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Sodium  promoted  5  wt.%  Pt/SiO2 catalysts  with  similar  Pt particle  size  (2.9–3.5  nm)  but  with  different
Na  loadings  (Na/Pt  ratio  of  0–10)  were  prepared  by a sequential  impregnation  method.  The  catalysts
were  well  characterized  by  Pt L3-edge  XAFS  (X-ray  absorption  fine  structure),  X-ray  photoelectron  spec-
troscopy  (XPS),  infrared  (IR)  study  of  CO  adsorption.  Their  catalytic  activity  for  mono-N-alkylation  of
aniline  with  iPr2NH,  as  a  test  reaction  for  cross-coupling  reaction  of different  amines,  showed  a  volcano
type  dependence  on the  Na/Pt  ratio.  The  catalyst  with  Na/Pt  ratio  of  2  showed  the  highest  intrinsic  activ-
ity.  The  Na/Pt  ratio  also affected  the  electronic  states  of  the  support  oxide  and  Pt;  the  electron  densities  of
mines
ross-coupling
latinum
odium
lectronic effect

Pt  and  surface  oxygen  atoms  of support  oxides  increased  with  the  Na/Pt  ratio.  From  the  structure–activity
relationship,  it is  shown  that  the  moderate  electron  densities  of  Pt and support  oxygen  atoms  lead  to the
high catalytic  activity.  Kinetic  studies  suggest  that  the present  reaction  proceeds  through  a hydrogen-
borrowing  mechanism  that  begins  with  dehydrogenation  of  iPr2NH  as the  rate-limiting  step.  Based  on
the  mechanistic  and  structural  results,  origin  of the  promotional  effect  of  Na  on  the  catalytic  activity  of
Pt/SiO is discussed.
2

. Introduction

Supported metal catalysts play an important role in many het-
rogeneous catalytic reactions for green organic synthesis. Recent
dvances in synthetic catalysis established that supported Au, Ru,
h, Pd, and Ag catalysts catalyze one-pot multi-step organic reac-
ions, which provides a key technology for the green synthesis
f fine chemicals [1–4]. Supported Pt metal nanoparticles have
een the most industrially relevant and widely investigated cat-
lysts [5–15] and several successful examples have demonstrated
t-catalyzed green organic reactions such as hydrogenation [5,6]
nd selective oxidation of alcohols and sugars [7,8]. However, their
pplications to multi-step one-pot organic synthesis are limited.
or developing a new catalyst for the organic synthesis, a fine
ontrol of the electronic state of metal centers in organometal-
ic catalysts has been one of the most important design concepts.
n the case of supported metal catalysts, alkaline modifiers are
idely used as promoters of platinum group metal catalysts for
any reactions [9–18]. It is widely recognized that the electron

ensity of a supported noble metal is increased by the addition of

∗ Corresponding author. Tel.: +81 11 706 9240; fax: +81 11 706 9163.
E-mail address: kshimizu@cat.hokudai.ac.jp (K.-i. Shimizu).
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© 2011 Elsevier B.V. All rights reserved.

alkaline and alkaline earth metals [14–18].  Although fundamen-
tal studies on the alkali-promotion effects have been important
topics in heterogeneous catalysis, previous studies have focused
on conventional reactions such as hydrogenolysis [10,11],  oxida-
tion [12,17,18],  water gas shift reaction [13], and hydrogenation
[14–16]. On the basis of the previous reports by Yoshitake and Iwa-
sawa [14–16] that Na addition on Pt/SiO2 increased electron density
of Pt, we hypothesized that Na-loaded Pt/SiO2 is a suitable mate-
rial to discuss the electronic effect on the activity of Pt nanoparticle
catalysts for one-pot green organic synthesis.

Amines are intermediates and products of enormous impor-
tance for chemical and life science applications. Pd- and
Cu-catalyzed aminations of aryl halides [19] and the transition-
metal-catalyzed amination of alcohols [20,21] represent attractive
approaches for the alkylation of amines. The transition-metal-
catalyzed alkylation of amines by amines is an attractive alternative
method of alkylamine synthesis [22,29].  The reaction proceeds
thorough a hydrogen-borrowing (hydrogen auto-transfer) mecha-
nism [20,22–25].  The process begins with the dehydrogenation of
an alkylamine to the corresponding imine. The imine undergoes

addition of another nucleophilic amine and elimination of ammo-
nia to form an N-alkyl imine, which is hydrogenated by in situ
formed hydride species to the secondary amine product. Beller’s Ru
complexes [23,24] and Williams’s Ir complexes [25] are successful

dx.doi.org/10.1016/j.molcata.2011.11.021
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:kshimizu@cat.hokudai.ac.jp
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Table 1
List of catalysts.

