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Abstract

The influence of different dissolved gases on the adsorption of cinchonidine from CCl4 solutions onto polycrystalline platinum surfaces h
been studied by in situ reflection–absorption infrared spectroscopy (RAIRS). It was observed that Ar, N2, O2, air, or CO2 neither enhance
the adsorption of cinchonidine nor damages cinchonidine adlayers once they have formed on the surface. On the other hand2 plays
a unique role, initially facilitating the uptake of cinchonidine, but later removing some of the resulting adsorbed cinchonidine f
platinum surface. It was also found that CO is a strong inhibitor, significantly retarding the adsorption of cinchonidine. Adsorbed C
removed by H2 dissolved in the cinchonidine solution, a process that also boosts the adsorption of cinchonidine. O2 can remove the surfac
adsorbed CO as well, but without facilitating cinchonidine adsorption. The cleanliness of Pt surfaces at different stages of the expe
probed by CO adsorption. Possible correlations between the RAIRS results from the present study and reported data from catal
are discussed.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Asymmetric catalysis plays a key role in the manufact
of chiral pharmaceuticals, agrochemicals, flavors, and o
important intermediates for chemical industries [1]. Mos
the enantioselective syntheses carried out nowadays i
dustrial settings rely on the use of homogeneous catal
mostly chiral metal complexes [2]. However, if availab
heterogeneous enantioselective catalysts would be prefe
because they offer some inherent advantages related to
aration, handling, stability, recovery, and re-use [3]. O
of the most promising strategies to fabricate enantiose
tive heterogeneous catalysts is to adsorb a chiral mod
onto a catalytically active metal surface. However, altho
numerous heterogeneous systems using this strategy
been explored to date, only two, tartaric acid-modified nic
[4–6] and cinchona-modified platinum [6–12], have prov
successful. Unfortunately, these two families of cataly
have so far shown to be of limited usefulness, being ef
tive mainly for the enantioselective hydrogenation ofβ- and
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α-ketoesters, respectively. Moreover, their performance
proven highly sensitive to slight variations in the nature
the reactant, the structure of the modifier, the preparatio
the catalyst, or the conditions of the reaction [3,10,11]
present, there is still no sufficient understanding of the
sons underlying this behavior.

In an attempt to address the lack of molecular-level
derstanding of this heterogeneous chiral catalysis, the c
acterization of chiral modifiers on surfaces has been stu
recently with a number of surface-sensitive techniques [
For instance, the interaction of 10,11-dihydrocinchonid
with Pt(111) has been investigated by X-ray photoelec
spectroscopy (XPS), ultraviolet photoelectron spectrosc
(UPS), low-energy electron diffraction (LEED) [14,15], a
near-edge X-ray absorption fine structure (NEXAFS) [1
and the adsorption of naphthylethylamine and lepidine
Pt surfaces has also been monitored by NEXAFS [17,
The findings from those studies have certainly furnis
deeper insights into the basic chemistry of chiral adsorb
on surfaces. However, their extrapolation to chiral catal
is limited by the fact that most of those experiments h
been carried out under ultrahigh vacuum conditions q
different from those encountered in the working cataly

http://www.elsevier.com/locate/jcat
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To our knowledge, there have been only a handful of sp
troscopic investigations of these catalytic systems in sit
the solid–liquid interface. In one, the adsorption of cincho
dine from CH2Cl2 solutions onto Pt/Al2O3 and Pd/Al2O3
model catalysts was probed using attenuated total refle
infrared (ATR-IR) spectroscopy [19–21]. It was found th
the adsorption mode of cinchonidine is coverage depend
and that up to three different cinchonidine species can c
ist on the surfaces of those catalysts. A correlation betw
the adsorption geometry of cinchonidine and the enan
electivity of ethyl pyruvate hydrogenation was also iden
fied by an in situ reflection–absorption infrared spectrosc
(RAIRS) study in our laboratory [22]. More recently, surfa
enhanced Raman spectroscopy (SERS) has been used
ther characterize the properties of adsorbed cinchonidin
Pt from ethanol solutions [23]. In that study, adsorbed c
chonidine was found to be somewhat tilted on the platin
surfaces. These reports all show the great promise of u
in situ spectroscopy to advance the molecular-level un
standing of how these chiral systems work. Neverthel
much more work is still needed in this direction. Also,
more general terms, in situ studies of liquid–solid interfa
of catalytic relevance have so far been scarce, and repr
one of the frontiers of surface science [24,25].

As mentioned above, the performance of cinchona ch
modifiers in enantioselective hydrogenation catalysis is
fined to a great extent by the details of the procedures
for catalyst preparation as well as by the reaction co
tions. In particular, it has been shown that gases, either in
phase or dissolved in the liquid reaction mixture, play an
portant yet intriguing role in high-temperature prereduct
[26–28], ambient temperature pretreatment [29–32], sto
[27,33], stability [34,35], and poisoning [36–38] of the
catalysts used for hydrogenation ofα-ketoesters. Following
our previous in situ IR studies on this cinchonidine/platinum
system [22,39–41], here we report on our investigation
the effect of different gases on the adsorption of cincho
dine. Evidence is presented below for the beneficial ef
of H2 in facilitating the adsorption of cinchonidine, for th
site-blocking effect of O2, and for the poisoning effect o
CO in retarding the cinchonidine adsorption. The remo
of adsorbed CO by exposure to solutions with dissolved2
and O2 and their effect on cinchonidine adsorption are a
addressed.

