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ABSTRACT: To confirm whether the activity trends in multistep organic reactions can be
understood in terms of the Hammer—Norskov d-band model in combination with the linear
energy relations, we studied correlations between the reaction rates for dehydrogenation and
hydrogenation reactions and the position of the d-band center (&4) relative to the Fermi energy
(Eg), the &4 — Eg value, of various metal catalysts. SiO,-supported metal (M = Ag, Cu, Pt, Ir,
Pd, Rh, Ru, Ni, and Co) catalysts with the same metal loading (S wt %) and similar metal
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particle size (8.9—11.7 nm) were prepared. The dehydrogenation of adsorbed 2-propanol in a KE = B B A 4 dly o

. . . d-band center (g4 - Ef ) / eV
flow of He and the hydrogenation of adsorbed nitrobenzene in a flow of H, were tested as o

model reactions of organic reactions on the metal surface. As a test reaction of H, dissociation on the surface, SIOH/SiOD
exchange on the M/SiO, catalysts in a flow of D, is carried out. The liquid phase hydrogenation of nitrobenzene under 3.0 MPa
of H, is adopted as an organic reaction under realistic conditions. Generally, the activities show volcano-type dependences on the
€4 — Eg value, indicating that the &4 — Eg value is useful as a qualitative activity descriptor in heterogeneous catalysis of metal
nanoparticles for multistep organic reactions.
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B INTRODUCTION which makes it possible to quantitatively understand the
volcano curve in heterogeneous catalytic systems.”” "

Using the density functional theory (DFT) calculations as
computer experiments, Norskov and co-workers*™>'*™"® have
systematically studied which parameters influence the reactivity
of the metal surface. On the basis of the assumption that the d
electrons of transition metals play the most important role in
chemisorption, a summary of many calculations has led to a
semiempirical concept, so-called the d-band model. This model
provides linear scaling between the energy of the d-band center
(&4) relative to the Fermi level (Eg) and adsorption energy for a
given adsorbate. The higher the d-states are in energy relative
to the Fermi level, the more empty the antibonding states and
the stronger the adsorption bond. The calorimetric study by Lu
et al" gave experimental evidence to support the d-band
model; they showed moderately linear correlations between the
experimental heat of adsorption of CO, H,, O, C,H, on
various metal surfaces and the position of the d-band center
calculated by Nerskov et al.” The d-band model also show that
adsorbate binding energies should be correlated with each

Prediction of a trend in the catalytic activity from the electronic
structure of metals is one of the long-term goals of catalysis
research because this would open possibilities in the design of
surfaces with specific catalytic properties without extensive trial-
and-error experimental testing. To predict catalytic activity,
parameters correlated with catalytic activity should be clarified.
For a reaction involving a bond dissociation of reactants on
metal surfaces, activities have been correlated with bond energy
derived from bulk oxide properties or various atomic or
molecular chemisorption energies." Empirically, a volcano-
shaped curve is often obtained when the activity of catalysts for
a certain reaction is plotted as a function of these parameters.
For a specific reaction, strong binding of an intermediate may
lead to surface poisoning, whereas weak binding may lead to
limited availability of the intermediate; in both cases, catalytic
rates are less than optimal. Consequently, a moderate
interaction leads to the highest reactivity (the principle of
Sabatier). Although the concept of the volcano curve is useful
as a guideline in the research for new catalysts, there is a

problem of finding systematic databases of relevant surface other.* Since the transition-state structures over different metals
thermo-chemical data. Recently, a linear relationship between
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tend to be rather similar, the activation energy for an
elementary reaction can be linearly correlated to the energy
change for the elementary reaction. Thus, the kinetic parameter
for a catalytic reaction by a particular metal can be described by
a single parameter, ¢4 — Eg, the position of d-band center
relative to Ej. Actually, several electrochemical studies showed a
correlation between the catalytic activity for the oxygen
reduction reaction and the position of d-band center, which
led to the discovery of new electrocatalysts.'>***' However, the
applicability of the d-band model to conventional heteroge-
neous catalysis, such as dehydrogenation and hydrogenation,
has been mostly supported by the correlation between
calculated &4 — Ep values and calculated thermo-chemical or
kinetic parameters.” >">~'7** For example, Pallassana and
Neurock showed a linear correlation between the d-band center
and the calculated activation ener%ies of ethylene hydro-
genation over various metal surfaces.”” Recently, Chen and co-
workers™ determined interaction energies between metal
surfaces and propanol on Ni—Pt, Pt, and Ni surfaces as well
as kinetic parameters for hydrogenation of propanal and
showed correlations between calculated d-band center and
experimentally determined thermo-chemical and kinetic
parameters.

