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The thermal decomposition of Fes(CO);;, NEt[Fe;Mn(CO)j51, Mny{(CO}y, K[HFes(CO),,], and
K[Fe,Mn(CO),,] has been studied for the first time by dispersing these clusters on an oxygen-free
carbon surface and monitoring their behavior by diffuse reflectance Fourier transform infrared
spectroscopy (DRIFTS). The Fe;(CO);; decomposed to Fe(CO)s in either He or H,, while
Mn,(CO),o decarbonylated without the formation of any stable intermediate clusters in either gas.
The NEt[Fe,Mn(CO),,] clusters decomposed with no formation of other stable carbonyl products
in He, but in H, they formed Mn,(CO),, and [HFe,(CO),;]1- species. Similarly, the decomposition of
K[Fe,Mn(CO),,] in He produced no detectable intermediates, but under H, it led to the formation of
these same two intermediate clusters, while K[HFe;(CO),,] yielded [HFe,(CO);]~. First-order rate
constants of decomposition were determined for each cluster, compared to literature &, values for
nucleophilic substitution reactions in solution, and found to be similar to substitution rate constants
for Fe;(CO)y, and Mn,(CO),, but higher than those for Fe(CO)s. The rate-determining step in either
the substitution or the decomposition reaction appears to be the removal of the first CO ligand in
Fe;(CO)12, but with Mny(CO),, it is Mn—Mn bond scission. The activation energies of decomposi-
tion were 18-21 kcal/mol for Fe;(CO),; and 32-40 kcal/mol for Mny(CO},,, while those for the
decomposition products gave intermediate values. This study represents a portion of the first
successful application of an IR spectroscopic technique to characterize carbon-supported metal

catalysts. © 1989 Academic Press, Inc.

INTRODUCTION

The hydrogenation of CO to form hydro-
carbons is a well-known reaction and has
received considerable attention in the past
(1, 2); however, the achievement of high
selectivity to higher value products, such as
low-molecular-weight olefins, still remains
as a challenge in catalysis. Numerous cata-
lysts have been developed to try to over-
come this limitation (3—-14), and a relatively
recent advance in this area was the devel-
opment of bulk olefin-selective Fe—Mn cat-
alysts (I5, 16). Subsequent studies of Fe—
Mn systems have included coprecipitated
(17-44), alloy (44), oxide-supported (45—
54), and carbon-supported (55, 56) Fe—-Mn
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catalysts. Although exceptions exist, Fe—
Mn systems routinely give high selectivities
to olefins from syngas and therefore have
commercial potential. The reasons for this
enhancement are not clear although several
postulates have been made regarding the
state of the catalyst. Schulz and co-workers
(39, 40, 44) have described it as small Fe
particles supported in an oxide matrix, i.e.,
a structural promotion, while Abbot et al.
view it as a combination of structural and
electronic promotion (49). Others have pro-
posed the existence of mixed Fe—Mn oxide
phases under reaction conditions to explain
the high selectivity (31-35, 55, 56). There is
evidence that olefin formation seems to be
related to the intimacy of contact between
Fe and Mn prior to activation procedures,
so that the selectivity is maximized when
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the Fe—Mn interfacial area is maximized.
This has been illustrated by using a bulk
Fe,MnQ, spinel as the catalyst precursor
and obtaining high olefin yields (47).

The few studies dealing with supported
Fe—Mn systems derived from mixed-metal
carbonyl clusters (MCCs) have concerned
themselves with the kinetic behavior of
these systems rather than their activation
and chemical state (50, 51, 55, 56). A signifi-
cant advantage of using MCCs as precur-
sors is that the metals are in a zero-valent
state, and the interaction between the Fe
and Mn atoms and their CO ligands can be
monitored using IR spectroscopy; how-
ever, no such studies have been reported
for Fe—Mn clusters. Carbon can be treated
at high temperatures to remove hydroxyl
and carboxyl groups (57, 58), thereby elimi-
nating the oxidation of these metal clusters
that has been observed on oxide supports.
Unfortunately, the opaque nature of carbon
has not allowed the use of routine IR spec-
troscopic techniques to characterize these
supported clusters as is done with oxide
supports; however, the recent development
of diffuse reflectance infrared Fourier
transform spectroscopy (DRIFTS) and im-
provements in cells to enhance sensitivity
and allow in situ pretreatments now pro-
vide the opportunity to study the decompo-
sition of metal carbonyl clusters on carbon
and the resulting metal/carbon catalysts
(59, 60). Here we quantitatively describe
the decarbonylation of carbon-supported
Mny(CO)y0, N(C2Hs)4 [FexMn(CO) 2], K([Fe,
Mn(CO);;], and K[HFe3;(CO);] by obtain-
ing rate constants and activation energies
for the decomposition reactions and com-
paring them to values for Fes;(CO);,. The
reduced Fe particles formed by this process
are then characterized by CO adsorption
and DRIFTS spectra of this CO on the Fe
surface. Further characterization of these
same catalysts by Mdssbauer spectroscopy
and STEM/EDS is described in the next
paper in this series (61), while the kinetic
and adsorption behavior, the CO heats of
adsorption for these catalysts, and the
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chemical species associated with the gene-
sis of these catalysts, as indicated from this
multitechnique approach, are discussed in
the third paper (62).

