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Abstract

Adsorption of three ketoneR-3-methyl-cyclohexanone, cyclohexanone, and 2-hexanone, on the chiral Cu(6 4 3) surface has been investi-
gated with scanning tunneling microscopy (STM) under ultrahigh vacuum conditions. The measurements reveal that the clean Cu(6 4 3) surface
is composed of a well-ordered and evenly spaced step and terrace structure. In addition, the measurements indicate a high mobility of Cu atoms
along the steps of the surface held at room temperature. Upon adsorption at room temperature, all the three ketones form ordered structures
on Cu(6 4 3) consisting of one molecule per terrace width with a spacing along the step direction commensurate with the ideal kink spacing.
The ordered structures of cyclohexanone are consistent with the reconstruction of the Cu(6 4 3) to a surface composed of (11 7 5) (major) and
(532) (minor) facets. This reconstruction comprises an effective reduction in terrace width while preserving the kinked step structure.
© 2004 Published by Elsevier B.V.
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1. Introduction Inspired by these results, we have used scanning tunnel-
ing microscopy (STM) to observe the surface structure of

Although metal single-crystals themselves are achiral, the highly stepped single-crystal copper surfaces Cu(6 4 3),
certain crystallographic orientations of their surfaces are before and after adsorption of the chiral ketone molecule
inherently chiral. Recent investigations both in theoretical (R-3-MCHO) as well as two other achiral ketones: cyclo-
calculationg1-3] and in experimentpl—7] have confirmed hexanone and 2-hexanone. RsB-MCHO and 2-hexanone,
that intrinsic chiral metal surfaces exhibit enantiospecific we find that adsorbed overlayers of these molecules pos-
properties. For example, theoretical simulations carried out sess features commensurate with the ideal structure of the
by Sholl have predicted a more than 2 kcal/mol difference in Cu(6 4 3) surface, despite the high mobility of Cu atoms at
the adsorption energies of the enantiomers of limonene whenroom temperature along step edges. The adsorption of cyclo-
adsorbed on the chiral Pt(64 3) and Pt(532) surfg2gs hexanone leads to similar overlayer structures, however the
Experimentally, the electro-oxidation of and L-glucose STM results indicate a restructuring of the Cu(6 4 3) surface
on the chiral electrodeR- and S-Pt(6 4 3) investigated by involving a reduction in terrace width but a preservation of
Attard et al. has demonstrated that both electrodes are enanthe kinked step structure. While the results presented here
tioselective[4]. In addition, Gellman et al. have observed in do not directly reveal the origin of the enantiospecific prop-
temperature programmed desorption (TPD) measurementsrties of theR-3-MCHO/Cu(6 4 3) interaction observed by
that the desorption energies Bf3-methyl-cyclohexanone  Gellman et al., they do provide the first direct evidence of
(R-3-MCHO) differ by Q22 4 0.05 kcal/mol on theR- and the spatial orientation of molecules on highly stepped, chiral
S-Cu(6 4 3) surfacefs,7]. While these studies have demon- transition metal surfaces and illustrate the influence of ad-
strated the chiral behavior of these surfaces, little is known sorbate molecular structure on the stability of such surfaces.
of the local details of adsorption on such chiral surfaces.

2. Experimental
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than 1x 10~19Torr. The copper crystal sample was pur- representative image of a 1004100 A area is shown in
chased from Monocrystal Co. with a purity of more than Fig. 1b and illustrates the terraced nature of the surface
99.999%. The three ketoneR;3-MCHO, cylcohexanone, structure as well as the atomic structure within the terraces.
and 2-hexanone were purchased from Aldrich Co. with a From these images, although the steps appeared streaked,
purity of 98%. Prior to introduction to the vacuum chamber, the average step height could be measured and corresponded
the ketones were subjected to several freeze—pump—thaw cyto the ideal single step height (2.1 A). The average terrace
cles. The copper sample was cleaned in the vacuum chambewidth in these images is.g + 0.3 A—measured simply

by cycles of 1.25 keV Af ion sputtering, while annealingto  as the distance between vectors drawn along average step
1000K until clear low energy electron diffraction (LEED) directions—which falls within experimental error of the
patterns appeared. Ketone exposure was carried out by backideal value of 7.55A d, sin®, Table 1. The streaked ap-
filling the chamber through a variable leak valve at fixed pearance of the steps in the STM image collected at room
pressures and predetermined time periods. STM tips weretemperature results from a high mobility of copper atoms
prepared from 0.2 mm diameter tungsten wires by etching along the steps edges. Similar observations have been pre-
in 2M NaOH solution. In these experiments, a bias voltage viously reported in STM studies of other vicinal copper
was applied to the sample and STM images were obtainedsurfaced8-10].

in a topography mode with a tip scan rate~g20—200 nm/s.