To confirm experimentally whether the activity trends in
multistep organic reactions can be understood in terms of the
d-band model in combination with the linear energy relations,
we studied correlations between the reaction rates for
dehydrogenation and hydrogenation reactions and the &4 —
Ep values. The dehydrogenation of 2-propanol and hydro-
genation of nitrobenzene by H, were chosen as test reactions.
To minimize the effects of diffusion and surface coverage, a
small amount of the reactant was subjected to the catalyst
inside the in situ IR cell, and we measured the initial rate for the
dehydrogenation of adsorbed 2-propanol in a flow of He and
those for the hydrogenation of adsorbed nitrobenzene in a flow
of H,. As a test reaction of H, dissociation on the surface, OH/
OD exchange on the SiO, surface in a flow of D, was carried
out. We also tested the liquid phase hydrogenation of
nitrobenzene under 3.0 MPa of H, to study whether the g4
— Eg value is sufficient for a semiquantitative parameter of
multistep organic reactions under realistic conditions.

B EXPERIMENTAL SECTION

General Procedures. Commercially available organic and
inorganic compounds were used without further purification.
Aqueous HNO; solution of Pt(NH;),(NO,),, Rh(NO;);, and
Pd(NO;),, nitrates of Co(II), Ni(Il), Cu(Il), and Ag(I),
chloride hydrates of Ru(Ill) and Ir(IlI) were used in the
catalyst preparation. The GC (Shimadzu GC-14B) and GCMS
(Shimadzu GCMS-QPS000) analyses were carried out with
Rtx-65 capillary column (Shimadzu) using nitrogen as the
carrier gas. Powder X-ray diffraction (XRD) patterns were
acquired on MiniFlex II (Rigaku) with Cu Ka radiation.
Transmission electron microscopy (TEM) measurements were
investigated by using a JEOL JEM-2100F TEM operated at 200
kv.

Catalyst Preparation and Characterization. SiO,-
supported metal (M = Ag, Cu, Pt, Ir, Pd, Rh, Ru, Ni, and
Co) catalysts (M/SiO, with M loading of S wt %) were
prepared by impregnating SiO, (Q-10, 300 m* g~', supplied
from Fuji Silysia Chemical Ltd.) with an aqueous solution of
each metal salts, followed by evaporation to dryness at 80 °C,
drying at 100 °C for 12 h, calcination in air for 1 or 3 h, and
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reduction in H,. To control the metal particle size, calcination
condition and reduction condition were changed as summar-
ized in Table 1. Catalysts were pretreated by oxidation at Ty, in

Table 1. List of Catalysts

Catalysts T.,/°C* Typn/°CY D/nm®

Co/SiO, 500 500° 9.3 + 2.0
Ni/SiO, 500 5007 10.6 + 22
Cu/SiO, 100 250 1.7 +£2.7
Ru/SiO, 500 500 93 + 1.7
Rh/SiO, 900 500 112 + 27
Pd/SiO, 700 200 10.0 + 22
Ag/SiO, 500 500 89 + 1.9
Ir/SiO, 100 500 100 + 22
DPt/SiO, 700 200 115 + 27

“Temperature of calcination. bTemperature of reduction in H,/He.
“The volume-area mean diameter of metal particles estimated by TEM.
“In a flow of 100% H,. “Reduction time was 20 min.

10% O,/He flow (100 mL min™") for 10 min and reduction at
Ty, in 2% H,/He flow (100 mL min™") for 10 min before using
them for the reaction.