EXPERIMENTAL

The amorphous carbon black used as a
support in this study was CSX-203 from
Cabot Corporation (now available as Black
Pearls 2000). Sulfur and oxygen were re-
moved by treatment in H, at 1223 K for 12 h
(63, 64), and the carbon was stored in a
glovebox. The Fe3(CO);; and Mny(CO)y
(Strem Chemical Co.) were used as re-
ceived. NEt,[Fe,Mn(CO),,] (65), K[Fe;Mn
(CO)y1] (65), and K[HFe3(CO)y] (66) clus-
ters were prepared using published meth-
ods. Before impregnation the carbon was
heated to 673 K under dynamic vacuum
(10~*kPa) for 8 h. The carbon was cooled in
an ice water—salt bath and the MCCs were
added by an incipient wetness impregnation
technique using dry, degassed THF as sol-
vent. The solution was introduced under ni-
trogen using standard Schlenk techniques
(67), after which the remaining solvent was
removed by evacuation to 1074 kPa for 8 h
at 300 K. Following the evacuation proce-
dure, the catalyst was stored in a glovebox
under N,. Final metal loadings were deter-
mined by analysis after slow ashing of the
carbon support. These values, both before
and after HTR, were routinely close to the
initial loadings.

The infrared spectra were collected on a
Mattson Instruments Sirius 100 FTIR with
N, purging using an extensively modified
version of a Harrick Scientific HVC-DRP
DRIFTS cell, which was coupled to a pray-
ing mantis DRA-2CS mirror assembly
described elsewhere (60, 68, 69). The
DRIFTS samples were prepared by mixing
the carbon-supported clusters with pre-
calcined, H,-treated CaF; inside the glove-
box using a CaF,: C dilution ratio of 200: 1
and loading the DRIFTS cell inside the
glovebox prior to connecting the cell to the
FTIR without air exposure. A single batch
of catalyst was used for DRIFTS experi-
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ments on Fe3(CO),/C, K[HFe3;(CO),,)/C,
K[Fe,Mn(CO),J/C, and Mny(CO),/C, but
two batches were used for the NEt,[Fe,Mn
(CO).2)/C studies—one for decarbonylation
in He and another for decarbonylation in
H,.

Rates of decarbonylation were measured
in H, and also in He at various constant
temperatures after which the samples were
heated to 473 K in the same gas for 2 h and
cooled. Then CO was introduced and spec-
tra of adsorbed CO were obtained at 195
and 300 K on these fully decarbonylated
catalysts. Following these measurements
the samples were subjected to a high-tem-
perature reduction (HTR) by heating to 673
K in flowing H,, reducing for 16 h, flushing
in H; or He at 673 K for 30 min, cooling to
300 K, and scanning at both 300 and 195 K
for adsorbed CO. The catalysts were also
investigated after reduction conditions. The
samples were cooled to 300 K and a back-
ground spectrum was collected; then they
were exposed to 11 Torr CO in 749 Torr H,,
heated to 523 K for 2 h, cooled to 300 K,
and a spectrum was collected to determine
the presence of species containing CH,
groups.

The fully decarbonylated catalyst in the
absence of CO at each temperature utilized
was used as the background material to col-
lect background spectra. The FTIR param-
eters were set at a resolution of 4 cm~!. The
decarbonylation spectra were obtained by
signal-averaging 100—1000 scans. The back-
ground spectra in all cases were obtained
by averaging 10,000 scans. Data manipula-
tion consisted of ratioing the sample and
background spectra to obtain the transmit-
tance spectra, calculating the absorbance
files, and baseline-correcting the absor-
bance files which were then used to calcu-
late baseline-corrected transmittance files
from which the diffuse reflectance files (in
Kubelka—Munk units) were calculated.
The spectra presented are in Kubelka—-
Munk (KM) units, KM = (1 — R)¥QRy =
kc/s, where R, is the baseline-corrected
transmittance spectrum, k is the molar
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extinction coefficient, ¢ is the concentra-
tion, and s is a scattering coefficient (70).
Absorbance spectra calculated from the
same data to verify baseline correction
were essentially identical. Additional de-
tails and the results of many additional
studies to determine the range of propor-
tionality between KM intensity and con-
centration have been reported elsewhere
69).

RESULTS

The catalyst metal loadings are listed in
Table 1. The total metal loadings varied
between 7.8 and 10.2 wt%, while the Fe
loading varied between 5.0 and 8.7 wt%.
Only one Fe;(CO),/C catalyst, denoted
as Fe3(CO),—A, was investigated by
DRIFTS, and the decarbonylation of
Fe;(CO)q, on carbon was found to proceed
via the rapid formation of small zero-valent
Fe particles and Fe(CO)s, with the latter
decomposing more slowly to metallic iron
(71). This decarbonylation study is dis-
cussed in detail elsewhere (71).

The decarbonylation of carbon-sup-
ported Mny(CO),o was investigated in flow-
ing He and H,, and a typical set of spectra
for decomposition at 369 K in flowing He is
shown in Fig. 1. The bands in the initial
spectrum at 2047, 2025, 2012(s), and 1983
(w) cm™! are in excellent agreement with
values for the cluster in solution, which are
listed in Table 2 (72—-105). This cluster de-
composed straightforwardly under He with
no formation of stable subcarbonyl species.
First-order rate constants of decarbonyl-

TABLE 1

Metal Loadings of Carbon-Supported Catalysts
Prepared from Metal Carbonyl Clusters

