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Poly(N-vinyl-2-pyrrolidone)-protected Ni/Pd bimetallic colloidal nanoparticles, prepared by the polyol reduction
method, have been proved to have a nanometer-sized alloy structure with both metals at zerovalent state by our previous
study of TEM, XRD, EXAFS, and XPS analyses. Here, dispersions of these bimetallic nanoclusters with different
composition ratios are extensively examined as catalysts for the hydrogenation of various nitrobenzene derivatives: i.e.,
p-nitrotoluene, p-nitroanisole, 1-nitronaphthalene, p-nitrobenzonitrile, and methyl p-nitrobenzoate, at 30 °C under an
atmospheric pressure of hydrogen. These bimetallic nanoclusters exhibit excellent catalytic properties for the reduction of
a nitro group to an amino group with high selectivity. The catalytic activity strongly depends on the metal composition of
the particles. The maximum catalytic activity can be observed at a certain intermediate composition ratio, being 3—4 times
greater than that of a monometallic colloidal Pd catalyst. A bimetallic nanocluster with the mole ratio of Ni : Pd = 1/4
was the most active catalyst for the hydrogenation of para-substituted nitrobenzenes. An approximately linear relationship
exists between the hydrogenation rate of the substrate with an electron-donating or electron-withdrawing group and the
corresponding Hammett constant of the substituent, as well as between the hydrogenation rate and the LUMO energy level
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of the substrate.

Nanostructured metal clusters and colloids bridge the gap
between their atomic states and bulk states,” and serve as
functional components for materials with diverse electronic,
optical, or magnetic properties. They can also act as high per-
formance catalysts for organic and inorganic reactions. Quite
a few of these particles have already been shown to have
novel catalytic properties, and the applications to catalysis,
photocatalysis, and electrocatalysis are rapidly expanding.**

In recent years, we have achieved good control of the size
and structure of the colloidal dispersions of polymer-pro-
tected bimetallic nanoclusters in extraordinarily small sizes
(from 1 to 3 nm) and narrow size distributions,>® so that
the catalytic properties of metal catalysts can be improved
by the second element. The bimetallic nanoclusters prepared
by simultaneous reduction of two kinds of metal ions by al-
cohol in the presence of poly(N-vinyl-2-pyrrolidone) (PVP)
demonstrate superb stability.*'* The Pd/Pt and Au/Pd nano-
clusters started from HAuCly, H,PtCle, and PdCl, are ef-
ficient catalysts for selective partial hydrogenation of 1,3-
cyclooctadiene to cyclooctene.!'? Likewise, Au/Pt"” and
Pt/Rh'* are also excellent catalysts for visible-light-induced
hydrogen evolution.

Although reduction of the late transition metal ions is much
more difficult than that of noble metal ions, we have managed
to develop a novel method for the preparation of colloidal
dispersions of PVP-protected Cu/Pd and Ni/Pd alloy nano-
clusters by reducing the corresponding hydroxide precur-
sors with ethylene glycol." This cold alloying method is of

universal significance for the preparation of other bimetallic
nanoclusters composed of a noble metal and a late transition
metal.'® The alloy structure of the Cu/Pd bimetallic nanoclus-
ters, proved by TEM, XRD, EXAFS, and XPS analyses, has
provided a new type of catalyst, which is effective both for
the selective hydration of acrylonitrile to acrylamide and
for the selective partial hydrogenation of 1,3-cyclooctadiene
to cyclooctene.'® Similarly, the Ni/Pd colloidal dispersions
also exhibited definite monodisperse size-distributions, with
each particle containing both nickel and palladium atoms. '
Subsequent structural analysis work of Ni/Pd nanoclusters by
XRD, EXAFS, and XPS further showed the alloy structure
where both atoms appear on the surface of the nanoparti-
cles with zerovalent state. Preliminary investigations have
revealed that Ni/Pd nanoclusters can display excellent cat-
alytic performance for hydrogenation of nitrobenzene under
an atmospheric pressure.'” Therefore, the very high catalytic
activity of the bimetallic nanoclusters can be understood by
an ensemble effect.