Catalysts Na/Pt ratio Tcal/◦Ca TH2 /◦Cb DCO/nmc DTEM/nmd

Pt/SiO2 0 550 500 2.9 3.3
NaPt/SiO2-0.2 0.2 500 200 3.0 –
NaPt/SiO2-1 1 – 400 3.5 2.6
NaPt/SiO2-2 2 – 300 3.1 –
NaPt/SiO2-5 5 – 200 3.2 –
NaPt/SiO2-10 10 – 200 3.3 2.4

a Temperatures of calcination.
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Temperatures of reduction in H2.
c Average particle size of Pt estimated by CO adsorption experiment.
d Average particle size of Pt estimated by TEM.

atalytic systems for selective amine cross-coupling of different
mines, leaving ammonia as the only by-product. From the environ-
ental and economic viewpoints, it is preferable to accomplish the

elective cross-coupling reaction using heterogeneous catalysts.
revious examples of Pt- and Pd-based heterogeneous systems for
mine cross-coupling suffer from low selectivity for cross-coupling
f different amines [26], reusability, low turnover number (TON),
nd need of stoichiometric amount of additives [29] or special reac-
ion methods (microwave heating [29,30], electrocatalysis [27],
hotocatalysis [28]). In this paper, we found that Na-loaded Pt/SiO2
howed higher turnover frequency (TOF), defined as the activity per
nit of exposed metal surface, than Pt/SiO2. Combined with various
haracterization results, the promoting effect of Na is discussed in
erms of the support ionicity (electron density of support oxygen)
nd electron density of Pt, and a catalyst design concept is proposed.

. Experimental

Commercially available organic compounds (from Tokyo Chem-
cal Industry or Kishida Chemical) were used without further
urification. The GC (Shimadzu GC-14B) and GCMS (Shimadzu
CMS-QP5000) analyses were carried out with a Rtx-65 capillary
olumn (Shimadzu) using nitrogen as the carrier gas.

SiO2-supported Pt (Pt/SiO2 with Pt loading of 5 wt.%) was pre-
ared by impregnating SiO2 (Q-10, 300 m2 g−1, supplied from
uji Silysia Chemical Ltd.) with an aqueous HNO3 solution of
t(NH3)2(NO3)2 (Tanaka Kikinzoku), followed by evaporation to
ryness at 80 ◦C, drying at 120 ◦C for 12 h, calcination in air at 500 ◦C,
nd reduction in a flow of 100% H2 at 550 ◦C for 10 min. Sodium-
oaded Pt/SiO2 catalysts were prepared by impregnating Pt/SiO2

ith aqueous solution of NaNO3, followed by evaporation to dry-
ess at 80 ◦C, drying at 120 ◦C for 12 h, and reduction in a flow of
2 for 10 min. To prepare a series of catalyst with different Na/Pt

atios but with similar Pt particle size, temperatures of reduction
TH2 ) were changed as summarized in Table 1. The catalysts are
esignated as NaPt/SiO2-x, where x is the Na/Pt ratio. NaPt/SiO2-2
as used as a standard catalyst.

The number of surface Pt atom in the Pt catalysts, pre-reduced
n H2 at 200 ◦C, was estimated with the CO uptake of the samples
sing the pulse-adsorption of CO in a flow of He. The average par-
icle size was calculated from the CO uptake assuming that CO was
dsorbed on the surface of semi-spherical Pt particles at CO/(surface
t atom) = 1/1 stoichiometry.