In the XRD patterns of M/SiO, catalysts, diffraction lines
due to metal oxides were not observed, but lines due to metallic
phase were observed. The metal particle distribution for each
catalyst is shown in the Supporting Information, Figure S1. It is
known that the mean particle diameter estimated from the
number of surface atoms on the assumption of spherical
particles agrees with a volume-area mean diameter measured by
TEM.>* Hence, the volume-area mean diameter is calculated as
shown in Table 1. The mean diameter of the particle size was in
a range of 8.9 to 11.7 nm. Consequently, a series of M/SiO,
catalysts with the same loading (S wt %) and similar metal
particle size (8.9—11.7 nm) were prepared as listed in Table 1.

Surface Reactions Monitored by in Situ FTIR. In situ
FTIR spectra were recorded by a JASCO FT/IR-6100
equipped with a quartz IR cell connected to a conventional
flow reaction system. The sample was pressed into a 15—30 mg
of self-supporting wafer and mounted into the quartz IR cell
with CaF, windows. Spectra were measured accumulating 15
scans at a resolution of 4 cm™. A reference spectrum of the
catalyst wafer in He was subtracted from each spectrum. Prior
to each experiment the catalyst disk was pretreated under the
condition shown in Table 1, followed by cooling to reaction
temperature under He flow. For the introduction of 2-propanol
and nitrobenzene to the IR disk, the liquid compound was
injected under the He flow preheated at 150 °C which was fed
to the in situ IR cell. Extinction coeflicient of adsorbed 2-
propanol was determined by IR band area of adsorbed 2-
propanol on SiO, at 30 °C and the amount of adsorbed 2-
propanol. The latter value was calculated from the amount of 2-
propanol introduced to the IR cell and that of outlet monitored
by online mass spectroscopy. The band area increased linearly
with the amount of adsorbed 2-propanol, and the integrated
molar extinction coefficient was calculated using the slope of
the line and the Lambert—Beer law.

Liquid Phase Hydrogenation of Nitrobenzene. Hydro-
genation of nitrobenzene was carried out in a 30 cm® autoclave
with a glass tube inside equipped with magnetic stirring.
Nitrobenzene (2 mmol) and tetrahydrofuran (15 cm®) were
placed into the autoclave together with typically 0.05—0.4 mol
% of catalyst pretreated under the condition shown in Table 1.
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After being sealed, the reactor was flushed with H, and
pressured at 3.0 MPa, and then heated to 100 °C. Conversion
and yields of products were determined by GC using n-
dodecane as an internal standard. The products were identified
by gas chromatography/mass spectroscopy (GC-MS-QPS500,
Shimadzu) equipped with same column and in the same
conditions as GC and also by comparison with commercially
pure products.

B RESULTS

Dehydrogenation of Adsorbed 2-Propanol. The
dehydrogenation of adsorbed 2-propanol on M/SiO, was
tested by in situ IR at 30 °C in a flow of He. Figure 1A shows
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Figure 1. (A) Changes in IR spectra and (B) area of IR bands vs time
for dehydrogenation of adsorbed 2-PrOH on Rh/SiO, under a flow of
He at 30 °C.