The specific tunneling conditions for the various images are 3-2. Adsorption of R-3-methyl-cyclohexanone on Cu(643)

reported in the relevant figure captions. ] ) ) ]
Fig. 2displays STM images obtained from tReCu(6 4 3)

surface after being dosed with20 L of R-3-MCHO at room

3. Results and discussion temperature. It was found thBt3-MCHO forms an ordered
adsorption structure on Cu(64 3) at room temperature un-
3.1. The clean Cu(64 3) surface der UHV conditions. Within the overlayer structure, individ-

ual molecules oR-3-MCHO appear as singular regions of

The bulk terminated Cu(64 3) surface is composed of high tunneling current under the conditions employed, with
(111) terraces separated by equidistant kinked monatomicrows of these features oriented in a direction along the the-
steps Fig. 19. Following the cleaning procedure described oretical step edge direction. Within these rows, the average
above, we obtained LEED patterns (not shown) of the adsorbate—adsorbate spacing)(along the step direction
Cu(6 4 3) surface consistent with this structure and the im- is 6.8 = 0.1 A, identical to the theoretical distance between
ages previously reported by Gellman et [@]. The basic kink sites along steps of an ideal (64 3) surfatable J.
features of the LEED pattern comprise a set of split diffrac- Upon closer inspection dfig. 2k it is noted that a few mi-
tion spots in a hexagonal array, as expected. The splittingnor domains within the adsorbate structure exist, which can
direction of spots indicates that the steps are oriented in realbe correlated to variations in kink site separations along the
space~19 away from the [110] close-packed direction step as well as in the alignment of kink sites within neigh-
(Fig. 19. Furthermore, the clear separation of split spots boring steps.
indicates that steps are arrayed on average in an equidistant Although direct evidence of the exact adsorption geome-
manner on the clean surface. try of R-3-MCHO on Cu(6 4 3) is not provided through the

The structure of the stepped surface was confirmed in STM images, we propose th&t3-MCHO adopts an orien-
STM images of the clean Cu(643) surface as well. A tation with the ring roughly parallel to the (11 1) terraces.

Fig. 1. (a) Model structure of chiral copper surfaéeCu(64 3). The surface is composed of arrays of equidistant kinked steps separated by narrow
(111) terraces. Step atoms are highlighted in dark gray while atoms at the apex of a kink are highlighted in black. (b) STM image obtained on clean
Cu(643) at room temperature under the conditions: 160200 A, —1.0V bias, 0.7 nA tunneling current.
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Table 1
Lattice unit cell parameters for ketone adsorption overlayers on Cu(64 3), as well as on induced facets
Adsorbate/substrate Theoretical Experimental

di? () d? () 0% (°) di (A) d2 (A) 0 ()
Cu/(643) 6.76 8.08 69.1 - - -
R-3-MCHO/(6 4 3) 6.76 8.08 69.1 6.8 0.1 8.2+ 0.5 64+ 3
Cyclohexanone/(11 7 5) 6.76 6.76 85.9 6:70.1 6.8+ 0.1 84+ 1
Cyclohexanone/(5 3 2) 6.76 7.67 51.0 6:70.1 7.7+ 0.1 51+ 1
2-hexanone/(6 4 3) 6.76 8.08 69.1 6t60.2 8.0+ 0.4 65+ 6

a As illustrated inFig. 1a and 2pd; is the kink—kink or adsorbate—adsorbate distance alongB&][step directiond, is the length of the other
primitive vector for the corresponding surface structure or overlayés;the angle between the two primitive vectors.

