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Time-Lapse STM Studies of Diastereomeric Cinchona Alkaloids on Platinum Metals
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The adsorption of cinchonidine (CD) and cinchonine (CN) on Pt(111) and Pd(111) single crystals has been
investigated by means of scanning tunneling microscopy (STM) in an ultrahigh vacuum system. In time-
lapse series the mobilities of different adsorption species have been determined on a single molecule basis
and with varying hydrogen background pressures in the system. The diastereomeric cinchona alkaloids, CD
and CN, which are widely used as chiral modifiers of platinum group metals in catalytic enantioselective
hydrogenation, showed similar adsorption modes and diffusion behavior on Pt(111), except that the flatly
adsorbed CN molecules which were free (not in a dimer/cluster) were significantly more mobile than their
CD analogues. CD adsorbed on Pd(111) showed similar adsorption modes as observed on Pt(111) but at
considerably higher mobility of the flatly absorbed species already in the low-pressure region. The observed
adsorption behaviors are discussed in the context of independent IR Rheasurements and theoretical
calculations. Special emphasis is put on the nonlinear effect observed in hydrogenation reactions with CD/
CN mixtures. Our observations corroborate that this effect is mainly a consequence of the different adsorption
strengths of CD and CN on Pt.

Introduction CHART 1: Molecules Investigated in This Work:

Since the first observation of individual molecules on a well- (%rll\lc)homdlne (CD) and Its Diastereomer Cinchonine

defined metal surface by STM in 1987/88a wealth of data
have been gained on a big variety of molecules on various metal
surfaces. In recent years, several groups focused on molecule
surface combinations related to heterogeneous catélysis
even enantioselective heterogeneous catafy8itn the latter
case, STM investigations are of special interest, as the arrange-
ment of the chiral molecules on the catalytic surface (chiral site/
extended chiral domain), which is crucial for the efficiency of
the catalyst system, can be imaged in real space. In an ideal
case, such investigations could reveal the dynamic interplay
between chiral site and reactant on the surface on a single
molecule level. However, for the time beirgnd probably the
near future-this remains a vision.

One of the difficulties of such STM investigations lies in the

intrinsic reactivity of catalytically active surfaces. In a textbook 3 R R
example, Raval and co-workers showed that the behavior of 4 S S
tartaric acid, which is used as chiral modifier in the enantio- 8 S R
selective hydrogenation gi-ketoesters, shows a completely 9 R S

different behavior on the nonreactive Cu and the reactive Ni

surfaces, respectivel® The strong interaction of tartaric acid is present in hydrogenation reactiofddVe could identify two
with the Ni surface affects the structure of the molecules and/ different adsorption modes of CD: (i) due to the significantly
or molecular clusters on the surface significantly. The platirum  different appearance in the STM images and (ii) due to the
cinchona-alkaloid system is another well-known catalyst system increased mobility of only one of these surface species in the
for heterogeneous enantioselective hydrogenation reacdfions. presence of a standing hydrogen pressure.

In a recent publication we reported on our first STM results  Intrigued by this peculiar behavior we now extended our
obtained with the chiral modifier cinchonidine (CD) on the Pt- studies in two ways: first we included cinchonine (CN)
(111) surface under the influence of coadsorbed hydrogen, whichdiastereomer of CBand second the other catalytically relevant
surface Pd(111) into our investigations (Chart 1). The aim of
* Author to whom correspondence should be addressed. E-mail: this extension was to identify similarities and differences
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TInstitut fur Physik der UniversitaBasel. . s . . . .
tETH Zrich. emphasis on their diffusion behavior. An interpretation of the
8 Paul Scherrer Institut. results in view of the known catalytic behavior and the existing

10.1021/jp0628941 CCC: $33.50 © 2006 American Chemical Society
Published on Web 10/10/2006



21778 J. Phys. Chem. B, Vol. 110, No. 43, 2006 Wabhl et al.

knowledge gained by other surface analytical methods and abresidual gas pressure at a minimum. A custom-built quartz
initio calculations is given. microbalance was used to measure the deposition rate.

