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anoparticles make highly desir-

able catalysts, often offering

unique properties linked to their
very high surface area. Palladium placed on
a suitable support material makes an excep-
tional catalyst well-known for mild reaction
conditions and exhibiting excellent com-
patibility with many polar functional groups
and a high degree of chemo-, regio-, and
even stereoselectivity.! Magnetic nanoparti-
cles are particularly useful support materi-
als for catalysts as they can combine the ad-
vantages of high dispersion through a
liquid with ease of recovery.? ¢ Thus, coat-
ing magnetic nanoparticles with precious
metals such as palladium results in a highly
functional catalyst.”~"" Conventional chemi-
cal approaches to make these materials
have achieved varying degrees of success,
as loss of precious metal during recycling
can be a problem, and complicated proto-
cols are often employed to functionalize the
support material surface 37212714

On the basis of earlier work,' recent

studies have revealed that biosynthetic
routes can be harnessed to make nanopar-
ticles of magnetite (Fe;0,) efficiently and at
low cost with control over the magnetic
properties by substitution of transition met-
als into the spinel ferrite structure.'618
Two routes are possible for the biological
synthesis of nanoscale magnetite. In the
first, magnetotactic bacteria synthesize in-
tracellular crystals of single domain magne-
tite. These are used by the bacteria to orien-
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ABSTRACT Precious metals supported on ferrimagnetic particles have a diverse range of uses in catalysis.
However, fabrication using synthetic methods results in potentially high environmental and economic costs. Here
we show a novel biotechnological route for the synthesis of a heterogeneous catalyst consisting of reactive
palladium nanoparticles arrayed on a nanoscale biomagnetite support. The magnetic support was synthesized at
ambient temperature by the Fe(lll)-reducing bacterium, Geobacter sulfurreducens, and facilitated ease of recovery
of the catalyst with superior performance due to reduced agglomeration (versus conventional colloidal Pd
nanoparticles). Surface arrays of palladium nanoparticles were deposited on the nanomagnetite using a simple
one-step method without the need to modify the biomineral surface, most likely due to an organic coating priming
the surface for Pd adsorption, which was produced by the bacterial culture during the formation of the
nanoparticles. A combination of EXAFS and XPS showed the Pd nanoparticles on the magnetite to be
predominantly metallic in nature. The Pd’—biomagnetite was tested for catalytic activity in the Heck reaction
coupling iodobenzene to ethyl acrylate or styrene. Rates of reaction were equal to or superior to those obtained
with an equimolar amount of a commercial colloidal palladium catalyst, and near complete conversion to ethyl
cinnamate or stilbene was achieved within 90 and 180 min, respectively.

KEYWORDS: palladium - magnetite - Fe(lll)-reducing bacteria - catalysis - Heck
reaction - nanoparticle

tate the cell within the Earth’s magnetic
field, helping the organism to guide itself
to the sediment—water interface, its pre-
ferred ecological niche."?° However, for
this route, growth yields and, indeed, final
yields of intracellular magnetite are very
low. In the second route, dissimilatory
Fe(lll)-reducing bacteria such as Geobacter
species can produce copious quantities of
extracellular nanoscale magnetite through
the respiration of poorly crystalline Fe(lll)
oxides and oxyhydroxides."® These special-
ist anaerobic bacteria live in environments
depleted of oxygen and therefore conserve
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Figure 1. TEM images of (a) biomagnetite and (b) Pd-coated biomagnetite; inset contains annotation indicating where EDX
spectra were taken. (c) Selected area electron diffraction (SAED) pattern for Pd-coated biomagnetite with reflections labeled
in black (magnetite) and gray (palladium); (d) energy-dispersive spectra (EDS) of point 1 on image b; (e) EDS of point 2 on im-

age b; (f) X-ray diffraction (XRD) of Pd-coated biomagnetite.

energy for growth by transferring electrons from the
oxidation of simple carbon sources, such as acetate, to
Fe(lll) or Mn(IV)-bearing minerals.?' This mechanism of
nanomagnetite formation involves the extracellular re-
duction of Fe(lll)—oxyhydroxides causing the release of
soluble Fe(ll), resulting in complete recrystallization of
the amorphous mineral into the new, relatively re-
duced, highly crystalline magnetic phase.???* Especially
relevant to manufacturing, these enzyme-driven reac-
tions take place on the scale of hours, at ambient pres-
sures and temperatures and use inexpensive feed-
stocks.?2 Thus, nanoscale biomagnetite is a potential
support material for industrial catalysts, especially if
simplified protocols for functionalizing the bionanom-
ineral surface can be developed.