changes in the spectra of adsorbed species on Rh/SiO, as a
function of time after the introduction of 2-propanol (2 L) to
the catalyst disk. Initially (t = 40 s), IR bands due to adsorbed
2-propanol (2-PrOH,,) were observed at 1465, 1384, 1344, and
1300 cm™.*® The presence of the band at 1300 cm™ due to
OH deformation of 2-propanol indicates that 2-PrOH,4 is not a
2-propoxide species but a nondissociatively adsorbed 2-
propanol species on the catalyst. Then, the intensities of the
band due to 2-PrOH,4 decreased with time. Simultaneously, a
new band at 1713 cm™" due to C=O0 stretching of adsorbed
acetone appeared. In contrast, 2-PrOH_4 on SiO, was relatively
stable, and it did not convert to acetone (not shown). This
suggests that the Rh metal particle on Rh/SiO, catalyzes the
dehydrogenation of 2-PrOH,4 to acetone. The area of the band
at 1384 cm™ is plotted as a function of time in Figure 1B.
Using the initial slope of the kinetic curve and the adsorption
coefficients of 2-PrOH,; (1.63 cm umol™) experimentally
determined, we estimated the initial rate of the 2-PrOH4
dehydrogenation on Rh/SiO, (0.124 mmol s™' gz, ~'). By using
the mean diameter of Rh metal particle (7.9 nm) shown in
Table 1 and the atomic diameter of Rh (0.278 nm) and
assuming that the supported Rh particles can be modeled as a
fcc crystal lattice with a cuboctahedral shape, the number of
surface Rh atoms was determined according to the established
method.*® This value was then used to estimate turnover
frequency (TOF) per surface Rh atom shown in Figure 2. For a
series of the M/SiO, catalysts (M = Co, Ni, Cu, Ru, Rh, Pd, Ag,
Ir, and Pt), the same experiment was carried out, and the TOF
values were estimated as summarized in Figure 2. The activity
changed in the following order: Pt/SiO, > Ir/SiO, > Rh/SiO,
> Ni/SiO, > Ru/SiO, > Ag/SiO, > Co/SiO, > Cu/SiO, > Pd/
SiO,.
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Figure 2. TOF for dehydrogenation of 2-PrOH adsorbed on M/SiO,
at 30 °C.

Hydrogenation of Adsorbed Nitrobenzene. Hydro-
genation of adsorbed nitrobenzene was also studied by in situ
IR at S0 °C. Nitrobenzene (1 uL) was injected to the catalyst
disk under a He flow which was fed to the in situ IR cell,
followed by purging the IR cell with He until the band was
stable. Then, in situ IR spectra measurement was carried out in
a flow of H, under normal pressure. Figure 3A shows changes
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Figure 3. (A) Changes in IR spectra and (B) area of IR bands vs time
for hydrogenation of adsorbed PhANO, on Rh/SiO, under a flow of H,
at 50 °C.

in the spectra of adsorbed species on Rh/SiO, versus time of
H, flowing. At t = 0 s (before the H, feed), IR bands due to the
1,i(NO,) and v(NO,) of the adsorbed nitrobenzene
(PhNO,,4)*” were observed at 1353 and 1530 cm™},
respectively. When the flowing gas was switched to H,, the
band intensity for PhNO,,y decreased with time and nearly
disappeared at ¢t = 50 s. Simultaneously, new bands due to
adsorbed aniline (1500 and 1605 cm™)* appeared, and their
intensities increased with time. In contrast, nitrobenzene
adsorbed on SiO, did not react under the same condition.
These results indicate that SiO, does not participate in
hydrogenation of nitrobenzene. The kinetic curves for the
PhNO,,4 consumption and aniline formation over Rh/SiO, are
shown in Figure 3B. The IR intensity of PhNO,,4 and aniline
were estimated from the area of the IR bands at 1530 cm™ and
1605 cm ™!, respectively. The intensity of the band at 1530 cm™
due to PhNO,,4 on Rh/SiO, did not decrease under a flow of
He (not shown), which indicates that PhNO, ; was a stable
adspecies under a flow of inert gas. From the slope of the
straight line of the kinetic curve, the adsorption coefficients of
nitrobenzene (7.56 cm umol™!),*® and the number of surface
Rh atoms estimated from the average size of Rh metal particles,
TOF for the consumption of nitrobenzene under H, was
estimated. The same experiment was carried out with other
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catalysts. TOFs for hydrogenation of PANO,,4 on M/SiO, are
shown in Figure 4. The order of catalytic activity was as follows:
Pd/SiO, > Pt/SiO, > Rh/SiO, > Ir/SiO, > Ag/SiO, > Ru/
SiO, > Cu/SiO, > Ni/SiO, > Co/SiO,.

ColSiO,
Ni/SIO,

107"

1
102 10°

TOF /5™

Figure 4. TOF for hydrogenation of PhNO, adsorbed on M/SiO,
under H, at 50 °C.