Catalyst precursor Weight loading (%) pmol metal/g cat

Fe Mn K Total Fe Mn K
Fe;(CO);2—A 87 — — 8.7 1551 — —
Fe;(CO);2—B 65 — — 6.5 150 — -
NE[Fe;Mn(CO)2] 50 28 — 7.8 885 513 —
Mnz(CO)o — 80 — 8.0 — 1448 —
K[Fe;(CO)1) 72 — 27 99 1284 — 704
K{Fe;Mn(CO);2] 53 3.0 19 102 954 544 485
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Fi1G. 1. Spectra of carbon-supported Mn,(CO),, after
various times in He at 369 K. The principal IR bands
are at 2045 and 2012 cm~L

ation were determined from plots such as
those in Fig. 2, which illustrate that this
reaction was indeed first order, as ex-
pected. Decarbonylation in H, was investi-
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F1G. 2. Rate of decarbonylation of carbon-supported
Mn,(CO),pin He at 369 K: A, 2045 cm~! band; O, 2012
cm~! band.
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gated in similar fashion and typical spectra
are shown in Fig. 3. Again, the initial spec-
trum indicated the presence of only Mn,
(CO)y9, which then decarbonylated in H, as
it did in He. First-order Kinetics again de-
scribed the reaction well as shown in Fig. 4,
and the rate constants determined from the
slopes of these plots at different tempera-
tures gave the Arrhenius plots in Fig. 5.
The activation energies, E,, and rate con-
stants, k, for decarbonylation are summa-
rized in Table 3. Activation energies of 32.0
and 32.7 kcal/mol were obtained for the
2012 and 2045 cm~! bands in H,, respec-
tively, and 36.9 kcal/mol was obtained for
the 2012 cm~! band in He. The stability of
the Mny(CO), cluster is indicated by these
higher E, values and much smaller rate con-
stants compared to those for Fe carbonyl
clusters, which are also given in Table 3.
The difference in behavior of a mixed-
metal cluster is illustrated by the decompo-
sition of NEtFe,Mn(CO);;] in He, as
shown in Fig. 6. The initial spectrum gave
bands at 2002 and 1993 cm~!, in good agree-
ment with the principal bands for the clus-

4
TIME
- (min}
s
4 —
=4 (o]
(=]
p= _
[}
5§
S 147
S
3 _
= 267
2
= 4
2 ’_J\/Ls___*
= i
s 447
_____J\/; 627
T 86
2100 2060 2020 1980 1840 1900
Wavenumber

F1G. 3. Spectra of carbon-supported Mn,(CO),, after
various times in H, at 395 K. The principal IR bands
are at 2045 and 2012 cm™!.
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TABLE 2
Reported IR Bands of Fe, Mn, and Fe-Mn Carbonyl Clusters in Solution
Cluster Wavenumber (cm™') Reference
Fe(CO); 2019-2033¢ 1995-2000 72-79
Fe(CO),L# 2040-2099 1970-2018 1933-1963 73,74, 79, 80
Fe(CO),L* 2099 2018 2000 74
Fe(CO),L, 1877-1925 74, 79, 80
[Fe(CO)J*- 2005 1962 1730-1786 81-84
[HFe(CO).]- 2008 1910-1914 1840-1897 81, 83, 85
Fe,(CO)s 2064-2065 2015-2037 1828-1847 86, 87
[Fex(CO)J?- 1916-1920 1852-1866 81, 85
[HFex(CO)s)~ 2068 2048 1980-1997 1923-1930 81, 85
Fe;(CO)y, 2097-2103 2043-2056 2013-2026 73,75, 88-93
Fe;(CO),;L 2070-2092 2025-2035 2008-2011 1993-1998 80, 94
Fe3(CO) ol 2062-2068 2013-2023 1995-2003 1957-1978 80, 94
Fe,(CO)sL;5 2040-2049 1974-1986 1814-1829 1770-1788 80, 94
[FexCO)y 2~ 2000-2010 1931-1943 1900-1913 1880-1884 75, 81, 85, 95
[HFe;(CO)y 1~ 2075-2062 20002012 1970-1980 19421961 75, 81, 85, 92, 95-100
[Fel(CO)ps]*- 20672068 2021-2030 1990-2009 1938-1950 81, 85
[HFe (CO)y3]- 2020-2031 1980-1984 1961 1936-1942 81, 85
Mnx(CO), 2043-2045 2012-2014 1983 74, 101, 103
Mn,(CO)L 2037 2013 1979 74
[Mn(CO)s]- 1896-1898 1862-1863 104
[Fe;2Mn(CO)y,]- 20632064 1999 1989-1990 1972-1975 96, this work
[FeMn(CO,)]- 2066-2070 1995-2024 1968-1973 1937-1943 65
Mn,Fe(CO),, 2067 2019 1987 105
e Axial L.

4 Equatorial L.
¢ Wavenumbers in boldface represent major bands.

ter in solution (see Table 2). The decompo-
sition of this cluster in He at 330 K
proceeded with a retention of bands in the
region 1960-2020 cm~!, and it was very
well described by first-order kinetics, as
shown in Fig. 7, with the 2002 and 1993
cm~! bands giving similar slopes. Decar-
bonylation studies in He of the first NEt,
[Fe:Mn(CO),)/C + CaF, mixture were
completed, but a second mixture was re-
quired for decarbonylation in H, because
no bands were detected in the first sample
after 2 weeks of storage in the glovebox.
The decomposition in H, of the cluster in
this mixture was studied and a typical set of
spectra is given in Fig. 8, which shows ini-

tial bands at 2045, 2008, and 1993 cm~!. As
decarbonylation proceeded, the band inten-
sities at 2045, 2010-2020, 1970-1980, and
1930-1940 cm™! increased. As discussed
later, the bands at 2045 and 2025 cm™! are
due to Mny(CO)yq, the band near 2012 cm™!
contains contributions from both Mn,
(CO)¢ and NEt4[Fe.Mn(CO);»], and the
weak bands near 1980 and 1940 cm~! are
attributed to a decomposition product,
[HFe4(CO)3]~. The shoulder at 1993 ¢cm™!
is due to the [Fe;Mn(CO)2]™ anion.