Pt L3-edge in situ XAFS measurement was carried out at BL01B1
f SPring-8 (Hyogo, Japan). The storage ring energy was  operated
t 8 GeV with a typical current of 100 mA.  A self-supported wafer
orm (pressed pellet) of the pre-reduced Pt catalyst with 10 mm
iameter was placed in a quartz in situ cell in a flow of 100% H2

3 −1 ◦
100 cm min ) for 10 min  at 200 C under atmospheric pressure,
nd the sample was cooled to 40 ◦C under a flow of He, then the
pectra were recorded in situ. The analyses of the extended X-ray
bsorption fine structure (EXAFS) and X-ray absorption near-edge
sis A: Chemical 353– 354 (2012) 171– 177

structures (XANES) were performed using the REX version 2.5 pro-
gram (RIGAKU). For EXAFS analysis, the spectra were extracted
by utilizing the cubic spline method and normalized to the edge
height. The Fourier transformation of the k3-weighted EXAFS from
k pace to R space was  carried out over the k range 3.3–14.3 Å−1

to obtain a radial distribution function. The inversely Fourier fil-
tered data (in the R range of 1.5–3.3 Å) were analyzed with a usual
curve fitting method in the k range of 3.3–14.3 Å−1 using the empir-
ical phase shift and amplitude functions for Pt–Pt and Pt–O shells
extracted from the data for Pt foil and PtO2, respectively. During the
fitting procedure the absorber–scatterer distances, Debye–Waller
factors or the coordination numbers were refined using a least
squares refinement procedure.

Transmission electron microscopy (TEM) measurements were
investigated using a JEOL JEM-2100F TEM operated at 200 kV.

The X-ray photoelectron spectroscopy (XPS) measurements
were carried out using a JEOL JPS-900MC with Al K� anode operated
at 20 W and 10 kV. The oxygen 1s core electron levels in sup-
port oxides were recorded. Binding energies were calibrated with
respect to C 1s at 285.0 eV.

In situ FTIR spectra were recorded at room temperature on a
JASCO FT/IR-620 equipped with a quartz IR cell connected to a
conventional flow reaction system. The sample was  pressed into a
10 mg of self-supporting wafer and mounted into the quartz IR cell
with CaF2 windows. Spectra were measured accumulating 15 scans
at a resolution of 4 cm−1. A reference spectrum of the catalyst wafer
in He was subtracted from each spectrum. Prior to each experiment
the catalyst disk was heated in H2 (2%)/He flow (100 cm3 min−1) at
temperatures shown in Table 1 for 10 min, followed by cooling to
room temperature under He flow. Then, the catalyst was exposed
to a flow of CO (0.9%)/He for 180 s.

NaPt/SiO2-2 (1 mol.% Pt with respect to aniline) were added to
the mixture of aniline (1.0 mmol), di-iso-propylamine (2.0 mmol)
and o-xylene (2 mL)  in a reaction vessel equipped with a condenser
and N2 was  filled. Note that the aniline/di-iso-propylamine ratio of
2 was  adopted because the reaction rate increased with the ratio
as shown in Fig. 5. The resulting mixture was vigorously stirred
under reflux condition (heating temperature = 155 ◦C) for 4 h. The
reaction mixture was  analyzed by GC. Conversion of aniline and
yields of products were determined by GC using n-dodecane as an
internal standard.

3. Results and discussion

3.1. Characterization

X-ray diffraction (XRD) pattern of NaPt/SiO2-x (x = 0, 0.2, 1, 2,
5, 10) catalysts showed lines assignable to Pt metal (not shown).
The number of surface metallic Pt atoms in these catalysts was
estimated by the CO adsorption method, and the average size
of metallic Pt particles was estimated by assuming that CO was
adsorbed on the surface of semi-spherical Pt particles at CO/(surface
Pt atom) = 1/1 stoichiometry. As summarized in Table 1, the Pt
particle sizes, which did not markedly depend on the Na/Pt ratio,
were in a range of 2.9–3.5 nm.  The average Pt particle size of
selected samples, NaPt/SiO2-x (x = 0, 1, 10), was estimated from
TEM analysis. As listed in Table 1, the particle size of these samples
did not markedly depend on the Na/Pt ratio, but slightly decreased
with the Na/Pt ratio. The Pt particle sizes from TEM (2.4–3.3 nm)
were approximately close to those from CO adsorption. However,
it should be noted that the particle size for Pt/SiO2 from TEM

