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Pd/Al2O3 model catalysts have been prepared by physical vapour
deposition and characterised by means of XPS, STM, and in situ
ATR–IR spectroscopy. Morphological changes in the Pd film in-
duced by dissolved hydrogen leads to enhanced infrared absorption
and could be followed with both STM measurements and IR spec-
troscopy. Adsorption of CO, pyridine, quinoline, 2-methylquinoline,
and the chiral auxiliary cinchonidine has been studied in situ at
283 K in CH2Cl2 solvent. Two different species have been observed
for cinchonidine on Pd. One is oriented with the quinoline moi-
ety nearly parallel to the Pd surface, likely through the π -system,
whereas in the second the σ -bonding through the N lone pair pre-
vails and induces a tilting of the ring with respect to Pd. No indica-
tion of the presence of α-quinolyl species has been found, in contrast
to adsorption on Pt/Al2O3 catalysts. Compared to adsorption on Pt,
cinchonidine is more weakly bound on Pd under hydrogenation con-
ditions. Also, the relative stability of the π - and N lone pair-bonded
species is different for the two metals, with the π -bonded species be-
ing relatively more stable on Pt. Similarities and differences found
in the adsorption of the chiral modifier on the two metals are dis-
cussed and traced mainly to the different d-orbital diffuseness of
Pd and Pt. c© 2002 Elsevier Science (USA)

Key Words: in situ ATR–IR spectroscopy; cinchonidine adsorp-
tion; palladium; platinum; chiral modification; solid–liquid inter-
face; surface cleaning; enhanced infrared absorption effect.
INTRODUCTION

The use of Pd catalysts in industrial applications has
grown steeply in recent years due to their practical advan-
tages over platinum. Besides catalytic total oxidation for ex-
haust emission control (1), heterogeneous palladium-based
catalysts are nowadays used in fine chemical synthesis in
hydrogenation, hydrogenolysis, and dehydrogenation reac-
tions, and in a number of other relevant chemical transfor-
mations (2). Regarding heterogeneous asymmetric cataly-
sis recent work has been reported for the enantioselective
hydrogenation of C==C bonds of alkenoic acids (3–6) and
pyrones (7–9) with remarkable enantiomeric excess (ee).
Chiral modifiers such as cinchona and to a lesser extent
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vinca (10) alkaloids are employed for inducing chirality in
the product. Although working models have been elabo-
rated, there is lack of knowledge on the molecular level of
several features relevant to the reaction mechanism. This is
mainly due to the intrinsic complexity of the system.

In contrast to the existing attempts to gain insight into
the adsorption mode of the modifier under UHV condi-
tions (11–13), we have recently reported the use of in situ
attenuated total reflection (ATR) IR spectroscopy for in-
vestigating the adsorption behaviour of cinchonidine, the
most typical modifier, on a Pt/Al2O3 model catalyst at 283 K
(14, 15).

The ATR–IR technique (16) permits adsorption to be
monitored in situ in the presence of hydrogen and a sol-
vent, i.e., under hydrogenation conditions. The adsorption
process on Pt revealed both coverage and time dependence
for cinchonidine. At least three species could be identi-
fied from the evolution of the ATR signals, correspond-
ing to (i) a nearly flat π -bonded species (called species 1
in Ref. (15)), (ii) a tilted N lone pair-bonded species (3),
and (iii) a species where the hydrogen atom in α-position
to the quinoline N has been abstracted (α-quinolyl-like; 2).
Only the flat and the α-quinolyl species appeared strongly
bonded to the metal surface, whereas the tilted cinchoni-
dine was weakly adsorbed. Species 1 was also inferred to
be the crucial species for catalysis. Cinchonidine adsorp-
tion onto Pt foils was also reported independently using
reflection–absorption IR spectroscopy (17). A similar tran-
sition from flat to tilted adsorption was reported (not men-
tioning species 2) in CCl4 but surprisingly at a much higher
cinchonidine concentration.

Proposed mechanistic models assume that cinchonidine
adsorbs with the aromatic moiety almost parallel to the
metal surface on platinum (18). The adsorption on Pd is
believed analogous. Although very recently quinoline ad-
sorption has been investigated on Pd(111) by Lambert and
co-workers (19), none of the cinchona alkaloids has been
tested so far on Pd, either under UHV or under reaction
conditions. Therefore, to the best of our knowledge, this is
the first report on the adsorption of cinchonidine onto pal-
ladium. In the first part of this study we focus on the charac-
terisation of the supported Pd model catalyst, similarly to
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that done for the Pt/Al2O3 model catalyst (20). Then, the
adsorption of cinchonidine and model compounds on Pd
at 283 K in the presence of hydrogen is described. Finally,
differences and similarities between adsorption on Pd and
Pt are discussed.

EXPERIMENTAL

Materials

Cinchonidine (Fluka, 98%), quinoline (Fluka, ≥97%),
pyridine (Fluka, ≥99%) and 2-methylquinoline (Aldrich,
97%) were used as received. Dichloromethane solvent
(Baker) was stored over 5-Å molecular sieves. N2

(99.995 vol%) and H2 (99.999 vol%) were supplied by PAN-
GAS, whereas CO (0.5 vol% in argon) was supplied by
Sauerstoffwerk Lenzburg. Pt (99.99%) and Pd (99.95%)
wires and Al2O3 (99.3%) tablets used as targets for electron
beam physical vapour deposition (EB–PVD) were supplied
by Unaxis Materials. Trapezoidal Ge internal reflection el-
ements (IRE, Portmann Instruments) were coated by EB–
PVD with 100 nm Al2O3 and then with 1 nm Pt or 2 nm Pd
for the ATR–IR spectroscopy (20).