The intensities of these three bands ver-
sus time are plotted in Fig. 9. The 2045
cm™! band grew with time, indicating that
Mn,(CO),9, was a product of decomposition
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F16. 4. Rate of decarbonylation of carbon-supported
Mnx(CO)yo in H; at 359 K: A, 2045 cm~! band; @, 2012
cm~! band.

of the [Fe;Mn(CO);,]~ anion. Also, the plot
of the 1993 c¢cm™! intensity indicates that
first-order kinetics satisfactorily describes
the initial decomposition process, but after

TABLE 3

Activation Energies and Rate Constants for Decom-
position of Carbon-Supported K-Fe-Mn MCCs in H,
and He

Initial cluster IR band ky at 350 K Activation
(G (min—!) energy
(kcal/mol)
He H; -
He Hz
Fey(CO)pp? 2045 052 23 179 213
Fe(CO)s? 2000 0.15 0.37 153 157
NEt[FeaMn(CO)y2] 2045 — —d — —
2002 0.06 — 159 —
1993 0.06 0.20 159 18.2
MnxyCO)yo 2045 0.0006 0.0014 40.5 327
2012 0.0006 0.0003 369 320
K[HFe3(CO) ] 2016 0.18 .16 7.1 183
K[Fe:Mn(CO)y2] 2045 0.0030 0.0030 243 243
1993 0.15 0.15 —¢ 188

2 Extrapolated from Arrhenius plot.

b From Ref. (71).

¢ The decomposition in He showed no 2045 ¢cm~! band and both bands
are due to the original cluster.

4 Very weak; not quantitatively followed.

¢ Not determined; only two k; values obtainable.
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F1G. 5. Arrhenius plots for the decarbonylation of
carbon-supported Mny(CO);y. A, 2045 cm~! band in
He; O, 2012 cm™! band in He; A, 2045 cm™! band in
H,; @, 2012 cm~! band in H,.

long reaction times the contribution of the
2012 cm~! band of Mn,(CO)y to the inten-
sity at 1993 cm~! became significant and
caused a deviation from the initial slope.
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FiG. 6. Spectra of carbon-supported NEt,[Fe,Mn
(CO),,] after various times in He at 330 K. The princi-
pal IR bands are at 2002 and 1993 cm™!.
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FiG. 7. Rate of decarbonylation of carbon-supported
NEt,[Fe;Mn(CO),;] in He at 330 K. O, 2002 cm™!
band; [, 1993 cm~! band.

The 2012 cm™! band intensity contained
contributions from both species and fol-
lowed intermediate behavior, as expected.
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FiG. 8. Spectra of carbon-supported NEt{Fe,Mn

(CO),2] after various times in H, at 314 K. The initial
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Fi1G. 9. Changes in band intensities of carbon-sup-
ported in NEt,[Fe,Mn(CO);;] in H; at 314 K. A, 2045
cm~! band; @, 2010 cm~! band; 4, 1993 cm~! band.

This pattern was independent of the decom-
position temperature (69).

During the initial time periods, the 1993
cm~! band intensity was representative of
the anionic precursor concentration, and
the initial slopes at various temperatures
were used to determine the rate constants
of decomposition which are given in the Ar-
rhenius plots in Fig. 10. The reaction in He
readily yielded an activation energy of 15.9
kcal/mol, but it was more complex in H,
and only the 1993 cm~! band could be used
for quantitative rate measurements, from
which a similar activation energy of 18.2
kcal/mol was determined. These activation
energies are close to those obtained for
Fe(CO)s but much lower than those for
Mny(CO)yo.

The effect of potassium on the decar-
bonylation process was studied by investi-
gating K[HFe;(CO),;] and K[Fe;Mn(CO);,]
clusters dispersed on this carbon. A com-
parison of the behavior of K[HFe;(CO)11]
to that of Fe;(CO);; must be done with
caution, as the latter is a neutral cluster
whereas the former contains an anionic
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F1G. 10. Arrhenius plots for the decarbonylation of
carbon-supported NEt,[Fe,Mn(CO);;]. O, 2002 cm™!
band in He; (1, 1993 cm~! band in He; ¢, 1993 cm™!
band in H,.

[HFey(CO);; 1~ species containing hydro-
gen. An example of the decarbonylation of
K[HFé€;(CO)y] in flowing He at 323 K is
represented in Fig. 11. The initial cluster

had bands at 2010 and 1977 cm™!, in good

18
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Fic. 11. Spectra of carbon-supported K[HFe,

(CO),,] after various times in He at 325 K. The princi-
pal IR bands are at 2010 and 1977 cm~'.

Fi6. 12. Rates of decarbonylation of carbon-sup-
ported K[HFe;(CO),1] in He at 325 K. O, 2010 cm™!
band; A, 1977 cm~! band.

agreement with the major bands listed in
Table 2 for [HFe;(CO);,]™ in solution. The
initial decarbonylation in He again con-
formed to first-order kinetics, as shown in
Fig. 12, with the 2010 cm™! band being pref-
erable due to its greater intensity. Decar-
bonylation in H; at 334 K, shown in Fig. 13
as a typical example, proceeded with a re-
tention of intensity in the region 2020-1930
cm™!, indicative of small amounts of par-
tially decarbonylated products. The first-
order kinetic plots of these relative band
intensities are shown in Fig. 14, and the
Arrhenius plots obtained from their initial
siopes are shown in Fig. 15. The decar-
bonylation rates were similar under either
He or H,, particularly for the principal
band, and the E, values of 17.1 kcal/mol in
He and 18.3 kcal/mol in H, for the disap-
pearance of the 2010 cm™! band were also
similar. No Fe(CO)s was detected during
the decarbonylation process and, as ex-
pected, no bands grew at 2045 and 2010
cm~! because of the absence of Mn in the
cluster.