Adsorbates with similar ring conformations, such as cyclo- Cu(6 4 3) surface held at 90 K, and then warmed the sample
hexane and cyclohexanone, both adopt similar orientation onto room temperature at a rate ofL K/s. We found that the
Pt(111)[11] and graphitd12]. Such configurations maxi- adsorption structure dosed at low temperature to be identi-
mize the van der Waals interaction between the molecule andcal to that of the structure resulting from room temperature
the surface. Furthermore, we suggest that the ketone groupexposure and described above. One possible explanation of
is oriented toward kink sites, based on the known reactivity this apparent discrepancy can be found in the kinetic un-
of such sites. derpinnings of the TPD measurement. In such experiments,
In previous TPD measurements of this system, molecular ‘peaks’ appear in the spectra as a result of simultaneously
desorption peaks appeared with approximately equal inten-increasing desorption rates and decreasing surface coverages
sities at 346 and 385 K following exposure of lR&Cu(6 4 3) with increasing temperature. With this understanding, it can
surface to 3-MCHO at cryogenic temperatuf@s]. In that be seen that any temperature at which intensity in the spec-
study the two features in the TPD spectrum appearing abovetrum is measured will lead to the complete desorption of
room temperature were ascribed to desorption of moleculesthe species, when allowing the system to reach equilibrium
adsorbed at step and kink sites, respectively. This pictureat this temperature. As such, it is possible that the leading
was based upon the assumption of the roughening of stepedge of the 346 K peak extends below room temperature
structure on the (6 4 3) surface, which in turn produces ir- and neither of the STM experiments described above would
regular kink spacing and substantially longer step edges thatcapture this feature. Additional experiments are currently
are free of kink sites. However, the present STM study in- underway in which the adsorption structuredfRe8-MCHO
dicates neither a significantly enhanced level of roughenedon Cu(6 4 3) are being explored at cryogenic temperatures.
step structureHigs. 1b and 2anor the appearance of dis-
tinctly different adsorption sites for B-MCHO following 3.3. Adsorption of cyclohexanone and 2-hexanone on
room temperature adsorption. As adsorption conditions haveCu(6 4 3)
been observed to influence overlayer structures, we have at-
tempted to explore the potential influence of surface temper- In order to investigate the influence of molecular struc-
ature through additional measurements. In addition to the ture on adsorption properties, we also studied the adsorp-
procedure described above, we dose8-MCHO onto the tion of cyclohexanone and 2-hexanone on Cu(643). As

Fig. 2. (a) STM image ofR-3-MCHO on Cu(643) as deposited at room temperature from an exposur@@®E. The adsorption structure is very
ordered along steps. Tunneling conditions: 20@ 200 A, —1.0V bias, 0.7 nA current. (b) Scaled model representation oRiBeMCHO overlayer on
Cu(6 4 3), illustrating the adsorption of one molecule per kink site.
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Fig. 3. STM images of cyclohexanone adsorbed on Cu(643) at room temperature fre2l la exposure. Tunneling conditions: (a) 50064500 A,
—1.0V bias, 0.7 nA current; (b) 2004 200A, —1.0V bias, 0.7 nA current. Analysis of the monolayer structdi@ble ) indicates the reconstruction
of the underlying Cu(6 4 3) surface to (1175) (major) and (532) (minor) facets.

described in the following paragraphs, both ketones form R-3-MCHO and the expected kink—kink distance of the
ordered overlayers on the Cu(6 4 3) surface, however a sur-ideal Cu(64 3) surface. However the spacing of adsorbate
face reconstruction is detected in the case of cyclohexanondeatures appearing on separate terrack3 differs from
adsorption. the case oR-3-MCHO (Table 1. The models of (1175)
Although cyclohexanone possesses a ring structure andand (5 3 2) surfaces shown kig. 4 are consistent with the
ketone functionality similar td&?-3-MCHO, the adsorption = measured dimensions of the terrace spacings in the different
of this molecule produces a different overlayer structure domains of the overlayer structure. Fréiig. 3we conclude
on Cu(643). The STM images iRig. 3 illustrate the ad-  that the reconstruction of the (6 4 3) surface to these facets
sorption structure of cyclohexanone on Cu(643) formed accommodates the reduction of terrace width on a some-
from the room temperature exposure ©20L. From the what periodic basis through the formation of intermediate
STM images, we find evidence for the restructuring of the regions of wider terraces between the facets (consistent with
Cu(6 4 3) surface, consistent with the formation of (1175) the intermediate regions with fewer adsorbed molecules).
(major) and (532) (minor) facetsFig. 4). These facets = We propose that the order overlayer structure is composed
underlie the belt-like structures running across the image of cyclohexanone molecules existing in adsorption geome-
along the step direction and their formation can be viewed tries similar to those oR-3-MCHO, primarily associated
in terms of an effective reduction in terrace width while with the kink sites, however with the relatively smaller size
preserving the character of the step structure. The averageof the cyclohexanone leading to the stabilization of more
width of the facets is~70 A. The domains associated with narrow terraces on the reconstructed surface.
these facets are most clearly identified by differences in In contrast, Fig. 5 displaying an STM image of the
adsorbate—adsorbate spacing. Along the step direction, thisCu(6 4 3) surface following room temperature exposure at
spacing ¢1) is 6.7 + 0.1 A, equivalent to that observed for ~20L of 2-hexanone, indicates the formation of ordered