From the literature a number of direct measurements of single  All samples were characterized with a home-built STM
adsorbate diffusion are knowt:1214 Most of these studies  operating at room temperature. All STM images and time-lapse
focus on adatoms or small molecules, where diffusion can be imaging sequences were obtained in constant-current mode by
described as a result of uncorrelated displacements or hopsrecording the vertical tip movement of an etched and electron
between adjacent minima of the corrugated potential energy bombarded tungsten tip. The standing hydrogen pressure (pres-
hypersurface, representing the adsorbatéstrate interactiolt. sure range: 10 to 10°® mbar) in the STM chamber was
The frequency with which those hops are observed is the so-controlled in situ by a leak valve.
called hopping raté. This lattice gas model is appealing because  The average displacement data shown were obtained from a
it is simple and many of its assumptions have been found to time-lapse series of STM images, where scan range and scan
agree well with the direct experimental observation. However, speed were set appropriately in order to be able to distinguish
for larger organic molecules, similar studies on the surface the different appearance and mobility of the molecules while
mobility are raré® and very often restricted to (110) oriented still imaging a statistically meaningful number of molecules in
surfaces. This excellent experimental simplification reduces the one frame. In some cases this was a difficult task, because good
diffusion process to a 1D problem and typically does not allow topographical imaging of individual molecules is typically
for rotational degrees of freedom. Furthermore, the energy dependent on the tip condition, which can vary during experi-
dissipation to the substrate is rather weak for large organic ments and at the different scan speeds used. High-resolution
molecules and therefore the assumption of uncorrelated hopsimages have been achieved at slow scan speeg8Q nm/s),
is too simplistic: once a molecule has reached the energy of while higher scan speeds-600 nm/s) were required to track
the diffusion barrier, it does not stop in the adjacent energy very mobile molecules.
minimum but has a high probability to move on for several ~ The image sequences were evaluated by tracking 10 to 15
minima. By including these so-called long jumps, the lattice single molecules by using the particle analysis tool in the
gas model has been slightly modifiéd. Nanotec WSXM STM data processing software. The resulting

However, for the more complex adsorbatibstrate system  xy-pathes were drift corrected and their integral displacement
(CD/CN on Pt(111)) treated in this paper it is very difficult to was calculated by summing up the distances measured from
gain information on the precise adsorption site, which involves frame to frame, fully neglecting the fact that due to the limited
several surface atoms. Together with the structural flexibility scan speed the molecules may have moved a longer distance
of CD and CN this yields a very complex difficult-to-determine  between the images. Therefore all mobilities given here are
potential energy hypersurface for the diffusion process. Fur- lower limits. By taking the slopes of such integral displacements
thermore, the complexity is enhanced by structural changes,and averaging over the whole population of a surface species,
which are likely to occur in the molecule and the surface in the we obtained the average displacement and its standard deviation
course of the adsorption procé8#s a consequence the simple in nanometers per minute.
lattice gas model will not be able to describe the diffusion
process adequately for our system. Nevertheless, to be able tdResults
compare the adsorption and diffusion behavior of the different
surface species of CD and CN on both metal surfaces we had
to define a method to quantify the surface mobility. As a
measure for the surface mobility we therefore determined the
average displacement of all surface species populations inde
pendently at four to five different hydrogen background
pressures.

CD on Pt(111).Compared to the results of our earlier stidly,
the refined analysis method described above allows a more
detailed description of the surface diffusion of the different
surface species populations. In the new series of STM sequences
(81.5 s/frame), the molecules were tracked individually while
the standing hydrogen pressure in the STM chamber was
increased stepwise fromxt 10719 to 2 x 10°® mbar and the
mobility of the molecules was determined for each surface
species population and for each hydrogen pressure.

All experiments were performed in a multichamber UHV In general, the new results support the conclusions made
system that allows the preparation and characterization of earlier: two clearly distinct adsorption modes can be identified.
molecular layers (down to 0.1 ML) on atomically clean They have been assigned as flat (quinoline ring system parallel
substrates. Pt(111) and Pd(111) single crystals were cleaned byo the surface, strong interaction with the surface, low mobility)
repeated Ar ion sputtering (800 eV, # 107 mbar) and and tilted adsorption modes (quinoline ring system inclined to
subsequent annealing to 1000 K via electron impact. Annealing, the metal surface, weaker interaction with the surface, high
at times, in the presence of a standing oxygen pressurexof 5 mobility at elevated hydrogen pressure), respectively, as dis-
10-8 mbar removed any organic impurities and led to atomically cussed in detail in our previous wotk.
clean surfaces. Due to the high sticking coefficient of both Pd  On the other hand, the new data set revealed more details in
and especially Pt, special care had to be taken to make surethe diffusion behavior. In particular, a difference in the mobility
that the base pressure in the system remained in thé trbar of the flatly adsorbed moleculeslepending on their local
range and STM measurements have not been delayed more thasurface densitybecomes apparent. This surface species popula-
2—3 h once the samples were prepared. A separate chambetion has to be divided into two groups. The molecules which
was used to deposit the CD and CN molecules by sublimation are isolated (no other molecules in close proximity, filled
from a resistively heated tantalum crucible at temperata @890 triangles in Figure 1b) show a slight increase in mobility when
°C. With the mass spectrometer attached to the depositionincreasing the hydrogen pressure, while the molecules arranged
chamber no CD/CN mass fragments could be detected duringin a dimer/cluster (one or more molecules in close vicinity, filled
the sublimation process. The substrate was kept at roomsquares in Figure 1b) stay practically immobile on the time scale
temperature during the deposition process and a cooling trapand in the pressure range of our experiments. The slight mobility
attached to the chamber was cooled with liquid nitrogen to keep increase of the isolated molecules mainly originates from a