(3.3 nm)  is slightly larger than that from CO adsorption (2.9 nm),
while those for NaPt/SiO2-1 (2.6 nm)  and NaPt/SiO2-10 (2.4 nm)
from TEM are slightly smaller than those from CO adsorption (3.5
and 3.3 nm). Considering a generally observed tendency that the



K.-i. Shimizu et al. / Journal of Molecular Catalysis A: Chemical 353– 354 (2012) 171– 177 173

0 1 2 3 4 5 6
R / Å

FT
 [k

3 χ(
k)

]

2.0

2

0

10

BA

0.2

11540 11560 11580
X-ray  ener gy/ eV

N
or

m
ar

iz
ed

 a
bs

or
pt

io
n

Pt foil

PtO2

0.2
0

2
10

11550 11560 11570 11580
X-r ay energy /eV

Ab
s.

2
Pt foil0C

Fig. 1. (A) EXAFS Fourier transforms and (B and C) XANES spectra at Pt L3-edge for NaPt/SiO2-x recorded in situ under He at 40 ◦C after flowing H2 for 10 min at 200 ◦C. Na/Pt
ratio  (x) of the catalyst is shown in the figure. Ex situ XANES spectra of reference Pt compounds are included in (B) and (C).

530531532533534535536

0

In
te

ns
ity

 (a
.u

.)

Binding energy / eV

1

2

10

O 1s

697071727374757677

Pt  4f

Fig. 2. XPS spectra of the O 1s and Pt 4f regions of NaPt/SiO2

Table  2
Curve-fitting analysis of Pt L3-edge in situ EXAFS.

Sample Shell Na R/Åb (�)/Åc Rf (%)d

Pt/SiO2 Pt 10.6 2.75 0.083 0.9
NaPt/SiO2-0.2 Pt 9.6 2.74 0.086 0.7
NaPt/SiO2-2 Pt 8.0 2.71 0.096 1.1
NaPt/SiO2-10 Pt 7.1 2.72 0.089 1.0

O  0.7 1.93 0.089

a Coordination numbers.
b Bond distance.

a
t
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fi
r
T
a
T
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d
w
t

region in the supports are given in Fig. 2. The O 1s BE decreased with
c Debye–Waller factor.
d Residual factor.

verage particle size from TEM is larger than that from CO adsorp-
ion, this result suggests that the surface of metallic Pt particles in
a-loaded samples are partially covered with Na species.

Fig. 1A shows k3-weighted in situ extended X-ray absorption
ne structure (EXAFS) data of NaPt/SiO2-x catalysts acquired at
oom temperature in a flow of He after H2-reduction at 200 ◦C.
he values of the coordination numbers for Pt–O and Pt–Pt species
s well as the distances (EXAFS analysis) are included in Table 2.
he analysis of the spectra reveals metallic Pt signatures. The
XAFS of NaPt/SiO -x consists of a Pt–Pt contribution with coor-
2
ination number of 7.1–10.6 at bond distance of 2.71–2.75 Å. A
eak Pt–O contribution observed for NaPt/SiO2-10 may  be assigned

o Pt–O–Na bond, because this feature was not observed for the
Binding energy / eV

-x. Na/Pt ratio (x) of the catalyst is shown in the figure.

catalysts with low Na coverage. The Pt–Pt coordination number
decreased with increase in the Na/Pt ratio. This suggests that Pt
particle size decreases with Na loading, which is consistent with
the trend from the TEM results, but such trend is not observed
from the CO adsorption experiments (Table 1). These results sug-
gest that the surface of metallic Pt particles in Na-loaded catalysts
is partially covered with NaOx species. This model is consistent
with that proposed by Yoshitake and Iwasawa [15] for Na-loaded
Pt/SiO2 catalysts pre-reduced at 200 ◦C before various characteri-
zation experiments. Partial covering of Pt surface by NaOx has been
recently reported by Mallinson and co-workers in their detailed
structural study of Na-promoted Pt/TiO2 catalyst [13]. Using high
resolution TEM, they showed that the Pt particles were partially
covered by NaOx. For K-loaded Pt/Al2O3, Busca et al. also have pro-
posed that Pt centers lie in close proximity of potassium oxide
species [9].

