exists as a [O],Rh(NO)(Cl) unit. This nitrosyl species is
characterised by an infrared stretch at 1742cm™, and as a bent ligand in EXAFS
analysis. This surface nitrosyl species is more stable than the gem-dicarbonyl species,
and the reverse reaction to reform the gem-dicarbonyl species does not proceed to
completion at room temperature. Raising the temperature to 65°C upon re-exposure to
CO ensures that the regeneration of the gem-dicarbonyl species proceeds to
completion. Thermolysis of the surface nitrosyl species under a helium atmosphere,

results in the formation of small rhodium clusters on the alumina surface at 300°C.

This experiment confirms the greater strength of the Rh-NO™ bond relative to the Rh-
CO bond. Greater reduction of the surfaces of titania and alumina prior to MOCVD
(by heating at greater temperatures and under a hydrogen atmosphere), results in

changes in the species formed upon exposure of supported [Rh(CO)Cl], to NO.
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There is a strengthening in the intensity of the Rh-(NO)(CO) species formed at for the
more dehydroxylated surfaces (with an exception for alumina reduced under hydrogen
at 7000C), and the appearance of a Rh-NO* band at 1920cm-i. These results bear
greater resemblance to analogous experiments performed in UHV systems??, in which
the surfaces are highly reduced prior to MOCVD. Many of the experiments 1n this
study require further study, particularly the persistence of the Rh-NO- ligand after CO
regeneration in DRIFTS studies, and variable reduction of the surfaces prior to

MOCVD.

4.7 Experimental

Refer to section 3.8 for details of preparation of [Rh(CO),Cl], and surface

supported species.
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Chapter 5

The Surface Organometallic
Chemistry of Rh(CQO),(acac)

Supported on Titania and Alumina
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5.1 Introduction

The organometallic Rh(CO),(acac) is a monermeric, air stahle componnd. Tt
sublimes at ambient temperatures without decomposition, and is thus an ideal
precursor for MOCVD. One of the possible advantages of using Rh(CO),(acac) as a
precursor instead of [Rh(CO),Cl], 1s that the acac ligand is unlikely to affect the
properties of the surface unlike the chlorine in [Rh(CO),Cl], is understood to do'.
However, the surface organometallic chemistry of Rh(CO),(acac) has not been as

widely investigated as that of [Rh(CO),Cl],, and is therefore not as well understood.

The reaction of Rh(CO),(acac) with partially dehydroxylated titania has been
investigated by Rudkin and Williams*. Samples were supported on the oxide surface
by MOCVD in those investigations, and therefore offer results that can be compared
with those from this study. EXAFS spectroscopy indicated that the surface
organometallic species has no observable change in coordination around the metal
centre’. The use of CP-MAS "C NMR has also shown the acac ligand to be retained
on the surface after adsorption’. Rh XPS indicated that the Rh(CO),(acac) remained
unaltered when adsorbed on silica, and after use as a carbon monoxide hydrogenation
catalyst, rhodium metal was formed’. Rh(CO),(acac) has also been attached to

phosphine functionalised polymers, with the evolution of one equivalent on CO*®.

A DRIFTS study of Rh(CO),(acac) supported on partially dehydroxylated
titania was conducted by Williams®. It was observed that surface hydroxyl groups
were consumed during the adsorption process, and the organometallic molecule was

bound to the surface intact.

3

Studies by Tearle on the adsorption of Rh(CO),(acac) onto aluminophosphates
AlPO,-5 and AIPO,-11 again showed no change in the coordination around the
rhodium upon adsorption onto AIPO,-5, though the presence of two coordinated

surface oxygen atoms could be observed from EXAFS studies of Rh(CO),(acac)
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adsorbed onto AIPO,-117. It was again observed, however, that there was no change in
the coordination of the carbonyl or the acac ligand on reaction with either of the

supports.

Studies by Ozin et al. of Rh(CO),(acac) supported into Na-Y Zeolite by wet
impregnation, caused the carbonyl bands of the precursor, observed at 2084cm™ and
2015cm™ to shift to 2103¢m™ and 2039cm™. Photolysis of this sample was considered
to lead to the formation of the gem dicarbony! species, which had infrared bands at
2098cm™ and 2021cm’, accompanied by the formation of Na(acac). The proposed

reaction is:

NaY + Rh(CO),(acac) — Na(acac) + ZO-Rh(CO),

EXAFS studies of the thermolysis of the surface supported species by Rudkin’
have shown all ligand coordination to be lost upon heating to 473K under an inert
atmosphere. Further heating of the sample caused continual growth in the size of the
metal particles. Subsequent exposure to CO caused disruption of these particles, but
formation of any surface supported rhodium carbonyl species was insufficient to be
detected by EXAFS spectroscopy. Reaction of the surface species with hydrogen at
473K caused loss all organometallic ligands and growth of small metal particles.

Exposure to CO was seen to cause a growth in size of the metal particles.

Thermolysis studies using DRIFTS spectroscopy, by Williams®, have shown a
gradual loss in intensity for both CO groups and acac ligand, accompanied by the
growth of a band at 2060cm™ occurring at 475K, which was assigned to a linear
carbonyl species adsorbed on metal particles. Loss of the carbonyl signal was
complete by 573K. Re-exposure of the surface to CO regenerated the gem dicarbonyl

species, which indicated that the rhodium was highly dispersed.

DRIFTS studies by Tearle’ on the thermolysis of Rh(CO),(acac) supported on

AlPO,-5 again showed a reduction in the intensity of the gem dicarbony! band and the

development of a linear carhonvl species at 2060cm™ . EXAFS studies of this system

3
3]
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have shown the formation of small metal particles, with a first shell coordination
number of 4 to become apparent by 423K, with the coordination to two surface atoms
and two carbonyl groups to the rhodium also being observed at this temperature. By
573K, the size of the metal particles had grown, accompanied by the loss of
coordination 1o the carbonyi groups and surface species. Comparative studies of the
thermolysis of Rh(CO),(acac) supported on AIPO,-11, showed no intermediate
carbonyl species during the transition to metal clusters. At 423K the EXAFS spectrum

showed coordination to 2 surface oxygen atoms, and 6 rhodium atoms.

Studies by Jackson et al. of the hydrogenation of CO performed by silica
supported rhodium catalysts found the specific activity to be proportional to the
amount of hydrocarbon residue per active site’. Variation in selectivity was attributed
to variations in the available site geometries on the metal crystallites. It was found that
the catalyst prepared from [Rh(CO),Cl], showed higher activity than that prepared
from Rh(CO),(acac). The latter system did however have the highest selectivity to

ethanal production of all catalysts involved in this study.
Serp et al’ investigated the reaction of Rh(CO),(acac) supported on SiO, with
hydrogen. This supported system was prepared using MOCVD and is thus

comparable to the systems under investigation in this thesis. They suggested that the

acac group may be hydrogenated to form 2-4-pentanedione under an H, stream.

5.2 Adsorption of Rh(CO),(acac) onto TiO, and AL, O,

5.2.1 DRIFTS Study of Adsorption of Rh(CO),(acac) ento TiO,

o]

An infrared spectrum of Rh(CO),(acac) is shown in figure 5.1. The spectrum
was acquired using a KBr disc of the organometallic. The infrared bands observed are
due to the vibrations of the carbonyl and acetylacetonato (acac) ligands of

Rh(CO),(acac). Assignments were made by comparison with a single crystal IR
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Figure 5.1 Infrared (KBr) Spectrum of Rh(CO)s(acac)
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investigation of Rh(CO),(acac)', and comparison with the IR frequencies of the well

studied Fe(acac),; and Cu(acac), complexes (table 5.1).

Rh(CO),(acac) was supported on partially dehydroxylated titania by MOCVD
and a dirference DRIFTS spectrum was taken, using untreated titania as the
background. The spectrum is shown in figure 5.2. There is a slight change in the
v(CO) region of the Rh(CO),(acac) on adsorption, with the high frequency band being
shifted from 2083cm™ to 2090cm™, whilst the lower frequency band remains
unchanged at 2012cm™. This slight increase in frequency of the carbonyl bands
suggests a possible slight weakening of the Rh-C bond due to less backbonding from
the carbonyl ligand to the metal. This may be due to a modification of the electronic
environment of the rhodium upon adsorption to the surface. These carbonyl
frequencies are almost identical to those observed in the [Rh(CO),Cl], system post
thermolysis, and after exposure to CO (3.4.1). In this case the removal of the chlorine
ligands ‘was responsible for the increase in backbonding into the CO antibonding
orbitals, thus reducing the frequency from 2105cm™ and 2025cm™, to 2090cm™ and
2018cm™. EXAFS studies will illustrate this change more clearly and allow inferences
about the nature of the adsorption of the organometallic to the surface to be made. The
broad, positive band from 3000cm™ to 3500cm™ suggests that the Rh(CO),(acac) has
reacted with surface hydroxyl groups upon adsorption to the titania surface. The acac
region of the spectrum is seen to undergo some changes upon adsorption to the titania
surface. There is a significant modification of the band at 1435cm’™, which is assigned
to 8(CH) or v(C-C). The two precursor bands at 1579cm™ and 1552cm’, merge to
form one band at 1582cm™. The precursor band at 1379cm’!, which is associated with
3(CH,), becomes much broader in the surface species. The precursor band at 1272cm’
', which is attributed to v(C-CH,), shifts to 1279cm™ upon adsorption. These changes
are insufficient to suggest a change in the coordination of the acac ligand to the

rhodium centre, or the structure of the ligand itself.

Rh(CO),(acac) was also supported on y-Al,O; prior to EDE studies at the
ESRF, as titania could not be used as a support for such studies (see section 3.2). A

difference DRIF 'S spectrum was recorded (tigure 5.3), and shows no significant
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differences in carbonyl and acac intensities or frequencies from the titania supported
sample. It can be concluded that the organometallic is physisorbed intact to the
surface, and has occurred with the consumption of surface hydroxyl groups. This may
be via a reaction of the surface hydroxy!l groups and the delocalised 7 electrons and

oxygen of the acac ligand.

The data quality of the alumina supported Rh(CO),(acac) is poorer than the
titania analogue, because alumina has a more poorly reflecting surface than titania.
Therefore results from titania studies only are subsequently presented, as the mode of

surface adsorption appears to be identical.

Cu(acac), | Fe(acac); | Rh(CO),(acac), | Rh(CO),(acac),/ TiO, | Assignment

1577 1570 1579 1587 v(C-0)

1549 1552 combination

1529 1525 1525 1528 v(C-C)

1461 1445 1435 1440 8(CH) +
v(C-C)

1413 1425 5,(CH)

1353 1385, 1379 1366 8,(CH)

1360
1274 1274 1279 v(C-CH,)

Table 5.1 Frequencies and assignments of acetylacetonato complexes in the 1700-

1200cm™ region’.

5.2.2 EXAFS Study of Adsorption of Rh(CO),(acac) onto TiO,

The Rh K-Edge EXAFS and Fourier transform for Rh(CO),(acac) supported

on partially dehvdroxvlated titania (se
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Figure 5.4 Rh K-Edge EXAFS and Fourier transform of Rh(CO);(acac)

supported on TiO,
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The spectrum was acquired at the SRS at Daresbury using the in situ EXAFS cell.
Three spectra were averaged to improve the signal to noise ratio. Inclusion of multiple
scattering calculations for the carbonyl group and the acac ligand gave a fit with

structural parameters close to those obtained for Rh(CO),(acac) in crystal structure in

crystal structure determinations, and by EXAFS spectroscopy, see table 5.2.

Parameter | Rh(CO),(acac) Rh(CO),(acac) | Rh(CO),(acac)/ | Rh(CO),(acac)/
X-Ray" EXAFS® TiO,, EXAFS | ALO,, EDE

Rh-C 1.831 A 1.857(4) A 2.058(6) A 2.069(5) A
Rh-O 2.042 A 2.024(4) A 2.074(5) A 2.090(4) A
Rh-O 2.986 A 2.995(5) A 3.131(7) A 3.125(1) A
Rb-C 2973 A 3.028(11) A 3.031(7) A 3.052(4) A
ZRh-C-O | 179° 180° 180°

Z Rh-O-C | 125° 125° 125°

Table 5.2 A comparison of structural parameters for Rh(CO),(acac) both as a

free organometallic, and supported on oxide surfaces

There is one large peak at ~ 2.1A in the Fourier transform spectrum as well as

a smaller peak at ~ 3.1A. The former is attributed to the Rh-C and Rh-O shells from
the carbonyl and acac groups respectively. The latter peak is attributed to the Rh-O
and Rh-C distances, also respectively from the carbonyl and acac groups. The
lengthening of the rhodium-carbonyl distances upon supporting the organometallic
onto titania suggests a weakening of the carbonyl bond. This could be due to bonding
of the rhodium centre to a surface oxygen, either by chemisorption or physisorption.
Alternatively, the lengthening of the Rh-C bond could be due to too much correlation
with Rh-O (acac).The DRIFTS spectra also indicates a slight weakening of the
rhodium carbonyl bond upon adsorption to the TiO, surface (an increase in the

frequency of the carbonyl bands), and indicate the consumption of surface hydroxyl

groups upon absorption. However, the inclusion of a surface oxygen atom in the
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coordination sphere, did not give a significant improvement in the quality of the fit.
The EXAFS data, in conjunction with the DRIFTS results, therefore suggests that

Rh(CO),(acac) is physisorbed on the titania surface.

The Rh K-edge Energy Dispersive EXAFS (EDE) spectrum and its Fourier
transform for Rh(CO),(acac) supported on partially dehydroxylated alumina, are
shown in figure 5.5. The spectrum was acquired at the ESRF at Grenoble using the
catalytic microreactor with the sample maintained under a flow of helium (5ml/min).
The spectrum is an average of 100 scans, each lasting 19 ms (19 frames at 1ms),

resulting in a total acquisition time of 1.9s.

