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The goal of this work was to prepare structurally well-defined manganese complexes on high-area MgO
powder by vapor deposition of Mn,(CO),. The supported species were characterized by infrared (IR), electron
paramagnetic resonance (EPR), and X-ray absorption spectroscopies. The results show that when the manganese
loading of the sample was 3.0 wt %, most of the Mn,(CO);, was physisorbed, but when the loadings were
less, chemisorbed species predominated, being formed by adsorption of Mn,(CO);, on hydroxyl groups on
the MgO surface. Treatment of samples containing 1.0 wt % Mn with O, at room temperature resulted in
oxidation of the manganese and the formation of surface species that are well represented as the d* complex
Mn(CO)5(Oy); (where Oy is surface oxygen of MgO), as indicated by IR and extended X-ray absorption fine
structure (EXAFS) spectra. The EXAFS data show Mn—C, C=0, and Mn—O, bond lengths as 1.90, 1.43,

and 1.98 A, respectively.

Introduction

Oxide-supported metal complexes are widely investigated
materials that find important applications as industrial catalysts.'?
They offer unique opportunities for fundamental investigations
of organometallic compounds in the absence of solvents, because
they may be understood as metal complexes incorporating
extremely heavy ligands—the supports—allowing investigation
of their chemistry in the presence of gas-phase reactants.

The supports in supported metal complex catalysts are
typically porous metal oxides,? chosen because they provide high
surface areas on which the metal complexes can be highly
dispersed—giving high catalytic activities per unit volume of
material. Some of the best understood supported metal com-
plexes are carbonyls of group 8 metals.* The chemistry of
carbonyls of group 7 metals has also been investigated, for
example, that of rhenium carbonyls, including mono-, di-, and
trinuclear species,™® but only little has been reported about
supported complexes of manganese.

Here we report an investigation of samples prepared by the
reaction of dimanganese decacarbonyl, Mn,(CO);y, with MgO
and reactions of the supported species. Manganese was chosen
because its complexes are important in homogeneous catalysis,”
and their supported analogues might be expected to be good
candidate catalysts, being characterized by robustness and ease
of separation from products combined with the uniformity and
selectivity of homogeneous catalysts. Mn,(CO),, was chosen
as the precursor because it is reactive with metal oxides and
zeolites (e.g., y-Al,03,” MCM-41,'" and zeolite NaY!!), and the

7 Part of the “D. Wayne Goodman Festschrift”.

* To whom correspondence should be addressed. E-mail: jatuporn@
sut.ac.th (J.W.); bcgates@ucdavis.edu (B.C.G.).

# Suranaree University of Technology.

§ Department of Chemical Engineering and Materials Science, University
of California.

' Department of Chemistry, University of California.

infrared (IR) spectra of CO ligands on the resulting surface
species provide valuable information about the structure and
bonding of the metal complexes. The high vapor pressure of
Mn,(CO);y allows sample preparation by chemical vapor
deposition (CVD).

MgO was chosen as a support because it is available as a
powder with high surface area, facilitating the preparation of
surface species in samples with high enough loadings of the
metal complex per unit volume to give good signal-to-noise
ratios in the spectra.'>!?

Our specific goal was to elucidate the surface chemistry of
relatively well defined manganese carbonyls on MgO by taking
advantage of a set of methods that are highly complementary
and expected to provide insight into the structures of the surface
species, namely, IR, electron paramagnetic resonance (EPR),
extended X-ray absorption fine structure (EXAFS), and X-ray
absorption near edge structure (XANES) spectroscopies.

Experimental Methods

Treatment of MgO. MgO powder (EMD Science, 98.0%)
was calcined in flowing dry O, (Airgas, 99.9999%) as the
temperature was ramped from room temperature to 673 K at a
rate of 3 K/min, then held in flowing O, at 673 K for 4 h, and
subsequently treated under vacuum (pressure ~ 1 x 10> mbar)
at 673 K for an additional 16 h. The calcined MgO, which had
been partially decarbonated and partially dehydroxylated, was
kept under vacuum as it was cooled to room temperature, and
then it was stored in an Ny-filled glovebox (Vacuum Atmo-
spheres, with O, and moisture contents each <1.0 ppm) before
being used for the preparation of the supported manganese
complexes or subjected to characterization by IR and EPR
spectroscopies (as described below). The BET surface area of
the calcined MgO was approximately 70 m%g.
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Mn(CO)3 on MgO

Synthesis of MgO-Supported Samples from Mn,(CO);.
The MgO-supported samples were synthesized from Mn,(CO);
(Strem, 98.0%). The synthesis and handling were performed
with exclusion of air and moisture on a double-manifold Schlenk
line. Glassware was dried at 393 K overnight prior to use. In
an Ny-filled glovebox, a flask containing the highly volatile
Mn,(CO),y was quickly connected to another flask containing
calcined MgO powder via a glass tube equipped with a Teflon
valve separating the two flasks and ground-glass joints. The
apparatus was removed from the glovebox and connected to
the Schlenk line via a line with a Teflon valve. The flask
containing Mn,(CO),, was placed in a dry ice/2-propanol bath
(temperature &~ 248 K). The system was evacuated for 15 min
and then warmed to room temperature in static vacuum to allow
sublimation of the Mn,(CO);o. The masses of Mn,(CO),, and
MgO were chosen to give supported samples containing 0.10,
1.0, and 3.0 wt % Mn. Each sample was evacuated overnight
and stored in the glovebox.