Experimental Methods
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Figure 1. (a) STM image of CD (0.27 ML) on Pt(111) at low hydrogen pressurg (B0~1° mbar). Inside the marked area, representative for the

whole sample, the two different adsorption modes of CD are highlighted. Circles designate the flatly adsorbed molecules, and dashed circles mark
the molecules in the tilted adsorption mode. Image siz25 x 25 nn?; | = 50 pA; U = 1.0 V. (b) Average displacement measured for CD on

Pt(111). The step function represents the background hydrogen pressure during the time-lapse series. Filled symbols show the mobility of flatly
adsorbed molecules, where the triangles stand for free molecules and the squares stand for molecules in clusters. Crosses represent molecules
initially adsorbed in a tilted adsorption mode. They swap into a different adsorption mode with significantly increased mobility at elevated hydrog
pressures.
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Figure 2. (a) STM image of CN (0.15 ML) on Pt(111) at a hydrogen pressure of less thdf rh@ar. As for CD, the two different adsorption

modes of CN are highlighted for all molecules inside the marked area. Circles designate the flatly adsorbed molecules. Dashed circles mark molecules
in the tilted adsorption mode. Image size30 x 30 nn¥; | = 25 pA; U = 0.8 V. (b) Average displacement measured for CN on Pt(111). The step
function represents the background hydrogen pressure during the time-lapse series. Filled symbols show the mobility of flatly adsorbed molecules,
where the triangles stand for free molecules and the squares stand for molecules in clusters. Crosses represent molecules initially adsorbed in a
tilted adsorption mode. They swap into a different adsorption mode with significantly increased mobility at elevated hydrogen pressures.

wobbling motion of the molecules at elevated pressure: the a temporal decrease in the mobility. As the time during which
molecules seem to be pinned to the surface by a part of thean individual molecule remains inside such “clusters” varies
molecule while the remaining part of the molecule wobbles from from molecule to molecule, the average displacement value for
side to side, typically in angles of 80The population of the whole population varies. Of course this effect depends on
molecules with a tilted adsorption geometry (crosses in Figure the (local) coverage of the sample.

1b) show the same behavior as described eddi€hey remain CN on Pt(111).CN differs from CD only in the absolute
immobile until, at a threshold hydrogen pressure of 808 configuration of two of the four stereocenters (Chart 1).
mbar, the mobility increases instantaneously to a much higher Therefore the two molecules are diastereomers. Because of the
value. At the same time the appearance of these moleculesmirror plane symmetry of the stereocenters C8 and C9, which
changes significantly. This transformation is irreversible as no are crucial for the stereochemical control of the catalytic
reversal to the original appearance and mobility is observable reaction, the two molecules are often called “near-enantiomers”.
upon lowering the hydrogen pressure back to the original value. An example of the topographic image obtained from CN on
The new set of data shows that the mobility increases by a factorPt(111) is given in Figure 2a. As observed for CD, the CN
of ~10 or even more in the course of this transformation. The molecules are distributed randomly on the surface, which
average displacement value for this species has a relatively highindicates a low mobility due to a strong molecukurface
variance (see error bars) because of the effect of clustering: Oninteraction. On first sight, the molecules appear quite different
its track across the surface, such a molee@etimes—gets in from the images obtained for CD (Figure 1a). This is mainly
close proximity to other molecules (“cluster”), which leads to due to tip effects: from sample to sample, the very apex of an
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Figure 3. (a) STM image of CD (0.25 ML) on Pd(111) at low hydrogen pressure @~!° mbar). Inside the marked area, representative for the

whole sample, two different adsorption modes of CD are highlighted. Circles designate the flatly adsorbed molecules, and dashed circles mark a
different adsorption mode. Image size25 x 25 nn¥; | = 22 pA; U = 1.05 V. (b) Average displacement measured for CD on Pd(111). The step
function gives the background hydrogen pressure during the time-lapse series. Filled symbols show the mobility of flatly adsorbed molecules,
where the triangles stand for free molecules and the squares stand for molecules in clusters. Outlined circles represent molecules adsorbed in a
different adsorption mode, with a rather dark appearance.