2. Experimental

The experimental setup used for our in situ infrared sp
troscopy characterization of cinchonidine adsorption fr
solution onto platinum surfaces is schematically shown
Fig. 1. This arrangement is based on a liquid cell equip
with gas and liquid introduction stages, and a circuit for el
trochemical oxidation–reduction cycles (ORCs) to clean
Pt disk used as the model catalyst. The technical detai
this cell, together with a number of studies performed to
,

r-

t

Fig. 1. Schematic representation of the experimental setup used here f
in situ IR characterization of the adsorption of cinchonidine from soluti
onto Pt surfaces. The main cell consists of a platinum disk, used a
surface for our adsorption studies, a CaF2 prism for optical guidance o
the IR beam, and a liquid solution trapped between those two elem
The overall arrangement includes gas and liquid sample introduction s
as well as the electronics used for the electrochemical oxidation–redu
cycles needed to preclean the Pt surfaces.

its performance, have already been reported elsewhere
Briefly, a polycrystalline Pt disk (Goodfellow), 10 mm in d
ameter and 1 mm in thickness, was polished to a rough
of 0.25 µm by using a series of diamond pastes, and mou
on the front of a supporting rod inserted through the cente
the cell. A CaF2 prism, cut in a trapezoidal shape with tw
faces beveled to 60◦, was placed in front of the Pt samp
to let the infrared beam in and out of the cell. The dista
between the Pt sample and the prism was controlled by a
crometer attached to the end of the sample rod. Liquid
injected into the approximately 5-cm3 volume enclosed be
tween the Pt sample rod and a CaF2 prism (when the sampl
is retracted) via a small tube attached to the side of the
Gases were bubbled at fixed flows into the solution via a
handling system connected to the inlet tube, and monito
by using bubbling bottles.

The RAIRS measurements were performed by focus
the IR beam from a Mattson Sirius 100 FTIR spectrome
through a polarizer and the CaF2 prism onto the Pt surface
and by refocusing the reflected beam into a liquid N2-cooled
mercury–cadmium–telluride (MCT) detector. A grazing
cidence angle of 60◦ into the prism was chosen to avoid to
internal reflection at the prism–solution interface [41]. R
tios of p/s polarization spectra were used to discrimin
between adsorbed and dissolved species. All the repo
spectra are the results of averages from 512 scans, t
with 4 cm−1 resolution. It should be mentioned that the
absorption peaks observed with cinchonidine in our exp
ments are surprisingly strong, reaching values on the o
of 5% transmittance. These large infrared absorption c
sections are apparently associated with solvent effects, s
smaller intensities were observed for the adsorbates u
vacuum [41]. In any case, a number of experiments w
carried out to ensure that the signals are due to monol
adsorption, not to molecules in solution or condensed
multilayers [41].
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The Pt surface was cleaned before each experimen
an electrochemical treatment that uses two electrodes, t
disk and a Pt wire placed inside the cell. A 0.1 M KClO4
aqueous solution (the supporting electrolyte) was inje
into the cell, and the electrodes were connected to a cons
current oscillator set to a sample current at 15 mA to c
out repeating ORCs for 1.0 h. During this ORC treatme
H2 was bubbled continuously into the cell to remove any2
dissolved in the solution. After cleaning of the Pt surface,
KClO4 solution was replaced with pure CCl4, the Pt sam-
ple was pressed tightly against the prism to form a thin
2–10 µm) liquid film above the surface, and two refere
IR spectra were recorded, with p- and s-polarized light,
spectively. The Pt disk was then pulled back again, the
CCl4 replaced by a cinchonidine/CCl4 solution, and a spe
cific gas bubbled into the cell at a flow rate of 0.85 cm3/min
for a specified time. The Pt disk was kept in the retrac
position throughout the gas bubbling to allow for fast sa
ration of the liquid with the gas in the region immediate
above the surface. Nevertheless, transport effects coul
be completely eliminated: it took on the order of 10 min
induce a complete change in the nature of the surface
sorbed layer in the fastest cases studied here, and differ
in rates for the adsorption processes were seen when th
flow was varied. Finally, the Pt disk was pressed one m
time against the prism, and new p- and s-polarized s
tra were recorded. The resulting p/s ratio spectra from th
cinchonidine/CCl4 sample were divided by the equivale
background traces obtained for the pure CCl4 (the reference
data mentioned above).

Cinchonidine (96%) and CCl4 (99.9%) were purchase
from Aldrich, and used as received. Cinchonidine so
tions of 3.4 mM were prepared by ultrasonic treatm
of cinchonidine/CCl4 slurries for 0.5–1.0 h followed b
cooling down to room temperature and filtering of a
traces of undissolved cinchona residue. CO (99.5%)
(99.999%), O2 (99.99%), and CO2 (99.99%) were purchase
from Matheson, and H2 (99.999%) and N2 (99.99%) from
Liquid Carbonic, and all were used as supplied.

3. Results

3.1. General considerations and role of H2

It has been empirically realized that hydrogen pretr
ments at high temperatures are necessary for the op
performance of supported Pt catalysts in enantiosele
hydrogenations, presumably to ensure the complete re
tion of the metal and the removal of contaminants from
surface [26–28]. Sometimes the Pt catalysts are also br
preactivated with H2 dissolved in the solvent before the r
action is carried out [12,32–35]. In our recent spectrosc
studies on the adsorption geometry of cinchonidine on
was noted that, indeed, it seem to be necessary either t
H2 presaturated solutions [19–21] or to bubble H2 in situ
t
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Fig. 2. In situ reflection–absorption infrared spectroscopy (RAIRS) da
lustrating the effect of different dissolved gases (Ar, N2, O2, air, CO2, and
H2) on the adsorption of cinchonidine onto a Pt disk from a CCl4 solution.
The spectra were obtained by individual experiments in which cinchoni
solutions were injected into the IR cell and the specified gases were bu
for 1.0 h. The data in this figure point to the unique role of dissolved H2 in
facilitating the adsorption of cinchonidine.

through the solution [22] to aid with the adsorption of c
chonidine from solution onto the Pt surface. Here we re
on a systematic study carried out to better understand
role of dissolved H2 and other gases in this system.

Fig. 2 summarizes typical results from our in situ
characterization of cinchonidine adsorption on platinum
function of surface pretreatment with different gases. Th
data indicate that no significant amount of cinchonidine
sorbs directly from cinchonidine solutions onto the surf
when no gases are bubbled through those solutions. S
larly, cinchonidine adsorption is only marginally detec
when Ar, N2, O2, air, or CO2 is bubbled into the solution
Only by bubbling H2 it is possible to see the developme
of the IR absorption signals about 1236, 1319, 1342, 1
1441, 1463, 1512, 1574, and 1593 cm−1 indicative of cin-
chonidine adsorption [20,22]. Clearly, H2 is unique in facil-
itating the adsorption of cinchonidine on Pt.