Sample Treatment. Decarbonylation in the Presence of H,.
The samples formed from Mn,(CO),, on MgO were decarbon-
ylated in the presence of flowing H, in a once-through quartz
tubular flow reactor. The powder sample (0.50 g) was loaded
into the reactor in the glovebox. The sample was held by a frit
mounted near the center of the tube, which was sealed on both
ends with O-ring compression fittings. The tube was removed
from the glovebox and held in an electrically heated tube
furnace, and then both ends of the reactor were connected to
the flow system, all without exposure of the sample to air. The
temperature in the reactor was measured below the frit with a
K-type thermocouple. H, (Airgas, 99.9999%) flowed through
the reactor at 70 mL(NTP)/min as the temperature was ramped
to 973 K at a rate of 2 K/min. The temperature of the reactor
was held at 973 K for 2 h, and then it was cooled to room
temperature while the H, flow continued. The effluent gases
from the reactor were analyzed by an online mass spectrometer
(Pfeiffer Vacuum, OmniStar). The reactor was then flushed with
helium (Praxair, 99.999%) before being transferred back to the
glovebox.

Treatment in O,. Each sample was loaded into a once-through
quartz tubular flow reactor and connected to the flow system
as in the decarbonylation experiment. At room temperature, O,
(Airgas, 10% by volume in helium) was fed to the reactor at
60 mL(NTP)/min for 6 h, then the sample was flushed with
helium, and the reactor was sealed and returned to the glovebox.
In some experiments, the effluent was analyzed with the online
mass spectrometer.

Sample Characterization. IR Spectroscopy. The MgO
support and the supported samples were characterized by IR
spectroscopy at room temperature with a Bruker IFS 66v Fourier
transform spectrometer equipped with DTGS and HgCdTe
detectors. In the glovebox, each sample was pressed between
two KBr windows and placed in a gastight cell (International
Crystal Laboratories). The cell was then loaded into an airtight
container as a precaution to minimize air exposure before
transfer of the cell to the spectrometer. The sample chamber of
the spectrometer was evacuated (pressure ~ 1 mbar), and the
vacuum was maintained as spectra of the sample were recorded
in transmission mode with a resolution of 4 cm™. Each reported
spectrum is the average of 128 scans.

EPR Spectroscopy. The untreated and calcined MgO and the
supported samples prepared from Mn,(CO),, were characterized
by EPR spectroscopy. Each sample in the N,-filled glovebox
was loaded into a 4 mm o.d. quartz EPR tube and sealed with
an Ultra-torr fitting. The EPR tube was removed from the
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glovebox and evacuated (pressure ~ 1 x 1073 mbar) for 30
min and then flame-sealed. EPR data were collected at the
CalEPR center at the University of California, Davis. Each
sample was scanned at room temperature in a Bruker ECS 106
X-band (*9.5 GHz) spectrometer equipped with a Bruker
ER4102ST cavity operating in the TE(p, mode. Measurements
were performed with a microwave power of 10 mW, a field
modulation of 0.2 mT at 100 kHz, and a sweep rate of
0.1 mT/s. For each spectrum, 10 scans were accumulated.

EXAFS Spectroscopy. The sample formed from Mn,(CO);
and MgO (1.0 wt % Mn) after treatment in O, was characterized
by X-ray absorption spectroscopy. Data collection was per-
formed at beamline 9-BM at the Advanced Photon Source (APS)
at Argonne National Laboratory. The beamline is equipped with
a double-crystal Si(111) monochromator which was detuned by
approximately 30% at the Mn K edge to minimize the presence
of higher harmonics in the X-ray beam. The intensity of the
X-rays entering and exiting the sample was measured with two
gas-filled ion chambers (FMB-Oxford), and a third ion chamber
was used to collect the spectrum of a manganese foil used as a
reference for energy calibration.

The sample was loaded into a stainless steel vacuum tube
sealed with O-rings and transferred to the synchrotron, where
it was handled in an N,-filled glovebox; the O, and moisture
contents of the glovebox were 0.10 and 1.3 ppm, respectively.
The mass of the sample was calculated to provide an absorbance
of about 2.5 and an optimized signal-to-noise ratio. The sample
was weighed, mixed with inert boron nitride powder (Aldrich,
98.0%, particle diameter = 1 um), pressed into a self-supporting
wafer, and loaded into the cell,'* which allowed scanning of
the sample without exposure to air. The cell was transferred to
the beamline and mounted between the first two ion chambers.
The sample was scanned at room temperature in transmission
mode at the Mn K edge (6539 eV) with a step size of 0.07k (k
is the wave vector) in the EXAFS region. The reported spectrum
is the average of five spectra.

EXAFS Data Analysis. EXAFS data analysis was conducted
by using the “difference file” technique'> with the software
XDAP.'® First, the five scans were aligned and averaged. The
functions used to construct the structural models and minimize
the error are shown elsewhere.!® Reference backscattering
amplitudes were calculated by use of the FEFF7.0!7 software.
Crystallographic data characterizing Mny(CO);o'® for the rep-
resentation of Mn—C, Mn—O%* (O* is carbonyl oxygen; the
Mn—C—0 moiety is characterized by collinear multiple scat-
tering), and Mn—Mn contributions were included in the fitting.
Crystallographic data characterizing Mn,O; and MnMg alloy"
were used for Mn—O; (Mn—Oq refers to a relatively short
Mn—O distance in supported samples incorporating oxygen of
the support surface) and Mn—Mg contributions, respectively.

The fitting was done in R-space (distance space) by using
three k-weightings (K°, k', and k?). In the fitting with a candidate
model, the parameters characterizing each contribution, the
coordination number N, the Ao? value (Debye—Waller factor),
the interatomic distance R, and the inner potential correction
AE, were varied until an optimized fit was obtained for all
k-weightings. For a candidate model to be considered acceptable,
it was required to fit satisfactorily with all the k-weightings.
The EXAFS data were analyzed with 11 free parameters over
the range 3.08 < k < 9.50 A~'. The number of parameters used
in the fitting did not exceed the statistically justified number
calculated with the Nyquist theorem?® (14.3).

