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ABSTRACT: We report a comparative study of isolated Fe', iron
oxide particles, and metallic nanoparticles on silica for non-oxidative
propane dehydrogenation. It was found that the most selective
catalyst was an isolated Fe' species on silica prepared by grafting the
open cyclopentadienide iron complex, bis(2,4-dimethyl-1,3-penta-
dienide) iron(II) or Fe(oCp),. The grafting and evolution of the
surface species was elucidated by 'H NMR, diffuse reflectance
infrared Fourier transform spectroscopy and X-ray absorption
spectroscopies. The oxidation state and local structure of surface
Fe were characterized by X-ray absorption near-edge structure
(XANES) and extended X-ray absorption fine structure. The initial
grafting of iron proceeds by one surface hydroxyl Si—OH reacting
with Fe(oCp), to release one diene ligand (oCpH), generating a
Si0,-bound Fe'(oCp) species, 1-FeoCp. Subsequent treatment with

selective dehydrogenation by single-site Fe/Si0,

Single site Fe/SiO,
1

H, at 400 °C leads to loss of the remaining diene ligand and formation of nanosized iron oxide clusters, 1-C. Dispersion of these
Fe oxide clusters occurs at 650 °C, forming an isolated, ligand-free Fe"" on silica, 1-Fe"', which is catalytically active and highly
selective (~99%) for propane dehydrogenation to propene. Under reaction conditions, there is no evidence of metallic Fe by in
situ XANES. For comparison, metallic Fe nanoparticles, 2-NP-Fe’, were independently prepared by grafting Fe[N(SiMe,),],
onto silica, 2-FeN*, and reducing it at 650 °C in H,. The Fe NPs were highly active for propane conversion but showed poor
selectivity (~14%) to propene. Independently prepared Fe oxide clusters on silica display a low activity. The sum of these results
suggests that selective propane dehydrogenation occurs at isolated Fe' sites.

KEYWORDS: isolated Fe catalysts, propane dehydrogenation, Fe nanoparticles on silica, dehydrogenation catalyst, Fe XANES, EXAFS

B INTRODUCTION

Selective activation of sp> C—H bonds is a critical component
for alkane transformations. It is especially challenging to control
C—H versus C—C cleavage when performing endothermic
reactions, such as non-oxidative dehydrogenation of alkanes to
the alkene and hydrogen. The transformation of propane to
propene and hydrogen becomes thermodynamically favorable
above temperatures of ~400 °C; however the competing

ions in the zeolite framework or ion-exchanged into zeolites, for
example, Zn(11),>° Co(I1),”* and Ga(III),”*”"'? have also been
suggested as catalysts for dehydrogenation of alkanes to olefins;
however, the residual protons lead to secondary reactions
forming a variety of alkanes, alkenes, and aromatics.
Nevertheless, these results suggest that the isolated metal
ions may be promising catalytic species for selective alkane
dehydrogenation.

11,12

reaction to cleave a C—C bond to yield methane and ethene
becomes favorable at 200 °C. Thus, both kinetic and
thermodynamic considerations make this reaction particularly
challenging. Nonetheless, this reaction is performed commer-
cially using Cr- and Sn-modified Pt catalysts, with catalyst
regeneration to remove carbon deposits due to unselective C—
C and C—H activation forming a key engineering component.
Bulk oxides, such as Ga,0; are also active for alkane
dehydrogenation; however, the rates are low, and these
catalysts also deactivate by forming coke.'™ Isolated metal
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We have found that the catalytic properties of these isolated
ions can be studied independently if they are synthesized free of
Bronsted acid sites on SiO,. Furthermore, we have demon-
strated that silica-supported, well-defined isolated Zn(I)"* and
Co(I1)'* catalysts are catalytically active and selective for
propane dehydrogenation at 550 °C or even at 650 °C in some
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cases. At this temperature, the thermodynamics favor
dehydrogenation and C—C cleavage reactions, but we observe
very high kinetic selectivities to the dehydrogenation products.
We believe that Si vacancies on the SiO, surface can behave as a
“tetrahedral enforcer” (cf. scorpionates’ and other related
1igandsl6_21), stabilizing low coordinate metal centers toward
reduction to metallic phases or aggregation into metal oxide
clusters.

The synthesis of our zinc and cobalt catalysts is performed
using the stable ammonia coordination complexes in water,
followed by thermally dissociating the ammonia ligands. This
approach is not viable for iron because it forms oxides rapidly in
basic aqueous solution. Thus, we have adopted organometallic
precursors for the formation of isolated Fe' species on silica.
Surface organometallic chemistry of this type is a powerful way
to prepare well defined catalytic species by protonolysis of
reactive metal ligands with hydroxyl groups of the support, for
example, SiO, and AlL,O;.”*~ Several approaches to isolated
surface catalysts exist. Some supporting ligands can be retained,
such as in the case of Mo and W imido alkylidene metathesis
catalysts studied by Schrock, Copéret, and co-workers, 873
or all non-oxygen ligands can be removed, as the thermolytic
synthesis routes Tilley has pioneered.”’ ~** Finally, metals can
be dispersed using chelating additives, such as ethylene-
(diamine)tetraacetic acid has been used by Notestein and co-
workers.*