As is known, the hydrogenation of nitroaromatics by metal
catalysts is a reaction of great importance in industry to pro-
duce aromatic amines. In fact, aniline can be produced in
industries by reduction of nitrobenzene with hydrogen over
Cu, Ni, or Pt catalyst or with iron powder and hydrochloric
acid according to the classical method, although a novel Dow
method uses chlorobenzene and ammonia as the raw mate-
rials. Many investigations have already been carried out on
supported catalysts: e.g., (a) Cu powders,'® (b) Cr,03—CuO
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supported on MgF,," and Cu—Cr—Mo supported on silica,?
(c) Pt or Pd supported on alumina,*"** activated carbon, alu-
minum borate, some copolymers,”—*° and Si0,,* (d) Ru,?*
(e) Rh,2 (f) PA(I)***— or Pd(I)/Ru(ll),** Pd/Pt(4/1) on
polymers,* and (g) PdGe supported on carbon.” Most of the
previous studies are concerned with the catalysis of single
metals, the effect of the supporting materials on the metal,
and the modification of supports. The hydrogenation of nitro-
aromatics by bimetallic catalysts has been investigated in the
systems like Pd/Pt,* Pd/Ge,* Ru/Sn, Ru/Pb, and Ru/Ge."'
However, little information is available about the substrate
activation and the reaction mechanism on bimetallic cata-
lysts. An extensive study of this reaction over bimetallic
nanoparticles within a quantum-size region is important to
fully understand not only the variables in this reaction, but
also the effect of bimetallization on the nanoparticle prop-
erties. Generally, bimetallic alloy catalysts’—* have been
found to be superior to single metals in many cases in re-
gard to activity, selectivity and stability in certain types of
reactions.**—* The catalytic activity of an alloy is not only
determined by the electronic structure of an alloy crystal as
a whole, but also by localized properties of surface sites.
Bimetallic alloys which include a combination of two metals
of different groups in the periodic table, e.g., Pd and Cu, have
been studied using reactions such as hydrogenolysis,* CO
oxidation,” and CO hydrogenation.*’ In the hydrogenolysis
reaction, the group 11 metals, like Cu, act mainly as a diluent
of the active component.* In the CO oxidation*® and hydro-
genation reactions,’"> Cu can act as an active part or behave
as a promoter by itself. The interesting activity improve-
ment in alloy catalysts is often a fundamental question to be
addressed, albeit the role of each component may be case-
specific.

The present work involves an extensive study of the cat-
alytic behavior of the novel type of bimetallic nanoclusters,
i.e., PVP-protected Ni/Pd alloy nanoclusters, for the hydro-
genation of nitroaromatics. In order to elucidate the sub-
stituent effect and the reaction mechanism, various types of
nitrobenzene derivatives are compared. The influence of the
bimetallization on the activity of the substrates is also illus-
trated for a better understanding of the bimetallic catalyst
performance.

Experimental

Materials and Preparation of the Colloidal Dispersions of
Nickel/Palladium Bimetallic Nanoclusters. Poly(N-vinyl-2-
pyrrolidone) (PVP, K-30, average molecular weight 40000) was pur-
chased from Tokyo Kasei. Co., Ltd. Other reagents, such as nickel
sulfate (NiSO4:7H,0), palladium(Il) acetate (Pd(Ac);), dioxane,
sodium hydroxide, ethylene glycol, Raney nickel precursor, palla-
dium black, nitrobenzene, p-nitroanisole, p-nitrotoluene, p-chloro-
nitrobenzene, p-bromonitrobenzene, p-nitrobenzonitrile, methyl p-
nitrobenzoate, and 1-nitronaphthalene, each having a purity level
higher than GR grade, were used without further purification.