STM tip changes, which leads to significant differences in the  Altogether this means that the diffusion behavior of CD and
image of objects, in particular of isolated objects (in contrast CN on Pt(111) in the presence and absence of hydrogen is very
to regular arrays of objects) such as CD or CN, which are similar. Nevertheless, there is one significant difference: the
randomly distributed on the surface. Compared to the CD/Pt- flatly adsorbed CN molecules which are free (not in a dimer/
(111) sample shown in Figure la, the tip allowed only lower cluster) show a significantly higher mobility than their CD
resolution in the case of the CN/Pt(111) sample shown in Figure analogues.
2a. As a result, the molecules appear a bit broader, and the CD on Pd(111).An STM image of 0.25 ML of CD deposited
characteristic up/down featufein the image of the flatly onto a Pd(111) single crystal is shown in Figure 3a. Although
adsorbed CD molecules is not visible for the CN molecules in this is a different substrate, again a random distribution of the
Figure 2a. Nonetheless, we assign the molecules appearing asnolecules is observed and at least two different adsorption
a gray oval with a brighter spot, which are marked with a circle modes can be distinguished. One of them is clearly similar to
in Figure 2a, as flatly adsorbed molecules. This assignment isthe flat adsorption mode identified for CD and CN on Pt. Even
justified by the following facts: (i) with a lower resolution the  though the resolution in the image shown is lower than that in
flatly adsorbed molecules of CD appear exactly the same; (i) the previous images, it is clearly visible that this adsorption
by changing the scanning speed and/or the speed of the feedbacknode consists of two parts: a rather flat, oval bottom part and
regulation of the tip movement, the image of a flatly adsorbed a relatively flexible (under the influence of the tip) top part.
CD in Figure 1a changes toward the appearance observed fofThis is in agreement with a flat adsorption mode as identified
the CN molecules in Figure 2a and vice versa; and (iii) the before. At the first sight of the time-lapsed image series we
diffusion behavior of these molecules is very similar to the one realized that already in the low pressure regime, the flatly
observed for the flatly adsorbed CD molecules but clearly adsorbed molecules, which are not part of a dimer/cluster, show
distinct from the molecules marked with dashed circles in Figure a remarkably high mobility (filled triangles in Figure 3b). This
2a. is a significant difference from the mobility observed for the
The result of the analysis of the surface diffusion of CN on analogous surface species population on Pt (compare filled
Pt(111) is given in Figure 2b. Again, the two surface species triangles in Figures 1b and 3b). Since a large fraction of all
populations can be clearly discriminated concerning their molecules on Pd belong to this surface species population, the
mobility. The flatly adsorbed molecules in dimers or clusters overall mobility in this image series is much higher than that
are immobile while the ones which are free show a slight on Pt.
mobility, which is increasing by a factor ofc2—3 with The molecules marked with dashed circles in Figure 3a differ
increasing hydrogen pressure. In this respect, this surface speciekom the flatly adsorbed molecules in several ways. In the
population differs from the corresponding surface species topographical image they lack the characteristic signature for
population of CD (compare filled triangles in Figures 1b and the flexible top part, which is a clear sign for an adsorption
2b). The surface species population marked with dashed circlesgeometry significantly different from the flat adsorption mode.
in Figure 2b shows the same behavior as the tilted CD moleculesHowever, the resolution obtained does not allow any conclusion
(compare crosses in Figures 1b and 2b). At a hydrogen pressuren the precise adsorption geometry. The surface mobility of
of 7.5 x 10°8 mbar, these molecules show an instantaneous this surface species population (circles in Figure 3b) is clearly
increase in their mobility by more than a factor of 10. For this distinct from that of the flatly adsorbed molecules. There is
reason we tentatively assign these molecules to a tilted adsorpvirtually no mobility observable, independent of the local
tion geometry, in analogy to their CD counterparts. For the last environment (free molecules vs dimers/clusters) and independent
two data points in Figure 2b no error bars are given, becauseof the hydrogen pressure. This is a further justification for the
only a few molecules could be tracked. Due to their very high identification of these molecules as a second surface species
mobility, these molecules move out of view quickly, limiting population. No flipping of molecules has ever been observed
the precision of the measurement of their average displacementon Pd(111) for any surface species.
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Altogether this means that on Pd(111) the flatly adsorbed configuration of CD/CN and reactant on the surface, which are
surface species population is the more mobile species, in contrasbeyond the resolution power attainable by STM for this system.
to the observations for CD and CN on Pt(111). In addition there  The other interesting observation is the difference in the
seems to be no (measurable) effect of the hydrogen pressuraliffusion behavior of CD on Pt(111) and Pd(111). While on Pt
on the surface diffusion on Pd, at least in the pressure regimethe population of the flatly adsorbed molecules is almost