In the case of iron, Tilley et al. prepared Fe®* catalysts on
SiO, by grafting Fe[OSi(Ot-Bu);]; on SBA-1S, followed by
calcination to remove the remaining organic groups. Notestein
et al. used the iron ethylene(diamine)tetraacetic acid (EDTA)
complex to prepare highly-dispersed iron species on SiO,
surface and also removed the EDTA via calcination. In both
cases, the resulting surface iron species were able to catalyze
oxidation of alkanes, alkene, and arenes with hydroperoxide
with good selectivity.”' Isolated Fe species incorporated into
the matrix of silicates also exhibit interesting catalytic
properties. By incorporating isolated Fe in the framework of
a zeolite, the resulting Fe-ZSMS was demonstrated by Lobo et
al. to be catalytically active for selective propane trans-
formations.>” In addition, isolated Fe'! in the matrix of silicate
was also successfully prepared by Tusar et al. through two-step
solvothermal synthesis.”**” Such Fe silicate material was
studied as an efficient adsorbent and catalyst for toluene
oxidation. In both Fe systems, redox of isolated Fe'/Fe' was
postulated to be critical for their catalytic performance.

Herein, we report the synthesis, characterization and catalytic
properties for propane dehydrogenation by a well-defined,
isolated Fe'l/SiO,, 1-Fe', and a comparison with metallic
nanoparticles (2-NP-Fe?) and oxides clusters. The surface
chemistry utilized to prepare isolated Fe species uses bis(2,4-
dimethyl-1,3-pentadienide) iron(II), Fe'(oCp),,***" which we
have previously used as an atomic layer deposition precursor to
Fe,0; and Fe;0,."” The structure of the Fe species at different
stages of the synthesis was elucidated by '"H NMR, diffuse
reflectance infrared Fourier transform spectroscopy (DRIFTS),
in situ X-ray absorption near-edge structure (XANES) and
extended X-ray absorption fine structure (EXAFS). The
catalytically active species is an isolated, three-coordinate
Fe(Il) silicate. This is in contrast to the chemistry of
Fe[N(SiMe;);]," on silica, 2-FeN*, which reduces to metallic
nanoparticles, 2-NP-Fe’ upon reduction at 650 °C in hydrogen.
We demonstrate that although Fe NPs are highly active,
propane is nonselectively converted to methane/ethylene, and
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a rapid coke formation was observed. Silica-supported iron
oxide clusters were also prepared and found to have little
activity. The differences in catalytic activity and selectivity
indicate that isolated Fe'" on silica is the active site for selective
propane dehydrogenation.

B EXPERIMENTAL SECTION

All synthetic operation is performed under a N, atmosphere in
the glovebox or using Schlenk techniques. All nonaqueous, air-
free solvents are purified and dried by solvent system. The silica
(Davisil 646, 35—60 mesh, Sigma-Aldrich) was dried under
vacuum at 200 °C down to 5 milli-Torr and was kept in the
glovebox under nitrogen atmosphere. Other chemicals are all
reagent grade or above, and no further purification was
performed. Elemental analysis was determined by Galbraith
Laboratories, Inc. (Knoxville, TN)

Bis(2,4-dimethyl-1,3-pentadienide) Iron(ll) (Fe(o-
Cp),). A4 MgBr, (3 g 16.3 mmol) was dissolved in 40
mL of THF in a 200 mL round-bottom flask, and it was kept
cold to —78 °C. Potassium 2,4-dimethyl-pentadienide (2.17 g;
16.2 mmol) was dissolved in 30 mL of THF and was cooled to
—78 °C. The solution of potassium pentadienide was added
dropwise to the MgBr, THF solution when they were cold (at
—78 °C). The reaction mixture was stirred for 2 h at room
temperature and was added dropwise into 1.03 g of anhydrous
FeCl, (8.1 mmol) THF solution at —78 °C. The mixture was
stirred for another 3 h at room temperature, yielding a deep red
solution. Then the THF was removed in vacuum, and the
bis(2,4-dimethyl-1,3-pentadienide) iron(II) (Fe(o-Cp),) was
extracted with pentane. The filtered extraction solution was
evacuated to remove the pentane to yield 0.84g (42.2%) of
product. "H NMR (500 MHz, C¢Ds): &y 4.36 (s, 1 H), 2.66 (s,
2 H), 1.83 (s, 6 H), 0.29 (s, 2 H)

Grafting Bis(2,4-dimethyl-1,3-pentadienide) Iron(ll)
onto Silica (1-FeoCp). A solution of 0.176 g (0.72 mmol)
of 2,4-dimethyl-1,3-pentadienide iron(1I) in 10 mL of hexanes
was added to 2 g of dry silica in a 50 mL flask under N,. The
mixture was stirred for 3 h at room temperature, and the
resulting solid material was filtered and washed with pentane.
The as-prepared material was dried in vacuum to obtain a red-
orange solid (2.01 g, 98%). Anal. found: Fe, 1.11.

Bis[bis(trimethylsilyl)amide] Iron(ll) (Fe[N-
(SiMe;),1,)."**°  Li[N(SiMe;),] (1.32 g 7.9 mmol) was
dissolved in Et,O and was kept cold in the freezer (—30 °C).
The cold lithium salt solution was added into a suspension of
500 mg of anhydrous FeCl, (3.9 mmol) in Et,0 at —30 °C.
The reaction was warmed to room temperature and was stirred
overnight. The Et,0 was removed in vacuum, and the Fe
compound was extracted with hexanes. The solution was
filtered, and the solvent was removed in vacuum to obtain 1.35
g (92%) of the product. 'H NMR (500 MHz, tol-dg): 5y 65.58
(s, br, 36 H).