OH/OD Exchange under D,. As reported by Claus and co-
workers for Ag/SiO, catalysts,” the isotopic exchange of OH
groups of SiO, to OD groups in D, begins with the cleavage of
D,, and thus, this reaction can be considered a model reaction
for measuring the rate of the D, dissociation according to the
method in our previous study.”® Figure SA shows the IR spectra
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Figure 5. (A) Changes in IR spectra and (B) area of IR bands vs time
for the H/D exchange of surface SiOH groups of Rh/SiO, under a
flow of D, at 30 °C.

as a function of time of D, flowing to Rh/SiO, at 30 °C. Loss
and gain of IR band intensity in the SiO-H (2800—3800 cm™")
and in the SiO—D (1900—2800 cm™") stretching regions were
observed, indicating the OH/OD exchange of the surface SiOH
groups. Kinetic curves for the OD formation are shown in
Figure SB. From the slope of the initial straight line of the
kinetic curve and weight of the IR disk, a relative rate for the
OD formation under D, was estimated. The results for various
M/SiO, catalysts are shown in Figure 6. The D, dissociation
rate changed in the following order: Pt/SiO, > Ir/SiO, > Rh/
SiO, > Pd/SiO, > Ag/SiO, > Cu/SiO, > Ru/SiO, > Co/SiO,
> Ni/SiO,.

Hydrogenation of Nitrobenzene in the Batch Reac-
tion System. The liquid phase hydrogenation of nitrobenzene
was examined in THF under 3 MPa H, with M/SiO, catalysts
at 100 °C (Table 2). TOF was calculated using the rate and the
metal particle size in Table 1. The order of catalytic activity was
as follows; Pd/SiO, > Pt/SiO, > Rh/SiO, > Ir/SiO, > Ru/SiO,
> Ni/SiO, > Cu/SiO, > Co/SiO, > Ag/SiO, (Figure 7).
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Figure 6. Initial rate for the H/D exchange of surface SIOH groups of
M/SiO, under D, at 30 °C.

Table 2. Liquid Phase Hydrogenation of Nitrobenzene

©/N02 H, 3 MPa ©/NH2
100°C, 1h
catalyst (mg)” conv. (%) yield (%) TOF/s™
Pd/SiO, (2.1) 77 74 3.0
Pt/SiO, (1.0) 6.3 3.6 0.61
Rh/SiO, (1.9) 3.6 34 0.16
Ir/SiO, (3.9) 32 23 0.10
Ni/SiO, (35) 19 17 0.03
Ru/SiO, (27) 23 9.7 0.03
Cu/SiO, (28) 8.7 8.6 0.02
Co/SiO, (36) 8.5 7.9 0.01
Ag/SiO, (42) 54 46 0.008

“Catalyst loading (mg).

Figure 7. TOF for liquid phase hydrogenation of PhNO, by M/SiO,
under H, (3.0 MPa) at 100 °C.

B DISCUSSIONS

To discuss the reactivity order of the different transition metal
catalysts in terms of the Hammer—Norskov d-band model,
TOF for various metal-loaded SiO, are plotted in Figure 8 as a
function of the d-band center (&) relative to the Fermi energy
(Eg) for the clean metal surface. Note that the metal particle
sizes of M/SiO, catalysts are relatively large (8.9—11.7 nm),
which indicates that majority of the surface metal atoms are at
plane sites. Thus, we used the average energy of d-states (&4)
projected on the surface atom on the most close packed surface
calculated by Norskov and co-workers.”*® For the dehydrogen-
ation of 2-PrOH,4 on M/SiO, (Figure 8A), hydrogenation of
PhNO,,4 on M/SiO, (Figure 8B), OH/OD exchange of surface
SiOH groups under D, on M/SiO,(Figure 8C), and liquid
phase hydrogenation of PhNO, by M/SiO, (Figure 8D), the
activities generally show volcano-type dependences on the &4
Eg value, except for the Pd catalyst in Figure 8A.

dx.doi.org/10.1021/cs300376u | ACS Catal. 2012, 2, 1904—1909
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Figure 8. TOF for (A) dehydrogenation of 2-PrOH,4 at 30 °C, (B)
hydrogenation of PhNO,,4 at 50 °C, (C) H/D exchange of surface
SiOH groups under D, on M/SiO, at 30 °C, and (D) liquid phase
hydrogenation of PhANO, by M/SiO, at 100 °C as a function of the d-
band center of metals (&) relative to the Fermi energy (Eg).