Two criteria were used to determine whether an EXAFS fit
was satisfactory: First, analysis was done to determine whether
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Figure 1. (A) EPR spectra of untreated MgO (a), MgO after treatment
in O, at 673 K followed by evacuation at the same temperature (b),
sample prepared from Mn,(CO),y on MgO (0.10 wt % Mn) (c), and
sample prepared from Mn,(CO);, on MgO (1.0 wt % Mn) (d); (B)
magnification of part A, spectrum b, at g ~ 1.9804.

the addition of each shell to the model decreased the value of
(Ay)*2! Second, the parameters for each shell were checked to
determine whether they were physically appropriate; specifically,
the value of AE, was considered to be appropriate in the range
—10 to 10 eV and the value of Ao? was constrained not to
exceed 1.5 x 1072 A2,

XANES Data Analysis. Data in the XANES region were
analyzed with the software Athena.”” The edge position of the
manganese in the sample was taken as the inflection point in
the measured X-ray absorption spectrum. The energy scale of
the XAFS spectrum was calibrated by setting the edge position
of the manganese foil to the reported value. The reported
XANES spectrum is the average of five spectra.

Results

Spectroscopic Characterization of MgO. The EPR spectrum
of MgO calcined at 673 K (Figure 1A, spectrum b) lacks
information that would identify the MgO, but the data provide
evidence of impurities in the MgO. The spectrum includes
signals at g = 2.0073 and 2.0180 which match reported signals
of the carbonate radical, CO;~.2>?* The signal at g = 1.9804,
including a very weak quartet (coupling constant A = 18 G)
(Figure 1B), matches the g value of chromium, reported at g =
1.9804.% The quartet corresponds to 33Cr (the natural abundance
of this isotope is 9.3%), which has a nuclear spin 7 of 3/2. A
weak sextet of hyperfine lines with a coupling constant of 82.11
G attributed to Mn?* species (I = 5/2) was also observed in
this sample. These impurities are common in commercial MgO
samples.”® The signal corresponding to oxygen radicals was not
observed in the spectrum of this sample.

Evidence of the surface chemistry of the MgO is provided
by the IR spectra. The spectrum of the calcined MgO (Figure
2D) includes bands in the interval between 3725 and 3775 cm™ !,
which are assigned on the basis of results reported by Diwald
et al.>’ The high-frequency (3767 cm™") component is assigned
to OH groups in which the oxygen atom bonds to one surface
cation (one-coordinated OH group), whereas the low-frequency
component is assigned to OH groups in which the oxygen atom
is coordinated with three to five cations (three-, four-, and five-
coordinated OH groups).

The carbonate region of the IR spectrum characterizing the
calcined MgO (Figure 3A) shows the presence of peaks at 1484
and 1422 (cm™"), which are assigned to monodentate carbonate
and carboxylate group, respectively.?

Reaction of Mn,(CO),y with Partially Dehydroxylated
MgO. Observations During Synthesis. As the yellow-colored
Mn,(CO),y was deposited onto MgO powder from the vapor
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Figure 2. Normalized IR spectra in the voy region characterizing
sample prepared from Mn,(CO);, on MgO. The respective Mn contents
(wt %) of the samples were 3.0 (A), 1.0 (B), 0.10 (C), and 0.0 (D).
Spectra were normalized with respect to the carbonate band at 1264
cml.
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Figure 3. Normalized IR spectra in the carbonate region characterizing
MgO (A), sample prepared from Mn,(CO);o on MgO (1.0 wt % Mn)
(B), and after treatment in O, (C). The spectra were normalized by
setting the value of the intensity of the strongest band in each spectrum
equal to 1.0.

phase, the color of the powder changed from white to pale
yellow, indicating that the precursor had been adsorbed. The
sample remained pale yellow after subsequent overnight
evacuation.

IR Evidence of Reactions of Mn,(CO);y with Surface OH
Groups of MgO. When the manganese loading of the sample
was only 0.10 wt %, the intensity of the band characteristic of
the singly coordinated OH group (at 3767 cm™") decreased after
the Mn,(CO);( had been adsorbed, but the intensity of the band
at approximately 3741 cm™! remained essentially unchanged
(Figure 2C). These results indicate that adsorption of Mn,(CO);
on MgO took place initially on the singly coordinated OH
groups. The spectrum shows that this low loading of manganese
was not sufficient to convert all the surface hydroxyl groups.

When the loading of manganese on the MgO was increased
to 1.0 and then to 3.0 wt %, the intensities of both hydroxyl
bands decreased, and they finally became unobservable (Figure
2, spectra B and A, respectively). Thus, when the manganese
loading was 3.0 wt %, all the hydroxyl groups had reacted, and
some of the precursor might have interacted with sites other
than OH groups on the MgO.

IR Evidence of Reactions of Mny(CO);y with Surface CO5*~
Groups of MgO. When Mn,(CO);, was adsorbed on MgO, there
was a decrease in intensity of the IR band at 1484 cm ™! (Figure
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TABLE 1: vco IR Bands Characterizing Isolated and Supported Manganese Carbonyl Complexes

metal no. of no. of
coordn  Mn valence Vco
sample (comment) no. electrons vco band position (cm™") bands ref

Mn,(CO), in CH,Cl, 6 18 2045(m), 2011(s), 1979(w) 3 this work
sample formed from Mn,(CO);, on MgO and containing N.A. N.A. 2029 (s), 1934(s), 1895(m) 3 this work

0.1 wt % Mn (and represented as Mn(CO)3(Oy);)*
sample formed from Mn,(CO);, on MgO and containing N.A. N.A. 2038(m), 1937(s), 1895(s) 3 this work

1.0 wt % Mn
sample formed from Mn,(CO);, on MgO and containing 3 16 2042(s), 1947(s), 1905(s) 3 this work