Grafting Fe[N(SiMes),], onto Silica (2-FeN*). Bis[bis-
(trimethylsilyl)amide] iron(II) (0.134 g, 0.36 mmol) hexanes
(10 mL) solution was added into a dry silica (1 g) hexanes
slurry in a 20 mL vail. The mixture was stirred for 1 h at room
temperature. The resulting solid was filtered and dried in
vacuum for an hour to get a greenish solid (0.98 g). Anal.
found: Fe, 1.83.

Reduction of Fe[N(SiMe;),],/SiO,. The Fe[N(SiMe;),],/
SiO, (2-FeN*) sample (1 g) was loaded into a quartz reactor
under nitrogen atmosphere. The whole gas line was purged
with 4% hydrogen (50 mL/min) with helium for 10 min, and
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then the hydrogen gas was purged through the reactor for
another 5 min at room temperature. The temperature of the
reactor was set to 650 °C and held for 10 min with the constant
hydrogen gas flowing rate (4% in helium, SO mL/min). Metallic
Fe nanoparticles were obtained after hydrogen reduction.

Fe,0; Clusters on SiO,. Fe oxide on silica was synthesized
using the incipient wetness impregnation methodology. Iron
nitrate (Fe(NO;);-9H,0, 7.28 g; Aldrich) was dissolved in 20
mL of deionized water, and the solution was added to 20 g of
silica dropwise while stirring to mix them well. The resulting
wet powder was dried overnight at 125 °C and subsequently
calcined at 300 °C in air for 3 h. Anal. found: Fe, 4.4.

Catalyst Testing. The catalyst performance testing was
conducted in a vertical, quartz tube reactor equipped with mass
flow controllers, and the products were determined by online
gas chromatography (50 m GS-alumina capillary column).
Approximately 1 g of catalyst was packed in the glovebox under
air-free atmosphere and was supported on quartz wool with an
internal thermocouple placed at the top of the catalyst bed. The
reactor was well sealed to keep the catalyst air-free during the
whole catalytic testing. Initially, the catalyst was purged with H,
(4% in helium, Airgas USA, LLC) or Ar (Airgas USA, LLC),
which had been further purified with an oxygen trap, at 50 mL/
min at room temperature for S min, then the reactor was
heated to 650 °C for dehydrogenation. The reaction mixture
was 3% propane/Ar at 55 mL/min or a contact time of 3 s for
propane dehydrogenation. Product composition was deter-
mined by gas calibration standards and analyzed by a flame
ionization detector (FID) using H, (99.999%, Airgas USA,
LLC) and air (<2 ppm of H,0, Airgas USA, LLC).

XANES and EXAFS Measurements. In situ XANES and
EXAFS measurements at the Fe K-edge (7.112 keV) were
conducted on the bending magnet beamline of the Materials
Research Collaborative Access Team (MRCAT, 10-BM) at the
Advanced Photon Source (APS), Argonne National Laboratory.
Ionization chambers were optimized at the midpoint of the Fe
spectrum for the maximum current with linear response (~10"
photons detected per second) using 35% He in N, (15%
absorption) in the incident X-ray detector and a mixture of
~17% Ar in N, (70% absorption) in the transmission X-ray
detector. A third detector in the series simultaneously collected
an Fe foil reference spectrum with each measurement for
energy calibration. A cryogenically cooled double-crystal
Si(111) monochromator was used and detuned to 50% to
minimize the presence of harmonics. The X-ray beam was 0.5 X
1.5 mm, and data were collected in transmission geometry in 10
min in step scan mode. The catalyst was pressed into a 4 mm
self-supporting wafer and placed in a stainless steel holder. The
reactor consisted of a straight quartz tube (1 in. o.d., 10 in.
length) with an Ultra-Torr fitting equipped with shut-off valves.
At both ends of the reactor were Kapton windows sealed with
O-rings. The reactor has an internal thermocouple at the
sample that controls the clam shell furnace. The as-prepared
catalyst was loaded into a glovebox, and measurements were
obtained at room temperature in the absence of air and water.
The catalyst was treated for 30 min in flowing H, at 400 and
650 °C and in propane/He at 650 °C. After treatment at
elevated temperature, the catalysts were cooled in the flowing
gas and measured at room temperature without exposure to air.

X-ray absorption analysis of the Fe K-edge XANES energy
was determined from the inflection point of the leading edge,
by determination of the energy of the maximum in the first
peak of the first derivative. EXAFS fits of the Fe/SiO, catalysts
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were determined from experimental phase shift and back-
scattering amplitudes, which were obtained from the Fe(acac),
(6 Fe—O at 1.99 A). Standard procedures based on WINXAS
3.1 software were used to fit the X-ray absorption spectros-
copies (XAS) data. The EXAFS coordination parameters were
obtained by a least-squares fit in R-space of the first-shell,
nearest neighbor, kz-weighted Fourier transform data from Ak
=26-10.6 A",

Scanning Transmission Electron Microscopy (STEM).
The STEM micrographs were obtained at the University of
linois at Chicago, UIC’s Research Resources Center facility
using a JEOL 3010 Materials Science TEM, a 300 kV
transmission electron microscope with LaB6 electron source.
Samples were dispersed into an isopropyl alcohol solution and
sonicated for 20 min. A drop of the solution was added to a
holey-carbon copper grid and dried under a heat lamp for 20
min. Once the grid was dried, the sample was placed in a JEOL
JEE-4X vacuum evaporator, and an overcoat of carbon was
applied. Images were taken using the Gatan Orius SC200 CCD
camera, and the particle size was counted using the Particule2
program. When particles were present, a minimum of 50
particles were counted to get an accurate representation of the
particle size distribution.