To estimate electronic effect of Na-addition on the electronic
states of the support, we measured the binding energy (BE) of the
O 1s electron in the support oxide by XPS analysis. It is established
that the O 1s binding energy of metal oxides decreases with increase
in the electron density of oxygen in the metal oxide, or in other
words, ionicity of the metal oxide [11]. XPS spectra of the O 1s
an increase in the Na/Pt ratio, indicating that the electron charge of
the support oxygen atoms increased with the amount of electropos-
itive modifier (Na). This result was consistent with that reported by
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oningsberger and co-workers [11], in which they observed that
he O 1s BE of the Al2O3 support systematically decreased with
ecrease in the electronegativity of alkaline modifiers.

The XPS spectra in the region of the Pt 4f7/2 are also shown in
ig. 2. The Pt 4f7/2 BE of unmodified Pt/SiO2 catalyst (71.9 eV) was
n between those of Pt2+ (72.6 eV) and Pt0 (71.1 eV) [13]. Although
he catalysts were reduced as shown in Table 1, the re-oxidation of
t by O2 in air should result in the formation of cationic Pt species
n the surface. The increase in the Na/Pt ratio caused the nega-
ive shift of the Pt 4f7/2 BE for NaPt/SiO2-x catalysts, and the BE of
aPt/SiO2-10 (71.0 eV) was lower than that of Pt0 (71.1 eV). This

esult indicates that electron charge of the Pt atoms increases as
he amount of electropositive modifier (Na) increases. This conclu-
ion is supported by in situ X-ray absorption near-edge structures
XANES) spectra of NaPt/SiO2-x measured at 40 ◦C in a flow of He
fter reduction at 200 ◦C in H2 (Fig. 1B). It is established that Pt
3-edge XANES spectrum is sensitive to the oxidation state of Pt;
he absorption peak around 11,564 eV (white line) increases with
ncrease in the oxidation number of Pt. The white line intensity
f NaPt/SiO2-2 is lower than that of NaPt/SiO2-0, which indicates
hat the presence of Na on Pt/SiO2 increases the electron density of

etallic Pt. In situ XANES reflects the changes in the average oxi-
ation states of Pt located at bulk and surface of metal particles.

R spectroscopy with CO as a probe molecule allows monitoring
f the changes in the electronic states of surface Pt. Fig. 3 shows
R spectra of CO adsorbed on NaPt/SiO2-x catalysts. It is widely
ecognized that the wavenumber of CO stretching increases with
n increase in the electron deficiency of the metal [10–12,17,18].
n a region characteristic to linearly coordinated CO on metallic
t (2100–2000 cm−1), the wavenumber of the maximum intensity
ecreased with the Na/Pt ratio, suggesting an increase in the elec-
ron density of Pt [9].  Similar results were recently reported by
usca et al. [9] for CO adsorption IR study of K-loaded Pt/Al2O3, in
hich they showed that the presence of K on Pt/Al2O3 increased the

asicity of the catalysts and consequently increased the electron
ensity of Pt, as evidenced by the lower CO stretching frequency
f CO on Pt. In addition, the relative intensity of the bridge-bonded
O band at 1800 cm−1 as compared to the linear-CO band increased

ith the Na/Pt ratio. This trend is similar to those reported for alkali

ation promoted Pt and Rh catalyst [10,11,17,18]. There is a gen-
ral trend that the ratio of bridging bonded to linear bonded CO
B/L) increases with increase in electron density of metal particle.
Fig. 4. Yields of (+) 1, (©) 3 and (�) 4 for the reaction of aniline with iPr2NH by (top)
Pt/SiO2 and (bottom) NaPt/SiO2-2 vs.  reaction time.

The group of Weckhuysen [17,18] reported systematic IR studies
of CO adsorption on alkali cation exchanged Y zeolite-supported
Pt and Rh catalysts and reported that the B/L ratio increased with
a decrease in the electronegativity of alkaline cation. The group
of Koningsberger and co-workers [10,11] also showed that as the
electronegativity of alkaline cations added in Pt/Al2O3 decreased,
the electron charge in the support oxides increased (O 1s BE of the
support decreased) and consequently increase in the electron den-
sity of Pt particle (increase in B/L ratio) [11]. It has been explained
that more electropositive cations are pushing toward the oxygen
atoms of the support and this causes the Pt metal particles to have
a higher electron density. From the above discussion, it can be con-
cluded that that electron charge of the Pt metal particles increases
as the amount of electropositive modifier (Na) increases as a result
of the increased electron charge of the oxygen atoms on the sup-
port. In addition to this indirect electron transfer from Na to Pt via
the oxygen atoms of the support, the increase in the electron den-
sity of the Pt metal particles may  be partly attributed to the direct
electron donation form Na to the Pt metal particles.