A number of additional gas-switching experiments w
conducted to complement the information obtained by
studies described above. Since similar behavior was
served with all the gases (Ar, N2, O2, air, CO2) used in
this study, only the results for O2 are shown in Fig. 3. Al-
most no cinchonidine adsorption is observed after the
surface is pretreated in situ with Ar, N2, O2, air, or CO2.
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Fig. 3. RAIRS results from experiments on cinchonidine adsorption f
a CCl4 solution where the bubbling gas was switched from O2 to H2 and
then back to O2. It is seen here that H2 efficiently facilitates the adsorption
of cinchonidine on O2-preexposed surfaces, and that adsorption is q
strong and not affected in any significant way by further O2 exposures a
room temperature. Similar trends were observed in experiments with
N2, air, and CO2.

On the other hand, obvious IR peaks due to adsorbed
chonidine are easily detected after only 0.5 h following
switching to H2 regardless of the treatment of the Pt sam
used beforehand, in particular the preexposure to the o
gases. Moreover, once the cinchonidine has been depo
on the surface, no significant deterioration of the adsor
layer is observed even after 2.0- to 3.0-h exposures bac
those original gases. In particular, Fig. 3 shows that O2 can-
not remove the cinchonidine adsorbed on metallic Pt s
although it appears that cinchonidine adsorption is not p
sible on preoxidized (O2 pretreated) Pt sites. The fact th
cinchonidine, once adsorbed from a CCl4 solution, canno
be removed from the surface by switching from H2 to other
gases (nor can it be readily flushed away by pure CCl4 [42]),
indicates that its adsorption is quite strong under our exp
mental conditions.

The effect of H2 exposure on cinchonidine adsorption
a function of time was investigated next. Fig. 4 displays a
of IR spectra obtained as a function of H2 bubbling time. It
can be seen there that cinchonidine adsorption is alread
parent after H2 exposures as short as 5 min, but contin
until reaching a maximum coverage after a 30-min H2 treat-
ment. The IR band intensities then decrease gradually
longer H2 bubbling times, probably because of the slow h
r
d

-

Fig. 4. Effect of bubbling H2 on adsorbed cinchonidine on Pt as a funct
of time. Three phenomena can be extracted from this figure: (1) a
sient period before the maximum adsorption of cinchonidine is reac
presumably due to gradual cleaning of the Pt surface by the dissolve2
in solution; (2) a gradual disappearance of the adsorbed cinchonidine
after the initial 30 min of H2 treatment, the results of hydrogenation
adsorbed cinchonidine by H2; and (3) the renewal of the saturated cincho
dine surface after switching to a fresh cinchonidine solution.

drogenation of the chiral modifier on the Pt catalyst [34,
43–45]; they decrease to approximately half of their ma
mum values after bubbling H2 for 210 min. However, once
fresh cinchonidine solution is introduced into the IR cell a
H2 is again bubbled for 30 min, the earlier cinchonidin
saturated surface is completely regenerated. It is intere
to note that nowhere in these experiments was evidence
tained for a change in cinchonidine adsorption geom
with varying cinchonidine surface coverage, as we repo
before as a function of cinchonidine concentration [22].
explain this observation by assuming that, as long as g
are bubbled in the liquid solution, the platinum surface
never free of adsorbates: a competition between cinch
dine and other potential adsorbates for surface sites en
that the platinum surface always stays saturated. This c
petitive adsorption may play a particularly important ro
in determining the behavior seen when oxygen and ca
monoxide are added to the mixtures (see below).

3.2. Surface characterization and role of CO adsorption

The results reported above indicate that hydrogen tr
ments efficiently facilitate the adsorption of cinchonidine
Pt surfaces, an empirical phenomenon also noted by
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Fig. 5. CO titration RAIRS data from Pt surfaces after different treatme
(a) after polishing and ultrasonic washing in ethanol and H2O; (b) after
oxidation–reduction cycles (ORCs) in a KClO4 solution with H2 bubbling;
(c) after H2/ORC cleaning followed by exposure to dissolved O2 for 1.0 h;
(d) after H2/ORC treatment followed by rinsing with CCl4; and (e) after
H2/ORC cleaning, CCl4 rinsing, and renewed H2 bubbling for 1.0 h. These
results highlight the need for H2 treatments to prepare clean Pt surfaces
cinchonidine adsorption.

ers [20]. To account for such a promoting effect, the av
ability of adsorption sites on the Pt surface after each of
different steps in a typical cinchonidine adsorption exp
ment was probed by a number of CO titration experime
Typical results from those experiments, carried out by
measurements after exposing the Pt surfaces with diffe
pretreatment to CO for 1.0 h, are summarized in Fig. 5.

In terms of the C–O stretching IR band seen in the spe
in Fig. 5, it was found that

(1) if the Pt substrate is exposed to CO after no pretreatm
other than ultrasonic cleaning of the freshly polish
surface, only a low surface coverage, 30–40% of s
ration, is observed (top trace);

(2) the cleanliness of the surface is significantly enhan
after either electrochemical ORCs in the presence o2
(second trace from top) or after in situ H2 pretreatmen
in KClO4 solutions (without ORCs, not shown);

(3) right after the electrochemical pretreatment, if bubb
H2 is switched to O2 or air for 1.0 h, the availability o
adsorption sites for CO is reduced back to 30–40%
saturation (middle trace);
t

t

Fig. 6. RAIRS results from a gas-switching experiment from CO to H2 and
then back to CO. The data clearly show the retardation effect that ads
CO exerts on cinchonidine adsorption. Red shifts in the C–O stretching
quency and decreases in the CO coverage are also seen after subs
exposures to H2-saturated cinchonidine solutions, and limited CO reads
tion is also observed after saturation of the surface with cinchonidine.
figure points to the poisoning effect of CO on cinchonidine adsorption
synergistic effect of H2 and cinchonidine on the removal of adsorbed C
and the availability of empty sites on cinchonidine-covered surfaces.

(4) if either a cinchonidine solution or the pure CCl4 sol-
vent is injected right after the electrochemical pretre
ment, the adsorption of CO is again limited to near h
saturation (second from bottom); and

(5) if the Pt disk is cleaned again by bubbling H2 for 0.5–
1.0 h, after the injection of the CCl4 solvent on pre-
cleaned Pt, complete cleanliness of the surface is
stored (bottom trace).