DRIFTS Measurement. Infrared (IR) spectra were
collected in a glovebox under N, atmosphere using a Bruker
Alpha FTIR spectrometer (Bruker Optics, Billerica, MA) with a
DRIFTS module. Spectra at 4 cm™" resolution were obtained in
absorbance mode over the 400—4000 cm ™' range. All IR data
were analyzed using OPUS (v7.0, Bruker Optics, Billerica, MA)
software.

Solution NMR Measurement. Solution '"H NMR spectra
were recorded using a Bruker UltraShield 500 MHz
spectrometer. All data were analyzed using TopSpin v3.1
(Bruker BioSpin, Billerica, MA).

B RESULTS AND DISCUSSION

Synthesis and Characterizations of Fe/SiO, Catalysts
(isolated Fe'/SiO,, Metallic Fe® Nanoparticles and Fe
Oxide Clusters). Our choice for grafting Fe"' onto silica (dried
at 200 °C) is the open metallocene, bis(2,4-dimethylpenta-
dienyl)iron (Fe(0Cp),). The precursor is stable at ambient
temperature under inert atmosphere, but the noncyclic diene
ligand can be protonated by surface hydroxyl groups, resulting
in isolated Fe sites on silica (1-FeoCp) that retains one oCp
ligand, as shown in Scheme 1. One equivalent of free diene
ligand versus external standard was detected by 'H NMR. In
addition, the infrared spectrum of 1-FeoCp shows C—H
stretching around 3000 cm™" (Figure 1) due to the remaining
pentadienyl ligand. A loss of IR signal was also observed at
3740 cm™' compared wtih SiO, due to the consumption of
isolated surface hydroxyl groups.

Scheme 1. Grafting of Fe(oCp), Precursor onto Silica To
Form 1-FeoCp

L\ O~ Sl\
? - C/Hy, . / \
>—Fle Ho i s /\—/\ sil_ /O\Sl\
/JD\ Si0, s::face OH L=0Cp
Fe(oCp), 1-FeoCp
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Figure 1. Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) spectra of 1-FeoCp (bottom) and silica (top).

The iron bis(hexamethyl)disilazide complex Fe[N(SiMe;),],
also reacts with SiO, to release HN(SiMe;), to prepare 2-FeN*
(Scheme 2). However, the amount of released HN(SiMe;),

Scheme 2. Grafting of Iron (II) Precursor (Fe[N(SiMe;),],)
onto Silica To Form 2-FeN*

L' Me
| Me_/ M
hexanes /Fe S\l ¢
MesSi _ SiMe; - HN(SiMey), o N0
. N=Fe=N__. —Si _O—gi_
Me;Si SiMe; HO, o -/ \_/ siC
Si<s —L =
o .
Me = CH;3 Si0, surface OH L’ =N(SiMe3),
Fe[N(SiMe3),],, or Fe(N*), 2-FeN*

one of several possible
surface structures

could not be accurately quantitated because of the competing
reaction of the amine with surface Si—OH groups to form Si—
O—SiMe; moieties. Diffuse reflectance infrared Fourier trans-
form spectroscopy (DRIFTS) spectrum of 2-FeN* shows the
retention of C—H stretches consistent with the SiMe; groups,
Figure 2. Moreover, the disappearance of the hydroxyl signal
(compared with silica spectrum) at 3740 cm™ indicates that
Fe[N(SiMe;),], is chemically grafted onto silica by reacting
with isolated =SiOH on the surface.

| = silica
3740I

== 2-FeN*

2000 2500 3000

wavenumber, cm?

3500 4000

Figure 2. DRIFT spectra of 2-FeN* (bottom) and silica (top).
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The formal oxidation state and the local coordination
geometry of Fe in 1-FeoCp and 2-FeN* were determined by
XANES and EXAFS spectroscopies, respectively. The pre-edge
energy of the 3d transition metal ions is indicative of the formal
oxidation state in XANES spectra. The XANES spectrum of 1-
FeoCp is shown in Figure 3. The pre-edge energy of both 1-

14

1.2

0.8

0.6 = 1-FeoCp, RT, N,

1-C, 400°C, H,

Normalized absorption

1-Fe', 650°C, H,

Energy, eV 7150
Figure 3. X-ray absorption near-edge structure spectroscopy (XANES)
of 1-FeoCp, 1-C and 1-Fe". The pre-edge of the XANES used to
identify the formal oxidation state is marked with the vertical line.

FeoCp and 2-FeN* are 71129 eV, as listed in Table 1,
consistent with Fe'' (see Table S1 for the pre-edge energies of
Fe(1I) and Fe(III) reference compounds). One benefit of XAS
methods is that the material can be examined under reaction
conditions to follow the evolution of metal species during
catalysis. We will consider the behavior of 1-FeoCp and 2-
FeN* upon thermal treatment with hydrogen and propane in
turn.