The colloidal dispersions of the Ni/Pd bimetallic nanoclusters
protected by polymers were prepared by an improved polyol re-
duction method, as described previously.!” Briefly, two metal ions
were mixed in ethylene glycol at designated mole ratios and the
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total amount of the metal ions was always kept constant at 2.5
mmol. The solutions were stirred and refluxed at 198 °C for 3 h
with a nitrogen flow passing through the reaction system to take
away water by-product. The color of the mixed solution suddenly
changed from clear yellow to transparent dark brown at an initial
stage of the refluxing. The final colloidal dispersion appeared as a
transparent dark-brown solution and was rather stable for months
under nitrogen at room temperature. PVP-protected monometal-
lic nickel and palladium colloidal dispersions were also obtained
by the similar procedure. The nanoclusters were separated from
ethylene glycol by vacuum evaporation under reduced pressure of
nitrogen with a big freezing trap, and dried under vacuum. W-6
Raney nickel catalysts were prepared in the conventional method,
as reported in the references.”>*

Hydrogenation of Nitrobenzene and its Derivatives Cat-
alyzed by the Colloidal Dispersion of the Bimetallic Nanoclus-
ters. The hydrogenation of nitrobenzene and its derivatives
was carried out in ethanol at 30.0 °C under hydrogen at one atmo-
spheric pressure, as reported in Ref. 17. The catalyst dispersion (20
cm?, total metal = 2x 10™® mol) was injected into a 50-cm® flask.
An ethanol solution (1.0 ¢cm?) containing 0.2 mmol of a substrate
(nitrobenzene or its derivatives) was added, and the progress of
hydrogenation was followed by hydrogen uptake with a tempera-
ture-controlled gas burette. The initial rate was determined by the
initial slope of hydrogen uptake and was used for the evaluation of
catalytic activity in this paper. The hydrogenation products were
analyzed with a Shimadzu GC-14B capillary gas chromatography
using a 25 mx0.25 mm¢@ WCOT fused silica capillary column.

Quantum Mechanical Analysis. = Molecular property calcu-
lations of the substrate were carried out with the Gaussian 98 soft-
ware package.”> The geometry of each molecule was completely
optimized at the density functional theory (DFT) level by analytic
gradient techniques. A density functional theory (DFT) variant
B3LYP with a standard basis set of 6-31+G(d,p) was performed,
producing energy levels of the orbitals of each molecule.

Results and Discussion

Hydrogenation of Various Nitroaromatics to Aromatic
Amines by Ni/Pd Bimetallic Nanoclusters. Colloidal
dispersions of Ni/Pd bimetallic nanoclusters were prepared
by glycol reduction at high temperature in the presence of
poly(N-vinyl-2-pyrrolidone) (PVP), which appeared as clear
dark brown solutions and had a good air-resisting property.
They are stable for months under N, at room temperature.
Especially, very dilute (0.1 mM) colloidal dispersions of the
bimetallic nanoclusters, made for the use of catalysis, showed
no precipitates nor inferiority in catalytic activities even af-
ter kept in the air for half a year, being quite comparable
to the monometallic Pd clusters. The high stability may be
attributed to the special structure of nanoclusters involving
Ni—Pd bonds,* the complete surrounding of nanoclusters by
polymers, and keeping nanoclusters in glycol solution, i.e.,
reductive atmosphere.”” These Ni/Pd particles are consider-
ably well-dispersed and uniform in size ranging from 1.2 to
2.5 nm (standard deviations range from 0.27 to 0.37 nm).'s"’
Structural analysis work of the Ni/Pd nanoclusters by XRD,
EXAFS, and XPS has further shown the alloy structure in
each particle with Ni at the zerovalent state.'®!” Currently,
they are applied for the catalysis of hydrogenation of various
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nitroaromatics. During the reaction, the mixtures remained
homogeneous without any precipitates of metal particles.