A‘“t\i/al\\@) VOL. 4 = NO.5 = COKER ET AL.

Here we describe the bioproduction of such a cata-
lyst comprising biomagnetite functionalized with palla-
dium nanoparticles and involving a minimal level of pro-
cessing. The effectiveness of this catalyst is demonstrated
for the Heck coupling of iodobenzene with styrene or
ethyl acrylate. Heck chemistry is of wide-ranging indus-
trial importance, providing a single-step route to the ary-
lation, alkylation, or vinylation of various alkenes.?** Tra-
ditionally, a palladium—phosphine catalyst is used,
although a large amount of literature is devoted to the
study of a variety of different catalysts for these
reactions.2*?® This work opens the door to the develop-
ment of an energy-efficient, environmentally friendly
route to manufacture novel magnetic heterostructures
which can be employed in a wide range of applications.
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RESULTS AND DISCUSSION

A biogenic nanoscale magnetite support was first pro-
duced by anoxic washed cell suspensions of Geobacter
sulfurreducens challenged with Fe(lll)—oxyhydroxide, an
electron donor (sodium acetate), and a redox mediator
[9,10-anthraquinone-2,6-disulfonate (AQDS)]. After ap-
proximately 8 h, the Fe(lll)—oxyhydroxide had been com-
pletely converted to magnetite. Production of the func-
tionalized Pd-coated magnetite was concluded through
the addition of a solution of NaPdCl, to the water-washed
nanomagnetite suspension under an anoxic atmosphere
(No/H, = 97:3); optimization studies revealed that re-
moval of soluble palladium occurred rapidly, within an
hour, and was efficient over a range of Pd(ll) concentra-
tions up to 10 mol % of Pd.

Detailed examination was undertaken of a nano-
magnetite functionalized with a ~5 mol % Pd loading,
produced by mixing the Pd(ll) solution and biomagne-
tite for 12 h prior to washing in deionized water. Trans-
mission electron microscope (TEM) images of the ma-
terial produced before (Figure 1a) and after (Figure 1b)
precipitation of Pd onto the surface of biomagnetite
are shown. Figure 1a shows the magnetite to have a
consistent particle size range of 20 to 30 nm. However,
after addition of Pd, two sizes of particle became clearly
visible; the high-resolution inset in Figure 1b shows
how smaller particles (~5 nm) are attached to the larger
particles (~20 nm). Energy-dispersive X-ray (EDX) analy-
sis using a relatively unfocused beam showed the bulk
sample (Figure 1b) to contain ~3.5 atom % Pd. Using an
EDX spot size of 5—6 nm, analyses (Figure 1b inset,
point 1; Figure 1d) indicated that the larger particles
contained less than 1 atom % Pd, whereas analyses cen-
tered on the smaller particles (Figure 1b inset, point 2;
Figure 1e) suggested that they were enriched for the
precious metal (9—10 atom % Pd). These results indi-
cate that the larger particles are the biomagnetite crys-
tals decorated with small Pd particles. Both small and
large particles displayed continuous lattice fringes, in-
dicative of crystalline single crystals. TEM selected area
electron diffraction (SAED) analysis (Figure 1c) of the
particles with supporting data from powder X-ray dif-
fraction (PXRD) (Figure 1f) confirmed that the material
contained Bragg reflections, consistent with the pres-
ence of magnetite with less pronounced reflections
consistent with Pd metal; the latter are broader than
those for magnetite owing to their smaller particle size.
Crystallite size was estimated by applying the Scherrer
equation to the (311) peak of magnetite in Figure 1f,
which resulted in a mean crystallite size of 27.2 nm, con-
sistent with the size estimate from electron micros-
copy imaging. In addition, although much weaker, it
was possible to obtain an estimate of the Pd crystallite
size from the Pd (311) peak, which gave a value of ~5
nm, again in good agreement with TEM images.