The local Fe coordination was determined by EXAFS, which
provides information about the number of neighboring atoms
and the average bond distance. Scattering is proportional to the
number of electrons in the neighboring atom; thus, C and O
scatters cannot be distinguished by this method. A first-shell
Fe—X (X = O or C) peak was observed in the magnitude of the
Fourier transform (FT) of the EXAFS data for 1-FeoCp
(Figure 4) and is the average of the Fe—X from the support and
remaining Fe-pentadienyl ligand. Figure 4 shows the magnitude
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Table 1. XANES and EXAFS Data of Fe(oCp), Precursor, Isolated Fe/SiO, Catalysts, Fe Nanoparticle Catalysts, and Fe Oxide

Cluster Catalysts

sample treatment pre-edge energy, keV  oxidation state scatter N R A A6 (x10°) AEj, eV
Fe(oCp), catalyst precursor 7.1130 2+ Fe—C 100 2.00 6.0 5.0
Fe/SiO, (Fe(oCp),) as prepared, 1-FeoCp 7.1129 2+ Fe—O/C 3.7 1.96 8.0 2.0
H, 400 °C, RT 1-C 7.1128 2+ Fe—-O 4.3 1.95 6.0 1.0
H,, 650 °C, RT, 1-Fe! 7.1130 2+ Fe—0O 29 182 4.0 0.8
C;Hg, 650 °C, RT, 1-Fe!! 7.1129 2+ Fe—0O 29 1.85 8.0 2.1
Fe NPs/SiO, (Fe[N(SiMe;),],)  as prepared, 2-FeN* 7.1129 2+ Fe—O/N 3.1 1.98 4.0 0.6
H,, 650 °C, RT, 2-NP-Fe® 7.1120% 0 Fe—Fe 72 247 1.0 ~1.8
FeO, cluster/SiO, IWI air, RT 7.1144 3+ Fe—O 6.1 1.92 9.0 -39
H,, 650 °C, RT 7.1128 2+ Fe—O 39 191 9.0 -07
Fe(III) ZSM-5 air, RT 7.1145 3+ Fe—O 41 184 8.0 24

47.1120 keV is the edge energy of Fe’ nanoparticles, no pre-edge energy feature can be obtained from Fe in zerovalent state.

0.02 e-0
" ¢, Fe-O-Fe )
’“‘ 1\ — ~ Bulk Fe oxides Fe,0;
]
\
[ ! — 1-FeoCp
0.015 1\ )
I [
1 .
[ [
= 1 '
% om b NN
& O ! | hH \ \
= | H
s ! 1
| 1
'
0.005 ]
'
|

R,A

Figure 4. Magnitude of the Fourier transforms of the EXAFS spectra
of 1-FeoCp and bulk Fe,O; standard.

of the FT of 1-FeoCp in comparison with bulk Fe,O;, which
has 6 Fe—O bonds at average distance of ~1.99 A. The position
of the first shell peak of 1-FeoCp is similar to that of Fe(III)
oxide, but the smaller peaks are consistent with fewer
neighbors.

Fitting of the Fe—X first shell peak with the phase and
amplitude functions prepared from reference compounds, for
example, Fe(acac);, 6 Fe—O at 199 A (where acac is
acetylactetonate), 1-FeoCp has four Fe—X (X = O or C)
neighbors at an average bond distance of 1.96 A. Determination
of the precise coordination geometry of the ligand to Fe is not
possible; however, the low total coordination number of the
complex indicates that the pentadienide ligand is not 7°-bonded
in the supported complex as it is in the precursor (Scheme 1).

In addition to the Fe—X (X = O or C) coordination shell,
there is also a small, higher shell peak at ~2.5 A due to
scattering by C atoms from the pentadienide ligand and
support at longer distances. This peak is much smaller and at a
distance different from that of Fe(Ill) oxide, suggesting that
these grafted Fe sites are monomolecular, that is, an isolated
site. The remaining pentadienide ligand was removed from 1-
FeoCp by heating to 400 °C in H, (Scheme 3). The product
(1-C) was analyzed by infrared and the disappearance of the
C—H stretching bands was observed (Figure S, bottom). The
thermal removal of diene ligand could be due to the reaction
between the pentadienide ligand and the surface bridging
hydroxyl, resulting in a new Fe—O bond and a free oCpH or by
reaction with H,. Regardless, an increase in the isolated OH
stretching resonance at 3740 cm™' is observed (Figure S,
bottom).

A final possible mechanism for removal of 0CpH could be
hydrolysis of the organic ligand by H,O, which is generated by
thermal dehydration of surface hydroxyls at evaluated temper-
atures. The XANES pre-edge energy is 7112.8 eV, indicating
that the oxidation state remains Fe" under H, at 400 °C. Fitting
of the EXAFS spectra gives four Fe—O bonds at a distance of
1.95 A (Table 1). The Fe—O bond distance in bulk iron oxides
is generally >1.90 A*™* (see Table S2), which suggests the
formation of small iron oxides cluster (1-C). This is not
surprising because we have observed that crystalline FeOx can
be grown by atomic layer deposition (ALD) in previous work
with the Fe(oCp), precursor.42

Further evolution of the surface iron species occurs at a
higher temperature (650 °C) in hydrogen, although the
oxidation state of Fe remains 2+ with a pre-edge energy of

Scheme 3. Transformation of Surface Fe Species in H, at Evaluated Temperature To Form 1-Fe"

L\ O WO
Fe " Sl\ e /Sl\_
/ \\ = b TEM image of isolated
0 s_,0 ° s" Fe/SiO, (1-Fe')
—Si —Si— =Sl o Sis . ,
. \—/\s/ » i
L=0Cp Single site Fe/SiO,
1-FeoCp 1-Fell
-C;H . .
H,, 400°C © C7pH1)2 dispersion / H,,650°C
1-C
3498 DOI: 10.1021/acscatal.5b00248
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Figure S. DRIFTS spectra of 1-FeoCp (top) and 1-C (bottom).