The hydrogenation of nitrobenzene is currently carried out
over Pt- or Cu-based catalysts in industrial processes, during
which high-temperature and high-pressure are indispensable.
By the use of Ni/Pd bimetallic nanoclusters, however, the
above reaction can be realized under a much milder con-
dition, i.e., 30 °C and 1 atmosphere. Figure 1 compares
the hydrogen uptake during the hydrogenation of p-nitro-
anisole, methyl p-nitrobenzoate, and nitrobenzene catalyzed
by Ni/Pd(1/4) nanoclusters. The hydrogen uptake starts im-
mediately after the addition of the substrates and increases
linearly. Then, the hydrogen uptake suddenly ceases at three
times the molar amounts of the substrates charged. The
. curves illustrate that the bimetallic nanocluster catalyst has
both high activity and selectivity. Noticeably, the hydrogen
uptake rate for p-nitroanisole is slower than that of nitro-
benzene, and the latter is slower than that of methyl p-nitro-
benzoate. In fact, product analysis by gas chromatography
has proved that the substrates, such as p-nitroanisole, methyl
p-nitrobenzoate, and nitrobenzene, have been totally trans-
formed to the reduction products of p-aminoanisole, methyl
p-aminobenzoate, and aniline, respectively. In the paral-
lel experiments with alternative substrates including sub-
stituents like ~CH3, —CN, —Cl, and —Br, we observed that
the Ni/Pd bimetallic nanoclusters are capable of reducing the
nitro groups completely to amino groups in a similarly facile
manner.

In particular, the substrate containing the p-cyano group
shows its unique second step reduction occurring at the cya-
no group. Figure 2 shows the temporal uptake of hydrogen
during the hydrogenation of p-nitrobenzonitrile catalyzed by
Ni/Pd(1/4) nanoclusters. The hydrogen uptake is also ini-
tiated immediately after the addition of the substrate and
increases linearly. Then, it reaches a plateau, after which
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Fig. 1. Time course of hydrogen uptake of p-nitroanisole

(M), nitrobenzene (@), and methy! p-nitrobenzoate (B) by
bimetallic Ni/Pd(1/4) nanoclusters. [substrate] = 9.52 mM,
[Ni/Pd nanocluster catalysts] = 0.095 mM, solvent: 21 cm’
ethanol, at 30 °C, p(Hz) = 1 atm.
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Fig. 2. Time course of hydrogen uptake of p-nitrobenzoni-

trile by bimetallic Ni/Pd(1/4) nanoclusters. Reaction con-
ditions are the same as those in Fig. 1. Note that the scale
of the abscissa before and after + = 20 min are different.

the hydrogen uptake continues to increase very slowly. The
plateau represents three times the molar amounts of the sub-
strate charged. Gas chromatographic analysis identified this
plateau corresponding to the formation of the first step prod-
uct, p-aminobenzonitrile, which was subsequently converted
to the final product p-aminobenzylamine as confirmed by
gas chromatography. This is shown in the slow rise after the
plateau in Fig. 2.

Figure 3 shows the reaction profile of hydrogenation of
p-nitrobenzonitrile by bimetallic Ni/Pd(1/4) nanoclusters.
As the concentration of the substrate p-nitrobenzonitrile
smoothly decreases with time, the final hydrogenation prod-
uct p-aminobenzylamine, increases very slowly but steadily
with time (+ > 20 min). However, the in situ sampling

100

@ 75
=)
E
~

g 5o
=]
R]
2
2.
g
S

O 25

0

0O S5 10 15 20 45 70 95 120145
Time / min
Fig. 3. Reaction profile of hydrogenation of p-nitrobenzoni-

trile by bimetallic Ni/Pd(1/4) nanoclusters. Reaction con-
ditions are the same as those in Fig. 1. Note that the scales
of the abscissa before and after r = 20 min are different. p-
nitrobenzonitrile: O, p-aminobenzonitrile: A, p-aminoben-
zylamine: A.
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analysis shows that during the course of the reaction, apart
from the substrate and final product, the first step reduction
product species p-aminobenzonitrile is clearly observed in
gas chromatography, which increases its concentration, then
eventually decreases. The clear-cut reaction profile for the
formation of p-aminobenzonitrile indicates that reduction of
the nitro group has a lower energy barrier than that of the
cyano group by this unique type of catalyst. The conversion
of the cyano group to the aminomethyl group (~CH,NH;)
occurs after the conversion of the nitro group to the amino
group. It is concluded that the hydrogenation of the cya-
no group is only activated after the formation of an amino
group at the para-position. It is obvious that selective hy-
drogenation of the nitro group in p-nitrobenzonitrile can be
controlled at the first reaction step.

