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Stereochemistry has been intensively studied due to the discovery )
that most biological reactions are enantiospecific, as well as the
finding that only single enantiomers of chiral molecules naturally
exist in living organisms. Understanding of enantioselective
antibody recognition and asymmetric enzyme reaction is indispen-
sable for pharmaceutical industriesThe chirality of organic
molecules on surfaces has been successfully investigated using
scanning tunneling microscopy (STM) in order to monitor stereo-
selective reaction mechanisms at the single molecular ¥&\&lich
chiral studies on the surface are also attractive in view of o
heterogeneous asymmetric catalysis, chiral separation, and chemicakjgyre 1. (a) Filled-state STM image (12 12 nn?, Vs = —1.0 V, I, =
sensing. Until now, most studies have concentrated on nfétals, 0.1 nA) of styrene adsorbed onto a Ge(100) surface at a coverage of 0.02
highly ordered pyrolytic graphit&; " or intrinsically chiral surface-* ML. Enlarged images indicate (b) features A and (¢) which reveal §)

On the other hand, a few studies have focused on chiral adsorption@"d ® chiral OT configurations, respectively.
on semiconductor surfacéswhich is important for potential

>= -~ i 8 features denoted as A,'AB, and C. Panels b and c of Figure 1
application to silicon-based molecular devices, biosensors, andgpow the enlarged images of features A aridhe spots marked
nanolithography. _ o _ with arrows are distinguished from bare Ge dimers (shown as bean
Fascinating and plentiful organisemiconductor surface interac- hexagon shapes) by narrowing of the bright spots. We can more
tions have been studied on the (100) surfaces of diamond, silicon,deaﬂy distinguish these spots when they are imaged dark in the
and germanium, which reconstruct to form similar surfaceXX  empty-state STM image due to the eliminationmélectronic states
dimers (X= C, Si, GeJ: All chiral configurations observed onthe ot Ge dimers (Supporting Information Figure S1). On the basis of
Si(100) surface have been based on {22] and [4 + 2] several STM studies of unsaturated hydrocarbons on the semicon-
cycloaddition between one alkene molecule and a surface dimer. gyctor surfaces, we expect that these spots are associated with
However, more variable and adaptable routes to fabricate the chiralygcted vinyl groups of styrene with the Ge dimer viardiending.
configuration should be explored to design stereoselective processegach of the features of A and’ Aas an extra bright spot located
on a semiconductor surface. Recent studies of unsaturated hydropn the lower Ge atom of the adjacent dimer within the same dimer
carbon molecules on Si(100) and Ge(100) show that two moleculesyow; this bright spot is attributed to the phenyl ring of styrene.
adsorb in the paired end-bridge (PEB) between two adjacent surfaceThe phenyl ring preserving the aromaticity is imaged bright since
dimers within the same dimer row, as well as on the top (OT) of the z-bonding states of the aromatic ring located near the Fermi
a surface dimer via a [2- 2] cycloaddition forming die bonds? level elevate the tunneling current. Therefore, the most appropriate
We expect that styrene {8s—CH=CH,) molecules on Ge(100)  adsorption geometries for features A antiake the OT configu-
may adsorb in the OT and PEB configurations at room temperature. ration that has been studied in reactions of styrene on the (100)
The OT configurations produce th&®)(and § chiral products.  surface of group I\*6 The reduced symmetry of adsorbed styrene
The PEB configurations are divided into three kinds of PEB induces a chiral center, and th® r (R) chiral OT configuration
configurations according to the orientation of the phenyl ring of can be determined by the attack direction of styrene to the Ge
each styrene molecule: the diastereomeRSYand the enantio-  dimer32 Reactions at thé&i and Re faces lead to configurations
meric RR) and §S) configurations. The dimeric adsorption of  with (S) and R) chirality, respectively. Figure 1b,c illustrates that
styrene is mediated by Ge surface dimers; after one styrene adsorbgeature A is the mirror image of feature Aand features A and’A
in one end-bridge, highly reactive unsaturated Ge atoms react withcan be assigned to theS)(and ) chiral OT configurations,
a second styrerf@.’ Such dimeric chiral adsorption is formed in a respectively.
different way from that on metal surfaces where the dimerization  On the other hand, there are other adsorption features denoted
is produced by the interaction between the adsorbed molecules,as B and C. Figure 2 shows a high-resolution STM image measured
such as hydrogen bonding after annealing the safaple. at —1.8 V of sample bias. We can expect that all adsorption
Here, we present a novel method for achiral molecules to produce geometries are formed via the reaction between the vinyl group of
dimeric enantiomers and diastereomers covalently bonded to thestyrene and Ge dimers due to the low reactivity of benzene on
Ge(100) surface. We have investigated the chiral adsorption Ge(100) at room temperatufeSimilar to the previous adsorption
configurations of styrene on Ge(100) using STM. Styrene was study of ethylene, which has a reactive vinyl group, on Ge(100),
employed as a prochiral molecule that becomes a chiral speciesfeatures B, B and C can be assigned as the structures of two styrene
after reaction with the Ge(100) surface. molecules reacted with two Ge dimers since the features are 2-fold
Figure 1la shows a filled-state STM image of styrene adsorbed as large as feature A and have two bright spots associated with the
onto the Ge(100) surface. The image exhibits various adsorption phenyl rings. Therefore, the most possible configurations for
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the possibility for the formation of an ordered PEB phase along
the dimer row. The ordered phase has the potential for a carrier
channel due to the high conductivity of styrene molecules.