7113.0 eV (Scheme 3). The shape of the XANES is different
from that at 400 °C (Figure 3), indicating another change in
the Fe surface structure. The fit of the EXAFS first-shell peak
indicates that there are 3 Fe—O bonds at 1.82 A to form the
isolated Fe"/SiO, complex 1-Fe" (Figure 6). There is a

Fe-O Fe-O  =—Mag-FT of 1-Fe" (650°C)
0.01 == Imaginary-FT of 1-Fe' (650°C)
—— Mag-FT of 1-C (400°C)
0.005 ] 4’ - = Imaginary-FT of 1-C (400°C)
[}
—_— 'l ]
= [}
5;2 [
£ o0 ___ | NS’
= E====z= [
[ A [
v N
N
-0.005 N
\ [
N
~/
-0.01
0 1 2, 3 4
R, A

Figure 6. Fourier-transformed kz—weighted EXAFS spectra of 1-Fe!
(Ak =2.93—10.05) (650 °C) and 1-C (Ak = 2.66—10.21) (400 °C).

decrease in the magnitude FT of 1-Fe" when comparing it with
1-C. That decrease is consistent with loss of 1 Fe—O and a shift
to lower R, which is consistent with the shorter Fe—O bond
distance at 650 °C. Importantly, there is no indication of
metallic Fe in the XANES or EXAFS spectrum after 650 °C
treatment with hydrogen or propane.

High-temperature dispersion of supported transition metal
oxides has previously been reported for Co,"* Ni,*° Mo,*"**
V,>* and Cr.>* For the case of this study, the synthesis of 1-
FeoCp is self-controlled in terms of Fe loading because the
excess precursor does not readily react with surface hydroxyls
because of the steric bulk of the diene ligand. As a result, the
total loading of Fe is far lower than the monolayer
concentration. Thus, redispersion at high temperature (650
°C) is more likely to form isolated Fe(Il) surface species. At
higher Fe loadings, typical of the incipient wetness impregna-
tion method in which the saturation or oversaturation of the
surface hydroxyl is reached, the same Fe(II) silicate species are
not formed.
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Although the higher shell peak in EXAFS of the 1-Fe'" at 650
°C is small, as shown in Figure 6, it is difficult to get a reliable
fit to differentiate whether this is from Fe—O—Si or Fe—O—Fe.
Therefore, the EXAFS spectrum was also obtained for Fe-MFI,
that is, isolated Fe in the ZSM-S structure for comparison. In
the Fe-MFI framework, Fe has a tetrahedral geometry with four
Fe—O bonds in the zeolite framework, which is similar to
AlO,™ in ZMS-5, and its higher shell peak corresponds to Fe—
O-Si. A fit of the first shell peak in FT indicates that there are
four Fe—O bonds at 1.84 A, which is shorter than that in Fe
oxides and is similar to that for the 1-Fe' treated at 650 °C.
The similarity of the Fe—O bond distances in 1-Fe"" and Fe-
MFI suggests that the second shell neighbor is Si, rather than
Fe. The higher shell peak of Fe-MFI is also small and is at a
distance similar to that of the higher shell peak in 1-Fe"', which
is consistent with bonding of the Fe to the silica surface.

In contrast to the chemical transformation observed to form
1-Fe"! at evaluated temperature, thermal treatments of Fe/SiO,
derived from Fe[N(SiMe;),], (2-FeN*) follow a drastically
different path. EXAFS shows that 2-FeN¥* is a three-coordinate
Fe" with an average bond distance of 1.98 A (Table 1). The
lower coordination number is noteworthy and may be a result
of the concomitant formation of Si—O—SiMe; groups when
synthesizing 2-FeN*; however, this remains a hypothesis at this
time. Upon treatment of 2-FeN* with H, at 650 °C, the Fe'
reduced to metallic Fe® nanoparticles (2-NP-Fe®). The XANES
of 2-FeN* after H, treatment at 650 °C clearly shows the shift
to the metallic energy (7112.0 eV) and shape of the XANES
(Figure 7a).

To the best of our knowledge this is the first report of
controlled synthesis of metallic iron nanoparticles on silica, by
reducing surface-grafted Fe species at relatively low temper-
ature, although Fe[N(SiMe,),], has been shown to reduce to
metallic iron in solution by Chaudret et al.>> The EXAFS of 2-
NP-Fe® is also significantly different from that of 2-FeN¥, as
shown in Figure 7b. The EXAFS fit gives an Fe—Fe
coordination number of 7.2 at 2.47 A (metallic Fe foil has a
coordination number of 8 (BCC) at a distance of 2.48 A). The
slightly lower coordination number of 2-NP-Fe’ than bulk
metal is commonly observed in nanoparticles because a
significant portion of the metal atoms are surface atoms and
have a lower coordination number than the bulk material. Such
surface transformation of 2-FeN* is shown in Scheme 4.
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Figure 7. (a) XANES spectra and (b) Fourier-transformed k-
weighted EXAFS spectra of 2-FeN* (Ak = 2.85—10.58) and 2-NP-Fe"
(Ak = 2.49—11.58).