As for the substrates containing a para-halogen sub-
stituent, it is found that during the reduction of the nitro
group the substrates undergo an interesting dehalogenation
reaction, generating anilines as the final products. Although
the mechanism of the coupled reactions of halogenated nitro-
benzenes is a little complicated, its potential value is certainly
remarkable in the dehalogenation of aromatic pollutants, as
such colloidal particles may have some applications for de-
halogenation of the halogenated aromatic compounds that
are often listed as most hazardous organic pollutants.

Nanoclusters Having the Compositions with the Max-
imum Activity.  Figure 4 shows the relationship between
the catalytic activity and the metal composition of bimetallic
Ni/Pd nanoclusters during the hydrogenation of nitrobenzene
and its derivatives with electron-donating substituents, i.e.,
p-nitroanisole and p-nitrotoluene. It should be kept in mind
that palladium is known to be a good catalyst for hydro-
genation of a nitro group while nickel has very low activity.
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Fig. 4. Dependence of the catalytic activity of (M) p-nitro-

anisole, ((J) p-nitrotoluene, and (@) nitrobenzene on the
composition of Ni/Pd nanoclusters. Reaction conditions
are the same as those in Fig. 1.
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Colloidal dispersions of bimetallic Ni/Pd nanoclusters, es-
pecially those with a palladium content ranging from 40 to
90%, show much higher catalytic activity than both Ni and
Pd monometallic nanoclusters. It has also been proved by
our experiments that, commercial Raney Ni and Pd black cat-
alysts show little activity for the same reaction. In particular,
Ni/Pd(2/3) nanoclusters show the highest activity for nitro-
benzene, ca. 3.5 times the value of monometallic Pd nano-
clusters. Mixtures of colloidal dispersions of monometallic
palladium and monometallic nickel nanoclusters, however,
exhibit quite low activity. This clearly corroborates the con-
clusions that colloidal dispersions of bimetallic Ni/Pd nano-
clusters are not mixtures of the corresponding monometal-
lic nanoclusters, but rather each nanocluster particle contains
both palladium and nickel atoms, forming a kind of an “alloy”
structure, in accord with our previous results from EXAFS
studies.'” The interaction between palladium and nickel in a
nanocluster particle could affect the catalytic activity.

Figure 4 also illustrates that the Ni/Pd(1/4) nanoclusters
show the highest activity for p-nitroanisole and p-nitrotol-
uene, unlike the situation for nitrobenzene. It seems that
introduction of a substituent on the para position affects
the preference of close approaching of the substrate ring to
the metal surface due to steric hindrance during the hydro-
genation. The difference in the reaction activity between p-
nitrotoluene and p-nitroanisole is small throughout the whole
composition range, although the activity of p-nitrotoluene is
considered to be higher than that of p-nitroanisole based
on the electron-donating ability of the substituents. Both
substrates have considerably lower activities than nitroben-
zene. The underlying reason that p-nitrotoluene has a poor
activity as low as p-nitroanisole may be attributed to the stiff
bond between the methyl group and the benzene ring in p-
nitrotoluene, preventing it from approaching closely to the
metal surface due to the presence of a steric hindrance of the
methyl group. In p-nitroanisole, the oxygen atom provides a
bent C—O-ring bond, allowing the ring to approach the metal
surface relatively closely.