All of these results are congruent with the facilitating eff
of H2 toward cinchonidine adsorption manifested by the d
in Figs. 2, 3, and 4.

The direct role of CO in controlling the adsorption
cinchonidine deserves special mention, because that sp
proved to be a particularly strong inhibitor for cinchonidi
uptake. In the experiment illustrated in Fig. 6, CO was fi
bubbled into a cell filled with cinchonidine solution for u
to 1.0 h (top two traces). During that time, significant C
adsorption was manifested by a strong CO IR peak aro
2060 cm−1 due to carbon monoxide linearly coordinated
the Pt metal, but only a small amount of coadsorbed
chonidine is observed. Next, the gas was switched from
to H2. At that point, as opposed to what was seen w
the predosing of other gases (Fig. 3), no obvious imm
ate (within 0.5 h) adsorption of cinchonidine was detec
Instead, the IR signal from adsorbed cinchonidine star
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Fig. 7. Correlation between the IR peak intensities of the linearly bon
CO at 2044–2060 cm−1 (•) and those of cinchonidine at 1462 an
1512 cm−1 (�) in the CO–H2–CO switching experiments reported
Fig. 6. During the first CO exposure, only the IR signal intensity for
CO peak grows, and cinchonidine adsorption is negligible. On switc
to H2, the adsorbed CO remains on the surface for approximately 1
after which significant and rapid CO desorption is accompanied by an
hanced uptake of cinchonidine on the surface. Switching back to CO
to the readsorption of some CO, but without affecting the cinchonidine
layer.

be observable only after H2 bubbling for 1.5–2.0 h, and i
reaches a plateau after about 3.0 h (a period of time cle
outside our experimental error due to gas mass transport
itations). The facilitating role of H2 for cinchonidine adsorp
tion is clearly inhibited by adsorbed CO. It is also of inter
to note that during the H2 bubbling period the position o
the linearly bound CO peak shifts gradually, from 2060
2050 cm−1 in the initial 1.5 h, and that the intensity of th
peak is slightly reduced. The CO peak then further shift
2044 cm−1 and shows a more obvious reduction in inte
sity after longer H2 exposure times, indicating a significa
decrease in the CO surface coverage. There is a clear c
lation between the removal of adsorbed CO and the app
ance of cinchonidine surface species, as better seen i
middle section of Fig. 7 (which reports the time evoluti
of the intensities of representative IR bands for cinchonid
and CO during this experiment). Finally, subsequent swi
ing of the gas from H2 back to CO does not lead to any n
ticeable decrease in the intensity of the cinchonidine pe
(at least after 1.5 h of CO treatment), but it does cause
partial growth and blue shift of the IR feature for CO (to 3
35% of the maximum value on the cinchonidine-free cle
Pt surface). It appears that cinchonidine adsorption doe
completely block all of the Pt sites, and that, even after
chonidine saturation, there are still some (but not all) Pt s
accessible for further CO adsorption.

To better understand the competition among CO, H2, and
cinchonidine for adsorption sites on the Pt surface, a n
ber of additional experiments were carried out where
-
-
e

t

was first bubbled through the IR cell filled with pure CC4
(rather than the cinchonidine solution used in the previ
experiment), and then switched to H2. The initial CO cover-
age on the surface was controlled by the time of exposu
the Pt disk to the CO-bubbling CCl4. Results from two typ-
ical cases, with initial CO coverages below (A) and sligh
above (B) that in Fig. 6, are shown in Fig. 8.

As can be seen from Fig. 8B, if CO is bubbled into CC4
in the absence of cinchonidine, the CO IR peak grow
2076 cm−1 rather than at 2060 cm−1 (as seen in Fig. 6)
Note that the CO coverages in Figs. 6 and 8B are appr
mately equal, so the relative initial red shift (�ν = 16 cm−1)

in Fig. 6 needs to be explained by changes in the natur
the surface caused by the co-adsorption of a small am
of cinchonidine. Similar effects have been previously no
for the co-adsorption of CO with pyridine, benzene, or c
chonidine [38,46]. It is also clear in Fig. 8B that the CO pe
red shifts further during the H2 treatments, by�ν = 8 cm−1

after 1.0 h and by�ν = 11 cm−1 after 3.5 h (again an ef
fect reported previously [47]), and that its intensity increa
slightly, perhaps because of further adsorption of a sm
amount of residual CO in the CCl4 solvent or because of
possible enhancement of the CO IR absorption cross se
caused by H2 [47]. What is clear is that no appreciable lo
of CO IR signal is observed upon exposures to H2 bubbling,
indicating that H2 dissolved in CCl4 can hardly remove CO
adsorbed on cinchonidine-free Pt surfaces, at least at r
temperature.

Similar observations are also reported in Fig. 8A
lower initial CO coverages. There it is shown that, when
is bubbled into a cell filled with CCl4 for a shorter time,
the low CO coverages yield IR peaks centered at lower
quencies. In the example reported here, the initial CO p
intensity is approximately half that in Fig. 8B, and the IR a
sorption is maximum at 2067 cm−1 instead of at 2076 cm−1.
The peak intensity increases by about 15% after H2 bubbling
for 0.5 h, the same as before, but then decreases slightly
an additional 3.5 h, as the peak reaches its final positio
2061 cm−1. However, the decrease in CO coverage with2
exposure is not as obvious as that shown in Fig. 6B, wh
cinchonidine was present in the solution, even though
initial CO coverage is obviously lower in the present ca
Comparison between Figs. 6 and 8 indicates that a s
amount of preadsorbed cinchonidine facilitates the rem
of CO in the presence of H2, and that a synergistic effec
between cinchonidine and H2 toward CO removal is appa
ent.