The Fourier transform shows the presence of two coordination shells, the first
main peak is at ~ 2.1A, as well as another large peak at =~ 3.1A. The former is
attributed to the Rh-C and Rh-O shells from the carbonyl and acac groups
respectively. The latter peak is attributed to the Rh-O and Rh-C distances, also
respectively from the carbonyl and acac groups. Inclusion of multiple scattering
calculations for the carbonyl group and the acac ligand improved the fit of the data.
Though the intensities of the peaks are slightly different to the titania supported
sample, the bonding rationale is believed to be the same. Again, no surface oxygen
bond was observed, and the organometallic is believed to be physisorbed to the

alumina surface, possibly via hydrogen bonding from Al-OH with the acac ligand.

5.3 Thermolysis of Rh(CO),(acac) onto TiO, and Al,O,

5.3.1 DRIFTS Study of Thermolysis of Rh(CO),(acac) onto TiO, and
Al O;

The thermolysis experiment was carried out ex-situ under a helium
atmosphere, where samples were heated to the stated temperature for 10 minutes and

transferred to the DRIFTS cell. Spectra were collected at 100 scans, using

[
o
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Figure 5.5 Rh K-Edge EXAFS and Fourier transform of Rh(CO),(acac)

supported on ALO;

5.0
o]
3.0 -
2.0 -

1.01‘

.x()

103

-2.0
-3.0 4
4.0

-5.0 -

10.0

Amplitude

0.0 - 5

2.0

0.0
R /(A)
Atom C.N. /A 262 /1 A?
C 2(0.3) | 2.069(5) | 0.002(1)
5) 2(0.2) | 2.090(4) | 0.603(1)
C 2(8.2) | 3.052(4) | 0.066(2)
5) 2(0.3) | 3.125(7) | 0.012(3)
R =36.28 %
Ef=-0.26 eV

182

5.0



Chapter 5

hydroxylated titania as a background.

A stacked plot of the DRIFTS spectra from the thermolysis experiment is
shown in figure 5.6. The assignments for the starting room temperature spectrum are
given in table 5.1. At 100°C, the intensity of the carbonyl ligands had reduced to 70%
of their original value, though their frequencies remained unchanged. The overall
intensity of the acac region was unchanged, though there were changes in the
intensities of the individual bands. The v(C-O) band at 1580cm™ had decreased
slightly in intensity, and the v(C-C) band at 1528cm™ had sharpened. The bands at
1433cm™ and 1386cm™ had merged to form a broad feature, and the band at 1272cm’™
remained unchanged. By 130°C, the carbonyl intensities had reduced to 40% of their
original intensity, though again the frequencies were unchanged. The trends in the
acac region had continued, with the two main features being the sharp band at
1528cm™ and the broad band in the 1400-1430cm™ region. There was also a
weakening in the intensity of the band at 1272cm™. At 160°C, the carbonyl intensities
had reduced to 20% of their original intensity, and the development of a linear
carbonyl band at 2070cm™ had begun. The acac region is identical to that at 130°C.
By 190°C, the carbonyl features have disappeared, and the acac region consists of two
peaks at 1528cm™ and 1440cm™. The acac features gradually decrease in intensity as
the temperature is raised, until they disappear completely at 310°C. Again, their

frequencies remained unchanged during this process.

The nature of the removal of the carbonyl ligands in this experiment seems
quite different to that of the [Rh(C0O),Cl], analogue (3.4.1). The carbonyl ligands in
the latter system persist until higher temperatures (200°C) and pass through a
distinct linear carbonyl species. In the acac system, there is much less of the

transitional linear species present, and the carbonyl ligands disappear at around

170°C.

There appears to be considerable transformation of the acac ligands between

130°C and 280°C, before complete their complete removal by 310°C. It is possible
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Figure 5.6 DRIFTS difference spectra of Rh(CO)(acac) supported on TiO;
during helium thermolysis: (a) Room temp, (b) 100°C, (¢) 130°C, (d) 160°C, (e)
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that some dehydrogenation of the CH; ligands occurs followed by cleavage of the C-O
ligands. The C-C backbone seems to remain intact until higher temperatures before
removal by 330°C. A deeper understanding of the mechanism could be found from
TPD results, which would monitor the gas phase during the thermolysis, indicating

fragments of the acac ligand desorbed during the experiment.

5.3.2 Energy Dispersive EXAFS Study of Thermolysis of
Rh(CO),(acac) Supported on TiO, and ALO,

The Rh K-edge Energy Dispersive EXAFS experiment for the helium
thermolysis of Rh(CO),(acac) supported on partially dehydroxylated alumina was
performed at the ESRF in Grenoble, at station ID24. The samples were heated at a
rate of 5°C per minute, under a flow of Sml/min of helium. The experiment was time
resolved, with 150 spectra being collected as the temperature was raised from 30°C to

400°C, with each individual spectrum acquired in 0.6 seconds.

The starting spectrum has been illustrated in figure 5.5, showing the surface supported
Rh(CO),(acac) species. No significant changes in the spectrum were apparent until a
temperature of 180°C (apart from the change in the size of the edge jump-see next
paragraph) had been reached, figure 5.7. The shape of the EXAFS is different to that
of the starting species, in that there is greater intensity at higher energies, which is
diagnostic of the presence of heavy backscatterering atoms such as rhodium. The
Fourier transform has the basic shape of that of the Rh(CO),(acac) species, but with
greater intensity in the first and second peaks, corresponding to the distances of the
first and second rhodium shells in a rhodium cluster. Several models were used to try
and fit to the data, including a linear carbonyl species and metal clusters. The best fit
came from a model with a mixture of the Rh(CO),(acac) species and three partially
filled shells of rhodium. The bond lengths of the Rh(CO),(acac) species are consistent
with those found on the previous spectra in this experiment. The rhodium distances
are at 2.69, 3.73, and 4.64A, which are consistent with the distances found in the bulk

metal.

185



Figure 5.7 Rh K-Edge EXAFS and Fourier transform of Rh(CO)(acac)
supported on AL O; after reaction with helium at 180°C
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The data quality of subsequent spectra, illustrated the growth of bulk rhodium
clusters on the alumina surface. The data quality is poor however due to the rapid
acquisition time, and coordination numbers for the clusters have large error values.
The hydrogen thermolysis of Rh(CO),(acac) produced data of superior quality, and

the resulits for this experiment are shown in section 5.5.2.

The final spectrum of the sample after heating to 400°C in helium, is shown in
figure 5.8. There are five peaks in the Fourler transform, the first of which is much
more intense than the other four. A rhodium cluster model was applied to these data,
and the coordination number was refined. The results indicate that the thermolyisis
experiment has generated large clusters of rhodium, as the coordination numbers for
the five shells resemble those of bulk metal. The bond distances also match those

found in bulk rhodium, with deviations no greater than 0.05A.

The results of these experiments agree well with those for the DRIFTS study of the
same reaction in terms of the removal of the carbonyl and acac species and the
formation of rhodium clusters on the alumina surface. The temperature at which the
transition takes place is consistent in both experiments. The differences in results
between the DRIFTS and EDE studies can be explained in terms of the varying
sensitivities of the two techniques. Infrared spectroscopy is particularly sensitive to
the intense bands caused by the C-O stretch, while it will not observe any signal for
metal particles. Conversely, EXAFS spectroscopy is sensitive to large backscattering
atoms such as rhodium. Since EXAFS observes an average signal from all absorbing
atoms, the presence of small metal particles will swamp the signal for any residual
carbonyl groups, which would still be detectable by infrared spectroscopy. This
probably explains why it was impossible to fit a linear carbonyl species to any of the
spectra obtained in this study, as the onset of this species was coincident with the

formation of rhodium clusters.

Figure 5.9. shows a stack plot for the helium thermolysis. The spectra clearly

illustrate the onset of oscillations at higher energies between 180 and 200°C. These

oscillations are indicative of the presence of heavier backscattering atoms, which

187



Figure 5.8 Rh K-Edge EXAFS and Fourier transform of Rh(CO);(acac)

supported on Al,Oj; after reaction with helium at 400°C
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Chapter 5

indicate the onset of formation of rhodium clusters on the alumina surface. Also there
is a significant (60%) drop in the size of the edge jump at 160°C. This is almost
certainly due to the removal of weakly physisorbed surface species. This observation
corresponds well with the idea that Rh(CO),(acac) is physisorbed onto the TiO,
surface, but raises the question of whether the remaining species are simply more
strongly physisorbed or chemisorbed. Certainly the size of the edge jump does not

change again up to 340°C, suggesting two types of surface bond formed.

5.3.3 EXAFS Study of Thermolysis of Rh(CO),(acac) Supported on
TiO,

This experiment was performed using standard EXAFS at the SRS at
Daresbury. A sample of Rh(CO),(acac) supported on partially. dehydroxylated titania
was heated to 150°C in helium for 5 minutes using the in situ EXAFS cell. A
spectrum of the EXAFS and Fourier transform after heating are shown in figure 5.10.
Analysis of the spectrum indicates that the carbonyl and acac functionalities are still
present at this temperature. This result is in agreement with DRIFTS studies, élthough

the carbonyl stretches had shown some attenuation at this temperature.

A spectrum of the EXAFS and Fourier transform after heating to 200°C is
shown in figure 5.11. The spectrum suggests that the carbonyl functionality has been
removed whilst the acac functionality still remains at this temperature. There is also
evidence of bonding to two surface oxygen atoms. The distances are in agreement
with rhodium- surface oxygen distances observed in chapters 3 and 7. This result is

also in agreement with results observed in the DRIFTS study.
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Figure 5.10 Rh K-Edge EXAFS and Fourier transform of Rh(CO);(acac)

supported on TiO, After heating in helium to 150°C
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Figure 5.11 Rh K-Edge EXAFS and Fourier transform for Rh(CO);(acac)
supported on TiO; after reaction with H; at 200°C
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34 CO Regeneration of Thermolysed Rh(CO),(acac)
Supported on TiO,

5.4.1 DRIFTS Study of CO Regeneration

Two separate studies were conducted regarding CO regeneration on this
system. The first was re-exposure to CO after removal of the carbonyl ligands only,

and the second after removal of both carbonyl and acac ligands.

The first experiment involved heating the sample in situ to 130°C under a
helium atmosphere prior to exposing the sample to 1 bar of CO at room temperature
for 1 hour, at a flow rate of 5ml/min. Two main bands are observed after CO
exposure, at 2058cm™, and a broad band at 1892cm™, shown in figure 5.12. The band
at 2058cm™ is attributed to a linear rhodium mono-carbonyl species. This band has
shoulders at 2087cm™ and 2012cm™, which are attributed to the rhodium gem
dicarbonyl species. The intensity of this band is 50% of that of the original gem
dicarbonyl band. The second band is at 1892cm™ and is attributed to a bridging
carbonyl species. The intensity of this band is about 40% of that of the original gem
dicarbonyl band. The acac region of the spectrum is unaffected by the CO exposure. A
further hour of exposure to CO under the same conditions results in a 5% increase in
the intensity of the bands described above. These results can be interpreted in two
ways. Firstly, the thermolysis experiment removes the gem dicarbonyl ligands, with
the acac ligands migrating onto the titania surface. This generates a range of small
rhodium clusters of varying size. Exposure to CO results in generation in a mixture of
gem dicarbonyl, linear carbonyl and bridging carbonyl species, reflecting the range of
sizes of rhodium clusters produced. The other interpretation is that the acac ligand
remains bound to the rhodium as the carbonyl ligands are removed thermolytically. A
few rhodium clusters are produced during the thermolysis, which explains the linear
and bridging carbony! species produced upon re-exposure to CO in addition to the
gem dicarbonyl species which are reformed on rhodium with the acac intact. The

frequencies of the carbonyl bands are identical to those of the initially adsorbed
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species, suggesting that the acac ligand is still bound to the rhodium centre. This is
supported by the observation in the analogous experiment using [Rh(C0),Cl], (3.4.1),
in which the frequencies of the carbonyl bands shifted downfield on exposure to CO

post thermolysis, due to the removal of the electron withdrawing Cl ligand.

The second experiment involves heating the surface supported Rh(CO),(acac)
to 310°C in a helium atmosphere, prior to exposure to 1 bar of CO at room
temperature for one hour at a flow rate of 5ml/min. This experiment produces a broad
gem dicarbonyl band at 2090cm™ and 2023c¢m™, and a broad band at 1806cm™, shown
in figure 5.13. The intensities of these bands are 50% of those of the original gem
dicarbonyl bands of the Rh(CO),(acac). The broadness of the gem dicarbonyl band
suggests that there is also a linear monocarbonyl species present. There is no change
in the acac region of the spectrum upon exposure to CO. These results suggest that the
thermolysis experiment produces small rhodium clusters of varying size. The smaller
clusters probably result in the generation of gem dicarbonyl units upon exposure to
CO, whereas the larger clusters result in the formation of linear and bridging carbonyl
species. Prolonged exposure to CO caused only very slight increases in the intensities
of the respective carbonyl species. The shift to slightly higher frequencies (=5cm™) of
the carbonyl bands in this experiment confirms the removal of the acac ligands and a

resultant change in the electronic environment of the rhodium centres.

5.4.1 EXAFS Study of CO Regeneration

This experiment was performed using standard EXAFS at station 9.2 at the SRS. A
sample of Rh(CO),(acac) supported on partially dehydroxylated titania was heated to
150°C in helium for 5 minutes using the in siru EXAFS cell. A spectrum of the
EXAFS and Fourier transform after heating is shown in figure 5.10. The spectrum
suggests that the carbouyl functionality has been removed whilst the acac
functionality still remains at this temperature. There is also evidence of bonding to -

two surface oxygen atoms. The distances are in agreement with rhodium- surface
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results observed in the DRIFTS study.