Figure 5 compares the relationship between catalytic ac-
tivity and the metal composition of bimetallic Ni/Pd nano-
clusters during the hydrogenation of nitrobenzene and its
derivatives with electron-withdrawing substituents, i.e., p-
nitrobenzonitrile and methyl p-nitrobenzoate catalyzed by
Ni/Pd(1/4) nanoclusters. The activity for p-nitrobenzonitrile
only includes the conversion to p-aminobenzonitrile here.
Again the Ni/Pd(1/4) nanoclusters show the highest activity
for p-nitrobenzonitrile and methyl p-nitrobenzoate, which is
even higher than monometallic Pd metal. It is obvious that
the reaction rate for p-nitrobenzonitrile is faster than that for
methyl p-nitrobenzoate throughout the whole composition
range.

Figure 6 compares the relationship between catalytic ac-
tivity and the metal composition of bimetallic Ni/Pd nano-
clusters during the hydrogenation of nitrobenzene and 1-ni-
tronaphthalene. The Ni/Pd(1/4) nanoclusters also show the
highest activity for 1-nitronaphthalene. It appears that the
large fused ring of naphthalene also affects the preference of
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Fig. 5. Dependence of the catalytic activity of (O) p-nitro-
benzonitrile, (D) methyl p-nitrobenzoate, and (@) nitroben-
zene on the composition of Ni/Pd nanoclusters. Reaction
conditions are the same as those in Fig. I.
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Fig. 6. Dependence of the catalytic activity of (d) 1-nitro-

naphthalene and (@) nitrobenzene on the composition of
Ni/Pd nanoclusters. Reaction conditions are the same as
those in Fig. 1.

close approaching of the substrate ring to the metal surface.
Such steric hindrance may lead to the decrease of the activity
of 1-nitronaphthalene, when compared with nitrobenzene.
To examine the influence of the surface area of the cata-
lyst, the catalytic activity was normalized by the total surface
area of the particles, which was calculated using the average
diameter of the nanocluster particles measured by TEM.'’
The dependence of the normalized activity for the substrates
containing electron-donating groups, that for the substrates
containing electron-withdrawing groups, and that for 1-naph-
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thalene on the metal compositions, show similar shapes to
those of the apparent activity illustrated in Figs. 4, 5, and 6
respectively. This fact indicates that the higher activity of
the bimetallic nanoclusters in the region near Ni/Pd 1/4 ratio
than the monometallic nanoclusters is not due to the surface
area of those particles, nor due to the particle size variations,
but due to the special structure of the alloy particles. Only
a ligand and/or ensemble effect may account for the activity
dependence on the metal compositions in these bimetallic
nanoclusters.* In general, palladium has a relatively high
catalytic activity, while nickel has a low activity. Never-
theless, Ni/Pd bimetallic nanoclusters hold catalytic activity
higher than either of these monometallic nanoclusters for the
hydrogenation of nitrobenzenes. We can see that the Ni/Pd
bimetallic system is not composed of the bimetallic nano-
clusters with the special Pd-shell Ni-core structure, but the
nanoclusters with Ni and Pd atoms coexisting on the surface.

The surface segregation of palladium has been suggested
by EXAFS analysis."” 1t is also found that the total coordi-
nation number around nickel is much larger than that around
palladium, suggesting that palladium atoms are located pref-
erentially on the surface. So the model where both elements
are mostly randomly located in a particle, forming an alloy
with a little richness of palladium near the surface, can be
proposed for this novel Ni/Pd bimetallic nanoclusters. The
adjacent noble metal palladium in this structure may pre-
vent nickel from oxidation and the neighboring nickel can
provide an ensemble effect upon the catalysis of the noble
metal, thereby controlling the maximum activity of the sub-
strates through alloy compositions.

Dependence of the Substrate Reactivity on the Sub-
stituent. The maximum catalytic activities vary in the fol-
lowing order from high to low: p-nitrobenzonitrile > methyl
p-nitrobenzoate > nitrobenzene > [-nitronaphthalene > p-
nitrotoluene > p-nitroanisole. The electron-withdrawing and
electron-donating effect of the substituent may play an im-
portant role in generating this result. The present result can
be explained by an empirical substitution effect, which can
be quantified by the Hammett constant.