3.3. Combined effect of CO and O2 in cinchonidine
adsorption

In another set of gas-switching experiments, the comp
tion between CO and O2 for adsorption sites in the presen
of cinchonidine was tested (Fig. 9). In this case, CO w
first bubbled into the cell for 1.0 h, at which point an o
vious CO peak at 2064 cm−1 was seen in the IR spectru
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Fig. 8. RAIRS data illustrating the effect of H2 on CO adsorbed from pure liquid CCl4. Results are shown here for two different initial CO coverages, obta
by varying the exposure time of the platinum surface to the CO-saturated liquid. Subsequent exposures of those surfaces to dissolved H2 cause red shifts o
the CO IR peak but no significant CO removal, in contrast with the results from the experiments with cinchonidine solutions shown in Fig. 6. They
between the two sets of results is most likely related to the role played by the adsorption of a small amount of cinchonidine on the surface. There is aergistic
effect between H2 and cinchonidine toward the removal of adsorbed CO.
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Fig. 9. RAIRS results from a gas-switching experiment from CO to2
and then to H2. O2 removes the surface-adsorbed CO within 1.5 h of2
bubbling, but this does not lead to any appreciable cinchonidine up
Only by further treating the Pt surface with H2 can the cinchonidine be ad
sorbed to a significant extent. This figure points to the fact that the rem
of adsorbed CO does not necessarily lead to the adsorption of cinc
dine, perhaps because of the need for large surface atoms ensemble
latter.
e

together with a small amount of cinchonidine (as repo
above). Then, on switching from CO to O2, the IR peak
associated with CO decreases in intensity rapidly, and di
pears completely after only 1.5 h of O2 bubbling. However
no surface cinchonidine is adsorbed during this proces
contrast with the behavior illustrated in Fig. 6, where
removal of the adsorbed CO by H2 is accompanied by th
simultaneous adsorption of cinchonidine. Further bubb
of O2 for up to 3.0 h does not facilitate any cinchonidi
uptake. On the other hand, cinchonidine saturation on
Pt surface is possible after 0.5 h following a switch to H2,
as with the exchange from other gases by H2 (Fig. 3). As a
control, a similar experiment was carried out with N2 instead
of O2. In that case, it was found that N2 neither facilitates
the adsorption of cinchonidine nor causes the reductio
the CO coverage or the shift of the CO peak, not even a
4.0 h (data not shown). It may very well be that the o
dation of adsorbed CO by O2 at room temperature plays
major role in the removal of CO from the surface in the
experiments [48,49].

The CO–O2 sequence experiments were also carried
in the absence of cinchonidine, with both lower and hig
initial CO coverages, as shown in Fig. 10. In both case
is clear that O2 can indeed remove the CO adsorbed on
surface, but, again, at a slower rate than when cinchon
is present in solution. In fact, CO cannot be completely
moved in the absence of cinchonidine even after O2 bubbling
for 3.0–4.0 h, especially in the case of the higher initial
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presence of

nidine

O can be
cess
Fig. 10. RAIRS data illustrating the effect of O2 on CO adsorbed from pure CCl4 at two different initial CO coverages. The coadsorption of O2 causes
the removal of adsorbed CO, the same as in the experiment reported in Fig. 9. However, the CO removal is faster and more complete in the
cinchonidine in the solution.

Fig. 11. RAIRS results from gas-switching experiments from CO to O2 and back to CO. Two sets of data are shown here, one carried out with a cincho
solution (A), and the other in the pure CCl4 solvent (B). As shown before, O2 removes the surface-adsorbed CO in both cases (a high O2 flux was used in the
case of pure CCl4 to accelerate this process), but without any appreciable cinchonidine uptake in the first case. In addition, this figure shows that C
readsorbed afterward, presumably by removing some surface oxygen via a CO(ads)+ O(ads) reaction. No cinchonidine uptake takes place during this pro
either.
al of
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coverage. This is to be contrasted with the easy remov
all the surface CO after only 1.5 h of O2 bubbling in the
presence of cinchonidine (Fig. 9). The data in Figs. 9 and
further confirm that O2 can indeed remove adsorbed CO a
that this removal can be facilitated by the presence of a s
amount of cinchonidine in solution.
It is also of interest to reassert that the removal of
in the presence of O2 does not induce any significant ci
chonidine adsorption (Fig. 9), in clear contrast with the c
of the removal of CO by H2 (Fig. 6). To further understan
this point, CO titration experiments were carried out a
the CO–O2 treatment sequence both in the presence an
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the absence of cinchonidine (Fig. 11). The final CO IR
tensity in both cases (with and without cinchonidine) w
about 30–40% that on a clean, metallic Pt surface, ind
ing that the exchange of O2 by CO in solution does lead t
the opening of some new Pt sites on the surface, but
for CO, not cinchonidine, adsorption. This observation
consistent with the titration experiment shown in the th
trace of Fig. 5. All these data show that switching betw
CO and O2 exposures leads to an alternation between ca
monoxide and oxygen covering of approximately half of
platinum surface sites. However, at no point during these
cles do new adsorption sites for cinchonidine open up; o
hydrogen treatments can reduce the Pt surface (Fig. 5
induce such increase in cinchonidine adsorption (Fig. 9)

4. Discussion

As mentioned in Section 1, the performance of cincho
modified platinum for enantioselective hydrogenation c
lysis is quite sensitive to a number of parameters, am
them the presence of gases in the solution of the rea
and modifier. It has been the objective of this study to s
some light on the effect of different dissolved gases on
adsorption of cinchonidine from solution onto platinum s
faces and on how these effects translate into the cinchon
modifying behavior in catalysis.

4.1. Facilitating effect of H2 on cinchonidine adsorption

In the case of hydrogenation reactions, as in the cinch/
Pt system studied here, H2 is one of the main reactants, a
is thereby always present in the solution. However, res
from the present study, as well as from others [20], cle
indicate that H2 also plays a second role in this catalys
namely, it helps condition the surface of the Pt catalys
facilitate the adsorption of the chiral modifier. It was fou
from our studies that if the Pt surface is exposed to cinch
dine solutions either in the absence of any bubbling of g
or after saturation of the solution with Ar, N2, O2, air, or
CO2, cinchonidine adsorption is barely detected (Fig. 2).
the other hand, once the surface is treated with H2, exten-
sive cinchonidine uptake is observed (Figs. 3 and 4). Ev
the surface is not previously cleaned by oxidation–reduc
cycles, as typically done in these studies, or if it is expo
to a strong inhibitor such as CO (Fig. 6), H2 can still in-
cite the adsorption of cinchonidine, albeit at a lower rate
the latter case. It has been suggested that the reason
cinchona-modified catalysts may not perform well in the
sence of hydrogen treatments is that under those condi
the reactant (ethyl pyruvate, for instance) undergoes a
condensation and polymerizes on the surface [18]. Our s
ies clearly indicate that, regardless of the validity of t
argument, hydrogen also affects the adsorption of the
chona modifier directly.
t