In most examples of supported Pd catalyst manufac-
ture, an organic ligand or silica shell is used to aid at-
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Figure 2. TOF-SIMS images of (a) washed biogenic nanomagnetite pro-
duced by Geobacter sulfurreducens and (b) commercially available inor-
ganic nanomagnetite. Normalized secondary ion ratio of the surface of

washed biogenic magnetite before and after ablation of the surface with

a Cgo gun.

tachment of the Pd to the support,®°® for example,
3-aminopropyl triethoxysilane (APTS).2 However, in the
case of biogenic magnetite, no precoating with a ligand
was required. Thus, to characterize the surface of bio-
genic magnetite, samples prior to Pd(ll) addition were
analyzed using time-of-flight secondary ion mass spec-
trometry (TOF-SIMS), as this technique is very sensitive
to both organic and inorganic compounds. Images of
different secondary ions (SI) associated with either Fe,
Al, or organic material on the surface of a washed bio-
genic nanomagnetite (Figure 2a) were compared to the
maps from a synthetically produced nanomagnetite
(Alfa Aesar, Heysham, UK) (Figure 2b). Figure 2 illus-
trates that there is a significant quantity of organic ma-
terial associated with the biogenic magnetite, as the
representative secondary ion images of organic mol-
ecules spatially correlate with the Fe map, whereas the
inorganic magnetite showed no significant organic sig-
nature corresponding to the spatial distribution of Fe.
Depth profiling of the organic layer using Cso primary
ions (P1) indicated that the organic layer is indeed a
coating on the nanomagnetite. One bombardment of
~10" Pl/cm? resulted in a decrease of the Sl signals as-
sociated with the organic material by a factor of ap-
proximately 100 (Figure 2c), whereas the Sl signals asso-
ciated with the nanomagnetite stayed almost constant.
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clusters in Figure 2c are below a value of 1, as ioniza-
tion efficiencies change slightly with decreasing
amounts of organic material. The presence of an or-
ganic coating explains the ability of the nanomagne-
tite to adsorb Pd without the need to precoat the
washed nanoparticles prior to introducing the Pd solu-
tion. A likely source of the organic material is the extra-
cellular polymeric substance (EPS), commonly pro-
duced by bacterial pure cultures and communities,
and found previously bound to biogenic uranium nano-
particulate material.”” We are not, however, excluding
the presence of other cell exudates or constituents re-
leased after lysis of dead cells.

Using X-ray absorption (XA) spectroscopy, the Fe
K-edge absorption spectra of biomagnetite before and
after the addition of Pd were collected to provide the
extended X-ray absorption fine structure (EXAFS) (Fig-
ure 3a (i,ii) and Table 1) and their corresponding Fou-
rier transform (Figure 3b (i,ii) and Table 1). The EXAFS
data provided an excellent fit for a magnetite structure
for both samples, with the bond lengths for the tetrahe-
dral (T4) and octahedral (Oy) sites showing slight short-
ening after addition of Pd from 1.85 to 1.80 A and from
2.03 to 2.00 A, respectively. Incorporating Pd atoms
did not improve the fit, indicating that the nanopartic-
ulate Pd attached directly to the iron cations in magne-
tite or via bridging oxygens, however this was below
the limit of detection. XA was additionally used to ob-
tain the Fe L,3-edge in oppositely oriented magnetic
field and thus provide the X-ray magnetic circular
dichroism (XMCD) difference spectra of these samples
(Figure 4a). The Fe L,3-edge XMCD can distinguish be-
tween the three Fe cation environments present in fer-
rite spinel structures to a depth of ~65 A as the inten-
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TABLE 1. Parameters Obtained from Fitting the Fe and Pd

K-Edges EXAFS Spectra of Biomagnetite Samples®

atom type N r(k) 202 ()
Fe K-edge
g biomagnetite 0 13 1.85 0.039
= 0 4 2.03 0.025
. S Fe 4 3.00 0.021
= g Fe 8 350 0.012
4 £ 0 4 336 0.027
..3 Pd biomagnetite 0 13 1.80 0.037
5 0 4 2.00 0.024
= Fe 4 299 0.024
Fe 8 3.48 0.012
0 4 3.28 0.009
Pd K-edge
Pd foil standard Pd 12 2.74 0.012
— T Pd 6 3.85 0.020
2 4 6 k8(/-\-1)10 12 14 16 o pd 2% 477 0.020
Pd 12 5.36 0.012
Figure 3. (a) EXAFS and (b) corresponding Fourier transform for the Fe Pd 24 6.14 0.029
K-edge of (i) biomagnetite and (ii) Pd-coated biomagnetite and Pd K-edge . .

of (iig Pd f(o)il and (i?/) Pd-coated( lliomagnetite. Datag(black lines) and ﬁtgs Pd biomagneite pd 12 274 0.014
(dotted red lines). Pd 6 384 0.018
Pd 24 479 0.030
Some of the secondary ion ratios for the Fe-bearing Pd 12 5.42 0.016
Pd 24 6.08 0.030