1.0 wt % Mn after O, treatment
[Mn(CO)s]~ on MgO (inferred to be weakly interacting 5 18 1891, 1863 2 29

with surface)
[Mn(CO)s]~ on MgO (inferred to be ion paired 5 18 2035, 1916, 1898, 1800 4 29

with Mg** sites)
Mn(CO)sH in THF solution 6 18 2118 (vw), 2016(vs), 2007(s) 3 29
[Mn(CO)s]~ in THF solution 5 18 1898, 1863 2 29
CH;Mn(CO)s 6 18 2045(sh), 2023.6(vs), 2002(s,sh), 1961(w,sh) 4 30
[Mn(CO)s{C(O)O(C7H;5)}] 6 18 2124(w), 2031(s), 2007(s) 3 31
[Mn(CO);(tripod)]™ * 6 18 2030(s), 1962(s), 1902(ms), 1860(s) 4 29
[Mn(CO);(PEt;);7][Cl1O,~] in CH,Cl, solution 6 18 2021(s), 1943(s) 2 32
Mn(CO)s(triphos)* ¢ 6 18 2026(s), 1960(sh), 1945(s) 3 32
mer,trans-[MnBr(CO);{P(C¢H,Cl-4)5},] 6 18 2033(w), 1951(vs), 1901(s) 3 33
mer,trans-[MnBr(CO);P(CH,C¢Hy)s }2] 6 18 2031(w), 1945(vs), 1912(s) 3 33
mer,trans-[MnBr(CO);{P(CcH,OMe-4)3},] 6 18 2031(w), 1946(vs), 1908(s) 3 33
fac,cis-[MnBr(CO);(dppb)]¢ 6 18 2028(s), 1962(s), 1910(s) 3 33
[Mn(CO)3(3,5-DBCat)]~ ¢ in CH,Cl; solution 5 16 1998(s), 1891(br) 2 34
[Mn(CO);(3,5-DBCat)]™ ¢ in CH,Cl, solution at 193 K 5 16 1998(s), 1894(s), 1883(s) 3 34
[Mn(CO);(3,5-DBCat)(py)]~ / in pyridine solution 6 18 1995(s), 1885(s), 1862(s) 3 34
[Mn(CO);(3,5-DBCat)(PPh3)]™ ¢ in CH,Cl, solution 6 18 2001(s), 1904(s), 1867(s) 3 34
[Mn(CO);(S,S-C¢H,)]™ in THF solution 5 16 1996(vs), 1887(s) 2 35
[Mn(CO);(S-CsH4-N)(S-CsH4N)]~ in THF solution 6 18 1994(vs), 1901(s), 1801(s) 3 35
[Mn(CO);3(H,0)s]* 6 18 2051, 1944 2 36
fac-MnBr(CO);[H(pzAnM®)]" (a manganese tricarbonyl 6 18 KBr: 2029, 1923, 1902 3 37

with 3 nitrogen-containing ligands)
{fac-Mn(CH;CN)(CO);[H(pzAn™*)]}" (PFe) 6 19 KBr: 2052, 1956, 1919 3 37

(a manganese tricarbonyl with 3 nitrogen-containing ligands)
[fac-Mn(CO);(1-pzAn™®)]," (a manganese tricarbonyl with 3 6 19 KBr: 2002, 1905, 1884 3 37

nitrogen-containing ligands)
(n-BuyN),[Mn(CO);(H,0){Mo50,3(OMe)4(NO)}] (a manganese 6 18 2029(s), 1933(s), 1916(s) 3 47

tricarbonyl with 3 oxygen-containing ligands)
(n-BuyN);[Na{Mos0,3(0OMe)4(NO) }»{Mn(CO);},]-MeOH 6 18 2036(s), 1930(s), 1920(s), 3 47

(a manganese tricarbonyl with 3 oxygen-containing ligands)]
Mn(CO)3(CsHs)Co{P(O)Rz }3 N.A. 2033, 1920 2 48
Re,(CO)yp in cyclohexane solution 6 18 2070, 2014, 1976 3 49
Re(CO);{O-Mg}{OH-Mg}, 6 N.A 2028, 1905, 1862 3 50

“ Oy oxygen originating from the support. ®tripod = 1,1,1-tris((diphenylphosphino)methyl)ethane. ¢ triphos = bis(2-(diphenyl-

phosphino)ethyl)phenylphosphine. ¢ dppb = 1,4-bis(diphenylphosphino)butane. ¢3,5-DBCat = 3,5-di-fert-butylcatecholate. /py = pyridine.
¢ PPh; = triphenylphosphine. " H(pzAn™®) = 2-(pyrazolyl)-4-toluidine ligand.

3A,B) assigned to monodentate carbonate®® on MgO, and there
was an increase in intensity of a band at 1393 cm™!, assigned
to carboxylates, relative to those at 1484 and 1422 cm™!, which
are not visible in the spectrum after adsorption.?® This result
indicates that the Mn,(CO);, interacts weakly with the carbonate
groups on MgO upon adsorption.

Characterization of Sample Containing 3.0 wt % Mn. IR
Spectra. The interpretation of the IR spectra of the highly loaded
sample is based on a comparison of the observed IR bands with
those reported for a family of manganese carbonyl compounds,
including Mn,(CO);, (Table 1). The spectrum characterizing
the sample containing 3.0 wt % Mn includes two broad, intense
bands, at 2050(m) and 2011(s) cm™! (Figure 4C). These bands
essentially match those characterizing Mn,(CO);, in CH,Cl,
solution (Table 1 and Figure 4D). Furthermore, the spectrum
also includes a shoulder at approximately 2029 cm™! and a broad
absorption extending from approximately 1889 to 1981 cm™'.
The similarity of the two intense bands to those in the spectrum
of the precursor indicates that some of the Mny(CO);o was
adsorbed on MgO with its structure essentially intact; the data
do not determine the degree of any aggregation of the Mn,(CO),
on the surface (thus, they do not determine whether it was
molecularly dispersed). The broad lower-frequency absorption
suggests the presence of adsorbed species other than Mn,(CO),,,
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Figure 4. Normalized IR spectra in the vco region characterizing a
sample prepared from Mn,(CO),o on MgO. The respective Mn contents
(Wt %) of the samples were 0.10 (A), 1.0 (B), and 3.0 (C). Spectra
A—C were normalized with respect to the carbonate band at 1264 cm™.