There is a generally observed tendency that the further the d-
band center is from Eg the weaker the metal—hydrogen (M-H)
and metal—oxygen (M-O) bond energies."” As shown in
Supporting Information, Figure S2, we confirmed moderate
correlations between the d-band center and the M-H and M-O
bond energies calculated by Toulhoat and Raybaud.® Note that
all the reactions in Figure 8 include the formation and
dissociation of M-H bonds as a common elementary step.
Dehydrogenation and hydrogenation reactions include the
formation and dissociation of M-O bonds. Hence, the result in
Figure 8 suggests that the moderate M-H and/or M-O bond
strength is favorable for these reactions. However, replotting
the activity patterns with respect to the calculated M-H
(Supporting Information, Figure S3) and M-O (Supporting
Information, Figure S4) bond energies® gave relatively poor
correlations. It follows that the d-band center is the most
convenient activity descriptor for the catalytic systems tested in
this study. A possible explanation of this result is as follows.
Strong binding of surface intermediates via M-H and M-O
bonds lead to surface poisoning, whereas weak binding of the
intermediates lead to limited availability of the intermediate; in
both cases, catalytic rates are less than optimal. Consequently,
platinum-group-metal catalysts with moderate bond strength
gave highest activity. Both M-H and M-O bond energies can
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influence the rate of elementary steps as well as surface
coverage of the intermediates. This may be why the M-H and
M-O bond energies were poorer activity descriptors than the d-
band center as an averaged parameter of metal-adsorbate
interaction energies.

Although the d-band model suggests that the reactivity of a
particular metal catalyst may be described by a single
parameter, €4 — Ep, there are quite a few experimental studies
that verify the applicability of this semiempirical concept to
transition metal catalyzed multistep organic reactions.”® The
above results demonstrate that the d-band model (in
combination with the linear energy relations) can be used to
understand the activity trends in transition metal catalyzed
multistep organic reactions (dehydrogenation and hydro-
genation reactions) as well as the hydrogen dissociation
reaction as an initial step of catalytic hydrogenation reactions.
Therefore, it can be concluded that the d-band model is
qualitatively an important concept for understanding or
predicting the reactivity trends in heterogeneous catalysis of
transition metals for multistep organic reactions. As a first
approximation, reactivity of a particular metal catalyst for the
above organic reactions could be described by a single
parameter, £ — Eg. In our previous study,’® we have shown
that there is a fairly good correlation between the d-band center
and catalytic activity for more complicated reactions; the
activity of transition metal-loaded SiO, catalysts for N-
alkylation of aniline with amines shows a volcano-type
dependence on the g4 — Eg value. These findings may open
possibilities in the development of new catalysts without
extensive trial-and-error experimental testing.

It is important to note that the d-band model in combination
with Sabatier’s principle is not a suitable method for
quantitative description of the catalytic activity because the
Sabatier reaction rate is the maximum rate that can be achieved
under the assumption that all surface coverages are optimal. As
established by Toulhoat and Raybaud,® use of DFT based
activity descriptors combined with microkinetic models are
effective method for the quantitative description of the catalytic
activity.

H CONCLUSION

We studied the correlations between the reaction rates and the
&4 — Eg value of supported metal (M = Ag, Cu, Pt, Ir, Pd, Rh,
Ru, Ni, and Co) catalysts for the following reactions:
dehydrogenation of adsorbed 2-propanol and hydrogenation
of adsorbed nitrobenzene under H, (as test reactions on metal
surfaces), OH/OD exchange in a flow of D, (as a test reaction
of H, dissociation on metal surfaces), liquid phase hydro-
genation of nitrobenzene (as an organic reaction under realistic
conditions). Generally, the activities showed volcano-type
dependences on the e4-Ep value, indicating that the d-band
model could be applicable to describing activity trends in
multistep organic reactions.
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