y

s

The CO titration experiments reported in Fig. 5 also sh
that exposure of the surface to O2 leads to blocking of ad
sorption sites for cinchonidine, and that the activity of
oxygen-treated surfaces can be restored only by subse
hydrogen treatments (Fig. 3). It seems that cinchonidine
sorption takes place only on clean, metallic Pt sites. In
dition, it can also be postulated that, without the prese
of dissolved H2 in solution, the Pt surface may be at le
partially oxidized [47–51] and/or covered by surface con
minants [47,52,53]. Nevertheless, the availability of som
sites cannot be excluded in that case, as evident by the
that CO can still adsorb on such surfaces (Fig. 5). It coul
argued that it may be more difficult for cinchonidine to a
sorb on the surface, because that molecule is quite bulky
requires large Pt surface ensembles [10,27,34,35,54].
adsorption sites available on the partially oxidized surf
evidenced by the CO adsorption may consist mainly of
lated Pt atoms.

The difference in behavior between CO and cincho
dine adsorption deserves a closer look. As stated above
suggestion is that cinchonidine adsorption is more dem
ing because it requires larger ensembles of surface Pt m
atoms. CO, on the other hand, can adsorb in small sur
sites in between atomic oxygen adsorbates. This latter id
in fact supported by the low C–O stretching frequencies
served for carbon monoxide adsorbed on the oxygen-tre
surfaces (middle trace in Fig. 5), since similar IR low f
quencies are typically associated with isolated molecule
low coverages [55,56]. Co-adsorption of CO on oxyg
covered metal surfaces is not surprising, and is seen
instance, on the(2 × 2)-O layer that forms on Pt(111) afte
O2 saturation [56,57]. The idea of adsorbed oxygen blo
ing adsorption sites and breaking large metallic Pt sur
ensembles but leaving isolated sites open for CO ads
tion helps explain why adsorption of only a small amo
of O can selectively hinder the adsorption of cinchonid
The idea could then be advanced that H2 efficiently removes
the atomic oxygen deposited on the surface upon expos
to O2 (and also any other surface impurities), freeing lar
patches of Pt sites, and thus facilitating the adsorptio
cinchonidine. On the other hand, although CO can certa
remove some adsorbed oxygen, it can also simultaneo
block surface sites, making them unavailable for cinch
dine adsorption (more on this later).

A couple of additional issues related to the availability
adsorption sites for cinchonidine and CO on the Pt sur
at the different stages of our experiments need to be br
mentioned here. In particular, it is worth noting that sign
icant amounts of CO, up to close to half-saturation, can
adsorbed on surfaces where no cinchonidine uptake is
sible, in particular when no hydrogen pretreatments are
(Fig. 5). Given that a polycrystalline Pt disk was used in
experiments, this could be interpreted as being the co
quence of the availability of different crystallographic fac
on the surface. It may be that cinchonidine adsorbs
on wide flat surfaces terraces, while CO can bind to m
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other sites in rougher planes with steps, kinks, and othe
fects. Indeed, enantioselectivity on cinchona-modified c
lysis has been reported to depend strongly on the par
size and dispersion of the metal [28,58–60]. Neverthel
the large amounts of both cinchonidine and CO that
sorb on the surface, together with the changes in vibrati
frequencies seen for the C–O stretch when in the pres
versus in the absence of cinchonidine observed in our ex
iments (compare, for instance, the spectra in Figs. 6 an
argue against this explanation. In addition, our work sho
that even after saturation of the Pt surface with cincho
dine, there are still empty sites open for CO readsorp
(bottom two traces in Fig. 6). In fact, the CO uptake on s
faces saturated with cinchonidine leads to a similar sur
concentration as in the case where CO is adsorbed fir
block the adsorption sites for cinchonidine (top two tra
in Fig. 6), and to almost the same surface coverage as w
starting with fresh pure CCl4 solutions (Fig. 5). We interpre
these results as a consequence of the fact that the cinc
dine surface layer resulting from exposure of the Pt sur
to cinchonidine/CCl4 solutions is not compact [29,61].
may be that the same sites manifested by the CO titra
experiment in Fig. 6 are available for adsorption of the re
tants, H2 andα-ketoester, during catalysis.

In terms of the time dependence of the response of
cinchonidine/Pt to H2 treatments, our results in Fig. 4 sho
that significant cinchonidine adsorption starts after as
tle as 5 min of H2 bubbling, and reaches a maximum af
30 min of this treatment. It should be noted that no ad
bates could be clearly identified by IR spectroscopy be
the hydrogen treatment. This is not to say that at that s
of our experiments the Pt surface is clean, only that
adsorbed species are invisible to our IR spectroscopic c
acterization technique. In fact, we believe that the hydro
treatment is needed to remove adsorbed oxygen or other
taminants (and reduce a PtOx film if present on the surface
In any case, it is clear that the adsorption of cinchonid
on Pt in the presence of H2 does require some time. O
the other hand, it is also noted that the cinchonidine pe
decrease after long H2 bubbling, for exposures longer tha
30–45 min. It could be thought that this change may be
to poisoning of the Pt surface, but such an idea can be r
out because (1) switching from H2 to Ar, N2, O2, air, or CO2
for 2.0–3.0 h does not cause any loss of cinchonidine ads
tion (Fig. 3), and (2) replacement of the used cinchonid
solution with a fresh one regenerates the surface layer
if no additional special cleaning of the surface is perform
(Fig. 4). Instead, the gradual decrease in IR signal for
chonidine with H2 exposure is likely related to the loss
the adsorbed modifier from the Pt catalysts. Because of m
transfer constraints within our experimental setup, our m
surements do not provide accurate kinetic information
either the initial cleaning of the surface or the subsequ
reduction of the cinchonidine. Nevertheless, we believe
those limitations do not modify the qualitative conclusio
reported here.
-

i-

-

-

s

The gradual hydrogenation of cinchonidine has been
dependently verified in the past for similar systems
analysis of the liquid solution with thin-layer chromatog
phy [29], UV–vis spectroscopy ESI-MS [43,44], and G
MS [45]. Our direct in situ spectroscopic evidence for
time-dependent disappearance of cinchonidine on the
face of the Pt catalyst complements previous results b
either on the detection of the hydrogenated species in s
tion or on measurements of enantioselectivities during r
tion. To circumvent the gradual loss of chiral modifier dur
catalysis, fresh cinchonidine can be added either before
catalytic process cycle [62] or during the course of re
tion [34,35,63]. In this study, addition of a fresh cincho
dine solution and extra H2 bubbling after the decrease
cinchonidine IR peaks led to restoration of the cinchonidi
saturated surface. Our evidence for the in situ regenera
of surface cinchonidine species visualizes the remedia
method used in catalysis from a surface chemistry pers
tive.