The influence of K on the decomposition
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FiG. 13. Spectra of carbon-supported K[HFe;
(CO),,] after various times in H, at 334 K. The princi-
pal IR bands are at 2010 and 1977 cm~'.

process of a mixed-metal cluster is illus-
trated by a comparison of K[Fe;Mn(CO);,]
and NEt;[Fe,Mn(CO);], as they contain
the same anion. The decarbonylation and
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Fi1G. 14. Rates of decarbonylation of carbon-sup-
ported K[HFe;(CO),;] in H, at 334 K. @, 2010 cm™!
band; A, 1977 cm™! band.
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F1G. 15. Arrhenius plots for the decarbonylation of
carbon-supported K[HFe;(CO);]. O, 2010 cm~! band
in He; A, 1977 cm~! band in He; @, 2010 cm~! band in
H,; A, 1977 cm~! band in H,.

the behavior of K[Fe,Mn(CO);,] in He at
328 K are typified in Fig. 16. The initial
spectrum had well-resolved bands at 2045
and 2010 cm~! and a shoulder at 1993 cm™!.
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Fic. 16. Spectra of carbon-supported K[Fe;Mn
(CO)y2] after various times in He at 328 K. The princi-
pal IR bands are at 2045, 2010, and 1993 cm™.
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Fig. 17. Rates of decarbonylation of carbon-sup-
ported K[Fe,Mn(CQ),,] in He at 328 K: A, 2045 cm~!
band; O, 2010 cm™! band; ¢, 1993 cm~! band.

The reaction proceeded and gave residual
bands at 2045 and 2010 cm~! after disap-
pearance of the intensity at 1993 cm~!. The
decomposition of this cluster produced the

FeMN(COIT,
Mi(C0ho
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FiG. 18. Spectra of carbon-supported K[Fe,Mn
(CO),,] after various times in H, at 327 K. The princi-
pal IR bands are at 2045, 2010, and 1993 cm~!.
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same band intensity behavior as described
for the NEtyFe,;Mn(CO);;] cluster, as
shown in Fig. 17. Spectra of the decarbon-
ylation of K[Fe,Mn(CO),,] in H, at 327 K
are given in Fig. 18 and the relative intensi-
ties in Fig. 19 indicate an initial decrease,
then an increase in intensity of the band at
2045 cm™! and in the 2010 and 1985 cm™!
regions while the band at 1993 c¢cm™! de-
creased rapidly. This general decarbonyl-
ation behavior was again independent of
the temperature (69), and it indicates that
the decomposition reaction is Kinetically
limited and not constrained by equilibrium
considerations. The rate constants used to
obtain activation energies of decarbonyl-
ation are given in Fig. 20. The decomposi-
tion of K{Fe;Mn(CO),,] on carbon clearly
yielded two species that decarbonylated at
two distinctly different rates, namely a spe-
cies with a band at 1993 cm~!, and a species
with bands at 2045 and 2010 cm~!. The
former, associated with the initial cluster,
had an E, of 19 kcal/mol under either He or
H,, while the latter bands, associated with
Mn,(CO),, gave a value near 24 kcal/mol.

INT/(MAX INT)

(¢} 140 280 420 560 700

TIME  (min)

Fi16. 19. Changes in band intensity during decar-
bonylation of carbon-supported K[Fe,Mn(CO),,] in H,
at 327 K: A, 2045 cm~! band; @, 2010 cm~! band; ¢,
1993 cm™! band.
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F1G. 20. Arrhenius plots for the decarbonylation of
carbon-supported K[Fe,Mn(CO);;]. A, Band at 2045
cm™! in He (final slopes); O, band at 2010 cm~! in He
(final); ¢, band at 1993 cm~! in He (initial slopes); A,
band at 2045 cm~! in H, (final); @, band at 2010 cm~!in
H, (final); ¢, band at 1993 cm~! in H, (initial).

Two further observations should be made
at this point. The first is that a significant
growth of the 2045 cm™! peak was not ob-
served when either NEt,[Fe,Mn(CO);,] or
K[Fe;Mn(CO);] was decomposed in He,
but both MCCs showed a growth of this
peak when decomposed in H;; therefore,
H; appears to facilitate a pathway that gives
Mn,(CO),¢ as an intermediate. A second ob-
servation is that the NEt[Fe,Mn(CO);,]
species remained essentially intact dur-
ing impregnation and later in flowing He,
but some decomposition of the K{Fe;Mn
(CO)yy] cluster occurred during the impreg-
nation step to form Mn,(CO),,, thus giving
the 2045 cm™! band. The presence of K ap-
parently enhances cluster decomposition to
form the intermediate Mny(CO),, species
with characteristic bands at 2045 cm™! and
near 2010 cm~!.

The adsorption of CO was investigated
on all the catalysts after decomposition
then reduction at 673 K in H;, and the spec-
tra for the four Fe-containing catalysts are
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shown in Fig. 21. All the spectra were col-
lected under CO (11 Torr) in flowing He or
H; (749 Torr). Gas-phase CO and CO
weakly adsorbed on the carbon (2042 cm™1)
were subtracted out using spectra obtained
separately on a CaF,-diluted, carbon-only
sample. As discussed elsewhere (71), ad-
sorption of CO on Fe3(CO),,/C at 300 K
after HTR in either H, or He caused the re-
formation of Fe(CO)s, whereas no species
were detected after a low-temperature re-
duction (LTR) at 473 K. The Mn,(CO), cat-
alyst did not exhibit any adsorbed CO spe-
cies in CO/H, or CO/He mixtures at either
195 or 300 K after either pretreatment, in
agreement with CO adsorption measure-
ments on this catalyst which showed no up-
take (62). The addition of Mn to the cluster
decreases Fe(CO); formation, and the pres-
ence of K further decreases it, with only
very low concentrations present in the
KFe;/C catalyst. Purging in pure He or H,
removed these pentacarbonyl bands.
Figure 22 shows the spectra obtained at
300 K after the samples were exposed to