Scheme 4. Transformation of Surface Fe Species 2-FeN* in
H, at Evaluated Temperature To Form 2-NP-Fe’ and TEM
Image Showing Iron Nanoparticles

L'=-N(SiMe3),
2-FeN*

Transmission electron microscopy (TEM) of 2-NP-Fe®
enabled a size distribution analysis of 2-NP-Fe’ Figure 8.
The average size of the nanoparticles in 2-NP-Fe® is 3 nm +0.7
nm, and the distribution of the particle sizes is relatively narrow.
We have not attempted to optimize the synthesis of 2-NP-Fe’.
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Figure 8. Silica-supported Fe nanoparticle size distribution was
determined by TEM (Scheme 4).

Finally, conventional iron oxide nanoparticles on silica were
prepared by incipient wetness impregnation of Fe(NO;);:
9H,0, followed by calcination at 300 °C. The XANES pre-edge
energy (7114.4 eV, Table 1) is consistent with Fe(III). The fit
of the first shell Fe—O indicates there are 6 bonds at 1.92 A. In
H, at 650 °C, the iron oxide is reduced to Fe(II), and there are
four Fe—O bonds at 1.91 A. The higher shell peak in this
catalyst (Figure S2), however, is small, indicating small Fe(III)
and Fe(Il) oxide clusters in air at RT and in H, at 650 °C,
respectively.

Catalytic Performance for Propane Dehydrogenation.
All of the Fe/SiO, materials were evaluated for propane
dehydrogenation in a continuous flow, fixed-bed reactor. The
experimental details of the catalyst testing are given in the
Experimental section. Because the thermodynamic equilibrium
for propene is favored at high temperature, the reaction was
conducted at 650 °C, where equilibrium conversion is
~70%.'"°° At temperatures above 600 °C, thermal cracking
also contributes to the observed conversion under our
conditions. Therefore, the catalytic conversion and selectivity
were determined by subtracting the background thermal
cracking from that obtained with the catalyst, that is, thermal
plus catalytic conversion.

Catalytic tests of 1-Fe"" were performed under differential
conversions of <10% (5%) initially to determine intrinsic rates
at t = 0 h. The turnover frequency (TOF, h™'), for example, the
molecules of propane converted per hour per Fe ion, was
calculated by assuming all Fe is active. The TOF as a function
of time of isolated 1-Fe'" is shown in Figure 9 and is 1.1 h™" (or

25

N

TOF, h!
"

0.5

0 5 10 15 20
Time (h)

Figure 9. TOF of 1-Fe' as a function of time.

3.1 X 107" s7") at t = 0 h. The catalyst is stable during an 18 h
test, with the rate increasing slightly to 1.4 h™" (or 3.9 x 107*
s™") over this period (Table 2). Such catalytic rates are similar
to most other known first-row transition metal oxide
dehydrogenation catalysts (Cr, Ga, V, etc.)."" The catalytic
selectivity for propene was initially high (>99%), and it

Table 2. TOF and Propene Selectivity of Silica Supported Fe
Catalysts

C;H,
dehydrogenation
TOF (h™!) conversion (%) selectivity to C3Hy
catalyst t=0h t=18h t=0h t=18h t=0h ¢t=18h
1-Fe" 11 1.4 49 6.3 >99%
2-NP-Fe’ 43 277 14%

#0.5 g of catalyst was utilized for propane dehydrogenation.
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remained at such high selectivity over 18 h. However, the
overall propene selectivity (thermal cracking + catalytic
dehydrogenation) was ~70%, as shown in Figure SS, which is
due to the highly unselective nature of thermal cracking. The
XANES, Figure S2, and EXAFS spectra were also obtained at
propane dehydrogenation reaction conditions and after cooling
to room temperature. Both spectra were identical to that in H,,
showing only low-coordinate Fe(II) silicate species (see fits in
Table 1).

Although the XANES and EXAFS spectra suggest that the 1-
Fe' is a well-defined, low-coordinate Fe(II) bound directly to
the silica surface, there may be small amounts of metallic Fe or
iron oxide nanoparticles that could have much higher rates and
are responsible for the catalytic activity. Therefore, comparisons
of 1-Fe" with 2-NP-Fe’ and iron oxide particles were
performed..

At t = 0 h, the TOF for conversion of propane of the metallic
2-NP-Fe® was high, almost 40 times higher than that of 1-Fe'.
Although highly active in consuming propane, 2-NP-Fe’
produces little propene. Only 14% of the product is propene,
with the remainder of the gaseous products being methane and
ethene. TEM micrographs of the spent catalyst showed metallic
Fe NPs with carbon nanotubes formed during the propane
dehydrogenation reaction (Scheme 5).