Spectrum D corresponds to Mn,(CO);, in CH,Cl, solution.
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and our goal in investigating samples with lower loadings of
Mn,(CO),y was to characterize these latter adsorbed species.

Characterization of Sample Containing 0.10 wt % Mn.
IR Spectra. The IR spectrum of the sample with the lowest
manganese loading (0.10 wt %) (Figure 4A) was markedly
different from that of the sample with the high loading (and
different from that of Mny(CQO);). The spectrum includes three
intense bands, at 2029(m), 1934(s), and 1895(m) cm ™!, which
fall in the range reported for a number of manganese tricarbonyl
compounds (Table 1).2737 The data characterizing these man-
ganese carbonyl compounds (Table 1) show that the positions
of the carbonyl bands depend on the non-carbonyl ligands on
the manganese. We therefore hypothesize that the adsorption
of Mn,(CO),, took place by a reaction with hydroxyl groups of
MgO that formed manganese tricarbonyls with the support as a
ligand.

Furthermore, the spectrum of the sample containing 0.10 wt
% Mn (Figure 4A) includes a weak shoulder at about 1869 cm™".
By comparison with the spectra of manganese pentacarbonyls
(Table 1), we might suggest that the shoulder indicates the
presence of manganese pentacarbonyls on the MgO surface.
Manganese pentacarbonyls typically are characterized by a band
at about 1898 cm™!; however, any peaks with frequencies near
this would likely overlap bands of the manganese tricarbonyl
species, and therefore we are not able to draw a conclusion about
the presence of manganese pentacarbonyls on the surface from
this region of the spectra.

EPR Spectroscopy. The EPR spectrum of the sample
containing 0.10 wt % Mn (Figure 1A, spectrum c) includes a
signal at ¢ = 2.0015 and a sextet of hyperfine lines with a
coupling constant 82.11 G, which is characteristic of isolated
Mn?* .38 The spectrum of this sample also includes signals at g
=2.0180 and g = 2.0073, which correspond to CO;~ on MgO,
which indicates that the decarbonation during the calcination
was not complete. Furthermore, the signal characteristic of the
chromium impurity in the MgO was still observed.

The presence of the Mn?* signal demonstrates that the
manganese was oxidized as it reacted with the MgO (the
manganese in Mn,(CO)q is formally Mn°), consistent with our
IR evidence that Mny(CO);, reacted with the MgO. We
emphasize that this evidence of Mn>* does not rule out the
presence of manganese in other oxidation states that are not
EPR active.

Characterization of Sample Containing 1.0 wt % Mn. IR
Spectroscopy. The IR spectrum characterizing the sample
prepared from Mn,(CO),y on MgO containing 1.0 wt % Mn
(Figure 4B) includes bands in the v¢o stretching region, at 1822,
1869, 1895, 1937, 1978, 2000, 2020, 2038, and 2050 cm ™. The
locations of these bands differ from those of the bands
characterizing Mn,(CO);, and the supported samples incorporat-
ing 0.10 and 3.0 wt % Mn. These IR bands are assigned to
manganese carbonyl species, as follows: the bands at 2038(m),
1937(s), and 1895(s) cm™! are in the range of those reported
for manganese tricarbonyl compounds, as summarized in Table
1. The band at 1869 cm™' is characteristic of manganese
pentacarbonyl compounds (Table 1). The small peak at about
1822 cm™! could also correspond to a manganese pentacarbonyl,
and some of the bands (at 2050, 2000, and 1978 cm™!)
correspond to Mn,(CO)y itself. Thus, we infer from the IR
spectra that the sample prepared from Mn,(CO);, that contained
1.0 wt % Mn included a mixture of at least these three
manganese carbonyl species, including unreacted precursor.

EPR Spectroscopy. The EPR spectrum characterizing the
sample containing 1.0 wt % Mn (Figure 1A, spectrum d)

Khabuanchalad et al.
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Figure 5. Normalized IR spectra in the vco region of sample prepared
from Mn,(CO);p and MgO (1.0 wt % Mn) (A), sample from spectrum
A after treatment in flowing O, (B), and sample from spectrum A after
decarbonylation (C).
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(1.0 wt % Mn) (A), sample of spectrum A after treatment in flowing
0O, (B), and sample of spectrum A after decarbonylation (C).

includes the sextet of hyperfine lines mentioned above (coupling
constant = 82.11 G) that is characteristic of Mn?*,* along with
signals at g = 2.0180 and g = 2.0073 corresponding to the
COs5™ radical and the signal at g = 1.9804 characterizing the
chromium impurity. Moreover, a broad baseline was observed,
which results from dipolar interactions.’® The presence of the
baseline in the spectrum suggests that the distance between Mn
atoms in the sample containing 1.0 wt % Mn was significantly
less on average than that in the sample containing 0.1 wt %
Mn.

Characterization of Sample Containing 1.0 wt % Mn
Following Treatment in H,. IR Spectra. The IR spectrum of
the sample after treatment in flowing H, as the temperature was
ramped to 973 K lacked bands in the v¢o region (Figure 5C),
indicating that all the carbonyl ligands had been removed.

EPR Spectra. The EPR spectrum of this decarbonylated
sample (Figure 6C) is characterized by an intense sextet of
hyperfine lines characteristic of Mn>* species, with the intensity
being greater than that characterizing the sample prior to
treatment in Hy; evidently the treatment that led to decarbony-
lation of the manganese species affected the EPR signals, but
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Figure 7. Mass spectra of effluent gases formed by treatment of
samples prepared from Mn,(CO);, on MgO (1.0 wt % Mn) in flowing
H,. The data are not normalized.

the data do not determine the ligands replacing CO on the
manganese and, as discussed below, they do not simply indicate
a change in the amount of Mn?" in the sample.