The sample was then exposed to CO for 30 minutes at room temperature. The
resulting EXAFS and Fourier transform are shown in figure 5.14. A variety of models
were used to fit the data. lhe best model, however, is one, which suggests
regeneration of the gem dicarbonyl species occurs in a substitution reaction with the
surface oxygen atoms (acac ligands are retained). The bond distances are in agreement
with those observed in the sample before the thermolysis experiment. This result is

again in agreement with that observed in the corresponding DRIFTS experiment.

5.5 Hydrogen Thermolysis of Rh(CO),(acac) Supported on
TiO, and Al,O;

5.5.1 DRIFTS Study of Hydrogen Thermolysis of Rh(CO),(acac)
Supported on TiO, and Al,O;

The thermolysis experiment was carried out ex-sifu under a hydrogen
atmosphere, where samples were heated to the stated temperature for 10 minutes
under a flow of hydrogen, and transferred to the DRIFTS cell. Spectra were collected
at 100 scans, with a resolution of 4cm™', using hydroxylated titania as a background. A
stacked plot of the DRIFTS spectra collected is shown in figure 5.15. The assignments
for the starting room temperature spectrum are given in table 5.1. Room temperature
exposure of the supported system to hydrogen for 10 minutes, resulted in a 20%
reduction in the intensity of the gem dicarbonyl ligands, with no change in their
frequency. A 50% reduction in the gem dicarbonyl intensity is observed after 1 hour,
again with no change in frequency. At 60°C, there is the development of linear
monocarbonyl species and bridging carbonyl species at 2060cm™ and 1844cm’
respectively, in addition to the gem dicarbonyl species. By 80°C, only the linear and
bridging species are present, at 2060cm™” and 1836cm™. At 110°C there are no

observable rhodium carbony! species present on the surface. The overall intensity of

197



Figure 5.14 Rh K-Edge EXAFS and Fourier transform of Rh(CO);(acac) after

heating in helium to 150°C and subsequent exposure to CO for 30 mins

B k)

3.0 4.0 5.0

0.0 1.0 2.0 R/(A)
Atom C.N. r/A 267/ A’
C 2(0.3) | 2.069(5) | 0.002(1)
0 2(0.2) | 2.090(4) | 0.003(1)
C 2(0.2) | 3.052(4) | 0.006(2)
0 2(0.3) | 3.125(7) | 0.012(3)
R =47.09 %
Ef=2.77 eV
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the acac region was unchanged at 110°C, though there were changes in the intensities
of the individual bands. The v(C-O) band at 1580cm™ had decreased slightly in
intensity, and the v(C-C) band at 1528cm™ had sharpened. The bands at 1433cm™ and
1386cm™ had merged to form a broad feature, and the band at 1272c¢m”' remained
unchanged. As the temperature was increased up to 170°C, the trends in the acac
region continued, with the two main features being the sharp band at 1528cm™ and the
broad band in the 1400-1430cm™ region. There was also a weakening in the intensity
of the band at 1272cm’". These intensities weakened together as the temperature was

further increased, and by 240°C, the acac bands had completely disappeared.

Again, the nature of the removal of the carbonyl ligands in this experiment
seems quite different to that of the [Rh(CO),Cl], analogue (3.4.1). The carbonyl
ligands in the latter system persist until higher temperatures (=85°C) and pass through
a distinct linear carbonyl species. In the acac system, there is much less of the
transitional linear species present, and the carbonyl ligands disappear at around 70°C.
The presence of the acac ligand still bound to the rhodium may inhibit the formation
of the linear carbonyl species. EDE studies should make identification of intermediate

species simpler.

5.5.2 EDE Study of Hydrogen Thermolysis of Rh(CO),(acac)
Supported on TiO, and AL, O,

The Rh K-edge Energy Dispersive EXAFS experiment for the hydrogen
thermolysis of Rh(CO),(acac) supported on partially dehydroxylated alumina was
performed at the ESRF in Grenoble, at station ID24. The samples were heated at a
rate cf 5°C per

. o S : | . T . +
inute, under a flow of Sml/min of hydrogen. The experiment was

ey >
Ahiaxdi i, Laiava

time resolved, with 150 spectra being collected as the temperature was raised from

30°C to 295°C, with each individual spectrum acquired in 0.8 seconds.



The starting spectrum, shown in figure 5.16, illustrates the Rh(CO),(acac)
surface species at room temperature. The EXAFS and Fourier transform are very
similar to the previous spectrum of Rh(CO),(acac) supported on alumina, shown in
figure 5.4. The bond distances are also identical to within 0.03A, though the data

quality is slightly poorer because of the more rapid acquisition time.

Figure 5.17 shows the EXAFS and Fourier transform of the sample after
exposure to hydrogen at 90°C. The shape of the EXAFS is different to that of the
starting species, in that there is greater intensity at higher energies, which is diagnostic
of the presence of heavy backscatterering atoms such as rhodium. The Fourier
transform has the basic shape of that of the Rh(CO),(acac) species, but with greater
intensity in the first and second peaks, corresponding to the distances of the first and
second rhodium shells in a rhodium cluster. Several models were used to try and fit to
the data, including a linear carbonyl! species and metal clusters. The best fit came from
a model with a mixture of the Rh(CO),(acac) species and three partially filled shells of
rhodium. The bond lengths of the Rh(CO),(acac) species are consistent with those
found on the previous spectra in this experiment. The rhodium distances are at 2.74,

3.73 and 4.64A, which are consistent with the distances found in the bulk metal.

Figure 5.18 shows the EXAFS and Fourier transform of the sample after

heating to 110°C. It can be seen that the EXAFS has changed considerably from
before in that the greatest intensity is at larger k values, suggesting the presence of
heavier backscattering atoms such as rhodium. The Fourier transform also has a very
different shape to that of the Rh(CO),(acac) species. Such a shape in the Fourier
transform is diagnostic of a rhodium cluster. Several models were again attempted to
fit the data, the best being a rhodium cluster with four shells. The coordination
number was refined and the result was a series of four partially filled shells. The bond

distances are in close agreement with the values found for a rhodium cluster to within

0.05A.

Figure 5.19 shows the EXAFS and Fourier transform of the sample after
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S84ung Gl NYArcgen W 148°C. This SpCCiiuim was aCquiita inn 1. 3CCONGS. 110

201



N 113

Amplitude

Figure 5.16 Rh K-Edge EXAFS and Fourier transform of Rh(CO);(acac)
supported on ALO3
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Figure 5.17 Rh K-Edge EXAFS and Fourier transform of Rh(CO),(acac)
supported on AL,O; After Reaction with H; at 90°C
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Figure 5.18 Rh K-Edge EXAFS and Fourier transform of Rh(CO),(acac)
supported on ALO; After reaction with H, at 116°C
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Figure 5.19 Rh K-Edge EXAFS and Fourier transform of Rh(CO),(acac)
supported on AL Oj after reaction with H, at 140°C
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EXAFS and Fourier transform are very similar in shape to that of the sample after
heating to 110°C. A rhodium cluster model was empioyed and the coordination
number was refined. The results of this show the rhodium clusters to have grown in
size by a small amount relative to the previous experiment. The first two shells have
eleven and five rhodium atoms respectively, which is the same number as that for
bulk rhodium metal. The third shell has a coordination number of nine, and the fourth
has a coordination number of six, relative to twelve for bulk metal. It can be seen that

the coordination number has only increased for the first two shells relative to the

sample heated to 110°C.

The final spectrum was acquired after heating to 220°C. The EXAFS and
Fourier transform for this sample is shown in figure 5.20. There are five peaks in the
Fourier transform, the first of which is much more intense than the other four. A
rhodium cluster model was applied to these data, and the coordination number was
refined. The results indicate that the thermolysis experiment has generated large
clusters of rhodium, as the coordination numbers for the five shells resemble those of
bulk metal. The bond distances also match those found in bulk rhodium, with
deviations no greater than 0.05A. The results of these experiments agree well with
those for the DRIFTS study of the same reaction in terms of the removal of the
carbonyl and acac species and the formation of rhodium clusters on the alumina
surface. The temperature at which the transition takes place is consistent in both
experiments. The differences in results between the DRIFTS and EDE studies can be
explained in terms of the varying sensitivities of the two techniques. Infrared
spectroscopy is particularly sensitive to the intense bands caused by the C-O stretch,
while it will not observe any signal for metal particles. Conversely, EXAFS
spectroscopy 1S sensitive to large backscattering atoms such as rhodium. Since
EXAFS observes an average signal from all absorbing atoms, the presence of small
metal particles will swamp the signal for any residual carbony! groups, which would
still be detectable by infrared spectroscopy. This probably explains why it was
impossible to fit a linear carbdnyl species to any of the spectra obtained in this study,

as the onset of this species was coincident with the formation of rhodium clusters.
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Chapter 5

Figure 5.20 Rh K-Edge EXAFS and Fourier transform of Rh(CO),(acac)
supported on ALLOj after reaction with H; at 226°C

20.0 -
15.0 4
10.0 -

50 4

®.x0)

0.0 \/
-5.0

w

-10.0

150 -

45.0
40.0 +
35.0 -
30.0 +
25.0 -

Amplitude

20.0 -
15.0 4
10.0 -

Atom C.N. r/A 2671 A
Rh 12(1.1) | 2.691(3) | 0.012(1)
Rh 6(0.9) | 3.771(2) | 0.020(1)
Rh 20(2.1) | 4.658(5) | 0.021(2)
Rh 6(0.7) | 5.267(3) | 9.619(3)
Rh 10(1.4) | 5.995(4) | 0.020(6)

207



Figure 5.21 shows a stack plot for the hydrogen thermolysis. The spectra
clearly illustrate the onset of oscillations at higher energies between 80 and 100°C.
These oscillations are indicative of the presence of heavier backscattering atoms,

which indicate the onset of formation of rhodium clusters on the alumina surface.

56 CO Regeneration of Hydrogen Thermolysed
Rh(CO),(acac) Supported on TiO,

5.6.1 DRIFTS Study of CO Regeneration of Hydrogen Thermolysed
Rh(CO),(acac) Supported on TiO,

Two separate studies were conducted regarding CO regeneration on this
system. The first was re-exposure to CO after removal of the carbonyl ligands only,

and the second after removal of both carbonyl and acac ligands.

The first experiment involved heating the sample in situ to 110°C under a
hydrogen atmosphere prior to exposing the sample to 1bar of CO at room temperature
for 1 hour, at a flow rate of Sml/min. Bands appeared at 2086cm™, 2057cm™, 2020cm™
and a broad band at 1893cm™, shown in figure 5.22. These are attributed to a mixture
of gem-dicarbonyl, linear and bridging carbonyl species respectively. They are present
in approximately equal proportions. Subsequent exposure to CO under the same
conditions for one and two hours resulted in a 5% increase in the intensity of all these
carbonyl bands. The acac region of the spectrum is unaffected by the CO exposure.
Again these results can be interpreted in two ways. Firstly, the thermolysis experiment
removes the gem dicarbonyl ligands, with the acac ligands migrating onto the titania
surface. This generates a range of small rhodium clusters of varying size. Exposure to
CO results in generation in a mixture of gem dicarbonyl, linear carbony! and bridging
carbonyl species, reflecting the range of sizes of rhodium clusters produced. The

second interpretation is that the acac ligand remains bound to the rhodium as the
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Chapter 5

carbonyl ligands are removed thermolytically. A few rhodium clusters are produced
during the thermolysis, which explains the linear and bridging carbonyl species
produced upon re-exposure to CO in addition to the gem dicarbony! species which are
reformed on rhodium with the acac intact. Again, the fact that there is no significant
change in the carbonyl frequency relative to the mtially adsorbed species, suggests
that the electronic environment has not changed, and the acac ligand remains bound to
the rhodium centre (¢.f change in carbonyl frequency in post thermolysis exposure to
CO in [Rh(CO),Cl], analogue, 3.4.1). The results of this experiment are very similar
to the helium analogue, 5.4.1, indicating that hydrogen simply lowers the temperature
at which reduction of the rhodium occurs. See section 5.4.1 also for a comparison

with analogous experiment performed on TiO, supported [Rh(CO),Cl],.

The second experiment involves heating the surface supported Rh(CO),(acac)
to 225°C in a hydrogen atmosphere, prior to exposure to 1 bar of CO at room
temperature for one hour at a flow rate of 5Sml/min. This experiment produces bands at
2106cm™, 2092em™, a weak band at 2060cm™, 2012cm™ and 1811lcm™, shown in
figure 5.23. These peaks can be attributed to a mixture of gem-dicarbonyl, linear and
bridging carbonyl species respectively. The band at 2092cm™ may be a gem
dicarbonyl band or a high frequency linear carbonyl band. There is a greater
proportion of the gem dicarbony! (and possibly linear carbonyl) species than the
bridging carbonyl. What can be said with certainty, is that there are rhodium clusters
of varying sizes created by the thermolysis experiment, and a variety of rhodium
carbony! species are generated on exposure to CO at room temperature. The acac
region remains unchanged during the exposure to CO. This experiment, like the
helium anologue, indicates complete removal of the acac ligands during the
thermolysis stage, evidenced by the lowering of the frequencies of the regenerated
gem-dicarbonyl ligands relative to the starting species. These results are very similar
to those observed in the [Rh(CO),Cl], analogue, 3.4.1), but show the gem-dicarbonyl
ligands at much higher frequencies than the héiium analogue (5.4.1). This may be due
to formation of carbonyl species on different size clusters, or on different surface

planes. There could also be a difference in the quantity of gem-dicarbonyl produced.
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Chapter 5

5.6.2 EXAFS Study of CO Regeneration of Hydrogen Thermolysed
Rh(CO),(acac) Supported on Titania

This experiment was performed using standard EXAFS at the SRS at
Daresbury. A sample of Rh(CO),(acac) supported on partially dehydroxylated titania
was heated to 100°C in hydrogen for 5 minutes using the in situ EXAFS cell. A
spectrum of the EXAFS and Fourier transform after heating is shown in figure 5.24.
The spectrum clearly illustrates the presence of small rhodium clusters on the titania
surface. The coordination number has been refined, indicating the presence of two
partially filled rhodium shells. The bond distances are consistent with those for a

rhodium foil.