Thin Film Characterisation

The Pd/Al2O3 thin film was characterised by X-ray pho-
toelectron spectroscopy (XPS) and scanning tunneling mi-
croscopy (STM) as previously reported for the Pt and
Pt/Al2O3 thin films (20). STM images were recorded before
and after H2 cleaning in order to investigate the effect of
hydrogen on the surface morphology. A fragment of coated
Ge (1 cm × 1 cm) was contacted with N2-saturated CH2Cl2
for 2 h and with H2-saturated CH2Cl2 for 30 min in order
to mimic an ATR–IR experiment (see next paragraph).

In Situ ATR–IR Spectroscopy

In Situ ATR spectra of the solid–liquid interface were
recorded on a Bruker IFS/66 spectrometer equipped with
a liquid nitrogen-cooled HgCdTe detector by coadding 200
scans at 4-cm−1 resolution. Time-resolved measurements
were also performed by coadding 120 scans at a rate of
∼11 scans/s. Spectra are presented in absorbance units.
A homemade stainless steel flow-through cell equipped
with cooling jackets was used. All experiments were per-
formed at 283 K. The experimental protocols have been
described elsewhere (15, 20). Briefly, when the metal sur-
face was cleaned before adsorption, N2-saturated solvent
was contacted for about 2 h (for signal stabilisation) with the
M/Al2O3 (M = Pt, Pd) thin film followed by H2-saturated
solvent for 10 min in order to clean the surface by removing
the contamination layer present on the metal. The last spec-
trum during cleaning served as reference spectrum. Then,

adsorption of CO or of the probe molecule at the desired
concentration in CH2Cl2 was carried out. For cinchonidine,
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quinoline, 2-methylquinoline, and pyridine the solution
was saturated with H2. Subsequent to the adsorption step,
H2-saturated solvent was allowed to flow through the cell
(desorption step). When the cleaning step was not required,
as in the case of CO adsorption on untreated Pd, the ad-
sorption step directly followed the signal stabilisation. The
solvent saturated with a gas is referred to in the following
by the name of the gas, for simplicity.

RESULTS

Characterisation of the Pd/Al2O3 Model Thin Film

XPS and STM. The XPS spectrum of the deposited
2-nm film of palladium on Al2O3 exhibited the typical dou-
blet of the Pd 3d level at 340.4 and 355.2 eV. These values
correspond to those generally accepted for bulk Pd (21, 22)
and indicate that the evaporated Pd film is in the metallic
state. Only a small fraction of PdO may be present, as sug-
gested by the asymmetry of the signals, each exhibiting a
shoulder on the high-energy side. On the other hand, the
XPS line of C 1s displayed a shoulder at ∼288 eV, which is
assigned to carbonate-like contaminants, as reported also
for the Pt film (20). Carbonates (from atmospheric CO2)

and water contaminants are expected to be present on the
surface due to the exposure of the thin film to air following
the vacuum deposition.

The STM images of the Pd/Al2O3 film before and af-
ter H2 treatment are shown in Fig. 1 and demonstrate the
reconstruction of the metal film induced by admission of
hydrogen. The samples shown belong to the same vapour
deposition batch, but Fig. 1A was measured as deposited,
whereas Fig. 1B was imaged after treatment in N2 and H2, as
described above. It must be noted that the same tip was used
to record the two images, that several regions of both sam-
ples were scanned, and that all presented similar features.
Figure 1A depicts small round particles about 8 nm in size,
which we assign to Pd. The STM image of the Al2O3 under-
layer does not exhibit these features (20). The particle size
distribution appears rather homogeneous. Figure 1B shows
that rather large particles (ca. 15–20 nm) are formed sub-
sequent to the H2 treatment. These larger particles coexist
with smaller ones, resulting in a more heterogeneous par-
ticle size distribution. Morphological changes induced by
hydrogen (and oxygen) have been reported for evaporated
Pd-based model catalysts (23, 24). Similar surface modifi-
cation has also been observed for the Pt/Al2O3 model cata-
lyst treated with CO and H2, as previously described (20).
The morphology of the metal surface plays a crucial role in
surface-enhanced infrared absorption.

Surface cleaning. The effect of the H2 treatment on
the metal surface was investigated by in situ ATR–IR
spectroscopy. We have recently shown that this treatment

is necessary to generate domains of clean Pt (20). After a
signal stabilisation period of about 2 h under a N2 stream,
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FIG. 1. STM images (scan area, 100 nm × 100 nm) of Pd/Al2O3-coated Ge fragments (1 cm × 1 cm) before (A) and after (B) H2 treatment at room

temperature.

the metal surface was contacted with H2 for 30 min, exactly
the amount of time used for the treatment of the coated
Ge fragment shown in Fig. 1B. The results are shown in
Fig. 2, where in situ ATR spectra collected at 5-min inter-
vals are depicted in the 1900- to 1100-cm−1 spectral range.
The negative signals found at 1631 and 1527 cm−1 are as-
signed to the hydrogen-induced removal of carbonate-like
species, as was previously observed in the case of the Pt
thin films. A spectrum recorded during cleaning of a Pt film
is also shown in Fig. 2 for comparison. The negative signal
at 1264 cm−1 is attributed to the incomplete compensation
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FIG. 2. In situ ATR–IR spectra of the cleaning of Pd/Al2O3 and
Pt/Al2O3 films with hydrogen dissolved in CH2Cl2 at 283 K. Spectra of

the Pd/Al2O3 catalyst were recorded at 5-min intervals. The bold line rep-
resents the last spectrum recorded during H2 treatment.
of the most prominent solvent band (14, 20), whereas the
signal at 1392 cm−1 is ascribed to the formation of hydro-
carbon fragments (CHx hereafter) originating from decom-
position of CH2Cl2 solvent on the Pd surface (25).