3.2. Catalytic and kinetic studies

As shown in the above section, the SiO2-supported Pt metal
catalysts with different Na/Pt ratios x (x = 0, 0.2, 1, 2, 5, 10) but with

the similar Pt metal particle size were prepared, and the electron
charge of the Pt metal particles increased with the Na/Pt ratio. As
a test reaction of cross-coupling reaction of amines, we examined
N-alkylation of aniline (1) with 2 equiv. of di-iso-propylamine
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cheme 1. Mechanism of Pt-catalyzed alkylation of aniline with iPr2NH. Ptsurface

epresents metallic Pt sites on the surface of Pt nanoparticle.

2), iPr2NH, under o-xylene reflux condition in N2 atmosphere
n the presence of NaPt/SiO2-x (1 mol.% of Pt with respect to 1).
ig. 4 shows changes in the yields of the unreacted aniline 1,
n imine intermediate (isopropylidene-phenylamine 4) and a
esired hydrogenated product (N-isopropylaniline 3) which can
e produced by the reduction of 4. In the presence of NaPt/SiO2-2,

 typical time-conversion profile of the consecutive reaction was
bserved; the imine intermediate 4, formed at an initial period,
as consumed, and then yield of the hydrogenated product 3
ncreased with time. After 4 h, conversion of aniline 1 reached
00% and the desired amine 3 was obtained in 99% yield, while
he yield of 4 was below 1%. It should be noted that the turnover
requency (TOF) based on the total Pt content is 24.7, which is
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higher than that of homogeneous Ir catalyst (TOF = 9.8) [25] for
the same reaction at the same temperature. This demonstrates a
highly efficient feature of the present catalytic system.

As previously postulated by the group of Murahashi et al. [22],
Beller [23,24] and Williams [25], it is most probable that the amine
cross-coupling reaction proceeds through the hydrogen borrowing
pathway (Scheme 1), in which the reaction is initiated by a tempo-
rary removal of hydrogen from iPr2NH 2 to generate imine 2′ and
Pt–H species. The following kinetic results give further evidences on
the mechanism for the Pt-catalyzed N-alkylation of aniline 1 with
iPr2NH 2. As mentioned above, the kinetic curve for NaPt/SiO2-2
(Fig. 4) indicates that N-isopropylaniline 3 is produced through a
consecutive pathway via the N-alkylimine 4. Since the reaction was
performed under N2, it is reasonable to assume that imine 4 was
hydrogenated by hydrogen species in situ formed on dehydrogena-
tion of iPr2NH. The effect of reactant concentration on the activity
was tested for NaPt/SiO2-2. In Fig. 5, the reaction rates are plotted
as a function of the initial concentration of iPr2NH and aniline. The
rate of 3 formation increased with the initial iPr2NH concentration,
which corresponds to the reaction order (n) of 1.4 (Fig. 5A). The
rate dependence on the aniline concentration (Fig. 5B) showed a
negative order dependence (n = −0.40). These results suggest that
iPr2NH is involved in a rate-limiting step and aniline is not involved
in the rate-limiting step. The results also rule out the hydrogenation
of imine 4 by Pt–H species to regenerate Pt site as rate deter-
mining step. The negative-order for aniline suggests that strong
adsorption of aniline on the surface active site inhibits the catalytic
reaction. The above results support a possible reaction mechanism
in Scheme 1. The reaction begins with the dehydrogenation of an
alkylamine to the corresponding imine as the rate-limiting step.
The imine undergoes fast addition of aniline and elimination of

ammonia to form an N-alkylimine, which is hydrogenated by in situ
formed Pt–H species to the secondary amine product.
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.3. Structure–activity relationship