The sample was then exposed to CO for 30 minutes at room temperature. The
resulting EXAFS and Fourier transform are shown in figure 5.25. A variety of models
were used to fit the data to. The best model, however, consists of a mixture of a
rhodium gem dicarbonyl species bonded to two surface oxygen atoms, and small

rhodium clusters.

5.7 Reaction of Rh(CO),(acac) Supported on Titania with
NO

5.7.1 DRIFTS Study of Reaction of Rh(CO),(acac) Supported on
Titania with NO

A sample of Rh(CO),(acac) supported on titania was reacted with 1

: ™ +3 ; rmed in
atmosphers of NO at room temperature for 20 minutes. The reaction was perfermed i

sity with a flow rate of Sml/min.



Figure 5.24 Rh K-Edge EXAFS and Fourier transform of Rh(CO),(acac) after
heating in H; to 200°C
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Figure 5.25 Rh K-Edge EXAFS and Fourier transform of Rh(CO),(acac) after

heating in H; to 200°C and subsequent exposure to CO for 30 mins
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5.26, shows the characteristic carbbnyl peaks at 2088cm™ and 2012cm™, and acac
peaks at 1585cm™, 1528cm™, 1431em™, 1381cm™, 1366cm™ and 1276em’™, in addition

to a broad positive band in the hydroxyl region of the spectrum (3000-3500cm™).

After exposure to NO tor 20 minutes, the cell was flushed with helium to
remove gaseous NO and other reaction products. The spectrum acquired shows a
broad sharp band at 1698cm™, which is attributed to a Rh-NO™ species'>'"®. This is at a
frequency 40cm™ lower than the than the Rh(NO) species formed in the [Rh(C0O),Cl],
analogue (4.2). There is also no evidence of a stretch at 2145cm™, which is also found
in the [Rh(CO),Cl], analogue. This stretch is attributed to a CO stretch is an
Rh(NO)(CO) species. This species is therefore not present in this case. There are also
changes in the acac region of the spectrum. The peak at 1586¢m™ has attenuated. The
peak at 1528cm™ has lost some intensity and shifted to 1520cm™. The peak at 1431cm’
' has disappeared, and a new, intense peak appears at 1455cm™. This peak may be
attributed to a [Ti-O]-NO, species. The peak at 1381lcm™ has disappeared, and the
peak at 1276cm™ has shifted up to 1318cm™. A possible explanation for these findings

is that exposure to NO causes the removal of the carbonyl ligands as gaseous CO. The

acac ligand is also removed from the metal centre, and is subsequently bound to the

titania support via a reaction of the surface hydroxyl groups and the delocalised =
electrons and oxygen of the acac liagnd. This results in the formation of a Rh(NOY)
species, in agreement with the literature assignments of a nitrosyl band at this
frequency'™"®. The lower frequency relative to the [Rh(CO),Cl], analogue (4.2) is
likely to be due to the absence of the strongly electron withdrawing Cl ligand. The
rhodium centre (Rh(I) has 8 valence electrons) is likely to be bound to three surface
oxygen atoms, and is also possibly still partially bound to the acac ligand. There is no
need for a Rh(I) complex to satisfy the 18 electron rule, as a stable square planar
arrangement is favoured on crystal field grounds, thus requiring 16 electrons. A
square planar arrangement is also preferred over a tetrahedral geometry on crystal
field grounds. There ic insufficient evidence from the DRIFTS experiment to be

certain of the coordination around the metal centre, although most of the literature

examples of inorganic nitrosyl complexes are 5-coordinate rather than 4'*°,
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5.7.2 Post NO Reaction Exposure to CO of Rh(CO),(acac) Supported
on TiO,

Following exposure of Rh(CO),(acac) supported on titania to NO for 20
minutes, the sample was exposed to 1 atmosphere of CO for 2 hours at room
temperature, at a flow rate of Sml/min. The reaction was conducted in situ, and is

illustrated in figure 5.27.

After 2 hours of exposure to CO, there is the appearance of a band at 2134cm’
'. It is possible that CO causes reduction of the NO, producing N, and oxidised
rhodium. It is possible that the Rh-NO™ reacts to form a Rh(CO)(NO) species, as the
observed carbonyl frequency is too high to be due to CO adsorbed upon Rh metal
particles. There is also a slight shift in position of the NO™ band to 1705cm™ during
exposure to CO, suggesting a change in the electronic environment, brought about by
the Rh-CO bond formed. There is no obvious attenuation of the Rh-NO™ band after
further exposure, and it is thus inferred that the Rh-NO species prevails. The species
formed is very similar to that formed when [Rh(CO),Cl], is exposed to NO (4.2), and
is likely to be a Rh(CO)NO) surface species. The acac region of the spectrum is

unchanged during and after exposure to CO.

5.8 Conclusions

DRIFTS and EXAFS spectroscopies indicate that Rh(CO);(acac) is adsorbed
intact onto the partially dehydroxylated surfaces of TiO, and Al,O;. DRIFTS
spectroscopy indicates that surface hydroxyl groups are consumed upon adsorption to
both surfaces, though EXAFS indicates that there is no coordination to surface atoms.
It is possible that hydrogen bonds are formed between the surface hydroxyl groups
and the acac ligands. Thermolysis under a helium atmosphere results in removal
firstly of the carbonyl ligands at 160°C, and the acac ligands at approximately 300°C.

There is no evidence from DRIFTS or EXAFS spectroscopy of a linear carbonyl
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Figure 5.27 DRIFTS difference spectra showing reaction of Rh(CO);(acac)

supported on TiO, with NO and CO: (a) After reaction with NO for 30 mins, (b)

After reaction with CO for 1 hour, (c) After reaction with CO for 2 hours.
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species being formed during decomposition of the carbonyl ligands. EDE
spectroscopy indicates the development of rhodium coodination during thermolysis,
and the presence of small clusters on the surface at 320°C. The mode of acac
decomposition is not understood, though TPD experiments would offer some clues to
this. Re-exposure to CO after thermolysis to 190°C results in the regeneration of a
mixture of gem-carbonyl, linear and bridging carbonyl species. The acac ligand is
believed to be retained by most of the rhodium atoms during this experiment. The
linear and bridging carbonyl species are possibly formed on rhodium atoms which
have also lost the acac ligand, and formed small clusters at this temperature. It is

possible that a disproportionation reaction takes place during the thermolysis process:

3Rh'(acac) — Rh"(acac), + 2Rh°

Exposure to CO of species which have been thermolysed to 300°C, again
results in the formation of a mixture of the above three carbonyl species. Thermolysis
under a hydrogen atmosphere results in identical results to that of the helium

analogue, except the carbonyl ligands are removed at 90°C, and the acac ligands at

240°C. There is however, evidence from the DRIFTS experiment of a linear carbonyl
intermediate during the carbonyl decomposition in this experiment. EXAFS indicates
the formation of small rhodium clusters during this experiment. Re-exposure to CO
produces identical results to the helium thermolysis analogue. The reaction of
Rh(CO),(acac) supported on TiO, with NO at room temperature was investigated by
DRIFTS spectroscopy. The carbonyl ligands were exchanged for a Rh(NO) ligand,
and there were changes in the acac region of the spectrum. The coordination around
the rhodium atom would be better understood by the use of EXAFS spectroscopy, and
details of gaseous species evolved by temperature programmed desorption. Re-

exposure to CO for 30 minutes at room temperature results in the appearance of a
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5.9 Experimental

Though Rh(CO),(acac) was first prepared by Bonati and Wilkinson", this
study has employed the subsequent simpler method of Varshavskii and Cherkasova'®.
Acetylacetone (4ml) was added to a solution cf RhCl.nH,O (1g) in DMF (20ml). The
solution was boiled for 30 minutes to cause a colour change to orange/brown. The
solution was allowed to cool before adding water to cause precipitation of the product.
After separating the product by filtration, it was washed with ethanol and ether before
recrystallising from hexane. The product was characterised by NMR spectroscopy: 'H
2.05 (CH,), 5.62 (CH); “C 27.11 (CH,), 101.8 (CH), 187.4 (CO), and infrared

spectroscopy (see section 5.2.1).

Preparation of the surface supported organometallic species species for
DRIFTS and EXAFS studies, by MOCVD was conducted according to the general
procedure, given in section 2.7. Rh(CO),(acac) (60mg) was deposited onto partailly
dehydroxylated titania (Degussa P25,0.5g) or y alumina (Degussa, 0.5g), by heating
the organometallic at 50-60°C for three hours. This gave a 5% weight metal loading
on the support. During the deposition of the organometallic the titania turned a pale
green colour, and the alumina a yellow-green colour. The sample was treated as air
sensitive as was thus stored in a Schlenk tube under an argon atmosphere, and

refrigerated until used.
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Chapter 6

The Surface Organometallic
Chemistry of Pd(acac), Supported on

Titania



6.1 Introduction

Metal [-diketonates can be used as precursors for the thermal and
photochemical production of homogeneous and heterogeneous catalysts, and thin
films'. Pd(acac); is an ideal precursor for MOCVD as it is air stable and volatile. The
structure of Pd(acac), has been determined by single crystal X-ray diffraction, and has

been found to have a square planar symmetry™.

Pd(acac), is used as a homogeneous catalyst for the decarboxylation-
hydrogenolysis of propargyl formates which have internal acetylenic bonds. The
Pd(0) catalyst is prepared from Pd(acac), and n-BusP in a 1:1 mixture, and affords

disubstituted acetylenes in high yield with a high selectivity”.

A 1:1:1 mixture of Pd(acac),: PPhs: BF;0Et; catalyses the oligomerisation of
styrenes”. Styrene conversion at optimum conditions (Temp 70°C, B/Pd = 7, P/Pd =
2) was as high as 75000 mol of CgHg per mole of Pd in 7 hours, with a selectivity to

dimers, mostly diphenylbut-1-ene, up to 93%.

The surface organometallic chemistry of Pd(acac), supported on high area

67 One of the possible

silica and alumina has been studied by several groups
advantages of using Pd(acac), as a precursor instead of PdCl, is that the acac ligand is
unlikely to affect the properties of the surface unlike the chlorine is understood to do®.
Pd-VO,/ yALL O3 catalysts prepared from Pd(acac); and V(acac); have been shown to

be active for the reduction of NO to N,®.

Pt(acac),, which is a close analogue of Pd(acac),, adsorbs undecomposed on

high surface area silica. The fourfold coordinated Pt(Il) cannot form additional
coordinations to the surface; only the delocalised n electrons of the acetyl acetonate
ligands and free electron pairs of the ligand oxygens may form hydrogen bridges with
the surface silanol groups. Therefore, it is assumed that the metal acetyl acetonates

interact via hydrogen bridges with silanol groups of the silica surface’. On alumina
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Pt(acac), is partly decomposed by the catalytic action of the acidic and basic sites of
the support surface. The surface reaction involves the split of acetyl acetonate ligands,
which adsorb on Al*” sites in their enolate form, and possibly the further conversion
to acetone and acetic acid strongly adsorbed on AI’* sites. In consecutive reaction

[T A U, O S

b ol id & F Fori surtace caikenat
Ho; O ig 1Tomi QCCOmposiiion 1oim suiface carbonates.

{Cps Caroon OXiGls originati
A study by Krishankutty er a/'®, discusses the importance of the pretreatment
conditions in the preparation of carbon supported Pd catalysts with clean and active
Pd crystallites capable of chemisorption and hydrogen adsorption. Carbon from the
Pd(acac), precursor contaminated both the bulk and surface of Pd crystallites in Pd/C
and Pd/SiO, catalysts during a standard hydrogen reduction pretreatment at 573K, but
this carbon was removed by calcination in oxygen. Additional contamination of the
surface and bulk of Pd crystallites by carbon atoms from the support occurred during
a subsequent reduction-evacuation period at 573K for Pd catalysts supported on high
surface area turbostratic carbon black. This contamination can be prevented by a
chemisorbed layer of oxygen on the Pd surface obtained by cooling the catalyst in
oxygen to 300K after calcination and conducting subsequent exposures to hydrogen at

a lower temperature of 373K.

The Heck reaction of acrylonitrile with iodobenzene takes place on 5% Pd
supported on Al,O3 and MgO, prepared from Pd( acac),''. Cinnamonitrile is the major
product in the CH3;CN medium with Pd(acac), and Pd/MgO catalysts in impregnated
and reduced forms. 3,3-diphenyl acrylonitrile is formed as a minor product in the

consecutive reaction of the cinnamonitrile with iodobenzene.

The thermochemical behaviour of Pd(acac), adsorbed onto differently pre-
treated magnesium oxides have been studies by means of the TPRD (temperature-
programmed reductive decomposition) technique coupled to mass spectrometry'”. The
thermal profiles of the different decomposition products, including acetone and
isopropanoi, have been rationalised in terms of chemical interactions with the support,
and then correlated with the catalytic properties in the dehydrocyclisation reaction of

n-heptane.