K-M Units (1 Division=0.000003)
=

D

T T T T |

2100 2080 2020 1980 1940 1900
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F1G. 21. Spectra of CO adsorbed at 300 K on Fe-
Mn/C catalysts in 11 Torr CO, which indicate Fe(CO);s
with bands at 2020 and 2000 cm~!. (A) Fe/C, (B)
Fe,Mn/C, (C) KFe;/C, (D) KFe,Mn/C.
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F1G. 22. IR spectra at 300 K following reaction con-
ditions and cooling in a CO/H, mixture: (a) Fe/C, (b)
Fe,Mn/C, (¢) KFe;/C.

reaction conditions and cooled in 11 Torr
CO and 749 Torr H,. Spectrum A was ob-
tained on Fe/C after HTR and exposure to
CO and H; at 523 K for 2 h. Bands were
observed at 2961, 2933, and 2874 cm™l.
Spectrum B is for Fe;Mn/C at 300 K follow-
ing HTR and exposure to CO and H, for 2 h
at 473, 523, and 573 K. The only bands ob-
served were at 2961, 2932, 2874, and 2850
cm~!. Spectrum C was obtained on KFe;/C
following reaction at the above gas compo-
sition at 523 K for 2 h, and principal bands
were again at 2961, 2932, and 2850 cm™!.
None of these catalysts exhibited bands be-
tween 1800 and 2100 cm~!, but the bands
observed agree well with reported values of
2875 and 2960 cm~! for CH; groups and
2850 and 2925 cm™! for CH, groups (/06—
108). No peaks were detectable under reac-
tion conditions.

DISCUSSION

Although many studies of Fe and Mn car-
bonyl clusters in solution and on solid sur-
faces have appeared in the literature, no in-
vestigation of the thermal decomposition of
any cluster has been reported. Also, no
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studies of the behavior of Fe-Mn and K-
Fe-Mn clusters on carbon exist although
cluster-derived Fe—-Mn/C and K-Fe-Mn/C
catalysts have been prepared and charac-
terized (55, 56). As mentioned in the Intro-
duction, the highly opaque nature of carbon
has precluded the use of IR spectroscopy
for characterization in the routine manner
employed in studies of oxide-supported
clusters. However, the advent of DRIFTS
along with improved cells to enhance sensi-
tivity and provide in situ pretreatment ca-
pabilities (59, 60, 68, 71) has finally allowed
the examination of C-supported clusters by
an IR technique. In addition, our capability
to prepare extremely clean carbon sur-
faces, free from oxygen-containing groups,
provided the opportunity to quantitatively
follow the decomposition process of these
clusters in the absence of any interaction
with surface oxygen. This provides an op-
portunity to compare this preparative ap-
proach with others utilizing zero-valent
metal atoms initially to produce supported
Fe~Mn and Co-Mn catalysts, such as the
solvated metal atom dispersion technique
of Klabunde and co-workers, but using ox-
ide supports (109, 110). Finally, the state of
the Fe—Mn particles that remain after com-
plete decomposition was probed by looking
at the IR spectra of CO chemisorbed on
their surfaces, obtaining chemisorption ca-
pacities, measuring the CO heat of adsorp-
tion on these crystallites, and determining
their catalytic behavior in the CO hydroge-
nation reaction (61, 62). The DRIFTS
results are discussed in this paper.

The thermal decarbonylation behavior of
carbon-supported Fe3(CO);; and Fe(CO)s
has recently been studied in detail in our
laboratory (71). Of the other four carbonyl
clusters compared here, Mny(CO)y is the
only one whose decarbonylation or nucleo-
philic substitution reactivity in solution has
been examined. Other than our investiga-
tion of Os, Ru, and Fe dodecacarbonyl
clusters (68, 71), the thermal decomposi-
tion behavior of supported metal carbonyl
clusters (MCCs) has not been reported.
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The decomposition of Mny(CO), in solu-
tion has received some attention although
the kinetics of this reaction have not been
determined (103, 111-117). This MCC un-
dergoes homolytic Mn—Mn bond fission
prior to nucleophilic substitution which
results in a mechanism different from that
associated with the three dodecacarbonyls
mentioned previously, which have as the
rate-determining step the initial rupture of a
M-CO bond prior to substitution of a li-
gand. This difference in chemistry gives a
substantially higher activation energy of
36.9 kcal/mol for substitution of PPh; into
Mn,(CO),q (103), compared to 22-29 kcal/
mol for PPh; substitution into Fe;(CO);,
(71). The oxidation of Mn;(CO);o to Mn ox-
ide and CO also gives a similar E, of 37.0
(103). The activation energies for carbon-
supported Fe;(CO),; were lower than that
for substitution reactions in solution, while
the values found here for carbon-supported
Mny(CO)yg, 32-37 kcal/mol, are in good
agreement with the values reported for nu-
cleophilic substitution in solution. The sub-
stitution rate of PPh; into Mny(CO)(q was
0.00006 min~! at 350 K, which is 10-fold
lower than the values in this study but it is
consistent in that both are much lower than
the comparable values for Fe;(CO)y, (71).
This is not surprising because Mn oxide is
again the final product due to the high affin-
ity of Mn for oxygen, whereas the lower E,
values for Fe;(CO),; decomposition on car-
bon were explained by the formation of me-
tallic iron particles, which does not occur
for substitution reactions in solution. This
assumption of MnO formation is strongly
supported by the recent EXAFS study of
Co-Mn/SiO, catalysts by Klabunde and
Imizu (110). The observance of this differ-
ence illustrates that DRIFTS is capable of
probing the surface chemistry of MCCs on
carbon even at the low intensities obtained.