In contrast to NaPt/SiO2-2, the unmodified Pt/SiO2 catalyst
howed lower yield of 3, while it showed slightly higher yield of 4
han NaPt/SiO2-2 (Fig. 4). Note that Pt-free catalyst with the same
a loading (Na/SiO2) showed no activity after 4 h. The rate of 3

ormation was also measured under the condition where conver-
ion of aniline was below 50%, and TOF based on the surface Pt
toms was calculated using the reaction rate and the number of
urface Pt atoms (from CO adsorption experiment). It is found that
OF for NaPt/SiO2-2 is larger than that for Pt/SiO2 by a factor of
.4. For a series of NaPt/SiO2-x catalysts with different Na/Pt ratios
ut with the same Pt loading (5 wt.%) and similar Pt particle size
Table 1), shift of the linear-CO IR band, �(COad) as an index of elec-
ron density of surface Pt, the catalytic activity (TOF), Pt 4f7/2 BE as
n index of average oxidation state of Pt atoms at the surface and
ear surface and O 1s BE as an index of the electron charge of the
upport oxygen atoms are plotted as a function of Na/Pt ratio in
ig. 6. TOF showed a volcano-type dependence on the Na/Pt ratio,
nd NaPt/SiO2-2 showed the highest reaction rate (TOF). To discuss
he effect of electronic effects of Na on the catalytic activity, TOF
re plotted as a function of �(COad) and the O 1s BE of the support
xides (Fig. 7). In both cases, TOF shows volcano-type dependence
n �(COad) and the O 1s BE with the maximum activity in a Na/Pt
ange of 1–2. The results suggest that a moderate electron charge
f the support oxygen atom causes a moderate electron density of
t metal particles, which results in the high activity.

The effect of alkaline modifier on the electronic properties of Pt
articles has been investigated by Koningsberger and co-workers,
sing experimental (XAFS) and DFT calculations [10,11].  For hydro-
en adsorption on K doped Pt/Al2O3, they concluded that the Pt–H
ond strength increases with ionicity (basicity) of the support
xide [11]. They proposed that the shift in the Pt 6s and p and
d orbitals upon interaction with the support is the origin of the
igher Pt–H bond strength on the ionic (basic) support. This model
as explained why Pt on acidic (less ionic) support gave higher
ctivity in hydrogenolysis and hydrogenation reactions; the less
table Pt–H species has higher reactivity [10]. Taking this trend
nto account, we propose the following hypotheses on a possible
ole of ionicity of the support on the catalytic activity and selec-
ivity. Pt metal particles on less ionic support have relatively low
lectron density and consequently weak Pt–H bond. According to

inear free energy (Brønsted–Evans–Polanyi) relationships widely
bserved in heterogeneous catalysis, the weak Pt–H bond should
esult in the low activity for the C–H bond dissociation of iPr2NH
s the rate-limiting step of the catalytic cycle. In contrast, the Pt–H
nergy on the catalytic activity (TOF based on the number of surface Pt atom) of

bond on basic support is too stable, and hydrogenation of 4 to 3
by Pt–H is slow, which results in low rate of H removal from Pt
sites to regenerate coordinatively unsaturated Pt sites. Therefore,
NaPt/SiO2-2 with moderate electron density in Pt shows the high-
est rate of 3 formation. Another possible explanation on the support
dependent activity and selectivity may  be based on metal-support
bi-functional mechanism, where acid–base sites on the support
take part in a certain step of the catalytic cycle. Basic sites of the
support may  play a role in C–H abstraction of iPr2NH, and acid sites
may  be effective for a polarization C N bond of imine and thus
promote hydrogenation of imine.

4. Conclusions

For the catalytic mono-N-alkylation of aniline with iPr2NH, addi-
tion of moderate amount of Na (Na/Pt ratio of 2) enhanced the
catalytic activity (TOF) of Pt/SiO2 by a factor of 2.4. TOF showed a
volcano type dependence on the Na/Pt ratio, and the catalyst with
the Na/Pt ratio of 2 showed the highest TOF. The Na/Pt ratio affected
the electronic states of the support oxide and Pt; increase in the
Na/Pt ratio increased the electron density of the oxygen atom of
support oxides and consequently increased the electron density of
Pt metal. The reaction proceeds through the hydrogen-borrowing
mechanism including the formation and reaction of Pt–H species.
The high catalytic activity of the catalyst with moderate electron
density of Pt could be due to a moderate stability of Pt–H species.
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