6.2 Adsorption of Pd(acac), onto Titania

6.2.1 DRIFTS Study of Adsorption of Pd(acac), onto Titania

An infrared spectrum of Pd(acac); is shown in figure 6.1. The spectrum was
acquired by preparing a KBr disk of Pd(acac),, and was acquired in transmission
mode with 100 scans. The infrared bands observed are due to the vibrations of the
acetylacetonato (acac) ligands of Pd(acac),. Assignments were made by comparison
with a single crystal IR investigation of Pd(acac);, and comparison with the IR

frequencies of Fe(acac); and Cu(acac), complexesn’m.

Pd(acac), was supported on partially dehydroxylated titania by MOCVD and a
difference DRIFTS spectrum was taken, using untreated titania as the background,
illustrated in figure 6.2. The broad, positive band from 3000cm™ to 3500cm™ suggests
that Pd(acac), has reacted with the surface via possible formation of hydrogen bonds
between the acac ligands and the surface hydroxyl groups. The acac region of the
spectrum is seen to undergo some changes upon adsorption to the titania surface. The
two precursor bands at 1569cm™ and 1550cm™, which are attributed to v(C-O)
stretches, merge to form one band at 1592cm™. The band at 1527em”, which is
attributed to v(C-C), remains unchanged. There is the development of a new band at
1435cm™ in the supported species, which is assigned to 8(CH) or v(C-C). The
precursor band at 1397cm™, which is associated with 8(CHj;), becomes broader and
less sharp in the surface supported species. The precursor band at 1357cm™, which is
attributed to 8(CHj), shifts to 1366cm™ in the supported species. The precursor band
at 1272cm’, which is attributed to v(C-CHs), shifts to 1279cm™ upon adsorption.
Though there are several differences between the spectra of the unsupported and
supported species, these are insufficient to suggest a change in the coordination of the

acac ligand to the palladium centre, or the structure of the ligand itself. The

physisorbed intact to the surface, and has occurred with the consumption of surface
hydroxyl groups. This may be via a reaction of the surface hydroxyl groups and the

delocalised m electrons and oxygen of the acac ligands.
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Cu(acac); Fe(acac); Assignment Pd(acac), Pd(acac),/TiO,
1577 1570 v(C-0) 1569 1592

1549 Combination | 1549

1529 1525 v(C-C) 1524 1527

1461 1445 3(CH) + v(C- 1485

<)

1413 1425 34(CHs3) 1396 1396

1353 1385, 1360 3s(CH3) 1357 1366

1274 1274 v(C-CHj) 1272 1272

Table 6.1. A comparison of infrared frequencies (cm'l) from various

acatylacetonato compoundsu.

6.2.2 EXAFS Study of Adsorption of Pd(acac); onto Titania

The Pd K-Edge EXAFS and Fourier Transform for Pd(acac), is shown in
figure 6.3. The spectrum was acquired in transmission mode at the SRS in Daresbury,
at station 9.2, using the EXAFS sample holder. The organometallic was ground up in
boron nitride to give a metal loading of 5% weight. Three spectra were averaged to
improve the signal to noise ratio. Inclusion of multiple scattering calculations for the
acac ligand gave a fit with structural parameters close to those obtained for Pd(acac),
in crystal structure determinations (see table 6.2). There is one main peak in the
Fourier transform at =24, corresponding to the Pd-O distance. The second, smaller
peak at ~3A, corresponds to the Pd-C distance. The fit was not improved by

attempting to fit subsequent carbon atoms at greater distances.

The Pd K-Edge EXAFS and Fourier transform for Pd(acac), supported on
partially dehydroxylated titania (see section 6. for method) is shown in figure 6.4. The
spectrum was again acquired at station 9.2 at the SRS, using the in situ EXAFS cell.
Three spectra were averaged to improve the signal to noise ratio. Inclusion of multiple
scattering calculations for the acac ligand gave a fit with structural parameters close to
those obtained for Pd(acac), in crystal structure determinations. The bond distances
are greater than in the pure organometallic by ~0.05A. This may be due to a

weakening of the bonding of the palladium to the acetylacetonate group due to

229




1 .1(k)

Amplitude

Figure 6.3 Pd K-Edge EXAFS and Fourier transform of Pd(acac),

10,0
8.0 1
6.0
40
20
0.0
20
40 -
6.0 -
8.0 -

0.0 -

20.0 -
18.0 -
16.0 -
14.0 -
12.0 -
10.0 -
8.0 -
6.0
4.0 -
2.0 -

0.0 -
0.0

Atom C.N. /A 26° /1 A2

0 401y | 2.0312) | 00041

Uk

C 4(0.1) | 3.056(4) | 0.008(1)

b
(V8]
<



Figure 6.4 Pd K-Edge EXAFS and Fourier transform of Pd(acac), supported ¢n
TiO,
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bonding to the TiO, surface. No Pd-O(surface) shell could be fitted to the data,
indicating that the Pd(acac), is physisorbed intact to the TiO, surface. This is in
agreement with the results from the DRIFTS experiment. There is also a peak at ~4A
in the spectrum, which could possibly be due to Pd-Pd interactions in the physisorbed

layer. However, any attempts to fit a Pd sheil to the data were unsuccesstul.

Parameter | Pd(acac); X-Ray” | Pd(acac),, Pd(acac),/ TiO,,
EXAFS EXAFS

Pd-O 1.976 A 2.031(2) A 2.038(4) A

Pd-C 2916 A 3.056(4) A 3.061(6) A

£ Pd-O-C | 125° 125° 125°

Table 6.2. A comparison of structural parameters for Pd(acac); both as a free

organometallic, and supported on oxide surfaces

6.3 Thermolysis of Pd(acac), Supported on TiO,

6.3.1 DRIFTS Study of Thermolysis of Pd(acac), Supported on

Titania

The thermolysis experiment was carried out ex-sifu under a helium
atmosphere, where samples were heated to the stated temperature for 10 minutes and
transferred to the DRIFTS cell. Spectra were collected at 100 scans, using
hydroxylated titania as a background. The spectra acquired during this experiment are

shown in figure 6.5.

By 100°C, there is very little change in the acac region of the spectrum. The
only change is a reduction in intensity of the peaks at 1396¢m™! and 1366cm'1, which
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Figure 6.5 DRIFTS difference spectra of Pd(acac), supported on TiO, during
helium thermolysis: (a) Room temp, (b) 100°C, (c) 130°C, (d) 160°C, (e) 190°C,
(H220°C, (g)280°C, (h) 330°C.



At 130°C, there is a reduction in intensity of the bands at 1592cm’’ and
1523cm™. These observations suggest possible dehydrogenation and subsequent C-C
and C-O bond cleavage of within the acac ligand, though no reaction mechanism can
be inferred from the data. The bands at 1396cm™ and 1366cm™ have almost
disappeared at this tempcraturc. Theic is viry little change in the spectium beiween
130°C and 160°C. At 190°C, the peak at 1591cm™ has almost disappeared (C-O). The
peaks at 1396cm™ and 1366cm™ have disappeared at this temperature. At 220°C, the
main remaining peaks at 1527cm™, 1483cm™, 1450cm™ and 1262cm™ have reduced
in intenéity slightly. At 250°C, the peak at 1483cm™ has almost disappeared, whilst
the others are relatively unchanged from 220°C. At 280°C, the only discernible peaks
are observable at 1538cm™ (C-C), and 1441cm™, (C-H). These two peaks are also
observable at 310°C, and at 330°C, there are no observable peaks. It can be concluded
that at this temperature, there are palladium metal clusters of varying size on the
titania surface. Though the DRIFTS experiment carefully monitors the progress of the
thermolysis experiment, it is difficult to deduce the reaction mechanism with certainty
from these data. There appears to be considerable transformation of the acac ligands
between 130°C and 280°C, before complete their complete removal by 330°C. It is
possible that some dehydrogenation of the CHj; ligands occurs followed by cleavage
of the C-O ligands. The C-C backbone seems to remain intact until higher
temperatures before removal by 330°C. A deeper understanding of the mechanism
could be found from TPD results, which would monitor the gas phase during the
thermolysis, indicating fragments of the acac ligand desorbed during the experiment.
EDE would also monitor the environment of the palladium during the thermolysis
experiment. Changes in the acac coordination, and the palladium clustering process

could be observed using this technique.

6.3.2 EXAFS Study of Thermolysis of Pd(acac), Supported on Titania

A sample of Pd(acac), supported on TiO,, was heated to 330°C in helium,
using the in situ EXAFS cell. The EXAFS and Fourier transform are shown in figure
0.0. Alier covling ithe XAS spectrum was acquired. Three spectra were acquired and
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Figure 6.6 Pd K-Edge EXAFS and Fourier transform of Pd(acac), supported on
TiO, after heating to 200°C in He
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Chapter 6

averaged in order to improve the signal to noise ratio. There are three peaks in the
Fourier transform. The first is the main peak at 2.75A, which corresponds to the first
shell of four palladium atoms. The second shell at 3.81A, corresponds to the second
shell of three palladium atoms. The third shell is observed at 4.72A, and contains 3
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palladium foil with an FCC structure'”. These results indicate that the thermolysis
experiment has caused removal of the acac ligands, resulting in the formation of small
palladium clusters. These clusters are smaller in size than those produced from
analogous thermolysis experiments using [Rh(CO),Cl]; and Rh(CO),(acac) supported
on TiO; (chapters 3 and 5). This could be due to the fact that the acac ligand has
greater thermal stability that the CO ligand, and clustering is limited until all the acac

ligands are removed, whereas the process can commence earlier in the other systems.

6.4 CO Adsorption onto Thermolysed Pd(acac), Supported

on Titania

6.4.1 DRIFTS Study of CO Adsorption

Following the thermolysis experiment in which the acac ligands were removed
thermolytically under an inert atmosphere, the sample was exposed to one atmosphere
of CO for two hours at room temperature. The CO was exposed at a pressure of 1 bar
and at a flow rate of Sml/min. This experiment serves as a probe for investigation of
the size of the palladium clusters formed from the thermolysis experiment, as the type
of palladium carbonyl species formed is indicative of the cluster size, as well as the
surface planes present in the small metal particles’®. The spectra acquired for this

experiment are shown in figure 6.7.

. . . ' , " R B -1 -
After one hour there are peaks observapie at 20950cm ' 1815cm™ and a broad
band at 1900-1960cm™. These are attributed to a linear Pd-CO species, a three fold

bridging carbonyl species and a two fold bridging carbonyl species respectively. The
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Figure 6.7 DRIFTS difference spectra of Pd(acac), supported on TiO, during CO

regeneration After helium thermolysis to 330°C: (a) Room temp, (b) Heated to

330°C, (¢) 1 hr CO exposure, (d) 2 hrs CO exposure.
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this stage of the experiment are. The width of this band and the presence of other
palladium carbony! species indicates that there are clusters of widely varying size on
the surface, as well as a variety of surface planes exposed. The linear carbonyl species
are likely to be present on smaller palladium clusters, whereas the bridging carbonyl
species are indicative of larger clusters. After two hours of cxposurc to CO at room
temperature, all the described carbonyl species increase in intensity. The linear
carbonyl species stretch intensity doubles, as does the intensity of the two fold
bridging carbonyl species. The intensity of the three fold bridging carbony!l species

increased by a factor of four and is easily the most intense of the carbonyl species

present on the surface.

6.4.2 EXAFS Study of CO Adsorption

A sample of Pd(acac), supported on TiO, was first heated to 330°C in helium,
before exposure to CO for 30 minutes, using the in situ EXAFS cell. The EXAFS and
Fourier transform, are shown in figure 6.8. There are three peaks corresponding to
palladium shells in the Fourier transform. The coordination numbers are virtually
unchanged within the limits of error. Although some carbonylation may have
occurred, the EXAFS signal is likely to be swamped by the heavy palladium atoms,

and is thus unnoticeable.

6.5 Hydrogen Thermolysis of Pd(acac), Supported on TiO;

6.5.1 DRIFTS Study of Hydrogen Thermolysis of Pd(acac),
Supported on TiO,

The hydrogen thermolysis experiment was carried out ex-sitz under a
hydrogen atmosphere, where samples were heated to the stated temperature for 10

minutes and transferred to the DRIFTS cell. Spectra were collected at 100 scans,
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Figure 6.8 Pd K-Edge EXAFS and Fourier transform of Pd(acac), supported on
TiO, heated to 200°C in He and subsequently exposed to CO for 30 mins
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using hydroxylated titania as a background. The spectra acquired during this

experiment are shown in figure 6.9.

The room temperature spectrum shows the characteristic infrared stretches

associated with Pd{acac), supported on titania, with stretches at 1552¢w™, 1525cm”,
-1 -1 -1 4. .. .. .
1485cm™, 1396¢m™, 1366em™ and 1272em”, in addition to a broad positive band in

the hydroxyl region of the spectrum (3000-3500cm™).

Exposure to a stream of hydrogen at a pressure of 1 bar for 10 minutes at room
temperature, results in a 30% reduction in the intensity of the acac region of the
spectrum, with no change in the frequencies or relative intensities of the bands. After
40 minutes at room temperature the intensity of the acac region has reduced to 50% of
the original intensity. There is a reduction in intensity of the peaks at 1396cm™ and

1366cm™, which have been attributed to 84(CHs) and 8(CH3) respectively.