Possibly, the band observed at 1455 cm−1 belongs to O-
containing species due to reaction of adsorbed hydrogen
with the contamination layer covering the metal surface.
The frequency well agrees with the δ(CH) of alkoxy groups
(26).

The weak bands observed at 1758 and 1680 cm−1 may
arise, despite the surprisingly low position, from adsorbed
CO produced by decomposition of the carbonate species.
Finally, a reorganisation of the water layer present on the
film surface due to the change of the potential at the metal
surface upon admission of hydrogen is presumably the
origin of the broad signal, extending from 2600 to about
3550 cm−1 (not shown), together with a negative signal at
ca. 3620 cm−1 (27). Thus, some contribution to the negative
signal at 1631 cm−1 could also arise from adsorbed water.

Adsorption of CO. Figure 3A depicts the adsorption
of CO on a clean Pd/Al2O3 thin film. Adsorbed CO ex-
hibits two signals, at 2044 and 1860 cm−1, at low coverage.
Increasing CO coverage produces an increase in intensity
and a blueshift to 2055 and 1869 cm−1 (high coverage), re-
spectively. Both signals reach saturation after about 30 min.
The shift of the signals is caused by the increasing surface
CO concentration and consequently by the increasing ex-
tent of dipole–dipole coupling. The rather broad signal at
1869 cm−1 is assigned to multibonded CO on Pd, whereas
that at 2055 cm−1 to linear CO on Pd. For band position

and shape our results compare perfectly with previously
reported data of CO adsorption from the gas phase on
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FIG. 3. In situ ATR–IR spectra of CO adsorption from CH2Cl2 solvent on Pd/Al2O3 at 283 K as function of time. (A) Adsorption on clean Pd:
(a) spectra recorded during CO adsorption (maximum, 2 h) and (b) spectra recorded during the following H2-saturated CH2Cl2 flow. Spectra are
offset for clarity. The bold lines represent the last spectra recorded in each step. The first 12 spectra of CO adsorption were recorded at 11-s intervals.

(B) Spectra recorded during CO adsorption on untreated Pd/Al2O3 (adsorption time, 30 min) (a) and during the following H2 admission (b). All spectra

p
were recorded in CH2Cl2 solvent at 283 K. Bold traces represent the last s

evaporated Pd films studied by ATR–IR spectroscopy (28).
They also agree with CO on supported and single-crystal Pd
surfaces (29, 30).

The following H2 treatment causes attenuation and red-
shift of the signal corresponding to bridged CO, whereas
the signal at 2055 cm−1 almost completely disappears. This
is due to removal of CO from the metal surface on hydro-
gen adsorption. The signal centred at 1850 cm−1 in Fig. 3
is clearly composed of several bands. Shoulders are distin-
guished on the high- and low-energy side and can be as-
signed to different multibonded adsorbed CO species (30).
The negative signals detected below 1500 cm−1 are assigned
to the removal of the hydrocarbon fragments from palla-
dium originating from the cleaning of the surface on admis-
sion of H2 (compare with Fig. 2). A band is again observed
at ∼1680 cm−1.

When the metal surface was not cleaned before CO ad-
mission, adsorption was considerably slower but the fre-
quencies of adsorbed CO remained rather similar to those
reported in Fig. 3A. After a 30-min contact with CO the
absorbance of the signal at 1861 cm−1 is stabilised. We have
reported that hydrogen treatment following CO adsorption
on the Pt surface induces an enhancement of the CO signal
by a factor of 3–4 (20). The effect was attributed to the re-
construction of the Pt film. Figure 3B clearly shows that the

same phenomenon is observed for palladium. Spectra cor-
responding to traces (b) were collected at 10-min interval.
ectra recorded in each step.

Care was taken that no CO was admitted to the metal sur-
face simultaneously to hydrogen. Thus, the signal increase
is associated with the enhancement of the absorbance of
already adsorbed CO. An enhancement by a factor of
6–7 is estimated for CO on clean Pd/Al2O3. Figure 3B also
shows that hydrogen induces some changes on the metal
surface although CO is already present on palladium. The
signal at ∼1400 cm−1 has to be attributed to decomposi-
tion of CH2Cl2, as reported above. An H2-induced reaction,
presumably involving CO, is likely the origin of the sharp
signal observed at ∼1600 cm−1, which was not detected on
Pt/Al2O3.

The change in intensity of the signal of bridged CO is
accompanied by a redshift to 1843 cm−1 (�ν = 25 cm−1),
whereas the linearly bonded CO shifts to 2048 cm−1 (�ν =
7 cm−1). Moreover, as consequence of H2 admission the
strong signal corresponding to bridged CO exhibits a rather
strong dispersive shape, with a negative-going high-energy
side (Fig. 3B) similar to the behaviour observed and dis-
cussed in more detail for the Pt thin films (20). This must
be related to changes in the optical properties of the metal
film upon reconstruction induced by hydrogen (31), which
has been shown by STM (Fig. 1).