When Ni/Pd(1/4) bimetallic nanoclusters are used as the
catalyst, an approximately linear relationship is observed be-
tween the hydrogenation rate and the Hammett constant (a;
value) of the substituents (correlation coefficient = 0.998)
as shown in Fig. 7.>® For catalysts with other composition
ratios, similar relationships were also observed. It is con-
cluded that the electronic effect of the substituents controls
the electron densities, and hence, the reactivity of nitro group
at the para-position. The reactivity is mainly governed by
the electronic effect, but a certain degree of steric hindrance
has very probably led to the deviation of the linearity of the
correlation in Fig. 7. The latter effect may account for the
low activity of p-nitrotoluene.

The slope of the Hammett relationship shown in Fig. 7
may suggest that the hydrogenation of nitrobenzene deriva-
tives is aided by electron withdrawal from the benzene ring.
In other words, the rate determination step of the reaction is
nucleophilic attack by a nucleophile, which is probably hy-
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catalytic activity r of nitrobenzene derivatives catalyzed by
Ni/Pd(1/4) nanoclusters.

dride (H™) produced by dissociative adsorption of hydrogen
molecule on the catalyst surface. This idea is also suggested
by the molecular orbital consideration, as shown in the next
paragraph.

In order to understand the substituent effect by using quan-
tum chemical approaches, frontier orbitals of the derivatives,
i.e., the energy levels of highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO),
are calculated. These quantum-chemical characteristics can
be used in a similar way as Hammett constants, as they
all describe intrinsic properties of the nitrobenzene deriva-
tives before being perturbed by adsorption on metals, and
can be calculated by a high-precision density functional the-
ory method. The currently favored approach or the density
functional theory (DFT)™ has the advantage of including the
effects of electron correlation in a computationally efficient
manner, unlike the ab initio Hartree-Fock method.

As seen in Table 1, different substituents have a progres-
sive variation in the energy levels of the LUMO and HOMO,
which in turn seem to have a correlation with the hydro-
genationrates. Adsorption of the substrates inevitably brings
about interactions of the alloy metal’s valence electrons with
either the HOMO of the substrates or the LUMO of the ad-
sorbate molecule (back donation). Although a detailed cal-

Table 1.  Energy Levels of HOMO and LUMO Orbitals
Nitrobenzene Derivatives with Different Substituents at
para-Position

Substituent HOMO (eV) LUMO (eV)
CH;0- —0.26042 —0.09763
CH;— —0.28126 —0.10268
H- —0.29022 —0.10736
CH;00C- —0.29703 —0.12055
-CN -0.30917 —0.13252

Catalysis of Ni/Pd Bimetallic Nanoclusters

culation of the catalyst system including both metal atoms
may be more illustrative to understand the adsorption inter-
actions here, such a calculation is too formidable, because
the complicated details of the specific adsorption geometries
of a nitro compound on the metal alloys and in the absence
and/or presence of a hydrogen molecule will be included.
We simplify the structural considerations without introduc-
ing the metals, as the metal surface is believed to exert an
equal effect on all of the substrates. But obviously, a better
reactivity is brought about by a more favorable interaction
between the frontier orbitals of the substrates and metal va-
lence level, and such favorably recombined orbitals result
in more reactivity to accept electrons from the coadsorbed
hydrogens for the reduction.

Figure 8 shows the relationship between LUMO energy
and the catalytic activity of nitrobenzene derivatives by
Ni/Pd(1/4) nanocluster (correlation coefficient 0.981). The
correlation between HOMO energy and the catalytic activ-
ity of nitrobenzene derivatives by Ni/Pd(1/4) nanocluster
(correlation coefficient 0.915) is worse than in the case of
LUMO energy levels. Hence, it may be concluded that the
rate-determining step is the attack of the hydride anion to-
ward the LUMO orbitals of the nitro groups and the reaction
has strong nucleophilic character. The LUMO coefficients
(Table 2) show that all the LUMO orbitals of those five sub-
strates have large contributions from the nitro group (from
N 2p, orbital, and O 2p, orbital). The nitro group is indeed
involved in the LUMO orbitals of the whole molecule. An-
other result from the calculation is that the -NO, group is
comprised of N-O antibonding in the LUMO, in which the
pz orbital of the N atom is in the opposite direction to the p,
orbital of the O atom. These features can be clearly seen in
Fig. 9, which shows the HOMO and LUMO orbital diagrams
of nitrobenzene.
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Fig. 8. Relationship between LUMO energy Fimo and the