After heating to 100°C, there is a significant change in the intensity of the acac

! are significantly

region of the spectrum. The peaks at 1592cm™ and 1525ecm’
attenuated. The peaks at 1396cm™ and 1366cm™ have also disappeared. The
remaining peaks are at 1488cm™ and 1272cm’™. There is also an increase in the
relative intensity of the peak at 1448cm™. Upon heating to 140°C, the band at
1527cm’ has weakened and broadened, and the band at 1448cm™ has relatively (to
that at 1488cm™) intensified. At 180°C the peaks at 1483cm™ and 1272cm™ have
almost disappeared, leaving peaks at 1518cm™ and 1457cm™. At 200°C, the peaks at
1518cm™ and 1457cm™, shift to 1538cm™ and 1440cm™’. They also appear sharper
and are weaker in intensity than at 180°C. All peaks in the acac region of the
spectrum have disappeared after heating to 220°C in hydrogen. The progress of the
decomposition of the acac ligands is very similar to that of the helium thermolysis
experiment (6.3), except the reaction proceeds at substantially lower temperature due
to the reductive environment created by the hydrogen. The interpretation of the results
is therefore the same, and the discussion is found in 6.3.1. This resuit is again similar
to analogous results found using supported rhodium organometallics (chapters 3 and

5), in that reduction of the supported organometallic to metallic clusters occurs at

donificantly lower meperﬂTurpQ 1nder a hyﬂrngpn atmnoenheras
onit v iower temperatures under a hyvdrngen atmao

Spodaes .
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Figure 6.9 DRIFTS difference spectra of Pd(acac), supperted on TiO, during
hydrogen thermolysis: (a) Room temp, (b) H, Room temp 10 mins, (¢) H, Room
temp 30 mins, (d) 100°C, (e) 140°C, (f)180°C, (g) 200°C, (h) 220°C.

241



Chapter 6

6.5.2 EXAFS Study of Hydrogen Thermolysis of Pd(acac), Supported
on TiOz

A sample of Pd(acac), supported on TiO,, was heated to 220°C in hydrogen,
using the in sifu EXAFS cell. After cooling the XAS spectrum was acquired. Three
spectra were acquired and averaged in order to improve the signal to noise ratio. The
EXAFS and Fourier transform are shown in figure 6.10. There are four peaks in the
Fourier transform. These correspond to successive palladium shells. The bond
distances are in close agreement with those observed for a palladium foil with an FCC
structure’”. The clusters generated are larger than those formed from the
corresponding helium thermolysis experiment. This is due to the reducing nature of
the hydrogen atmosphere under which the thermolysis was conducted. Again though,
the clusters formed are smaller than those formed under analogous conditions using
rhodium organometallics (chapters 3 and 5). A discussion of the possible reasons for

this 1s found in 6.3.2.

6.6 CO Adsorption onto Hydrogen Thermolysed Pd(acac),
Supported on Titania

6.6.1 DRIFTS Study of CO Adsorption onto Hydrogen Thermolysed
Pd(acac), Supported on Titania

Following the hydrogen thermolysis experiment in which the acac ligands
were removed, the sample was exposed to 1 atmosphere of CO at room temperature
for two hours. Results obtained have shown that the hydrogen thermolysis results in
the creation of palladium clusters. The nature and distribution of sizes of these
clusters can be probed by exposure to CO at room temperature. The types of carbonyl
ligand formed are indicative o
formed, as well as the surface planes present'®. CO was exposed to the thermolysed
sample in situ at a flow rate of Sml/min. The spectra acquired from this experiment

are shown in figure 6.11.

[
=
[N



Figure 6.10 Pd K-Edge EXAFS and Fourier transform of Pd(acac), supported on
TiO heated to 200°C in H,
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Chapter 6

After 1 hour, there has been the development of three peaks in the carbonyl
region of the spectrum. The most intense peak is at 181 lem™, which is attributed to a
three fold bridging carbonyl species. This is indicative of CO reacting with large
clusters of palladium. The next most intense peak is a broad band at 1944cm™, which
that there are a variety of palladium surfaces exposed upon which the two fold
bridging species is forming. The weakest peak is a sharper stretch at 2090cm™, which
is attributed to a linear carbonyl species. Such species are believed to form on
monodispersed palladium or very small palladium clusters. A further hour of exposure
to CO under the same reaction conditions results in very little change in the spectrum.
The intensities of the linear and three-fold bridging sites remain unchanged. There is a
change in the two-fold bridging band, with the most prominent peak now at 1879cm™.
The acac region of the spectrum remains unchanged during this experiment. These
results suggest that the hydrogen thermolysis experiment has generated palladium
clusters with a variety of sizes, with a variety of surface planes exposed. The results
also indicate that most of the regeneration has occurred within the first hour of

exposure to CO.

The results of the experiment are very similar to that where CO is exposed to
the He thermolysed species. There appears to be a greater proportion of the three-fold
bridging carbony! species in this experiment, suggesting that larger palladium clusters
have been formed. This is in agreement with results obtained in an analogous
experiment performed on a single crystal'®. These results agree with the EXAFS
results obtained in 6.4.2, which indicate the formation of larger Pd clusters under the

more reductive hydrogen atmosphere.

6.6.2 EXAFS Study of CO Regeneration of Hydrogen Thermolysed
Pd(acac), Supported on Titania

A sample of Pd(acac); supported on TiO, was first heated to 220°C in

hydrogen, before exposure to CO for 30 minutes, using the in situ EXAFS cell. The



Figure 6.12 Pd K-Edge EXAFS and Fourier transform of Pd(acac); supported on

TiO; heated to 206°C in H; and subsequently exposed to CO for 30 mins
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EXAFS and Fourier transform are shown in figure 6.12. There are four peaks
corresponding to palladium shells in the Fourier transform. The effect of the CO is
observed to have caused a slight growth in the size of the clusters. Again, some
carbonylation may have occurred, but the EXAFS signal of any carbonyl groups is

e e s | PRI D LI g I N | coded
C SWailipea vy lieavy palladiuul backscaticiers.

6.7 Reaction of Pd(acac), Supported on TiO, with NO

6.7.1 DRIFTS Study of Reaction of Pd(acac), Supported on TiO, with
NO

A sample of Pd(acac), supported on titania was reacted with 1 atmosphere of
NO at room temperature for 20 minutes. The reaction was performed in situ with a

flow rate of Sml/min.

The room temperature spectrum of Pd(acac), supported on titania, figure 6.13,
shows the characteristic acac peaks at 1587cm’, 1523cm™, 1435cm™, 1386¢cm’™,
1366cm™ and 1276cm™, in addition to a broad positive band in the hydroxyl region of

the spectrum (3000-3 SOOcm'l).

After exposure to NO for 20 minutes, the cell was flushed with helium to
remove gaseous NO and other reaction products. The spectrum acquired shows a
broad sharp band at 1718cm™, which is attributed to a Pd-NO" species”. There are
also changes in the acac region of the spectrum. The peak at 1586cm™ has attenuated
and shifted to 1568cm™. The peak at 1523cm™ has lost almost all its intensity. The
peak at 1435cm™! has shifted to 1446cm™. Two sharp peaks at 1378¢m™ and 1351em™
have replaced the peak at 1386cm’™, and the peak at 1276cm™ has moved to 1294cm’™.
A possible explanation for these findings ’is that exposure to NO causes the removal of
one or both of the acac ligands which may subsequently be bound to the titania
support via a reaction of the surface hydroxyl groups and the delocalised n electrons

and oxygen of the acac liagnd. This results in the formation of a PA(NO)™ species, in
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Figure 6.13 DRIFTS difference spectra of Pd(acac), supported on TiO,: (a)
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agreement with the literature assignments of a nitrosyl band at this frequency'’

In order to satisfy the requirement for an 18 electron metal centre, the
palladium centre (Pd(II) has 8 valance electrons) is likely to be bound to three surface

A

| RSO P DRSS S o VS S vy
Souna 1o one or vuth of the acac

1 P
oxygen atoms, and is alse possibly still partially

J
ligands. This is under the assumption that the palladium remains monodispersed
during the process. The 18 electron rule would of course not be relevant if the surface
species is square planar. The geometry of the molecule could be deduced by EXAFS
analysis, and would be a valuable future experiment on this system. There is
insufficient evidence from the DRIFTS experiment to be certain of the coordination

around the metal centre.

6.7.2 Post NO Reaction Exposure to CO of Pd(acac), Supported on
TiO,

Following exposure of Pd(acac), supported on titania to NO for 20 minutes,
the sample was exposed to 1 atmosphere of CO for 2 hours at room temperature, at a
flow rate of 5ml/min. The reaction was conducted in situ, and is illustrated in figure

6.14.

After 1 hour, there is the development of a weak band at 1970cm’™, which is
attributed to a two-fold bridging palladium carbonyl species. There is a slight
attenuation of the Pd-NO™ peak at 1718cm™ and a shift to 1724cm™. There is very
little change in the acac region of the spectrum, with a slight intensification of the
peak at 1377cm™. After a further hour of exposure to CO, there is a slight
intensification of the peak at 1970cm™ and attenuation of the peak at 1723cm", which
shifts again to 1728cm’™. These findings can be rationalised by the conclusion that a
slow or partial substitution reaction takes place between the Pd-NO™ and Pd»-CO
species. The role of the acac ligand in this mQchoﬂ ic not yet understood. The results

obtained suggest that the Pd-NO" species is easily formed and is chemically stable.
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Figure 6.14 DRIFTS difference spectra of Pd(acac), supported on TiO,: (a) After
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6.8 Conclusions

DRIFTS and EXAFS spectroscopy indicate that the MOCVD of Pd(acac),
onto partially dehydroxylated TiO; results in the organometallic being adsorbed
intact, with the consumption of surface hydroxyl groups upon adsorption. The
thermolysis of the supported organometallic under an inert atmosphere results in
removal of the acac ligands by 330°C, though the process of reduction begins at
around 150°C. The mechanism of the removal of the ligands is not understood,
though temperature programmed desorption and energy dispersive EXAFS
spectroscopy may offer some clues to this. EXAFS spectroscopy indicates the
formation of small rhodium clusters occurs by 200°C during the thermolysis
experiment. Re-exposure to CO after thermolysis results in the formation of linear and
bridging carbonyl species, evidenced by DRIFTS spectroscopy. The results of
thermolysis under a hydrogen atmosphere result in total removal of the acac ligands
by 220°C, evidenced by DRIFTS and EXAFS spectroscopy. EXAFS indicates the
formation of small rhodium clusters at this temperature. DRIFTS, again indicates
regeneration of linear and bridging carbonyl species upon exposure to CO, post
thermolysis. Exposure to NO at room temperature resulted in the formation of a
Pd(NO) species. The coordination of the acac ligand was observed to change, though
the bonding to the palladium is not understood. EXAFS spectroscopy would assist in
understanding the nature of the reaction with NO. Re-exposure to CO results in a very
small development of a bridging carbonyl species, though the NO and acac regions

are hardly attenuated by the exposure to CO.

6.9 Experimental

Pd(acac), was purchased from Aldrich. It exists as a yellow powder and is
characterised by infrared spectroscopy (figure 6.1 and table 6.1).
Preparation of the surface supported organometallic species for DRIFTS and

EXAFS studies, by MOCVD involves deposition of Pd(acac), (80mg) onto partially

[ 3]
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Chapter 6

dehydroxylated titania (Degussa 0.5g), according to the general procedure given in
section 2.7. Heating the organcmetallic sample to 70°C for 3 hours caused

sublimation, resulting in the titania becoming a yellow colour.
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Chapter 7

The Surface Organometallic
Chemistry of Rh(sulphos)(cod)
and Rh(sulphos)(CO), Supported

on Silica
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7.1 Introduction

Organometallic compounds have been widely studied in order to prepare metal
sites with well defined composition on inorganic supports and to elucidate catalytic

reaction mechanisms at a molecular level.

The surface chemistry of rhodium has been deeply investigated', however the
reactivity of isolated Rh(I) surface sites during catalytic conditions is still an open

question”.

The new ligand NaO;S(C¢Hs)CH,C(CHz-PPhy)s(sulphos) has been
synthesised by Bianchini er a’. The application of zwitterionic Rh(I) complexes
Rh(sulphos)(cod) and Rh(sulphos)(CO), in liquid biphasic catalysis has been
demonstrated for the hydrogenation of styrene and the hydroformylation of 1-hexene
respectively3 . The latter reaction gives C; alcohols in an alcohol/hydrocarbon system
and C; aldehydes in an alcohol-water/hydrocarbon system. All rhodium is recovered
in the polar phase at the end of the catalytic reactions. Rh(sulphos)(cod) is also an
efficient liquid-biphase catalyst precursor for the hydrogenation and hydrogenolysis
of benzo[bjthiophene to 2,3-dihydrobenzothiophene and 2-ethylthiophenol,
respectively®. In all these biphasic reactions, the rhodium complexes remain in the
polar phase. The catalyst recycling and/or separation for eventual reactivation
procedures, however, require a tedious and somewhat demanding manipulation under

an inert atmosphere.

Sulphos makes its metal complexes exclusively soluble in light alcohols,
which have very low miscibility in hydrocarbons at room temperature. This ligand
offers the advantage of a low steric hindrance on the donor atoms giving stable
complexes with many transition metals in different oxidation states. The hydrophilic
sulphonated tail, other thain making the complex soluble in polar solvents, offers ihe
possibility of grafting the complex onto an inorganic support. The heterogenisation of

Rh(sulphos)(cod) and Rh(sulphos)(CO), ‘is anticipated as a viable technique to
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facilitate the recycling of the expensive Rh catalysts as well as widen their range of

application to catalysis.

It is hypothesised that the organometallic precursors can be grafted onto high
with an immobilisation procedurc bascd uniquely on the capability
ot the sulphonate tail of the sulphos to link the silanol groups of the support via
hydrogen bonding. Catalysts obtained by this technique are denoted supported
hydrogen bonded (SHB) catalysts. A similar heterogenisation strategy has previously
been employed for the preparation of supported transition metal oxide catalysts as
well as supported aqueous phase (SAP) catalysts’. These latter, however, involve the

immobilisation of water-soluble complexes into a thin surface water film®.

This study comprises of EXAFS and *'P CP-MAS NMR experiments on
various rhodium organometallic compounds, both as pure compounds and supported
species. Particular attention is paid to Rh(sulphos)(cod) grafted to silica and various

associated gas reactions.