Adsorption of pyridine. Pyridine is not only another

valuable probe molecule for the model catalyst, it also rep-
resents a structural component of the alkaloid cinchonidine.
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FIG. 4. In situ ATR spectra of pyridine adsorption from H2-saturated
CH2Cl2 solvent on Pd/Al2O3 and Pt/Al2O3 at 283 K. The concentration
of the solutions was set at 10−4 and 10−3 M for adsorption on Pd and Pt,
respectively. The position of the signals corresponding to the α-pyridyl
species on Pt/Al2O3 is also highlighted.

Pyridine was adsorbed from a 10−4 M solution in CH2Cl2
at 283 K. The ATR spectra of pyridine on Pd/Al2O3 and on
Pt/Al2O3 at 1800–1000 cm−1 are shown in Fig. 4. Signals at
1594, 1479 and 1443 (weak), 1213, 1065, and 1035 cm−1 to-
gether with a strong negative signal at 1390 cm−1 confirmed
the adsorption of pyridine on the Pd/Al2O3 model system.
The signals can be attributed to pyridine adsorbed with
the molecular plane tilted with respect to the surface (32),
and to displacement of hydrocarbon fragments (band at
1390 cm−1), as described for Pt/Al2O3 (14). Another signal
was detected at ∼1540 cm−1, which will be assigned later.

All signals corresponding to adsorbed pyridine disap-
peared with the following hydrogen flow, indicating that ad-
sorption is rather weak, which well agrees with a pyridine–
metal interaction through the lone pair of the N atom.
Figure 4 clearly shows that no signal corresponding to a
species arising from α-H abstraction could be detected on
Pd, in perfect agreement with the fact that the α-pyridyl
species has been observed on several noble metals (33–37)

−1
except palladium (38). Apart from the signal at 1564 cm
observed on Pt and assigned to α-pyridyl, the signals of
AND BAIKER

pyridine on the two metals largely agree. Only the signals
at 1594 and 1065 cm−1 on Pd are found at slightly lower
frequencies (�ν = 4 and 3 cm−1, respectively) compared
to Pt.

Adsorption of Cinchonidine on Pd/Al2O3

The in situ ATR spectra of cinchonidine on Pd/Al2O3 at
283 K are presented in Fig. 5 as a function of time. The ad-
sorption was carried out from a 10−4 M solution in CH2Cl2
solvent, in presence of hydrogen. The adsorption of cin-
chonidine on Pt/Al2O3 under the same conditions is also
shown for comparison. We have previously reported that
cinchonidine could not be detected on the bare Al2O3 film
(15). Therefore, it is assumed that the signals observed in the
presented ATR spectra belong to cinchonidine adsorbed on
the metal surface. Table 1 gives the ATR signals in the 1650-
to 1450-cm−1 spectral range obtained on Pt and Pd together
with the assignment (15). For comparison the signals of cin-
chonidine in solution are also reported.

In the early stages of adsorption on Pd no clear signal
belonging to cinchonidine can be distinguished except for

1700 1600 1500 1400 1300 1200

0.002

Pd

Pt

A
bs

or
ba

nc
e

Wavenumber (cm-1)

FIG. 5. In situ ATR spectra of cinchonidine adsorption from H2-
saturated CH2Cl2 solvent on Pd/Al2O3 and Pt/Al2O3 at 283 K as a function
of time. The bold traces represent spectra at high cinchonidine coverage
(θ). For the Pd/Al2O3 thin film a spectrum recorded during the desorption

step is also shown. Spectra of cinchonidine on Pd/Al2O3 below the bold
trace were recorded at 11-s intervals.
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TABLE 1

Selected Vibrational Frequencies (cm−1) of Cinchonidine in So-
lution and Adsorbed on Pt/Al2O3 and Pd/Al2O3 Model Catalysts at
283 K

Assignment Solutiona,b Pt/Al2O3
b Pd/Al2O3

c

δ(C–H) 1454 14581,2,3 14561′,3′

Ring stretch 1463
Ring stretch 1509 15113 15093′

α-Quinolyl 1570 15302 n.o.
Ring stretch 1570 15701,2,3 15671′,3′

Ring stretch 1593 15903 15863′

Ring stretch 1615 16103 16123′

C==C stretch 1635 n.o.d n.o.

a IR spectrum of a 0.01 M solution in CH2Cl2.
b See Ref. (15).
c This work. 1, 2, 3, 1′, and 3′ follow the notation for the adsorbed species

of cinchonidine (see text).
d n.o., Not observed (see text).

that at ∼1450 cm−1 (quinuclidine (15)) together with the
negative band at around 1400 cm−1. These two signals in-
dicate that cinchonidine adsorbs on Pd. Then, sharp signals
corresponding to the quinoline moiety of the alkaloid ap-
pear. The typical signals of cinchonidine can be found at
1612, 1586, 1567, 1509, and 1456 cm−1. As in the case of
Pt/Al2O3, the absence of the signal at 1635 cm−1 indicates
fast hydrogenation of the vinyl group.

Figure 5 shows that the intensity of the signals at 1586 and
1567 cm−1 changes with time. In the first spectra the two
signals have comparable intensity, whereas in the last spec-
trum (bold trace) the absorbance of the signal at 1586 cm−1

is stronger. From similarity to the Pt model system (14, 15),
we assign this behaviour to the presence of at least two dif-
ferent adsorbed species. One of them is related to the signal
at 1567 cm−1, whereas the second is related to the set of sig-
nals at 1612, 1586, and 1509 cm−1. Note that the second
species also contributes to the signal at 1567 cm−1. The two
species interact differently with the metal surface.