Mass Spectra of Effluent Gas. As the sample was being
treated in flowing H,, mass spectra of the effluent gas were
recorded (Figure 7). Consistent with the IR data demonstrating
decarbonylation, the mass spectra of the effluent gas indicate
the presence of CO in the effluent stream; furthermore, the
effluent contained CO,, CHy, and CH; fragments presumably
formed from CO, H,, and possibly the support surface. As the
temperature was ramped up, CO signals appeared at 401, 596,
and 786 K, suggesting the presence of multiple surface
manganese carbonyl species in the sample prior to treatment in
H,. The CO, signals appeared at temperatures higher than those
characteristic of the CO, namely, at 473, 609, and 787 K,
consistent with the formation of CO, by reaction of CO.
Furthermore, the signals representing CHy and CHj; were
observed at 478, 609, and 787 K, suggesting that they were
also formed in reactions of CO and H,.

Characterization of Sample Containing 1.0 wt % Mn
Following Treatment in O,. IR Spectra in the vco Region.
The sample containing 1.0 wt % Mn was treated in flowing O,
at room temperature. The sample color changed from pale
yellow to light brown after the treatment. The IR spectrum
changed as a result of the treatment (Figure 5A,B). The bands
representing the untreated sample corresponding to Mn,(CO);
on MgO (at 2050(sh), 2000(m), and 1978(sh) cm™!) and that
corresponding to manganese pentacarbonyls (at 1869(m) cm™")
were no longer observed; we infer that these species were
removed in the oxidative treatment. The resultant spectrum
(Figure 5B) includes only three bands in the vco region (at
2042(s), 1947(s), and 1905(s) cm™!), which are in agreement
with vco bands characteristic of manganese tricarbonyls (Table
1). These three bands shifted slightly to higher frequencies as
a result of the O, treatment. The IR spectrum of this O,-treated
sample was simpler than that of the initial sample, suggesting
the presence of more nearly uniform surface species; conse-
quently, we characterized this sample by EXAFS spectroscopy.

Mass Spectrum of Effluent Gas. The mass spectrum char-
acterizing the effluent gas during the O, treatment (Figure 8)
indicates the presence of CO, demonstrating that carbonyl
ligands in the sample were removed during the O, treatment.

IR Spectra in Carbonate Region. The IR spectrum in the
carbonate region representing the sample after the O, treatment
(Figure 3C) shows an increase in the intensity of the band
associated with monodentate carbonate (at 1484 cm™'). This
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Figure 9. XANES spectra characterizing the sample prepared from
Mn,(CO);p on MgO (1.0 wt % Mn) after O, treatment and manganese
foil.

result suggests that the O, treatment caused the formation of
carbonate. Because the CO ligands attached to the Mn atoms
were the only carbon-containing species in the sample, we infer
that some of the CO was removed and reacted with O, and
formed carbonate groups adsorbed on the MgO. This inference
is supported by the evidence of removal of CO during the
treatment as observed by the mass spectra of the effluent.

EPR Spectra. The signal of sextet hyperfine lines corre-
sponding to Mn?* was still observed in the spectrum of the
sample after the O, treatment (Figure 6B), but its intensity was
greatly reduced relative to that of the untreated sample (Figure
6A), indicating that almost all of the Mn?" had been converted;
we infer that the manganese had been oxidized. Furthermore,
the broad baseline observed in the spectrum of the untreated
sample was removed by the treatment, consistent with the
inference that almost all the Mn>" had been oxidized. These
data are consistent with the IR spectra showing that the
Mn,(CO);p and manganese pentacarbonyl species were con-
verted by reaction with O,.

XANES Spectra. The XANES spectrum characterizing the
sample containing 1.0 wt % Mn after treatment in O, is shown
in Figure 9. The spectrum shows a significant shift in the edge
position (relative to that of metallic manganese) to higher
energies, strongly suggesting that the manganese in the sample
was cationic, in agreement with the EPR results and the
treatment conditions. The edge shift of 9.7 eV is compared with
the literature values determined by XANES of various manga-
nese compounds, shown in Figure 10. The comparison provides
a basis for estimating the oxidation state of manganese in the
O,-treated sample, but the comparison is open to question
because of the inconsistency of the literature values of the edge
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Figure 10. XANES calibration data and comparison with edge shift
of supported manganese carbonyl species after treatment in O,.
Literature data characterizing standard samples (including manganese
foil and manganese oxides) as shown: [, Lopez et al.; O, Stueben et
al.; v, Campos et al.; B, datum obtained in this work shown on each
of the three lines to indicate the manganese oxidation state according
to each of the three literature data sets.

energies. A comparison of our data with those of Lopez et al.*
(Figure 10) indicates manganese in an oxidation state of
approximately +5, whereas a comparison of our data with those
of Stueben et al.* indicates manganese in an oxidation state of
approximately +3, and a comparison of our data with those of
Campos et al.*! indicates manganese in an oxidation state
of approximately +2 (Figure 10). We discount the third of these
possibilities on the basis of our EPR data indicating that almost
all the Mn”>" had been removed in the oxidative treatment.