“\ is the coordination number, r is the interatomic distance, and 202 is the
Debye —Waller factor.

sities of the peaks labeled in Figure 4a (i) relate to the
amount of Fe?™ Oy, (octahedral), Fe3" Ty (tetrahedral),
and Fe3* Oy, respectively (see refs 28—30 for details).
Figure 4a (i) displays the Fe L,3-edge XMCD spectrum
for biomagnetite without addition of Pd that after fit-
ting gave an Fe?*/Fe3* ratio of 0.64, indicating an ex-
cess of Fe?* compared to a typical stoichiometric mag-
netite which would have a ratio of 0.50, consistent with
previous results for biogenic magnetites.3'32 The addi-
tion of Pd resulted in an increase in the amount of Fe?™,
forming a spinel with an Fe?*/Fe3* ratio of 0.70 (Figure
3b). The reduction of Fe3* to Fe?* in the spinel relates,
most likely, to the ability of Pd® nanoparticles to absorb
large quantities of hydrogen, which then interacts with
the outer Fe atoms causing reduction to Fe?*.

EXAFS and X-ray photoelectron spectroscopy (XPS)
were used to determine the nature of the Pd particles
deposited on the surface of the magnetite. EXAFS and
the related Fourier transform from the Pd K-edge (Fig-
ure 3a,b (iv)) for Pd—biomagnetite could be fitted with
five coordination shells of atoms with the first shell con-
taining 12 Pd scatterers at 2.74 A and the second shell
containing 6 Pd scatterers at 3.84 A (see Table 1); these
data have an excellent correspondence to values for
Pd metal foil (Figure 3a,b (iii) and Table 1). Fitting the
Pd 3d XPS spectrum (Figure 4b) indicated that the main
Pd peak had a binding energy of 335.3 eV with a mi-
nor peak (6% intensity) at a binding energy of 336.8 eV.
These compare well with literature values that show
the main peak to be Pd°3? and the weak peak to be a

www.acsnano.org
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Figure 4. (a) Fe L,3-edge XMCD spectra of (i) biomagnetite and (ii) Pd-coated biomagnetite and (b) XPS of the Pd 3d peaks

of biogenic Pd-coated magnetite.

second phase that may be PdO or Pd0,.3* Pd—oxide
could be present due to either oxidation of the surface
of the metallic Pd or the Pd nanoparticles could be at-
taching to the magnetite via “bridging” oxygens. Addi-
tional XPS data (not shown) indicated that the surface
of the nanoparticles had an Fe/Pd ratio of 1.00:0.22.
Thus, the TEM, XAS, and XPS data are consistent and
confirm the presence of Pd® nanoparticles attached to
a biomagnetite support. Samples were kept under an-
oxic conditions throughout the preparation and mea-
surement when using the surface-sensitive techniques
XMCD and XPS to ensure that the samples were not oxi-
dized by exposure to air.

The definitive test of the usefulness of the 5 mol %
Pd-coated biomagnetite is its catalytic potential, and
therefore, Heck reaction coupling of iodobenzene to
styrene or ethyl acrylate was performed. Identical cata-
lytic testing was also carried out on colloid-stabilized
nanoparticulate palladium®~37 as a means of compar-
ing the Pd-coated biomagnetite to a highly active con-
ventional catalyst. The Pd-coated biomagnetite was
found to be active in the coupling of both olefins, with
the complete conversion of the iodobenzene (plus ethyl
acrylate or styrene) to ethyl cinnamate or stilbene
within 90 and 180 min, respectively. Rates of reaction
were equal or superior to those obtained with an
equimolar amount of Pd from the colloidal palladium
catalyst. However, the advantage of the magnetite-
based catalyst was that it could be readily recovered at
the end of the reaction by simply decanting the solu-
tion from the reaction vessel while retaining the solid
catalyst by applying a magnetic field to the base of the
flask. The solid was washed and dried before use in sub-
sequent reactions.