Only very weak signals at 1589, 1510, and 1458 cm−1 re-
main following the desorption step, together with a broad
band around 1539 cm−1, which was also observed in the
case of CO (Fig. 3A) and pyridine adsorption. Figure 5
shows that adsorption of cinchonidine appears rather weak
on Pd/Al2O3.

Figure 6 presents the in situ ATR spectra of cinchonidine
adsorbed on Pd at 283 K as a function of solution con-
centration. The inset of the figure details the behaviour of
the absorbance of the signal at 1456 cm−1 (full circles) since
this signal is common to the observed surface species of cin-
chonidine. An equal trend has also been observed for the
other signals belonging to cinchonidine. For comparison,
the inset also reports the calculated line assuming Langmuir

adsorption and that absorbance is proportional to cover-
age. The corresponding behaviour of the signal found on
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Pt is also given (open circles) (15). A Gibbs free energy of
29 ± 1 kJ/mol is calculated from the adsorption isotherm at
283 K by treating the data as for the Pt/Al2O3 film (15).

In contrast to the adsorption of cinchonidine on Pt, it
is not possible to distinguish in Fig. 6 any clear signal at-
tributable to the alkaloid at very low coverage, except for
that typical of the quinuclidine moiety at 1456 cm−1. As the
solution concentration increases, the signals at 1586 and
1567 cm−1 grow at different rates. In fact, the absorbance
of the former signal increases much more at higher cover-
age. The signal at 1509 cm−1 follows the trend of that at
1586 cm−1, as expected on the basis of the results of cin-
chonidine adsorption on Pt.

From the inset of Fig. 6 the ratio between the absorbance
of the quinuclidine signal on Pd and Pt, A(Pd)1456/A(Pt)1458,
can easily be estimated. The value varies from >4 to ∼3 at
increasing coverage. This ratio holds also for the other typ-
ical signals of the alkaloid, as is evident from Fig. 5. Two
reasons for this can be cited. One may deduce that the
amount of adsorbed cinchonidine on Pd is larger than on
Pt. Conversely, Fig. 3B shows that the CO signals on Pd are
enhanced by a factor of about 6–7 when hydrogen is admit-
ted. This enhancement factor is 2–3 times larger than that
observed on Pt. Hence, the stronger cinchonidine signals
observed on Pd as compared to Pt are attributed mostly to
the larger enhancement factor on the former metal.

Adsorption of quinoline and 2-methylquinoline. Quino-
line and 2-methylquinoline were also admitted onto the
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FIG. 6. In situ ATR spectra of cinchonidine adsorption from H2-
saturated CH2Cl2 solvent on Pd/Al2O3 at 283 K as a function of cinchoni-
dine concentration in solution. The bold traces represent low and high
cinchonidine coverage (θ). The inset shows the absorbance of the signal
at 1456 cm−1 as a function of cinchonidine concentration in solution. A
comparison is made with the analogous signal observed on Pt/Al2O3 at
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1458 cm (see Ref. (15) and Table 1). The solid line is a fit of the data
assuming a Langmuir-like adsorption.
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FIG. 7. In situ ATR spectra of (a) quinoline and (b) 2-methylquinoline
adsorption from H2-saturated CH2Cl2 solvent on Pd/Al2O3 and Pt/Al2O3

at 283 K. The concentration of the solutions was set at 10−4 and 10−3 M
for adsorption on Pd and Pt, respectively. The position of the signals cor-
responding to the α-quinolyl species on Pt/Al2O3 is also highlighted.

Pd/Al2O3 model catalyst at 283 K and served as reference
for the assignment of the observed signals of cinchonidine
and for the determination of the orientation of the ad-
sorbed species. In situ ATR spectra are shown in Fig. 7,
together with the corresponding spectra on Pt/Al2O3 for
comparison. The difference between quinoline adsorbed on
Pt and Pd is obvious. Besides the set of signals (1615, 1590,
and 1506 cm−1) similar to cinchonidine, a strong signal at
around 1456 cm−1 was observed on Pd, whereas the signal at
1590 cm−1 displayed a shoulder at ∼1570 cm−1, which is, on
the other hand, the most prominent band on Pt. Although
the IR spectrum of quinoline possesses a weak vibration at
1469 cm−1 (∼1463 cm−1 for cinchonidine; Table 1) (15), this
is absent or at least less obvious on Pt (Fig. 7). We suggest
that this band does not entirely belong to quinoline and that
part of the signal arises from the continued cleaning of the
metal surface, producing O-containing fragments (alkoxy
groups). Comparison between the spectra of cinchonidine
adsorbed on Pd and Pt supports this conclusion. In fact, the
signal at 1458 cm−1 on Pt is less intense than on Pd and

is clearly composed of two bands on Pd. It must be noted
that in all adsorption measurements the H2 cleaning period
AND BAIKER

was restricted to 10 min. Figure 2 shows that afterwards,
however, the process continues slowly.

As for pyridine and quinoline, Fig. 7 clearly shows that
the α-quinolyl species, whose typical signal is indicated by
a dashed line, is absent on Pd.