EXAFS Spectra. EXAFS data characterizing the sample
containing 1.0 wt % Mn after O, treatment and the best-fit model
are shown in Figure 11 (the plots for the other models are shown
in the Supporting Information). Each of the models that led to
satisfactory fits included Mn—C, Mn—O%*, and Mn—Oj contri-
butions, described below. An attempt was made to fit the data
by including an Mn—Mn contribution, but no such contribution
was found (the inclusion of an Mn—Mg contribution, although
it gave a model with a good fit, did not give an acceptable (Ay)?
value). Details are presented in the Supporting Information. The
fitting demonstrated that the data quality was less than excellent,
and the k-range for which meaningful analysis could be done
was limited to 3.08—9.50 A~

Thus, the EXAFS fits that were found to be most appropriate
included Mn—C, Mn—0%*, and Mn—QO contributions (Table 2).
For each of these models, the results indicate Mn—C and
Mn—O%* contributions with coordination numbers of approxi-
mately 3, indicating manganese tricarbonyls, consistent with the
IR spectra. A Mn—Qy contribution was consistently indicated,
but because of the strong correlation between the coordination
number and the Debye—Waller factor, it was not possible to
discriminate between the models with Mn—O, coordination
numbers of approximately 1, 2, and 3 (for models 1, 2, and 3,
respectively (Table 2)). The Mn—Oj distances in each case were
found to be close to 2.0 A (Table 2). All three of these models
provide satisfactory overall fits, but model 3 is preferred because
the number of ligands and total valence electrons of manganese
(by the 18-electron rule) is the most likely possible (see the
Discussion). The lack of Mn—Mn contributions is consistent
with the presence of mononuclear manganese complexes.

In summary, the data indicate that the Mn—Mn bond in
Mn,(CO);y had been cleaved, resulting in mononuclear man-
ganese species, and these cationic complexes are well ap-
proximated as manganese tricarbonyls.

Khabuanchalad et al.

Discussion

Reaction of Mn,(CO),y with MgO. The data clearly
demonstrate that Mn,(CO); reacted with OH groups and CO;*~
on the MgO surface and thus that the deposition led to some
chemisorption. The IR spectra characterizing the resultant
supported manganese carbonyls can be compared with the
results of Keyes et al.,”” who also used vapor deposition of
Mn,(CO);y to prepare MgO-supported samples. Their support
was a pressed 0.3-mm-thick wafer that was thin enough for
transmission IR spectroscopy; it had been pretreated at 673 K,
as had our MgO. Keyes et al. observed vco spectra as the
Mn,(CO),, deposition was taking place, presenting results that
they interpreted as evidence of adsorption combined with
breaking of Mn—Mn bonds and decarbonylation. Specifically,
they observed bands at 2052, 2000, and 1978 cm™! (among
others), in good agreement with our bands at 2050(sh), 2000(m),
and 1978(sh) cm™!, for example. They inferred the presence of
Mn,(CO)y itself, of [Mn(CO)s]~, and of Mn(CO),(O;)6—, (x =
2—4), in broad agreement with our data and our interpretation.
However, the manganese loadings in the samples of Keyes et
al. were not reported, any role of surface hydroxyl groups was
overlooked, and the surface species generally consisted of
complicated mixtures, in contrast to what we observed after
treatment of our sample in O, or the samples made by adding
only small amounts of Mn,(CO),, to the MgO.

The oxidative fragmentation of Mn,(CO), in our work is in
line with the chemistry of Mn,(CO); in solutions of nitrogen-
and oxygen-donor ligands reported by Stiegman et al.*> They
observed that disproportionation and decarbonylation of
Mn,(CO);¢ occur with 1,2-bis(dimethylphosphino)ethane (dppe)
or bis(2-(diphenylphosphino)ethyl)phenylphosphine (triphos), to
give products including [Mn(CO)s]~ and [Mn(CO),L¢_.]"",
where x = 0—4 and L is a ligand.

The EPR evidence of Mn?* in our initially prepared sample
indicates that manganese in the precursor Mny(CO);, was
oxidized as a result of the chemisorption on MgO. We propose
that the surface hydroxyl groups on MgO, which our IR spectra
show reacted with the Mn,(CO),, were the oxidizing agents.
There are other examples of the oxidation of metals on oxide
supports by surface hydroxyl groups, exemplified by the
oxidation of ruthenium—osmium clusters on y-Al,0s* and of
rhodium clusters on y-Al,03.4

Oxidation of Initially Prepared Supported Manganese
Carbonyls. The oxidative treatment at room temperature led
to conversion of the surface manganese carbonyls, as shown
by the change in the IR spectrum and by the formation of gas-
phase products (such as CO) observed by mass spectrometry.
The EPR data show clearly that the Mn?" was removed,
evidently by oxidation.

The XANES data show that the manganese was in an
oxidized state after the sample had been exposed to O.,.
However, as a consequence of the inconsistency in the literature
regarding the XANES edge position values (Figure 10), deter-
mination of the oxidation state(s) of Mn in our sample by
XANES spectroscopy is not unequivocal.

To elucidate the state of the manganese, we proceed by
examining the likely forms of the manganese complexes that
are expected on the basis of the known organomanganese
chemistry. The most common (stable) complexes of manganese
are 18-electron and 16-electron complexes.* We infer from the
EPR data (and the treatment conditions) that the oxidation state
of manganese was greater than +2. Thus, the number of bonding
electrons supplied by the manganese must be less than five,
with the likely value being two or four, corresponding to Mn>*

9202 4990300 80 U0 J8sn NOLONIHSYM 40 AINN Aq 4pd'bgozy01dl12201 L¥6/21.221/0%/% 1 L 4pd-8jo1e 000dl/Bi0 soe sqnd woy pspeojumoq



Mn(CO)3 on MgO

o
)

©
N

0.0

exx () A7h

0.08

0.06

_~ 004

< 0.02 .

< .