accessible in our experiments. immobile (Figure 1b), the flatly adsorbed CD molecules show
a high mobility on Pd. This indicates that the adsorption strength
Discussion for this surface species of CD is much higher on Pt than on Pd.

o . o ) Again this is in line with a well-known fact: to obtain good

It is interesting to relate the surface diffusion behavior of enantioselectivities in hydrogenation reactions over Pd much
CD and CN, and in particular the observed differences between higher CD concentrations are needed than ofFtDue to
them, to the well-known catalytic behavior of the Pt and Pd {he competition with reactant and solvent molecules a high
cinchona alkaloid system. As shown in Figures 1b and 2b, the ¢oncentration of CD is needed to cover a significant amount of
dynamic behavior of these two chiral modifiers on Pt(111) IS the surface with CD molecules. On Pt, however, the interaction
very similar but not identical. This is not surprising, as one i cp with the surface is so strong that small amounts of CD
Wo_uId expect an identical behavior _only for real enantiom_ers, are enough to compete with other potential adsorbates. As a
while CD and CN are "near-enantiomers” or to be precise, regylt, too high CD concentrations lead to a drastic decrease in
diastereomers. This is also reflected in a wealth of catalysis reaction rate on Pt, since the reactants have to compete with
experiments, which show that CD and CN behave almost like cp for the adsorption sites.
enantiomers, yielding the products with different absolute Finally the differences between Pt and Pd observed here
configuration at the newly formed stereocenter. However, the complement existing knowledge attained by ATIR spec-
efficiency of the reaction concerning the enantiodifferentiation troscopy2 where it was found that tilted adsorption geometries
is slightly different for CD and CN. Typically the enantiomeric 5. more abundant on Pd than on Pt. This is clearly supported
excess (ee) to the (R)-product achieved with CD is higher (by py oyr STM measurements. Our mobility analysis shows that
a few percent) than the one with CN to the (S)-product, as 5 pq the surface species population with the unknown
already observed in the original studies by Orito et’alhe adsorption geometry is less mobile than the flatly adsorbed
origin for this small difference is still not clear. No direct 51ecyles. Obviously there are adsorption geometries that bind

evidence for a difference in the adsorption mode or the nore strongly to the Pd surface than the flat adsorption mode
conformational behavior has been found so far. The firstindirect s cp. aAs a result, the flat adsorption mode is less abundant

clue has been given.by Huck et #lwho fqund t.hat predomi- on Pd than on Pt, as observed in ATRR spectroscopy.

nantly the product with the absolute configuration expected for

a rea(_:tion with CD as chiral modifier was formed, when using cgnclusions

1:1 mixtures of CD and CN or even an excess of CN. However,

from these experiments it could not be concluded whether the  Our analysis of the appearance and surface mobility of CD

origin of this nonlinear effect lies in a difference of the and CN on platinum metals by time-lapse STM imaging has

adsorption strength of the two modifiers and/or (subtle) differ- revealed some interesting differences between the different

ences in the conformational or geometrical configuration Surface species populations. The interpretation of these findings

between modifier and reactant, responsible for the enantio- Sheds some new light on the possible reasons for the nonlinear

differentiation. effects found in the enantioselective hydrogenation over plati-
Our STM and diffusion analysis data provide further impor- Num metals modified by'cin(.:hona alkaloids. Therefore our work

tant evidence for answering this longstanding question. In Shows that STM investigations can complement other surface

principle, either different surface species populations with analytical methods and quantum chemical calculations in order

different chiral efficiencies or differences in the adsorption © gain insight into the mechanistic aspects of this complex

strength could be at the origin of the nonlinear effect observed. catalyst system.

While different surface species population cannot be ruled out . .
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