The ATR spectra of 2-methylquinoline on Pd/Al2O3 did
not show any quinoline signals except for a very weak band
at 1510 cm−1, which disappeared with the following H2

flow. However, negative features found at around 1400 and
1264 cm−1 clearly show that 2-methylquinoline adsorbs on
Pd. The molecular plane of 2-methylquinoline is believed to
orient preferentially parallel to the surface, with the methyl
group hindering the interaction between the quinoline N
and the metal, in agreement with the absence of clear quino-
line vibrations. A relatively broad signal was again observed
at around 1540 cm−1.

Effect of cinchonidine adsorption. It is obvious from
Figs. 3 and 5 that the adsorption process also induces the dis-
placement of some species from the solid–liquid interface.
The signal found at 1324 cm−1 which is accompanied by a
signal at around 1090 cm−1 (not shown in Fig. 5) matches
the shoulder of the signal at 1392 cm−1 observed in Fig. 2.
These signals are attributed to ethylidyne (≡C–CH3), which
is stable at this temperature (39) and originates from recom-
bination of CHx fragments formed from CH2Cl2 decompo-
sition on clean Pd. These have been observed also for the
Pt/Al2O3 model system. The frequency exhibited on Pd is
reasonably close to that found for single-crystal (39) and
supported Pd (40) and demonstrates that the signals ob-
served at 1338 and 1120 cm−1 on Pt are due to ethylidyne
(14, 15, 20). The displacement of hydrocarbon fragments
CHx and ≡C–CH3, absorbing at ∼1390 and 1324 cm−1, re-
spectively, and solvent (negative signal at 1264 cm−1) indi-
cates that the chiral modifier as well as pyridine, quinoline,
and 2-methylquinoline have to compete with other species
for adsorption onto the metal surface.

For comparison with the CO found upon adsorption of
cinchonidine on Pt/Al2O3 (15) and according to the recent
observation that CO can display unusual frequencies if ad-
sorbed at metal–support interfacial sites (41), the broad
signal at 1735 cm−1 together with that at ∼1680 cm−1 can
be assigned to adsorbed CO, as mentioned above.

A weak signal at around 1540 cm−1 can also be observed.
This signal has also been detected in the spectra shown
in Fig. 3 and was also found for pyridine, quinoline, and
2-methylquinoline adsorption. Therefore, it cannot be as-
signed to a species arising from adsorption of cinchonidine
on palladium. We tentatively assign it to hydrocarbon or
O-containing species.

DISCUSSION
STM measurements together with in situ ATR–IR spec-
troscopy clearly demonstrate that the treatment of the
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Pd/Al2O3 thin film with dissolved hydrogen leads to dra-
matic changes in the spectra and film morphology. It is
well-known that adsorbates such as CO can induce recon-
struction of the Pd surface (42, 43). The surface cleaning,
as followed by ATR spectroscopy, accompanies the large
modification of the metal surface. This observation sup-
ports our conclusion drawn for the Pt/Al2O3 model cata-
lyst, where hydrogen was proposed to be responsible for
the observed changes in the ATR spectra and film morphol-
ogy (20). From a chemical point of view, hydrogen removes
the contamination film, composed mostly of carbonates
and hydrocarbons, covering the metal surface. Exposition
of the cleaned Pd induces decomposition of the solvent
and consequently formation of a different adsorbate layer.
In the case of CH2Cl2 solvent this layer consists of CHx

and ≡C–CH3 species. This becomes relevant for adsorption
studies.

A phenomenon intimately associated with the presence
of hydrogen and the film reconstruction is the absorption
enhancement (compare Figs. 3A and 3B). Figure 3B shows
that CO adsorbs slowly also when Pd is not treated with
H2. The increase in the Pd particle size subsequent to hy-
drogen admission results in a sudden increase in the in-
tensity of the signals associated with CO. Considering that
the new signals arise from the same amount of CO, it be-
comes obvious that metal particle size and signal intensity
are closely related, as was found for the surface-enhanced
infrared absorption (SEIRA) effect (44). Moreover, the en-
hancement is accompanied by a change in the shape of the
IR signal of CO, which has been discussed for the Pt and
Pt/Al2O3 films (20, 31). We have shown that, depending
on the optical constants of the Pt film, vibrational bands
of strong absorbers can become considerably distorted. As
demonstrated above, the ATR spectra of cinchonidine also
display a remarkable enhancement effect in comparison to
the spectra obtained on Pt. Compared to the signals of cin-
chonidine on Pt (Fig. 5) the signals are enhanced by a factor
of 3 on Pd, in agreement with the results reported for CO.
This is in agreement with the larger particle size observed
for Pd compared to Pt. It should be noted that the thickness
of the Pd thin film is twice that of Pt.

Since the adsorption of CO and pyridine from CH2Cl2
solvent on the Pd/Al2O3 thin films gave results similar to
that on commercial supported Pd-based catalysts the evap-
orated films can be considered as promising model cata-
lysts. CO was found to adsorb both on top and multibonded
(more likely in threefold coordination) (30) whereas pyri-
dine was mostly oriented with the molecular plane tilted
away from the metal surface.