EXAFS experiments were conducted at Station 9.2 at the SRS, Daresbury. All
spectra were recorded at the Rh K-edge. All pure organometallic samples were ground
up with boron nitride prior to recording the spectra, in order to give a metal content in
them of approximately 10%. The silica supported organometallic samples were loaded
‘neat’ into the EXAFS cell, as the metal loading was approximately 5%. Three scans
were acquired for each sample to improve the signal to noise ratio of the acquired
data. On all the plots displayed, the EXAFS is k> weighted. Solid lines represent
experimental data, while the dashed lines show the phaseshift corrected theoretical

model.

Solid State NMR experiments were recorded at room temperature on a Bruker
AM 300 spectrometer equipped with a 4mm BB-CP MAS probe working at a
frequency of 121.30MHz at the both at the University of Southampton, and the

University of Milan, in Italy.
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Chapter 7

7.2 EXAFS Study of Rhodium Foil

Figure 7.1 shows the EXAFS and Fourier transform and derived structural
parameters for rhodium foil obtained by scanning EXAFS on Station 9.2 at Daresbury
laboratory. Two scans of the foil were acquired and then averaged to improve the
signal to noise ratio. The bond lengths obtained for rhodium metal by X-ray
crystallography are also shown. The spectrum shows coordination numbers expected
for an FCC structure, up to the fifth shell, which shows a coordination of 12 rather
than the expected fifth shell value of 24. It is only with the fourth coordination shell
that the bond length shows any appreciable disagreement with the X-ray value. The
inclusion of multiple scattering had no effect on the quality of the fit of the data to the
proposed model. Crystallographic values were obtained from the CDS database using

CCDL.

7.3 RhCl(PPh;);; Wilkinson’s Catalyst

An XAS spectrum of Wilkinson’s catalyst, RhCI(PPh;);, was acquired to
provide a standard approximation for distances from a rhodinm centre bonded to three
triphenylphosphine groups, which are characteristic of the systems under investigation

in this study.

The Fourier transform of the EXAFS spectrum shown in figure 7.2 indicates
the presence of three coordination shells, two of which have low intensity. The first
shell is fitted to both the Rh-P and Rh-Cl ligand groups. The Rh-P and Rh-Cl bond
lengths are in close agreement with the crystal structure data’®%'®. The second and
third Fourier transform shells are fitted to carbon atoms from the phosphine phenyl
groups. The number of carbon atoms quoted is the ‘best fit’ value, whereby the

coordination number was refined and validated with reference to the crystal structure.
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Figure 7.1 Rh K-Edge EXAFS and Fourier transform for rhodium foil. (Solid

lines show actual spectra, dotted lines show theoretical spectra)
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Chapter 7

Figure 7.2 Rh K-Edge EXAFS and Fourier transform for Wilkinson’s catalyst.
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2 AN
= - / . )
g [ N WA o, I
dt I3 . Ay F ia A
i 1 i PR EA i
.f \ s)f.o ijmc o WO 7 4.0
v/ -1
Wok/(A
6.0 -
14.0 -
12.0 -

Amplitude

6.0 -
4.0 -
2.0 -
0.0 : : , ,
0.0 1.0 2.0 3.0 4.0 5.0 6.0
R /(A)
Atom C.N. A X-Ray 2671 Al
Bond
Length /A
P 3 2.262(2) 2.310 0.007(4)
Cl I 2.366(2) 2.377 0.001(4)
C 4 3.322(1) ~3.300 0.015(3)
C 5 3.634(2) ~3.650 0.022(5)
- |
R=23.73%

Ef=0.04 eV,

259



7.4 [IRhCl(cod)],

An XAS spectrum of this organometallic was acquired to provide a reference
for the distances of the carbon atoms in the (cod) group from the rhodium centre in a
system similar to those being investigated. The crystal structure is well established

and distances can be compared to those obtained in the XAS experiment.

Figure 7.3 indicates that there are four coordination shells in the Fourier
transform, the first two of much greater intensity than the last two. The first shell is
fitted to the first four carbon atoms of the cyclo-octadiene (cod) group at 2.11A. The
second shell is fitted to the two bridging chlorine atoms at 2.40A. The second
equidistant group of four carbons from the (cod) group, account for the third shell at
3.05A. Further afield is the other rhodium atom from this dimeric compound. The
Fourier transform peak is observable at about 3.52A. The data obtained agree well

with the crystal data obtained for this molecule'"'%%.

7.5 Rh(sulphos)(cod)

7.5.1 EXAFS Study of Rh(sulphos)(cod)

An XAS spectrum of Rh(sulphos)(cod) was acquired in order to provide a

comparison with that of the silica supported species.

Figure 7.4 indicates that the main peak in the Fourier transform comprises of
four equidistant carbon atoms from the (cod) group and the three phosphorus atoms.
The carbon atoms of the (cod) group are about 0.2A further away from the Rh than in
[RhCl(cod)],, consistent with the greater trans influence of the P donors as compared
with p-Cl as well as the fact that, in the zwitterionic complex, the positive charge is
localised on the Rh atom. The phosphorus atoms are the only atoms from the sulphos

group, which can clearly be assigned. The Rh-P distances are quite consistent with

those (D ’%67/&) nhtained hy X-ray methods for [Rh(fripnd)(nnd)]ﬁpm where Tripod 19
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Figure 7.4 Rh K-Edge EXAFS and Fourier transform for Rh(sulphos)(cod)
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the tripodal ligand PhCH,C(CH,PPhy);, differing from sulphos only for having a
benzyl substituent in place of the sulphonated-benzylic tail'*. It is possible to assign
variable numbers of carbon atoms from the phenyl groups. The number of phenyl
carbons which gave the best fit whilst having a sensible Debye-Waller factor was five.
No single crystal data is available for this compound. The molecule Rh(sulphos)(cod)

is illustrated below:
03 Of\ﬁf; i
P\ é

Figure 7.5 Rh(sulphos)(cod)

7.5.2 Solid State NMR Study of Rh(sulphos)(cod)

A solid state *'P NMR spectrum of Rh(sulphos)(cod) was recorded using the
cross polarisation sequence under magic angle spinning at a spinning rate of 10KHz at
room temperature. The 90° pulse was 3.9us and the contact pulse was Ims. The

spectrum was collected after 80 scans using a recycle time of 10s.

The spectrum contains three phosphorus resonances at 3 23.8, 0.5 and -3.5 for
an 3, of ca. 6.9 not too far from the solution shift (8 5.8) given the sensitivity of the
3P shifts to solvent and temperature. Variable temperature solution 3 1P{lH}NMR
spectra indicate a fast rearrangement between a square pyramidal and trigonal-
bipyramidal structure'’. Due to the geometrical constraints of the tripodal ligand, no
five-coordinate metal complex with triphos can assume a perfect square pyramidal or

rigonal-bipyramidal structure in the solid state. The complexes invariably adopt more
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or less distorted geometries depending on the co-ligands. A distorted trigonal-
bipyramidal structure has been determined for the iridium derivative Ir(sulphos)(cod),
which has been characterised by X-ray diffraction methods'®. On the basis of the CP-
MAS *'P NMR spectrum, Rh(sulphos)(cod) may be tentatively assigned to a structure
closer to a square pyramid than to a trigonal bipyramid. In square pyramidal
geometry, the peak at lowest field (8 23.8) can be assigned to the axial P atom which

has no trans olefinic ligands.

7.6 Rh(sulphos)(CO),

An XAS spectrum of Rh(sulphos)(CO), was acquired in order to provide a

comparison with that of the silica supported species.

There are three characteristic peaks in the Fourier transform of the EXAFS
spectrum, shown in figure 7.6. The first is assigned to the two carbon atoms belonging
to the carbonyl groups at 1.87A. The second peak at 2.35A is assigned to the three
phosphorus atoms. The third peak, at 3.00A, is assigned to the two oxygen atoms of
the carbony! groups. Multiple scattering is employed here to the carbonyl groups, with
an optimised bond angle of 180° between the rhodium, carbon and oxygen atoms.
Multiple scattering significantly improves the quality of the fit of the data to the
Rh(sulphos)(CO),; model. No single crystal data has been found for this compound.
The molecule Rh(sulphos)(CO), is illustrated below:

038 F;)+

~ 0, —CO

F)/CO

Figure 7.6 Rh(suiphos)(CO),
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Figure 7.7 Rh K_Edge EXAFS and Fourier transform for Rh(sulphos)(CO),
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7.7 Rh(sulphos)(cod) on silica

7.7.1 EXAFS study of Rh(sulphos)(cod) on silica

The appearance of the Fourier transform of the EXAFS spectrum of this
sample, shown in figure 7.8, is very similar in appearance to that of the unsupported
sample. Only two shells of atoms are detectable here, which coalesce into one peak in
the Fourier transform. Four equidistant carbon (cod) atoms are observable at 2.08A, as
are three phosphorus atoms at 2.28A. Both bond lengths from the rhodium to these
ligands are shortened by approximately 0.07A. This is possibly related to the bonding
of the organometallic to the surface. It is expected that the organometallic bonds to the
surface via the sulphos SO;™ group with abstraction of a proton from an OH group on
the silica surface. Indeed, it is generally agreed that the hydrogen bonding of the
hydrated sodium sulphonate groups to the OH groups present at the surface of silica is
responsible for the immobilisation of triphenylphosphine trisulphonate complexes”.
This idea is supported by the fact that the EXAFS of the supported system is almost

identical to that of the pure organometallic, indicating little or no modification to the

electronic environment of the rhodium atom.

7.7.2 Solid state NMR study of Rh(sulphos)(cod) on silica

The CP MAS °'P NMR spectrumn of Rh(sulphos)(cod) supported on silica
consists of two signals centered at § 23.7 and -2.1. The asymmetric profile of the

latter peak indicates that different types of phosphorus may be present.

Despite the expected shift dispersion and line broadening as compared to the
unsupported sample, the spectra of the unsupported and supported sample are

o - oo <xra PP b R, £ f o~ AN A Y ar
nd thus consistent with the immobilisation of the (cod) complex

jav]
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substantially similar

on the silica through a functional group away from the coodination sphere.



Figure 7.8 Rh K-Edge EXAFS and Fourier transform for Rh(sulphos)(cod)

supported on silica
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7.8 Rh(sulphos)(cod) on silica after reduction in H, at 120°C

It was anticipated that exposure of the silica supported Rh(sulphos)(cod) to
one atmosphere of hydrogen at 120°C for one hour may cause substitution of the cod
ligand for two monohydride ligands, and a single dihydrogen ligand. This should lead
to a noticeable change in the shape of the EXAFS spectrum, as there would be a
significant change in the nature of the backscattering atoms present. However, the
spectrum here, shown in figure 7.9 is almost identical to the previous unreduced
sample. Various fits to the data were attempted, resulting in the conclusion that the

sample was unchanged after being exposed to hydrogen for an hour at 120°C.

7.9 Rh(sulphos)(cod) on silica after reaction with C,H4:CO:
H,

A sample of Rh(sulphos)(cod) reduced in hydrogen at 120°C, was exposed to
a 1:1:1 mixture of C;H4, CO and H; at room temperature, each gas having a partial
pressure of 1 bar. It was hoped that the reduced supported organometallic would
catalyse the insertion of CO into C>Hy to produce the aldehyde, propanal, C;HsO.
However, the EXAFS spectra and Fourier transform, shown in figure 7.10, show no
change from the initial supported organometallic. The assigned structure to the
spectrum acquired was that of the supported organometallic, Rh(sulphos)(cod). It was
anticipated that the hydrogen exposure at 120°C would result in substitution with the
(cod) ligand. The resulting hydride was hoped to catalyse the insertion reaction, to
produce the aldehyde. It seems that the failure of the reduction step resulted in an

unchanged and unreactive organometallic.
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Figure 7.9 Rh K-Edge EXAFS and Fourier transform for Rh(sulphos)(cod)

supported on silica after reduction in hydrogen at 120°C
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Figure 7.10 Rh K-Edge EXAFS and Fourier transform for Rh(sulphos)(cod)
supported on silica after reaction with C;Hy: CO and H,
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7.10 Rh(sulphos)(cod) on silica after reaction with CO

This sample was reduced in a hydrogen atmosphere at 120°C before being
exposed to CO at room temperature for one hour. Exposure to hydrogen for one hour
at 120°C was expected to result in substitution of the cod ligands for two
monohydride ligands. It was anticipated that exposure to CO would result in
substitution of the monohydride ligands for two carbonyl ligands. Again, as in the
previous case, the EXAFS spectrum and Fourier transform, shown in figure 7.11,
indicates that the silica supported Rh(sulphos)(cod) remains unchanged. The failure of
any reaction with CO is probably due to the failure of the reduction under hydrogen

step of the reaction.

7.11 Rh(sulphos)(cod) on silica- sample 2

A spectrum of a second sample of Rh(sulphos)(cod) was acquired prior to a
series of reactions, to confirm the nature of the surface supported species. The EXAFS
spectrum and Fourier transform shown in figure 7.12, agrees well with the first
sample of silica supported Rh(sulphos)(cod). Again only two shells of atoms are
detectable, which coalesce into one peak in the Fourier transform. Four equidistant
carbon atoms from the (cod) group are observable at 2.08A, as are three phosphorus
atoms at 2.28A. Both bond lengths from the rhodium to these ligands are shortened by
approximately 0.07A. This is probably related to the bonding of the organometallic to

the surface, which is discussed in section 7.7.1.