Scheme S. Formation of Carbon Nanotubes under Propane
Dehydrogenation Conditions by 2-NP-Fe’

Metallic Fe® nanoparticles
2-NP-Fe'

650°C

Silica-supported Fe(II) oxide clusters were poorly active.
Little conversion of propane was observed with the same
amount of iron as in the tests of 1-Fe'. At the very low catalytic
and high thermal propane conversions (cracking), it was not
possible to accurately determine the TOF, product selectivity,

or rate of deactivation of the Fe(II) oxide clusters. As a result of
these comparisons, we conclude that single-site, three-
coordinate Fe" is the catalytically active and selective species.
Similar propane dehydrogenation activity of isolated Fe in
zeolite was also reported by Lobo et al.*’

Although homogeneous catalysts are not thermally stable at
propane dehydrogenation temperature, catalytic olefin hydro-
genation, which is the microscopic reverse reaction to alkane
dehydrogenation, has been studied in some detail in
homogeneous systems. Catalytic hydrogenation is normally
proposed to occur by an oxidative addition and reductive
elimination pathway for late transition metals, Wilkinson’s
catalyst RhCl(PPh;); being one of the most-studied examples.
In this case, oxidative addition of H, forms a Rh™ dihydride
intermediate Rh(H),CI(PPh,),.””*® Oxidative addition is less
known in first-row systems. However, the tris-
(diisopropylphosphino)borate—supported Fe'' system studied
by Daida and Peters was found to form Fe'(H), intermediates
when observed by 'H NMR spectroscopy. On the basis of
observed Fe'/Fe'” redox chemistry, the authors proposed a
metal-redox pathway over alternative, nonredox mechanisms.*’
In contrast, the bis(imino)pyridine iron complexes synthesized
by Chirik et al. are highly efficient olefin hydrogenation
catalysts under mild conditions*~®’ but do not appear to
change their formal oxidation state during catalysis. One
complication is the propensity of the ligand to undergo redox
activity, although it is an open question whether the redox
potentials of the ligand are within the energy regime necessary
for catalysis. Our isolated Fe catalyst 1-Fe" also does not
appear to change oxidation state in either hydrogen or propane
under reaction conditions, in contrast to the Peters system. In
addition, there is no evidence that SiO, is capable of redox
behavior, and electron transfer between the metal center and
support is unlikely in this case. Therefore, we favor a nonredox,
heterolytic cleavage mechanism for propane dehydrogenation,
in analogy with other silica-supported systems that we have
recently reported.'”"*

We propose two possible non-redox mechanisms for the
dehydrogenation chemistry shown by 1-Fe'' (Figure 10). The
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Figure 10. Two proposed reaction mechanisms of propane dehydrogenation by isolated Fe/SiO, (1-Fe™).
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initial step of both proposed mechanisms consists of heterolytic
C—H cleavage to form a metal alkyl and a =SiOH, that is, a
protonated Fe—O—Si bond. This is followed by a rapid fS-
hydride elimination of the Fe alkyl to release propene.
However, the subsequent reaction of the resulting iron hydride
could pass through two potential pathways: reaction of the iron
hydride with H" on =SiOH to form hydrogen and regenerate
a three-coordinate Fe or direct reaction of the Fe—H with
propane through o-bond metathesis to form hydrogen and an
iron propyl. ¢ Bond metathesis reactivity had been reported for
late transition metal hydrides; for example, the ruthenium
complex TpRu(PPh,)(CH;CN)H (Tp = hydrotris(pyrazolyl)-
borate) catalyzed H/D exchange between alkanes.®*®® Peters
and Daida et al.>” also proposed the & bond metathesis pathway
for their [PhBP*",]Fe—R system but discounted it on the basis
of the observable Fe" intermediates and the isolation of other
Fe"' complexes, as noted above. A related cobalt(Il) alkyl
supported by the tridentate ligand bis[2-
(dicyclohexylphosphino)ethyl]amine was also proposed by
Hanson et al. to react with hydrogen via ¢ bond metathesis
to form a cobalt hydride and form the catalytically active
hydrogenation intermediate.°””” The reactivity of surface-
bound Fe hydrides, which is believed to be a critical reaction
intermediate for alkane activation, is a topic of continuing
research in our group.

Heterolytic cleavage of C—H bonds has also been suggested
by Weckhuysen et al.®® and Copéret® to be the activation
mechanism of ethane dehydrogenation by Cr/Al,O;. Copéret®
also proposes heterolytic cleavage as the initiation step in the
Cr/SiO, Phillips catalyst.”>”" For catalysts proceeding through
this mechanism, midtransition metals with partially occupied d
shells should have a lower barrier to beta hydride elimination,
which is the rate-determining step for Zn'""? and Ga-based'”
catalysts. However, the lower Lewis acidity of the transition
metals may mitigate the advantages gained in the lowering of
the barrier to f-hydride elimination. As a result, tuning the
coordination environment of surface-bound, well-defined
transition metals is key to developing new catalysts for C—H
activation based upon robust heterogeneous supports with well-
defined catalyst species. The results reported here suggest that
such catalysts can be prepared if proper understanding of the
surface species and control over their structure can be achieved.

B CONCLUSION

Isolated Fe'/SiO, (1-Fe™) was prepared by surface organo-
metallic chemistry with Fe(oCp), precursor and high temper-
ature (650 °C) treatment in hydrogen. The resulting isolated
Fe' is a highly active and stable catalyst for propane
dehydrogenation with high selectivity of propene. A three-
coordinate Fe'' was confirmed to be the catalytically active
species by in situ XANES and EXAFS. Other possible active
species, such as metallic Fe(0) and Fe"Oy nanoparticles, were
prepared and shown not to be catalytically competent catalysts.
They showed low selectivity or low activity compared with 1-
Fe''. A non-redox mechanism for propane dehydrogenation is
proposed on the basis of other high-temperature catalysts
supported by hard oxide ligands. Synthesis of other low-
coordinate transition metal catalysts and their catalytic
performances is under investigation.
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