= 0.00 &%

x

= 0,02

T -0.04
-0.06
-0.08

TABLE 2: EXAFS Parameters Characterizing Sample
Prepared from Mn,(CO),y Supported on MgO (1.0 wt %
Mn) After O, Treatment®

absorber—
model backscatterer Ad® x 1073 AE,
no. pair N R(A) (A™?) €eV) (Ap)?*?
1 Mn—C 32 193 9.0 6.3 107
Mn—O%* 3.0 3.29 12.1 6.3
Mn—Oq 1.1 205 10.0 2.7
2 Mn—C 27 192 7.8 39 122
Mn—O%* 3.0 333 11.9 39
Mn—Oq 1.8 2.00 10.5 8.9
3 Mn—C 32 1.90 104 34 140
Mn—O%* 32 333 12.6 34
Mn—Oq 26 198 13.8 9.9

4N, coordination number; R, distance between absorber and
backscatterer atoms; Ac?, sigma-squared value (Debye—Waller
factor); AE,, inner potential correction; O*, oxygen of carbonyl
group; Oy, oxygen atom of MgO. In the fitting, the AE, values for
Mn—C and Mn—O%* were constrained to be equal. Typical errors:
N, +£20%; R, £0.04 A; Ao% +£20%; AE, +20%. ° (Ay)? is a
measure of the quality of the fit, as defined elsewhere.’!

and Mn*", respectively. On the basis of the EXAFS and IR
data, we are confident that the manganese complex in the
oxidized sample was a manganese tricarbonyl, and we use this
result in the following electron counting. The key complication
is that the EXAFS data do not allow us to distinguish the
Mn—O, coordination numbers—the data are consistent with
values of nearly 1, 2, and 3.

To proceed with the electron counting, we use the contradic-
tory XANES data of Figure 10 to estimate the candidate
oxidation state of the manganese. We immediately rule out the
XANES data of Campos et al.*' shown in this figure, because
they indicate that the manganese in our oxidized sample was
nearly Mn?* contradicting our EPR data.

If, instead, the data of Lépez et al.*® were considered to be
correct, then the comparison of our XANES result with their
data would indicate that the manganese had been oxidized to
Mn’". Mn>* complexes are d’> complexes, and if the tricarbonyl
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Figure 11. EXAFS data characterizing sample prepared from Mn,(CO);o on MgO (1.0 wt % Mn) after O, treatment (—, data; «++, best fit according

to model 3): k-weighted EXAFS function in k-space (A), imaginary part and magnitude of EXAFS function in R-space with FT k%-weighting (B),
FT k'-weighting (C), and FT k>-weighting (D).

of Mn®" were six-coordinate (the Mn—O, coordination number
would be 3, which is consistent with the EXAFS data; each
oxygen of the support is regarded as a two-electron donor), then
the supported manganese complex would be a 14-electron
complex. Because these are rare, we discount this possibility.
If the manganese tricarbonyl of Mn’* were five-coordinate, it
would be a 12-electron complex, which is even more unlikely
and is rejected.

The remaining possibility is that the more reliable XANES
standard data are those of Stueben et al.*> According to this
possibility, the manganese in the oxidized sample would be
nearly Mn** (Figure 10). Mn** complexes are common; these
are d* complexes. If the tricarbonyl of Mn** were six-coordinate
(the Mn—Og coordination number would be 3, which is
consistent with the EXAFS data; again, each oxygen of the
support is regarded as a two-electron donor), then the supported
manganese complex would be a 16-electron complex. Because
these are common, we consider this to be a highly likely
possibility. Examples of six-coordinate d* complexes of man-
ganese include the following:*® Mn(acac); (acac = acetylac-
etonato) and [Mn(C,04)3]*".

If the manganese tricarbonyl of Mn** were five-coordinate,
it would be a 14-electron complex, which is highly unlikely
and is rejected.

Thus, we infer that the supported manganese complex in our
oxidized sample is a d* complex with three carbonyl ligands
and bonded to MgO as a tridentate ligand. The structure is
inferred to be closely comparable to one incorporating an
oxometallate ligand that can be regarded as a model of an oxide
surface; the corresponding compounds are (rn-BuyN),[Mn(CO);-
(H0){Mo5013(0OCH3)4(NO)}] and (n-BuyN)3[Na{MosO;3(OMe)s-
(NO)},{Mn(CO)3},]*MeOH,*” which are formed by oxidation
and decarbonylation of MnBr(CO)s in solution by a route that
is roughly similar to ours (Me is methyl).

Correspondingly, we infer that the most likely Mn—Oq
coordination number is 3 and the probable structure of our
supported manganese complex is as shown in Scheme 1, where
the distances are those corresponding to the preferred EXAFS
model 3.
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SCHEME 1: Proposed Structure of Surface Manganese

Tricarbonyl Species Prepared from Mn,(CO);y on MgO
(1.0 wt % Mn) After O, Treatment*

1434

“The distances are in A, as determined by EXAFS spectroscopy
for the preferred model 3.

The CO stretching frequencies of the sample that is inferred
to be a manganese tricarbonyl appear at lower wavenumbers
than those of Mn,(CO),o. Although the oxidation state of
manganese in the manganese tricarbonyl species (Mn*") is
higher than that in Mn,(CO);o (Mn®), the presence of the three
surface oxygen atoms as ligands affects the stretching frequen-
cies of CO, which consequently shifts the CO bands to lower
frequencies than those of Mny(CO);,. Correspondingly, there
are several examples of manganese tricarbonyl complexes with
oxygen-containing ligands for which the vco bands are at lower
wavenumbers than those of Mn,(CO);, (Table 1). Examples in
Table 1 include complexes with strong and weak back-bonding
tendencies. An example is Mn(CO)3;(CsHs)Co{P(O)R,}5,*®
which is characterized by vco bands at 2033 and 1920 cm ™.
Moreover, this behavior is also observed in the rhenium
tricarbonyl complexes.**>°

Conclusions

A sample prepared by vapor deposition of Mny(CO);y on
MgO was treated in flowing O, at room temperature to form a
species shown by IR and EXAFS spectroscopies to be a
manganese tricarbonyl and shown by EPR spectroscopy to
incorporate manganese in an oxidation state greater than +2.
The EXAFS data and electron counting lead to the inference
that the species is a d* complex bonded to three oxygen atoms
of the MgO support as shown in Scheme 1.
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