7.12 Rh(sulphos)(cod) on silica after reduction in H,

Contrary to the previous hydrogen reduction experiment, the Fourier transform
of the EXAFS spectrum (figure 7.13) shows a very different shape to that of the
supported organometallic prior to reduction. The (cod) ligand appears to have

disappeared and has probably been replaced by a hydride species. Other spectroscopic
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Figure 7.11 Rh K-Edge EXAFS and Fourier transform for Rh(sulphos)(cod)

supported on silica after reduction and exposure to CO at room temperature
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Figure 7.12 Rh K-Edge EXAFS and Fourier transform for Rh(sulphos)(cod)

supported on silica

E.qk)

18.0 ~
16.0
14.0
12.0
10.0 -

Amplitude

8.0
5.0
4.0
2.0

0.0

Atom C.N. r/A 2071 A°

C 1 205e(1y | eor7(n

R=31.26%
ri=7.25 eV

273



Figure 7.13 Rh K-Edge EXAFS and Fourier transform for Rh(sulphos)(cod)

supported on silica after reduction in hydrogen
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techniques would be required to clarify this as EXAFS is incapable of identifying
hydrogen due to its low electron density. The three phosphorus atoms are clearly
evident at a slightly greater radius than previously, which may be due to the
substitution of the (cod) ligand for groups with greater frans influence such as hydride
ligands. The cther peak in the spectrum has been attributed to carbon fiom the pheuyl

groups adjacent to the phosphorus atoms.

7.13 Rh(sulphos)(cod) on silica after reaction with C,H,: H,

A sample of Rh(sulphos)(cod) reduced in hydrogen at 120°C, was exposed to
a 1:1 mixture of C,H, and H, at room temperature, each gas having a partial pressure
of 1 bar. It was hoped that the reduced supported organometallic would catalyse the
hydrogenation of C,Hy to produce ethane, C,Hg. The XAS was recorded after the
reaction had proceeded, and the EXAFS and Fourier transform, shown in figure 7.14,
indicates that a variety of C,H, ligands are bound to the rhodium atom, while the
phosphorus atoms from the sulphos ligand remain unchanged. On the basis of their
distances to rhodium, the carbon atoms are tentatively assigned to both alkyl and
alkene species. There was no indication of the formation of contiguous Rh-Rh sites,
indicating that the catalytic active sites are isolated Rh atoms. This is an interesting
observation, as site-site isolation is not guaranteed by immobilisation of a metal

e 18
complex on silica .

7.14 Rh(sulphos)(CO), on silica

The EXAFS spectrum and Fourier transform for the silica supported
Rh(sulphos)(CO), is very different from that of the unsupported sample. Figure 7.15
shows only one main peak in the Fourier transform, which corresponds to two shells
of three phosphorus atoms at 2.25A, and two carbonyl oxygen atoms at 2.63A
respectively. There is a small peak at 1.79A, which corresponds to the two carbonyl
carbon atoms. Multiple scattering was employed to improve the fit at a carbonyl bond

angle of 180°. The nature of bonding of the organometallic to the
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Figure 7.14 Rh K-Edge EXAFS and Fourier transform for Rh(sulphes)(cod)

after reduction in hydrogen and reaction with C;Hy and H,
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Figure 7.15 Rh K-Edge EXAFS and Fourier transform for Rh(sulphos)(CO);

supported on silica
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surface is again believed to proceed via the sulphos SOs” group with abstraction of a
proton from an OH group on the silica surface. The authenticity of the sample was
successfully verified (by L. Sordelli at the Istituto Nazionale di Coordinamento sulle
Metodologie e Tecnologie Chimiche Innovative, in Italy) in light of the differing

PR |
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natures of the EXAFS of the supported
be treated with some scepticism, as the carbonyl distances are unrealistic, and the
effect of multiple scattering is not nearly as significant as for the unsupported
organometallic. It is more likely that the sample has been oxidised, removing most of
the carbonyls from the rhodium. The results of this experiment and subsequent

reactions upon this sample are included for completeness.

7.15 Rh(sulphos)(CO), on silica after one hour in O, at
120°C

Rh(sulphos)(CO), supported on silica was reacted in a stream of oxygen gas
for an hour at 120°C. The subsequent EXAFS spectrum and Fourier transform, shown
in figure 7.16 shows that there is no apparent change in the local structure of the
species around the rhodium atom. The local environment around the rhodium atom is,
however, the same as for the unsupported organometallic (fits to other atoms were
attempted). Once again, the different shape of the spectrum can only be assigned to
the fact that Rh(sulphos)(CO), is now supported on silica, or more realistically, that
the rhodium environment has changed through oxidation. The bond distances of the
carbon atoms of the carbonyl group have increased by 0.1A from the previous
spectrum. The rhodium- phosphorus distance is much the same as in the unsupported
sample. The conclusion drawn is that the species is unchanged structurally upon
bonding to the silica (though oxidation appears to have removed most of the carbonyl
groups), and bonding has again occurred via the oxygen groups of the sulphonate tail,
away from the metal coordination sphere. Reaction with oxygen at 120°C leaves the

species unchanged



Figure 7.16 Rh K-Edge EXAFS and Fourier transform for Rh(sulphos)(CO);

supported on silica after reaction in O, at 120°C
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7.16 Rh(sulphos)(CO), on silica after one hour in N, at
120°C

Rh(sulphos)(COY, supported on silica was reacted in a stream of nitrogen gas
for an hour at 120°C. The subsequent EXAFS spectrum and Fourier transform, shown
in figure 7.17 shows that there is no apparent change in the local structure of the
species around the rhodium atom. The spectrum is almost identical to that of
Rh(sulphos)(CO); heated in a stream of oxygen gas at the same temperature. Again, it
is most likely that oxidation of the sample has resulted in loss of most of the carbonyl
groups. The bond distances of the carbonyl group and phosphorus groups are
unchanged from before. It can again be concluded that the silica supported

Rh(sulphos)(CO), has not reacted with nitrogen at 120°C.

7.17 Conclusions and further work

This study has shown that heterogeneous, immobilised polyphosphine metal
catalysts have been produced. These are denoted surface hydrogen bonded (SHB)
catalysts. The organometallics, Rh(sulphos)(cod) and Rh(sulphos)(CO), are believed
to be hydrogen bonded to the silanol groups of the surface via the sulphonate groups
far away from the phosphorus donor atoms of the ligands. In this way, all the metal
centres are potential reagents dispersed on a very high interfacial area. There has been
no evidence of the formation of contiguous Rh-Rh sites, indicating that the catalytic

active sites are isolated Rh atoms.

These surface hydrogen bonded complexes have been shown to be versatile
and thermally robust despite the ~SO; "HOSi- interaction not being as chemically
robust as the covalent bonding commonly employed to immobilise organometallic
complexes of wide use in heterogeneous catalysis. Rh{sulphos)(cod) supported on
silica has been shown to catalyse the hydrogenation of ethene. More recent studies
have shown that silica supported Rh(sulphos)(cod), suspended in a hydrocarbon

solvent, is an easily recyclable hydrogenation and hvdroformylation catalystlg.
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Figure 7.17 Rh K-Edge EXAFS and Fourier transform for Rh(sulphos)(CO);

supported on silica after reaction with N, at 120°C
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Solid state NMR studies have indicated that the metal centre has a near square
pyramidal geometry, and that there is little structural change in the vicinity of the
metal upon tethering to the silica surface. The latter finding supports the belief that
-drogen bonding occurs via the sulphos gioup of the organvweiallic

complex.

Further work on the silica-supported organometallics would involve
attempting the hydroformylation reaction again. The crucial step is the reduction in
hydrogen, which may permit the hydroformylation reaction to proceed. The
hydroformylation of 1-hexene has been successfully demonstrated for silica supported
Rh(sulphos)(cod) in a hydrocarbon solvent'. Hydrogenation and hydroformylation
reactions of silica supported Rh(sulphos)(CO), require investigation, as these

reactions have been successfully demonstrated in liquid biphase conditions'®.

7.18 Experimental

All the samples used in this study were prepared by a research group at the
Istituto Nazionale di Coordinamento sulle Metodologie e Tecnologie Chimiche
Innovative, in Italy. All the pure organometallic compounds and surface supported
organometallics were treated as air sensitive, and manipulations were therefore

performed under an inert atmosphere using standard Schlenk techniques.

Samples were loaded into the EXAFS cell in a glove box at Daresbury

laboratory, and maintaned under an inert atmosphere during the XAS experiment.
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Conclusion

This study has investigated the surface chemistry of rhodium and palladium
organometallics supported on high area inorganic oxides. The organometallic
precursors have been sublimed (by MOCVD) under reduced pressure onto partially
dehydroxvylated oxide surfaces. The chemictry of the supported species has been
investigated using EXAFS, EDE, DRIFTS and TPD techniques. EXAFS allows the
coordination of the metal atom under investigation to be elucidated. EDE additionally
enables the kinetics of reactions of the supported organometallics to be investigated.
DRIFTS enables investigation of the metal ligands of supported organometallics. TPD

allows analysis of gaseous species produced during reactions of surface supported

species.

[Rh(CO)Cl]; is supported on AlLO; and TiO, as a chemisorbed
[O]JRh(CO)(Cl) unit. Thermolysis under a helium and hydrogen atmosphere results in
removal of the gem-dicarbonyl ligands via a linear carbonyl species, and the
formation of rhodium metal clusters on the oxide surface. Reduction occurs at 90°C
under a hydrogen atmosphere, whilst proceeding at over 200°C under an inert
atmosphere. Re-generation of the gem-dicarbonyl! species occurs after exposure of the

thermolysed species to CO at room temperature for 1 hour.

Reaction of [Rh(CO),Cl}, supported on ALO5 and TiO, with NO results in the
formation of a rhodium carbonyl-nitrosyl species: [O];Rh(NO)(Cl) and a mixed
[O]Rh(CO)NO)(C) species. The rhodium gem-dicarbonyl species can be regenerated
by exposure to CO for 2 hours. This reaction does not proceed to completion at room
temperature, and is fully achieved by exposing to CO at 65°C. The rhodium nitrosyl
species 1s more thermally stable than the corresponding gem-dicarbonyl species.
Temperatures of 300°C are required under an inert atmosphere, to fully remove the
ligands, and cause clustering of the rhodium on the alumina surface. Greater reduction
of the surfaces of titania and alumina prior to MOCVD (by heating at greater
res and under a hydrogen atmosphere), results a strengthening in the
intensity of the Rh(NO)(CO) species formed, and the appearance of a Rh-NO" band at

1920cm™. These results bear greater resemblance to analogous experiments
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Conclusion

performed in UHV systems, in which the surfaces are highly reduced prior to

MOCVD.

Reaction of Rh(CO),(acac) with partially dehydroxylated titania and alumina,
tesulls 1w the physisorption of the luiact organvmeiailic 0 the surface, wiill ihe
consumption of surface hydroxyl groups. It is possible that hydrogen bonds are
formed between the surface hydroxyl groups and the acac ligand. Thermolysis under a
helium and hydrogen atmosphere results in removal of firstly the carbonyl, and then
the acac ligands, resulting in the formation of small rhodium clusters on the oxide
surface. Again, reduction occurs at significantly lower temperatures under a hydrogen
atmosphere than under an inert helium atmosphere. Post thermolysis exposure to CO
at room temperature results in the generation of rhodium gem-dicarbonyl species. The
reaction with NO at room temperature resulted in substitution of the carbonyl ligands
to form a Rh(NO)™ species. It is uncertain whether the acac ligand is retained during
this reaction. Exposure to CO for 30 minutes at room temperature resulted in
regeneration of the gem-dicarbonyl species. There is, however, no attenuation of the

NO ligand, or change in the acac region during this reaction.

Reaction of Pd(acac), with partially dehydroxylated titania and alumina,
results in the physisorption of the intact organometallic onto the surface, with the
consumption of surface hydroxyl groups. It is possible that hydrogen bonds are
formed between the surface hydroxyl groups and the acac ligand(s). Thermolysis
under a helium and hydrogen atmosphere, results in removal of the acac ligands,
resulting in the formation of small palladium clusters on the oxide surface. Again,
reduction occurs at significantly lower temperatures under a hydrogen atmosphere
than under an inert helium atmosphere. Post thermolysis exposure to CO at room
temperature results in generation of linear and bridging carbony! species. Exposure to
NO at room temperature resulted in the formation of a Pd(NO) species. The
coordination of the acac ligand was observed to change, though the bonding to the
palladium is not understood. Re-exposure to CO results in a very small development
of a bridging carbonyl species, though the NO and acac regions are hardly attenuated

by the exposure to CO.



Conclusion

The organometallic Rh(sulphos)(cod) was shown bond to the surface of silica
via the sulphos SO5 group, abstracting a proton from a surface hydroxyl group in the
process. Exposure to Hy at 120°C results in substitution with the (cod) ligand. The
hydrogenated species has been shown to catalyse the hydrogenation of ethene.
Ki(suiphos)(CO), has aiso been shown 1o bond to the silica surface via the suiphos

group in the same way as the Rh(sulphos)(cod).

Further work would involve a more accurate determination of the metal
weight loading of the organometallic species upon the oxide surfaces. This may be
achieved by atomic absorption spectroscopy. Further EDE studies would enable the
kinetics of the reactions studied in this thesis to be determined. Near infrared studies
would enable the nature of the chlorine atom in the surface supported [Rh(CO),Cl]; to
be more precisely understood, particularly during thermolysis reactions. A study of
the pressure dependence of the CO regeneration of the Rh(NO)- species, after reaction
of supported [Rh(CO),Cl], with NO is required. A greater understanding of the
transformations of the acac ligand during the reactions of surface supported
Rh(CO)(acac) and Pd(acac), is desired. EDE spectroscopy and TPD studies would be
useful to this end. A study of the reaction of NO with supported Rh(CO),(acac) and
Pd(acac), by EDE spectroscopy would enable the coordination of the metal atoms to
be monitored during then reaction. An investigation of the catalytic reactions of the
surface supported species would establish the usefulness and potential of supported

organometallics as catalysts.