The adsorption of the chiral modifier cinchonidine on
Pd/Al2O3 model catalysts has been studied in situ similarly
to the recently reported adsorption on Pt/Al2O3. It should
be noted that owing to the relatively low concentration of

−4
cinchonidine (10 M) the signals observed in Fig. 5 cor-
respond to adsorbed cinchonidine and not to the alkaloid
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in solution. Cinchonidine adsorption on Pd at 283 K in the
presence of dissolved hydrogen is both time and coverage
dependent, as is illustrated in Figs. 5 and 6. For compar-
ison with quinoline and pyridine under the same experi-
mental conditions, adsorption of the alkaloid is dictated
by the quinoline moiety. Cinchonidine adsorbs intact on
Pd and there is no indication that the quinuclidine moi-
ety takes part in the adsorption, whereas the vinyl group is
readily hydrogenated at 283 K. These findings have been
reported also for cinchonidine on Pt (15). Three differently
adsorbed species have been observed for cinchonidine on
Pt/Al2O3. In the first species the quinoline moiety is ap-
proximately parallel to the surface (π -bonding, labelled 1),
whereas in the second species a Pt–C σ -bond is formed by
α-H abstraction (α-quinolyl, 2). The third species, weakly
adsorbed, bonds to the surface through the N lone pair
of the quinoline moiety (3) and exhibits a solution-like
spectrum.

Figure 6, and to a lesser extent Fig. 5, demonstrates that
at least two species of adsorbed cinchonidine can be found
on the Pd surface. One species is associated with the band
at 1567 cm−1 and the other with bands at 1612, 1586, and
1509 cm−1, similar to what was found on Pt (15). The ATR
spectra shown in Fig. 6, which do not display signals of
solution-like cinchonidine at low coverage, suggest that cin-
chonidine adsorbs at low coverage with the quinoline ring
nearly flat, i.e., through π -bonding between the quinoline
moiety and the metal. In addition, since the absorbance
of the signal at 1567 cm−1 remains approximately constant
after about 10−5 mol/L whereas the signal at 1586 cm−1

increases, it seems that there is no interconversion taking
place between the two species. As the surface gets more
crowded additional cinchonidine molecules adsorb with
the quinoline ring tilted with respect to the metal surface,
through the quinoline N. It will become clear through the
analysis of some details that this process is slightly different
from that on Pt.

Considering that the signal at 1509 cm−1 follows the be-
haviour of the signal at 1586 cm−1 (Figs. 5 and 6), the two
observed species on Pd can be assigned following the nota-
tion introduced for cinchonidine on Pt/Al2O3 (15). A first
(nearly parallel adsorbed) species (labelled 1′) corresponds
to species 1 on Pt, whereas the second (tilted, 3′) resembles
species 3 on Pt. Species 1′ is characterised by the signal at
1567 cm−1, whereas species 3′ corresponds to the signals at
1612, 1586, and 1509 cm−1. In addition, both species bear
the signal at 1456 cm−1 associated with the quinuclidine
moiety. Species 3′ possibly also contributes to the signal at
∼1570 cm−1. Table 1 summarises the assignment. Normal
modes and dynamic dipole moments of the discussed vi-
brations have previously been reported (15). Significantly,
the ATR spectra do not present any indication of a species
where the α-H to the quinoline N has been removed and a
covalent C–Pd bond formed, in contrast to Pt (i.e., species

2). This is in good agreement with the results of pyridine and



,

line ring, predominantly in the position α to the quinucli-
168 FERRI, BÜRGI
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FIG. 8. Pictorial representation of the surface species of cinchonidine
on Pd/Al2O3 and Pt/Al2O3 model catalysts at 283 K. The evolution of the
species is coverage (θ) dependent. See text for nomenclature. No specific
crystallographic plane is intended with the graphical representation of the
metal surface.

quinoline adsorption (Figs. 4 and 7). Figure 8 summarises
the surface species of cinchonidine observed on both met-
als in the presence of hydrogen as a function of surface
coverage.

We exclude now species 2 from the discussion because it is
found exclusively on Pt. There are two specific features in
the spectra presented in Figs. 5 and 6 suggesting that the
interaction between cinchonidine and Pd is weaker than
the interaction between cinchonidine and Pt. Consequently,
the observed adsorbed species of cinchonidine on Pd be-
have slightly differently than on Pt. Spectra at high cin-
chonidine coverage on Pd (bold lines in Figs. 5 and 6) much
resemble the solution spectrum of cinchonidine, more than
do the spectra recorded on the Pt thin films. On adsorp-
tion the molecular vibrations are less perturbed on Pd than
on Pt. Also, Fig. 5 shows that cinchonidine is almost com-
pletely removed when flowing hydrogen-saturated solvent
over the sample. Desorption is also observed on Pt (15), but
species 1 and 2 are still clearly visible on Pt during the des-
orption step, in contrast to species 1′ on Pd. What is more
important is that the IR spectrum of the adsorbed species
on Pt looks different from the solution spectrum because

of species 1 and 2 (Fig. 5). The same observation holds for
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quinoline (Fig. 7). The intensity ratio between the signal
at around 1590 cm−1 and that at around 1570 cm−1 is par-
ticularly striking: Passing from one metal to the other the
intensity ratio is reversed. This means that species 1 con-
tributes more significantly to the signal at 1570 cm−1 for
cinchonidine on Pt. This indicates that the relative abun-
dance of species 1 to species 3 on Pt is higher than that
corresponding to species 1′ and 3′ on Pd.