In conclusion, we have presented that a prochiral styrene
molecule produces chiral structures when reacted with the Ge(100)
surface. Specifically, we have shown that dimerization of styrene
molecules on Ge(100) produces the enantiomd&jBR)(and &9
configurations. Because the PEB configuration has been observed
when unsaturated hydrocarbon molecules are adsorbed on Si(100)
and Ge(100) surfacésthe reaction can be used for producing
chirality on these surfaces using acetylene or ethylene derivatives.
Therefore, we anticipate that chiral configuration by dimeric
adsorption will provide chiral organic hybrid systems on semicon-
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B’ - W5 ductor surfaces for chemical reactions and silicon-based molecular
BaliY devices.
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Figure 2. Stereoisomers of paired adsorbed styrene configurations at a
coverage of 0.02 ML; (a) filled-state STM image (¥211 nn?, Vs= —1.8

V, I = 0.1 nA) of styrene adsorbed onto a Ge (100) surface, and (b) en-
larged STM images and schematic illustration of tReRj}-, (S9-, and
(R,S)-PEB configurations.

Supporting Information Available:
and empty-state STM images, and TPD spectra (PDF). This material
is available free of charge via the Internet at http:/pubs.acs.org.

Composites, the Brain Korea 21 Project, and National R&D Project
for Nano Science and Technology.

Experimental details, filled-

features B, B and C are PEB configurations, as shown in the References

schematic illustrations of Figure 2b. The features B and@
associated with PEB configurations, where the axis running through
the two phenyl rings is oriented diagonally to the dimer row
direction (ransPEB). On the other hand, feature C showsdise
PEB configuration, where the axis running through the two phenyl
rings is oriented perpendicularly to the dimer row direcfidBach
styrene in the PEB configuration has a chiral center, resulting in
the RR)-, (S9-, and RS-PEB configurations. ThéransPEB
configurations can be classified into the enantiomeRdR) and
(S configurations whose mirror plane is = (0—1 1). On the
other hand, the R,9-cis-PEB configuration becomes a meso
compound whose configuration is superimposable on its mirror
image even though it contains chiral centers.

The population of each PEB configuration reflects the relative
stability or energy barrier height in the adsorption pathway of each
PEB configuration. The average ratio of the PEB configuration
populations is 1:1.4:1.£(s-PEB:R R)-transPEB: S 9)-trans PEB)
at 0.1 ML of styrene. Therefore, we expect that thensPEB
configurations are more stable than tie PEB configuration. We
suggest that the dimeric adsorption of styrene on Ge(100) has a ()
certain degree of diastereoselectivity, but no preference between
the transPEB S and thetransPEB RR) configurations is
observed. It is reasonable that styrene adsorbs diastereoselectively
on an optically inactive Ge(100) surface on the basis of organic
chemical knowledge; diastereomers have different chemical proper-
ties, whereas enantiomers have identical chemical properties toward
optically inactive reagents.

Previous studies have elucidated that the PEB configuration is
more favorable than the OT configuration under thermodynamic
control processesTherefore, a surface with only PEB configura-
tions can be obtained after selective desorption of the OT config-
uration by annealing the surface at the appropriate temperature
(Supporting Information Figure S2)In addition, two adjoining
cis-PEB configurations (circle) are shown in Figure 2a, suggesting
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