The decarbonylation behavior of NEt,
[Fe;Mn(CO)y;] demonstrated in Figs. 6-10
represents the first quantitative study of the
thermal decomposition of a mixed-metal
cluster. The initial spectrum in He exhib-
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ited band maxima at 2002 and 1993 cm~!,
values about 3 cm™! higher than those for
the cluster in solution (Table 2). The cluster
decomposed in He without significant for-
mation of Mny(CO);o as no 2045 cm~! band
was observed. The decarbonylation in H,,
however, was more complex as some Mn,
(CO)yy was present in the initial spectrum,
which displayed bands at 2045, 2008, and
1993 cm™1, indicating that some decomposi-
tion of the initial MCC had occurred during
sample preparation. The shoulder at 1993
cm~! is expected for the [Fe;Mn(CO);]-
anion but the band at 2008 cm™! is the su-
perposition of two peaks, namely the 2012
cm~! peak of Mny(CO) and the 2002 cm™!
peak of NEt,[Fe;Mn(CQO),,]. With these as-
signments the decarbonylation process
shown in Fig. 9 represents the rapid decom-
position of the original cluster and the for-
mation of Mny(CO),, to increase the inten-
sity at 2045 and 2010 cm™!. The increase of
this cluster concentration, which is very
sensitive to oxidation, demonstrates one
advantage of using these oxygen-free car-
bons, as zero-valent Mn atoms form Mn ox-
ide in Co—Mn/SiO, catalysts (110).

The rate constants of decarbonylation of
NEt(Fe;Mn(CO);,] under H, were deter-
mined by evaluating the initial slopes of
the changes in the 1993 cm~! intensity to
minimize the complication of overlapping
peaks. Figure 9 indicates that this is a valid
approach for the first 150 min of reaction;
then the contribution of the overlapping
2012 cm~! band of Mny(CO),o becomes sig-
nificant. Furthermore, Fig. 8 indicates the
formation of species giving bands near
20202030, 1970-1980, and 1930-1940 cm ™!
during decarbonylation in H,. From the
summary in Table 2 the single species most
capable of providing these bands is [HFe,
(CO)y3]-, although [HFe3(CO),;]~ is a possi-
bility. However, a concomitant Mossbauer
effect spectroscopic (MES) investigation of
this same catalyst obtained peaks as-
sociated with either [HFedCO)i]l™ or
[HFe)(CO)s]~ (61). Only the [HFe (CO)y3}~
species provides results consistent with
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both studies. Also, the absence of these
bands under He supports the assignment to
a H-containing cluster. Consequently, the
initial decomposition products in H, appear
to be Mn,(CO)y, the hydrido-tetrairon clus-
ter [HFe(CO);1]~, and zero-valent Fe parti-
cles (61).

The activation energies of decomposition
of the NEt,/Fe,Mn(CO);;] cluster are 15.9
kcal/mol in He and 18.2 kcal/mol in H,,
similar to values for Fe;(CO); and Fe
(CO)s, while the rate constants are 0.06
min~! in He and 0.2 min~! in H,, which are
about 10 times lower than comparable val-
ues for Fe;(CO),,/C, similar to those for Fe
(CO);, and 100 times higher than those for
Mn,(CO);0. Mn therefore seems to stabilize
the [Fe,Mn(CO);,]™ anion to a small extent
compared to Fe;(CO)y,.

Some idea of the influence of potassium
on the decarbonylation behavior of the tri-
nuclear Fe cluster is obtained from the
study of the K[HFe;(CO)y] cluster; how-
ever, the anionic, H-containing nature of
this cluster complicates a direct compari-
son to Fe;(CO);;. The decarbonylation be-
havior in He or H, was straightforward,
initially followed first-order kinetics, and
ended with broad bands existing in the
region 1900-2020 cm~!, implying the
presence of [HFe CO)5]~. Although the
DRIFTS work is not conclusive in this re-
gard, MES results showed that this anion is
the only one capable of producing both the
DRIFTS and the MES spectra (6/). The
transformation of [HFe;(CO),;]~ into Fe
(CO)s was not observed as with Fe;(CO)y,,
which is consistent with the results of Han-
son et al., who found that Fe;(CO);; on
Al,O; transformed quantitatively to [HFe;
(CO)y1]~ via Fe(CO)s as an intermediate
(118). Carbon supports appear to facilitate
the decomposition of Fe;(CO);; into Fe
(CO)s, but not the further transformation to
[HFe3(CO); ]~ because this reaction re-
quires the presence of hydroxyl groups
(118), which are absent on this carbon.

The activation energies for decarbonyl-
ation of K[HFe;(CO)], 17.1 kcal/mol in
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He and 18.3 kcal/mol in H», are very similar
to those reported for Fe;(CO);; and may in-
dicate that the mechanism for this three-Fe-
atom cluster is similar to that for Fe;(CO);
and the [Fe;Mn(CO)i;]~ anion. The rate
constant for decomposition in He was
about a factor of 3 lower than that for
Fes(CO)y; and a factor of 3 higher than that
for NEt)Fe;Mn(CO);]. However, under
H, the rate constant was over an order of
magnitude lower and near that for NEt,
[Fe;Mn(CO),], which may be a conse-
quence of the formation of the tetranuclear
cluster.

Addition of both K and Mn to the cluster
gives the decarbonylation behavior in He
and H, shown in Figs. 16 and 18, where
bands at 2045, 2020, 2010, and 1993 cm™!
indicate the initial presence of both
Mny(CO),o and the original cluster. In both
cases rapid decomposition of the original
cluster occurs and rate constants are the
same. Under H,, however, weak bands
exist to indicate the presence of [HFe,
(CO)5]~ species. Furthermore, decarbon-
ylation in H, leads to an initial increase in
the intensity of the 2045 cm™! peak, con-
trary to decarbonylation in He. In fact, the
apparent rate constants in He may well
be overestimated because some of the in-
tensity decrease is probably due to the
overlapping 2010 cm™! band. Therefore, H,
appears to facilitate formation of Mny(CO),g
during decarbonylation.