4.2. Poisoning effect of CO

It has been previously noted that CO adsorption on
surface may affect the enantioselective hydrogenatio
α-ketoesters by cinchona-modified platinum catalysts.
example, the reported decrease in activity and enantios
tivity for the hydrogenation of ethyl pyruvate on cataly
containing anchored silicium organic moieties has been
cribed to poisoning by chemisorbed carbon monoxide [
In another study, the reported decrease in ethyl pyruvate
drogenation rate by addition of formic acid to the react
mixture has been explained by surface poisoning resu
from decomposition to CO [65]. Finally, the drastic lo
of activity for ethyl pyruvate hydrogenation in supercri
cal CO2 may be due to the formation of CO via the reve
of the water gas-shift reaction, that is, by the convers
of CO2 and H2 to CO and H2O [36–38]. Our in situ spec
troscopic experiments give credence to those argumen
indicating that, indeed, CO adsorbs quite strongly on Pt,
significantly retards the H2-assisted cinchonidine adsorptio
(Fig. 6).

Additional experiments were carried out in our laborat
to further explore the poisoning behavior of formic acid
was found that when adding as little as 0.01% of formic a
to the liquid solution in our IR cell, detectable amounts
CO could be seen by IR spectroscopy on the Pt sample
not shown). This indicates a facile decomposition of form
acid to carbon monoxide under our experimental conditio
Similar behavior was seen with formaldehyde. On the o
hand, no CO production was ever observed in our exp
ments with H2 and CO2, so no direct evidence for the po
sibility of a reverse gas shift during catalysis was obtain
Nevertheless, that reaction has been reported on Pt/Al2O3
catalysts at 40◦C [36,66].

It is worth noting that, as shown in Fig. 6, adsorbed C
can eventually be removed by H2. Past catalytic studies als
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indicated that both activity and enantioselectivity can be
stored on CO-deactivated cinchona-modified Pt catalyst
ter switching the solvent from supercritical CO2 to ethane in
the presence of H2 [37]. To better understand the removal
adsorbed CO by dissolved H2, it is useful to focus on two ke
differences between Figs. 6 and 8. First, it is seen that w
the initial CO IR peak develops at 2060 cm−1 when cin-
chonidine is present in solution (Fig. 6), it appears at ab
2067 and 2076 cm−1 for lower and higher CO coverage
respectively, in the absence of cinchonidine at the CCl4/Pt
interface (Fig. 8). This strongly suggests that the adsorp
of even a small amount of cinchonidine affects the inte
tion of CO with the Pt surface. The frequency change
the CO IR peak are often linked to the electron donor or
ceptor nature of the co-adsorbate [46,47], to the CO sur
coverage, and/or to the potentials applied in electrochem
settings [67]. Adsorbed H2, benzene, and pyridine increa
the electron density of the Pt surface atoms and, accordi
increase the extent of the backdonation of electrons from
metald orbitals to the 2π∗ anti-bonding orbital of CO, forc
ing the stretching frequency of CO to red shift [46,47]. T
adsorption of cinchonidine, either byπ interaction with the
Pt surface or by donation of electrons from the lone e
tron pair in the nitrogen of the quinoline ring to the met
may also cause a red shift in the CO IR peak position [
Nevertheless, some of the red shift in the C–O stretch
frequency on co-adsorption with cinchonidine may also
associated with differences in the distribution of the ad
bates on the surface. It is possible for CO molecules to
distributed in isolated platinum sites in between adsor
cinchonidine molecules; as mentioned before, individual
adsorbates display lower IR frequencies than when adso
in islands or at higher coverages [55,56].

A second difference between the cases in Figs. 6 and
the further red shift of 17 cm−1 (and the obvious reductio
in CO surface coverage) observed during the H2 treatment in
the presence of cinchonidine. This red shift is less exten
(�ν � 10 cm−1) in the absence of cinchonidine, and the C
concentration on the surface does not obviously decrea
that case either. The disparity between the two sets of
can easily be ascribed to the role played by cinchonidine
adsorption with CO. H2-induced CO displacement has be
reported on Ni and Pt surfaces in vacuum [68–70]. The
fectiveness of this process has been reported to depen
a number of factors, including the nature and tempera
of substrate, the concentrations of H2 and CO, and the tim
on stream. In particular, the CO displacement rate incre
with both substrate temperature and H2 pressure, and is mor
rapid for the weakly bound CO than for its more tigh
bound form [68–70]. Our results in Fig. 8 show that, in
absence of cinchonidine, H2-induced CO displacement do
not readily occur under our experimental conditions even
submonolayer initial CO coverages, but this may be ea
explained by the relatively low concentrations of H2 in the
liquid phase. On the other hand, a synergistic effect betw
H2 and cinchonidine toward the displacement of CO is p
l

,

d

n

s

sible. The Pt–CO bond may be substantially weakene
the presence of even a small amount of co-adsorbed
chonidine, perhaps because of the electron-donating e
of the adsorbed modifier [70]. Also interesting is the f
that, after an induction period of close to 2.0 h of expos
of the CO-saturated surface to hydrogen (in the presen
cinchonidine), the displacement of the adsorbed CO by
chonidine is relatively fast (Fig. 7). It could be argued tha
critical extent of CO desorption needs to be reached be
cinchonidine can adsorb on the surface, perhaps becau
high mobility of remaining adsorbed CO leads to the f
blocking of the initial sites obtained by H2-induced CO des
orption (and to a less dense but homogeneous CO su
layer). Only after a sufficient number of CO molecules h
been removed from the surface it is possible to find Pt ato
ensembles large enough for cinchonidine adsorption. At
point, cinchonidine may, in fact, assist in the displacem
of the last adsorbed carbon monoxide.