Fig. 4. Model structure of (a) Cu(1175) and (b) Cu(532). While the terrace width is reduced relative to the (64 3) surface, the reconstructed facets

exhibit similar kinked step structures.
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Fig. 5. (a) STM image obtained from Cu(6 4 3) surface exposed20L 2-hexanone at room temperature obtained under the conditions: 2@DAA,
—1.0V bias, 0.7 nA current. (b) Scaled model representation of 2-hexanone adsorbed on Cu(6 4 3).

overlayers identical to those formed from the adsorption of ordered nature of steps and terraces of single-crystal, chiral
R-3-MCHO. In these images, the adsorbate—adsorbate spacmetal surfaces. Second, the data presented here demonstrate
ing (d1) along the step direction again is6a: 0.2 A, again the high mobility of metal atoms on the chrial surface and
equivalent to the kink—kink distance for the ideal Cu(64 3) the possibility of facile surface reconstructions as a result of
surface. In contrast to the case for cyclohexanone adsorp-molecular adsorption. Finally, the data demonstrate the pos-
tion, the spacing of molecular features on neighboring ter- sibility of templating specific structures through the control
races @) following 2-hexanone adsorption is28+ 0.4 A, of the molecular geometry and composition of adsorbates.
similar to that observed for the clean Cu(6 4 3) surface and

following adsorption ofR-3-MCHO. Based on the orienta-

tion of the oblong molecular features in the STM images 4. Summary

of the 2-hexanone overlayer structure, we propose that the

chains exist in an afirans extended conformation, lying Based upon the STM investigations presented in this pa-
parallel to the surface. As before, we consider the most per, we find that the clean Cu(6 4 3) surface is well described
reasonable adsorption geometry to entail the orientation of by an ordered step and terrace structure containing single

the ketone functionality towards the kink site. atom step heights. On the Cu(6 4 3) surface, the STM data
. _ indicate the high mobility of atoms at step edges in these
3.4. The role of molecular structure in adsorption room temperature measurements. In addition, the data por-

tray thatR-3-MCHO and 2-hexanone form similar ordered

~The STM data presented in this work demonstrates the 4qsorption structures on Cu(6 4 3) at room temperature, with
high affinity of small ketones towards adsorption at the kink ihe molecular spacing commensurate with the ideal kink

sites of vicinal copper surfaces. Through a comparison of spacing of the underlying step structure. In contrast, cy-
ketones with different molecular structures, we have also ¢|ohexanone adsorption on Cu(643) induces a surface re-
demonstrat_e_d an apparent influence of mplecular StrU_Ctureconstruction entailing the formation of (1175) and (532)

on the stability of vicinal copper surfaces in the following - t5cets. These results collectively demonstrate a number of

way. Molecular scale models of the overlayer structures de- |¢a| surface phenomena that must be considered in describ-
scribed above clearly illustrate that the size of these adsor—ing adsorption on chiral surfaces.

bates are of approximately the same dimension as the terrace

widths. Furthermore, the STM data regarding cyclohexanone

adsorption portrays the presence of a surface reconstruction ok nowl edgements
involving the formation of a set of predominant terraces with

reduced width, separated by small regions of increased ter- The work has been supported by funds provided by the

race width. As cyclohexanone differs fraRi3-MCHO and  national Science Foundation (CMS-9876042). We are grate-
2-hexanone primarily in its effective size, we propose that f| 1o p. Sholl and A. Gellman for helpful discussions dur-
the vicinal copper surface is stabilized through the complete ing the course of this study.

coverage of the terrace by adsorbates.
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