The results in Fig. 20 indicate that two
different species are present, with different
activation energies and rate constants. The
Arrhenius plots show that the activation en-
ergy associated with the disappearance of
K[Fe,Mn(CO);;] in H, (18.8 Kkcal/mol)
agrees well with that of 18.2 kcal/mol for
the decomposition of the same anion when
in the NEt{Fe,Mn(CO),] cluster. The rate
constants for each cluster in either He or H,
compare favorably; however, the presence
of only two rate measurements under He
precludes an accurate E, determination.
Regardless, the K[Fe,Mn(CO),,] and NEt,
[Fe,Mn(CO),] clusters exhibit very similar



184

decomposition kinetics. This is consistent
with the supposition that the rate-determin-
ing step is the rupture of the initial Fe—-CO
ligand, which should be similar because the
anionic cluster is the same.

The decarbonylation of Mny,(CO)y, in the
presence of Fe, as indicated by the bands
at 2045 and 2010 cm™! with the K[Fe,Mn
(CO)yy] precursor, gave a lower activation
energy of 24.3 kcal/mol in He or H, com-
pared to that of 3237 kcal/mol obtained for
the samples with only Mny(CO);o. Also, the
rate constants of 0.003 min~! for decar-
bonylation in either He or H, are several
times larger than those for Mny(CO);
alone. These differences may be due to the
presence of metallic (zero-valent) Fe which
may facilitate decarbonylation of Mn,
(CO)yp, perhaps by acting as nucleation
sites, as proposed for Fe(CO); (71), or by
providing atomic oxygen via CO dissocia-
tion on the Fe. This provides indirect evi-
dence that the Fe and Mn phases are in
intimate contact because if these two
phases are separated, the decarbonylation
kinetics for Mn,(CO);o should be the same.

The adsorption behavior of CO on the
decomposed clusters showed that no de-
tectable CO species were present at either
195 K or 300 K on any of the catalysts after
LTR. Furthermore, no detectable CO spe-
cies were observed at 195 K following
HTR, but subsequent heating to 300 K in 11
Torr CO in flowing He resulted in the ap-
pearance of Fe(CO)s in all cases. This ap-
pearance was most significant for Fe/C, as
Fe,Mn/C showed the presence of signifi-
cantly less Fe(CO)s, which implies that Mn
reduces carbonyl formation (55). The addi-
tion of K to the Fe or Fe—-Mn catalysts,
however, had a more significant effect as
the formation of Fe(CO)s was greatly re-
duced. This reduction in carbonyl forma-
tion can probably be ascribed to the pres-
ence of the much larger Fe particles due to
sintering promoted by the potassium. The
implication of these results is that Fe,Mn/C
catalysts become more iron-like after a
HTR step, indicating the presence of some
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highly dispersed Fe after HTR, which is
consistent with MES results (61), along
with a decrease in the Mn—-Fe contact due
to phase separation.

The spectra following cooling from reac-
tion conditions, shown in Fig. 22, reveal
bands at 2875 and 2960 cm~! due to CH;
species and at 2875 and 2960 cm~! due to
CH, species, and they indicate that the
CH,/CH; ratio of the adsorbed hydrocar-
bon species increases going from Fe;/C to
Fe,Mn/C to KFe;/C, indicating an increase
in chain length. This observation is very
reasonable as K is known to increase the
chain growth probability (12). It is pre-
sumed at this time that these reaction prod-
ucts reside primarily on the carbon surface
rather than on the iron surface itself (119,
120).

SUMMARY

The genesis of carbon-supported Fe, Fe~
Mn, and K-promoted Fe catalysts has been
examined using DRIFTS to quantitatively
monitor the thermal decomposition of five
stoichiometric carbonyl clusters. All de-
composition processes were described well
by first-order Kkinetics, and from these
results rate constants and activation ener-
gies were obtained. The Mn,(CO),, clusters
were most stable, having decarbonylation
rate constants near 0.001 min~! at 350 K
and high E, values of 32-37 kcal/mol under
either He or H,. The Fe;(CO);, clusters de-
composed most readily, with k; values
around 1 min~! and lower E, values of
18-21 kcal/mol. K[HFe;(CO);1], K[Fe,Mn
(CO)p2], and NEty[Fe,Mn(CO);;] clusters
typically had rate constants between 0.1
and 0.2 min~! and activation energies of 16—
19 kcal/mol under either gas; however,
both Mn-containing clusters initially de-
composed to Mn,(CO),, and an [HFe,
(CO)i3]~ species under H, before forming
the final products. No Mn,(CO),o formation
was observed during either the impregna-
tion step or the decarbonylation of NEt,
[Fe;Mn(CO)y,] under He. Differences in £,
and E, values for Mn,(CO),, decomposition
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in the presence of iron imply that the re-
duced Fe particles facilitate this reaction
and promote intimate Fe-Mn oxide con-
tact. On the highly dispersed, thoroughly
decomposed Fe/C catalysts, Fe(CO)s was
reversibly formed when exposed to CO at
300 K, which indicates the presence of very
small reduced Fe particles. The identifica-
tion of these different Fe phases has been
confirmed by Mdssbauer spectroscopy in a
complementary study (61).

After running under reaction conditions
for syngas conversion and cooling to 300 K,
distinct bands associated with CH, and CHj;
groups could be observed, and these spe-
cies are presumed to be primarily on the
carbon surface, based on previous studies.
The increase in the relative concentration
of the CH, group when K is present in the
initial cluster is consistent with the well-
known effect of K in promoting chain
growth. These results demonstrate that the
capability now exists to characterize car-
bon-supported metal catalysts by an IR
method, namely DRIFTS.
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