Successive runs were performed for the Heck cou-
pling of iodobenzene and ethyl acrylate to test the Pd-
coated magnetite for recyclability. Although a small de-
crease in initial reaction rate was observed in each
successive cycle, virtually quantitative conversions were
reached in 120 min for each run, up to a fourth cycle

www.acsnano.org

(Figure 5), an improvement on some literature values
for conventional catalysts.® These experiments were
conducted without attempting to exclude air, and the
decrease in activity is attributed to the loss of a small
amount of material due to oxidation of some of the
magnetite support to a nonmagnetic phase material,
which was not recovered between runs, rather than di-
rect loss of Pd to solution. Indeed, ICP-AES analysis of
the supernatant in each cycle confirmed that there was
negligible loss of Pd or indeed Fe to solution (data not
shown). By comparison, although the palladium col-
loids remained catalytically active for a second cycle of
the ethyl acrylate coupling, the halide conversion was
only 89% compared to >99% for Pd-coated biomagne-
tite (Figure 5). In addition, more than 75% of the mass
of the catalyst was lost during the recovery step, most
likely due to the tertiary butyl ammonium bromide cap-
ping layer dissolving in the solvent. This would lead to
the remaining palladium aggregating, reducing the ac-
tive surface area substantially. Further recycling after
the second run was unfeasible due to the very low mass
of remaining material.

These results demonstrate that a novel
biomagnetite-supported Pd nanoparticle catalyst has
several major advantages over conventional colloidal
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Figure 5. Rate of conversion during the Heck coupling of io-
dobenzene and ethyl acrylate catalyzed by Pd-coated biom-
agnetite (solid lines) or Pd colloids (dashed lines). Fresh cata-
lyst was used in run 1, and runs 2—4 used recycled catalyst.
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Pd catalysts. First, recovery and recycling is facile, and
second, the biomagnetite support keeps the Pd dis-
persed and prevents it from agglomerating and losing
vital surface area. The preparation method, apart from
its novelty, provides an organics-coated ferrite particle
in a one-step process, allowing Pd nanoparticles to be
attached to the support material without further pro-
cessing. Bacterial production is a low-cost, environmen-

METHODS

As previously described, magnetite production was achieved
by the reduction of Fe(lll)—oxyhydroxide in the presence of
AQDS using G. sulfurreducens,'” under an atmosphere of N,—CO,
(80:20). Bottles were incubated in the dark at 30 °C for 2 days af-
ter which magnetite had been produced. The resulting magne-
tite was washed in degassed deionized water and then resus-
pended in water using its magnetic properties to separate the
mineral from the supernatant. An aliquot of a solution of sodium
tetrachloropalladate (Na,PdCl,, Sigma-Aldrich CAS no. 13820-
53-6) was then added so that the final concentration of Pd was
5% by mass of the magnetite. The magnetite suspension was left
overnight in a shaking incubator at 150 rpm and 20 °C. The
sample was then washed again twice using degassed, distilled
deionized water twice before drying under anoxic conditions.

The time-of-flight secondary ion mass spectrometry (TOF-
SIMS) analyses were carried out using the IDLE instrument,®
which was equipped with a Cg primary ion gun.*® Chemical dam-
age by Cqo primary ions is far less than by any other primary ion
species so that depth profiling of organic samples becomes fea-
sible.*® Analysis of inorganic material is also improved,*' enabling
comprehensive investigation of mixed samples. Only a few
atomic layers are sputtered during each measurement, making
TOF-SIMS an ideal method to study thin layers on sample sur-
faces with sensitivities high enough to analyze trace element
abundances. As the beam is rastered over the measured area, a
complete mass spectrum is recorded at each point, allowing for
comprehensive offline analysis. Secondary ion distribution im-
ages have been reconstructed for all mass intervals of interest,
and background-corrected count integrals for these mass inter-
vals have been used for quantitative analysis. The magnetite
samples have been mounted on Al stubs in a thick layer of
around 100 wm, and analyses have been carried out with a lat-
eral resolution of 2 wm and a field-of-view of 480 X 365 um?

X-ray absorption (XA) spectra were collected for the Fe and
Pd K-edges on beamline 9.3 at the Synchrotron Radiation Source
(SRS), Daresbury Laboratory. A double crystal Si(311) monochro-
mator was used, detuned to 70% transmission for harmonic re-
jection. Pd K-edges were collected at 80 K in fluorescence mode
using a 9-element Ge detector. Fe K-edges and a standard palla-
dium foil were collected at 80 K in transmission mode.
Background-subtracted EXAFS spectra were analyzed in EX-
CURV98 using full-curved-wave theory as described in Hender-
son et al.,** which allows the proportion of metal in each site to
be refined as a single parameter. The metallic phase Pd K-edge
spectra were analyzed in EXCURV98 using a model based on the
crystal structure of Pd* and the Fermi energy correction and
the absorber—scatterer distances and Debye—Waller factors
were refined to minimize a least-squares residual.