Comparison of the time and concentration dependence
of the spectrum on the two metals suggests that species
3′ already appears on Pd at a relatively low coverage, i.e.,
earlier, than species 3 on Pt. Comparison of the intensity of
the signal at ∼1570 cm−1 on Pd and Pt with that at around
1590 cm−1 agrees with this observation. Hence, although
both bonding modes are observed, there is evidence that
the flat species (1 and 1′) are more favoured on Pt than on
Pd, whereas the tilted species (3 and 3′) are preferred on
Pd. Species 1 is more abundant on Pt than species 1′ on Pd
at similar cinchonidine coverage. The fact that cinchonidine
does not form the α-quinolyl species (2) on Pd (neither does
pyridine or quinoline) further indicates that the bonding of
the alkaloid is weaker to Pd than to Pt.

The different stability of the observed species of cinchoni-
dine on the two metals must be due to different adsorbate–
metal interactions. Pt and Pd have similar interatomic dis-
tances, the same number of valence electrons, and similar
work functions. Despite these similarities the interaction
of unsaturated hydrocarbons with the two metals is quite
different (38) and so is the chemistry of hydrocarbons. An
important difference between the two metals is the diffuse-
ness of the 5d orbitals of Pt and the 4d orbitals of Pd, which
is much larger in the former case. The d orbitals play a
dominant role in the adsorbate bond. The larger diffuse-
ness of the Pt 5d orbitals leads to larger orbital overlap
with the adsorbate orbitals and hence to stronger adsor-
bate bonds compared to Pd. A stronger adsorbate bond also
leads to a larger distortion of the adsorbate intramolecular
potential energy surface and hence to larger shifts in the
vibrational frequencies with respect to the undistorted free
molecule. The stronger bonding of unsaturated hydrocar-
bons and their larger shifts in vibrational frequencies for Pt
as compared to Pd have been demonstrated, for example,
for benzene, toluene, and pyridine (38). Our results, which
indicate that cinchonidine is more strongly adsorbed on Pt
than on Pd and that its vibrational modes are shifted more
with respect to the free molecule on Pt than on Pd (Table 1),
agree with this general trend.

The different H/D exchange behaviour of 10,11-
dihydrocinchonidine (DHC) on Pd and Pt (45) supports
the slightly different relative stability of the surface species
of cinchonidine on the two metals. On Pt, H/D exchange
has been reported to occur at all positions of the quino-
dine N and at the carbon (C8) located on the second ring
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symmetric to the quinoline N. On Pd, only hydrogen at the
latter two positions was shown to exchange to some ex-
tent. This agrees well with a preferred interaction through
the quinoline N more than with the π -electrons and with
the quinoline moiety standing away from the Pd surface. Pt
shows a behaviour similar to Pd only when increasing the
temperature from 293 to 333 K, which is supposed to lead
to the tilting of the aromatic ring as observed by NEXAFS
(12). Moreover, the hydrogen in the position α to the quino-
line N exchanges approximately three times less on Pd than
on Pt (30 vs 94%) at 293 K, in agreement with the lack of
α-quinolyl species in the ATR spectra of cinchonidine on
Pd at 283 K. In agreement with our ATR measurements,
these results suggest that the interaction of cinchonidine
is weaker with Pd than with Pt. The relative abundance of
cinchonidine with the quinoline moiety parallel (π -bonded)
and tilted (σ -bonded) with respect to the surface is shifted
in favour of the latter when going from Pt to Pd.

The weaker adsorption of the cinchonidine modifier in
the π -bonded mode on Pd than on Pt may explain why
typically a higher modifier to the reactant ratio is needed
in the former case to induce optimal enantiodifferentia-
tion in the heterogeneous enantioselective hydrogenation
on the two metals (7, 8).

The comparative study of cinchonidine adsorption on
Pd/Al2O3 and Pt/Al2O3 indicates that on both metals the
adsorption mode is fairly similar, at least in the absence of
interacting substrates (reactants). In any case, the subtle
differences in the adsorption behaviour cannot explain the
vastly different behaviour of cinchona-modified platinum
and palladium catalysts, which has clearly to be traced to
the different intrinsic catalytic properties of these metals.

CONCLUSIONS

The adsorption of pyridine, quinoline, 2-methylquino-
line, and cinchonidine on Pd/Al2O3 model catalysts has
been investigated. The model catalysts were prepared by
physical vapour deposition and characterised by XPS, STM,
and IR spectroscopy. Hydrogen treatment induced mor-
phological changes which were followed by STM and in situ
ATR–IR spectroscopy. Similarly to the Pt/Al2O3 model sys-
tem, infrared absorption enhancement has been observed
also for Pd. Both CO and cinchonidine display signals more
intense by a factor of 3 with respect to Pt.

Adsorption of the chiral auxiliary has been studied at
283 K and compared with the results obtained recently for
the Pt/Al2O3 model catalyst. So far, no in situ spectroscopic
study of the adsorption of cinchonidine on palladium has
been reported. Consistent with the time and coverage de-
pendence of the signals of adsorbed cinchonidine, two main
species have been identified on Pd and have been assigned

according to the species observed on Pt. A species with
the quinoline moiety predominantly parallel to the surface,
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interacting with the π -electrons of the quinoline moiety,
and a species interacting with Pd through the lone pair of
the quinoline N are observed. Compared to Pt, the relative
abundance of the two species under similar conditions is dif-
ferent on the two surfaces, such that the π -bonded species
is less stable on Pd than on Pt. Based on the comparison
with adsorbed pyridine on Pd and Pt, the most obvious dif-
ference in the adsorption of cinchonidine on the two metals
is that the α-quinolyl species observed on Pt is absent on
Pd. The difference in the diffuseness of the d orbitals of the
metal is likely at the origin of the different behaviour with
respect to the adsorption of cinchonidine.
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