4.3. CO removal in the presence of O2 and cinchonidine

Our experiments indicate that, in contrast to the c
of H2, adsorbed CO can be removed from the surface
O2 dissolved in CCl4 solutions in both the presence a
the absence of cinchonidine (Figs. 9 and 10). Control
periments also indicate that N2 cannot remove the adsorb
CO in either case. Therefore, the CO removal mechan
in the presence of O2 most likely involves a surface ox
dation mechanism. It is well known that O2 dissociates on
Pt sites to form atomic surface oxygen, and reacts with
sorbed CO to form CO2 [48,49]. The fact that CO can als
be adsorbed on oxygen-treated surfaces (Figs. 5 and 11
ports this idea, because if one gas were to just displac
other from the surface, the process should not be revers
but end with saturation of the surface with the more stron
bonded adsorbate. In addition, the surface oxidation of
is slow at room temperature [49]; our experiments with2
on CO precovered surface and without cinchonidine poin
this fact (Fig. 10). On the other hand, the CO removal ra
accelerated in the presence of cinchonidine (Fig. 9), ind
ing the facilitating role of cinchonidine toward CO remov
the same as with H2. Note that indeed a small amount
cinchonidine is adsorbed on the surface throughout the
quence where CO is displaced by either H2 or O2 (Figs. 6
and 9).

The behavior seen with CO–H2 and CO–O2 switching
experiments suggests that in both cases the displacem
the adsorbed CO by the second adsorbate may be som
reversible unless the vacated surface sites are irrever
blocked by cinchonidine. In fact, that argument may fu
account for the displacement of CO by H2, but does not en
tirely explain the effect seen with O2. For the latter case, it i
of interest to note that as O2 removes the CO on surface,
does not facilitate an increase in the adsorption of cinch
dine (Fig. 9). This contrasts with the behavior seen with2,
where CO displacement and cinchonidine adsorption
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place concurrently (Fig. 6). On the other hand, Figs. 5
and 9 show that exposure of the Pt surface to CO in the p
ence of cinchonidine/CCl4 solutions leads only to a partia
uptake of the carbon monoxide on the surface, up to less
half of saturation. It appears that the Pt surface at this s
is partially blocked, perhaps by oxygen from air dissolv
in the CCl4 solvent, small amounts of cinchonidine, and
other contaminants. The sites left on surfaces not tre
with hydrogen after exposure to the cinchonidine/CCl4 so-
lution are not big enough for the adsorption of additio
cinchonidine, but can still adsorb CO. As CO molecules
then removed by O2, oxygen atoms are left on the surface
their place, and that keeps the open surface sites still s
enough for any significant cinchonidine uptake. It is ev
possible for two different sites to exist on the surface w
different strengths toward O2 adsorption, but, most likely
cinchonidine affects the rate of CO displacement via an e
tronic interaction that weakens the Pt–CO bond. In any c
only H2 treatments remove enough oxygen surface atom
allow for the adsorption of cinchonidine and, presumably
promote enantioselective hydrogenation catalysis.

One final note of caution. The studies reported here w
carried out with carbon tetrachloride solutions, a cho
made because of experimental considerations. Howe
CCl4 is not the preferred solvent for the chiral cincho
modification of platinum catalysts to improve their act
ity and enantioselectivity [62,71]. In fact, vast differences
catalyst performance have been reported with various
vents. This may cast some doubts on the validity of
conclusions to real catalytic systems. Nevertheless, we
lieve that in terms of the effect of dissolved gases on
adsorption of cinchonidine, qualitatively similar results a
expected regardless of solvent. In any case, further w
is underway in our laboratory to better address the role
the nature of the solvent on the performance of these
tems [42].

5. Conclusions

In these studies, the role of dissolved gases in the ads
tion of cinchonidine from liquid solutions onto Pt surfac
was characterized by in situ RAIRS. It was found that
O2 present in most cinchonidine solutions from dissolv
air [51] blocks the surface toward any cinchonidine upta
presumably via its dissociation to atomic surface oxy
atoms (and maybe by partial oxidation of the platinum s
face). Exposures of the platinum surface to solutions b
bled with Ar, N2, O2, air, or CO2 do not help with the adsorp
tion of cinchonidine either. H2 dissolved in solution, on th
other hand, does facilitate the adsorption of cinchonidin
a significant way, perhaps because it helps reduce the m
surface and remove any surface contaminants. Howeve
adsorbed cinchonidine layer that builds up in that case is
compact, and still leaves unoccupied Pt sites available
the adsorption of smaller molecules such as CO, and per
l

,

-

l

s

the reactant during catalysis. The adsorption of cinchoni
from CCl4 solutions is also highly irreversible: adsorbed c
chonidine can hardly be displaced by any of the gases s
ied here, and cannot be easily desorbed by the pure4
solvent either. On the other hand, that cinchonidine can
slowly removed from the surface by dissolved H2, presum-
ably via its hydrogenation, and regenerated by exposu
fresh cinchonidine solutions.

A number of empirical observations from catalytic stu
ies on the enantioselective hydrogenation of ethyl pyru
using cinchona-modified platinum have been ascribed
poisoning effect of carbon monoxide on the surface of
catalyst. In the present investigation it was found that CO
a strong inhibitor for cinchonidine adsorption. Neverthele
it was also seen that adsorbed CO can be slowly remo
by H2 dissolved in cinchonidine solutions. There is a s
ergistic effect between cinchonidine and H2 in terms of CO
displacement, since H2 alone is not enough to remove the a
sorbed carbon monoxide under our experimental conditi
CO can also be removed by dissolved O2, most likely via a
reaction to produce CO2, but that process is not accompan
by subsequent cinchonidine adsorption. These results u
line the key role played by H2 in conditioning the working
Pt catalysts to facilitate the adsorption of cinchona modifi
from solution onto active Pt sites.
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