XA spectra for XMCD were collected on beamline 4.0.2 at
the Advanced Light Source (ALS), Berkeley, CA, using the octo-
pole magnet endstation.** Powders were mounted on carbon
tape attached to the sample manipulator and kept in O,-free
conditions throughout. XA was monitored in total-electron yield
mode, which gives an effective probing depth of ~4.5 nm. At
each energy point, the XA was measured for the two opposite
magnetization directions by reversing the applied field of 0.6 T.
The XA spectra of the two magnetization directions were nor-
malized to the incident beam intensity and subtracted from each
other to give the XMCD spectrum.?® Spectra were fitted by
means of a nonlinear least-squares analysis, using calculations

AN N 17 . .
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tally friendly biotechnological route of manufacture,
which opens up a route to the manufacture of other
precious metal nanocatalysts. Recent success at apply-
ing gold- and platinum-derived materials to biogenic
magnetite as supported nanoparticles (unpublished
data) indicates the versatility of bacterial production of
nanocatalysts, which could be applied to a wide range
of catalytic reactions.

for each of the Fe sites.?® In these calculations, as described else-
where,* the Hartree—Fock—Slater integrals for the 3d—3d and
2p—3d Coulomb and exchange interactions were scaled to 70
and 80%, respectively, and the crystal fields for the O and T4
sites were taken to be 10Dg = 1.2 and —0.6 eV, respectively. The
calculated spectra were convoluted by a Lorentzian of I' = 0.3
(0.5) eV for the L (L,) edge to account for intrinsic core—hole life-
time broadening and by a Gaussian of o = 0.15 eV to account
for instrumental broadening.

TEM was conducted using a Phillips/FEI CM200 equipped
with a field emission gun, EDX system (Oxford Instruments UTW
ISIS), and a Gatan imaging filter. All TEM images presented here
are bright-field images obtained using an operating beam volt-
age of 200 keV. Selected area electron diffraction (SAED) patterns
were acquired using an appropriate diffraction aperture. A drop-
let of washed sample was placed on a carbon grid (Agar Scien-
tific) and allowed to dry before imaging.

X-ray photoelectron spectroscopy (XPS) data were recorded
using a Kratos Axis Ultra employing a monochromated Al Ko
X-ray source and an analyzer pass energy of 20 eV, resulting in
a total energy resolution of ~0.9 eV. Uniform charge neutraliza-
tion of the photoemitting surface was achieved by exposing the
surface to low-energy electrons in a magnetic immersion lens
system (Kratos Ltd.). The system base pressure was 5 X 107'°
mbar. All samples were dried anaerobically, and the resulting
powders were loaded into the spectrometer via a dry nitrogen
glovebox to avoid exposure to atmospheric oxygen. Photoelec-
tron binding energies (BE) were referenced to C1s adventitious
carbon contamination peaks set at 285 eV BE. The electron en-
ergy analyzer was calibrated using elemental references:

Au 4f;/, (83.98 eV BE), Ag 3ds, (368.26 eV BE), and Cu 2p;);
(932.67 eV BE). An appropriate (Shirley) background was re-
moved from all spectra.*

To test the catalytic properties of the Pd-coated biomagne-
tite dry DMF (15 mL), 5 wt % Pd magnetite catalyst (10.6 mg,
0.5 mol %), iodobenzene (204 mg, 1 mmol), and trienthylamine
(0.21 mL, 1.5 mmol) were added to a two-neck round-bottomed
flask, equipped with a reflux condenser under a nitrogen atmo-
sphere, and the mixture was heated to 120 °C with stirring. Ole-
fin substrate (1.5 mmol) was added and the mixture stirred at 120
°C under nitrogen. Samples were taken from the reaction peri-
odically for analysis by high-performance liquid chromatography
using a Dionex Summit HPLC (with Chromeleon software) with
a Summit p580 quaternary low-pressure gradient pump, Summit
UVD 170s UV/vis multichannel detector with analytical flow cell,
and a Phenomenex Luna 10u C18 (2) column, 250 mm X 4.6 i.d.
A flow rate of 1 mL/min was used with a solvent gradient of
100% water to 100% MeCN over 40 min, held for 10 min, and
then back to 100% water for 10 min. At the end of the reaction,
the mixture was allowed to cool to room temperature before de-
canting the solution from the flask while retaining the catalyst
by applying a magnetic field to the outside of the flask. The solid
was washed (5 mL of DMF followed by 5 mL of acetone) and
the solid dried for use in the next run.
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