catalytic activity r of nitrobenzene derivatives catalyzed by
Ni/Pd(1/4) nanoclusters.
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Table 2. Molecular Orbital Coefficients of the LUMO Or-
bital in the -NO; Moiety of Nitrobenzene Derivatives
with Different Substituents at para-Position

Substituent N2p, O(1)2p, 0(2)2p,

CH;0- +0.42634 —0.31924 —0.32252

CH;- +0.41793 —0.32067 —0.31939

H- +0.41512 —0.32061 —0.32061

CH;00C- +0.35868 —0.29304 —0.29260

—-CN +0.35634 —0.29393 —0.29393
(a) b

Fig. 9. (a) HOMO and (b) LUMO orbital diagrams of nitro-
benzene.

The catalysis results indicate that the polymer-protected
Ni/Pd bimetallic nanoclusters with palladium mole ratio in
a certain intermediate composition range exhibit higher cat-
alytic activity than either monometallic nickel or palladium
nanoclusters and that the maximum catalytic activity was
observed at a certain Ni/Pd ratio. Unlike the case of hydro-
genation of nitrobenzene, the highest catalytic activity exists
at Ni/Pd bimetallic nanoclusters with mole ratio of 1/4 in the
hydrogenation of nitrobenzene derivatives, rather than 2/3
in that of nitrobenzene. We consider the following factors
in interpreting the observations here. Thus, two opposite ef-
fects for the hydrogenation of nitrobenzene may be predicted
to occur by the joining of nickel into palladium to form an
alloy structure: (1) The first effect is based on the catalytic
activity of palladium hydride (Pd-H), where it will decrease
with the increase of nickel contents. (2) The other effect
originates from the interaction between the catalyst surface,
especially the nickel surface, and the substrate. The nickel
surface makes it easier to form a charge-transfer complex
with the benzene ring of the substrates than the palladium
surface, so that the more nickel atoms are in the alloy par-
ticle, the stronger the interaction. A combined result of the
above two effects has led to the maximum activity in the in-
termediate composition. Although the above considerations
are still speculative, the result that only nitrobenzene shows
the maximum at 2/3 ratio, unlike all other derivatives at 1/4
ratio, could suggest the existence of the steric effect of the p-
substituent.

Conclusions

The catalytic performance of a novel type of nanome-
ter-sized alloy particles, namely, the late transition metal-
noble metal bimetallic nanoclusters, is described for the hy-
drogenation of various nitrobenzene derivatives. Although a
bimetallic nanocluster with a molarratio of Ni : Pd = 2/3 was
the most active catalyst for the hydrogenation of nitroben-
zene, the nanoclusters with the molar ratio of Ni : Pd = 1/4

Bull. Chem. Soc. Jpn., 73, No. 3 (2000) 757

were the most active catalyst for the hydrogenation of its
derivatives. The magnitude of the maximum catalytic ac-
tivities for different substrates varied in an increasing or-
der: CH30- < CH;3— < H-< CH3;00C- < —CN. They are
proved to be efficient catalysts for hydrogenation of a nitro
group to an amino group; interesting catalytic phenomena at-
tributable to substituent electronic effect and steric hindrance
effect have been observed. Both nickel and palladium play
an important role in the catalytic behavior of this bimetallic
nanocluster catalyst. A kind of ‘mostly random with a little
palladium richness on the cluster surface’ model structure
other than hitherto often reported ‘core-shell” model struc-
ture for noble metal bimetallic nanoclusters can account for
the hydrogenation reactions reported here.
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