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Abstract: Density functional theory calculations are carried out for the adsorption of a chiral molecule,
(S)- and (R)-HSCH,CHNH,CH,P(CHj3),, on a chiral surface, Au(17 11 9)S. The S-enantiomer is found to
bind more strongly than the R-enantiomer by 8.8 kJ/mol, evidencing that the chiral nature of the kink sites
at the Au(17 11 9) surface leads to enantiospecific binding. The adsorption of two related chiral molecules,
HSCH,CHNH,COOH (“cysteine”) and HSCH,CHNH,CH,NH,, does not, however, lead to enantiospecific
binding. The results of the density functional calculations are broken down into a local binding model in
which each of the chiral molecule’s three contact points with the surface provides a contribution to the
overall adsorption bond strength. The enantiospecific binding is demonstrated to originate from the
simultaneous optimization of these three local bonds. In the model, the deformation energy costs of both
the molecule and the surface are further included. The model reveals that the molecule may undergo large
deformations in the attempt to optimize the three bonds, while the surface deforms to a lesser extent. The
most favorable binding configurations of each enantiomer are, however, characterized by small deformation
energies only, justifying a local binding picture.

1. Introduction Gellman and co-workersSince then, an intense research effort
has been aimed at understanding and controlling the possible

Enannosglecuve reactlons_and mteractlQnS_ oceur at Many yole of such chiral surfaces for enantioselective heterogeneous
levels ranging from enzymatic processes in living organisms catalysis

to variou.s typgs OT enantiocontrol in industry qno_l resear.ch The first experiments to be conducted in the field were for
laboratories. Slnce_ |t_ has become clear f[hat a major!ty of (_:h|ral the two chiral forms of a silver surface, Ag(6&2nd Ag(6433,
drugs can be a_tdmlnls_trated safely only in the er_lant|omer|cally but no enantioselectivity was found either in the desorption
pure form, the industrial need for new asymmetric methods has characteristics off)- and §-butan-2-ol or in the reaction rate

po:/v?rgd the currenft Itivel of r?search i.n this éreayrplmetfric h towardp-hydride elimination for R)- and §)-butane-2-oxidé.
cataysis 15 one of the most promising approaches for the Subsequent theoretical investigations by Staflthe adsorption
synthesis of optically active moleculésThe major focus of configurations and binding energies )¢ and ©)-limonene

asymmetric catalysis has been on homogeneous or polymeranoI - and ©-1.2-dimethvicvclopronane at PH532Pt(643
supported catalysts;* while to the best of our knowledge no and fgt(754§62ur’faces prt)e/di)étedp,) h%wever, t(hat,zyfc()r CZ,rtain

reports on asymmetric cgtaly5|s by chlral metal surfaces havesystems, enantiospecific binding energy shifts in the order of 2
appeared so far. The existence of chiral surfaces for the FCCkcaI/moI should be present, which would be within reach for
crystal structure taken by ’?“OSt of thg late transition and noble detection. Meanwhile, more r,ecent experiments have now clearly
metals relevant for catalysis was pointed out only recently by identified, for example, enantiospecific desorption spectra of
R-3-methylcyclohexanone andR)- and )-propylene oxides
from Cu(643} and Cu(643)surface$and enantiospecific cyclic
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T Interdisciplinary Nanoscience Center (iNANO).

* Institute of Physics and Astronomy. voltammetric profiles for D)- and ()-glucose over Pt(648)
§ Center for Catalysis.
and Pt(643) surfaces$.
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(1) (a) Collins, A. N., Sheldrake, G. N., Crosby, J., EGirality in Industry: Until now, the theoretical investigations of chiral specificity
The Commercial Manufacture and Application of Optically AetCom- in the adsorption on chiral surfaces have been conducted using

pounds John Wiley and Sons: West Sussex, U.K., 1995. (b) Collins, A. .. . R
N., Sheldrake, G. N., Crosby, J., E@hirality in Industry Il: Development an empirical potential for the intramolecular and moleeule

in the Commercial Manufacture and Application of Optically Aeti i i i iai
CompoundsJohn Wiley and Sons: West Sussex. U.K.. 1998, surface interactions, while the surfaces have been treated as rigid

(2) Qjima, I., Ed.Catalytic Asymmetric Synthesi&nd ed.; John Wiley &

Sons: New York, 2000. (5) McFadden, C. F.; Cremer, P. S.; Gellman, A.dngmuir1996 12, 2483—
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and the ultrasoft pseudopotential approximattomith a plane wave

.. basis set for the KohnSham one-electron wave functions. The chiral
..' Au(17 11 9¥ surface is realized by a super cell containing 36 Au atoms
» arranged as three sheets of close packed Au atoms forming slabs
» g p ¢
HS/\IN:\P{CH”Z ._.Q separated by-12 A of vacuum. The relaxed surface structure before
(R}_;PPT ..‘ adsorption is shown in Figure 1, which also labels some gold atoms.

In this structure, the lower two sheets of close packed Au atoms are
kept at their truncated bulk positions using the theoretical lattice constant
4.18 A, thereby providing the proper boundary conditions for the surface
layers and avoiding the spurious strain effects that would result from
Figure 1. Diagrams of theR)- and §-APPT enantiomers and a ball model using the experimenta}l I’c_lt_tice constant (4'08. A Whenever adsorbates
of the Au(17 11 99 surface with the (k1) surface unit cell shown by the are introduced, the primitive ¢41) surface unit cell is used, ensuring
dashed line. The surface consists of (111) terraces separated by monatomighat adsorbates in adjacent cells are always separated by 3.75 A or
steps. The steps have kinks for every four Au atoms. Terrace, inner kink, more. For gas-phase molecules we calculate such a separation to cause
edge, and outer kink atoms are 9-, 8-, 7-, and 6-fold coordinated to other intermolecular interactions to affect the present results by less than 3
Au atoms, respectively. kJ/mol. The basis set contains plane waves with kinetic energies up to

. . 25 Ry and with allowed Bloch wave vectors at &) grid spanning
crystals with the metal atoms at truncated bulk positftishe the first surface Brillouin zone. The electronic exchangerrelation

use of an empirical potential has obvious advantages in termsinteractions are described using the generalized gradient approximation
of simulation speed and the possibility of including finite (GGA) in the revised PerdewBurke—Ernzerhof (RPBE) functional
temperature effects, but it leaves open questions regarding, forform!® for both the structural optimization and the reported energetics.
example, the overall accuracy of the computations and the role This functional has been shown to give accurate results for the
of substrate relaxations. In recent studies by Sholl and co- adsorption of atoms and molecules at metal surfaces and for the
workersl®12 a step toward a more accurate description was description of the binding energy of small organic molecétaa/hile
taken by including the metal surface relaxations of the clean absplute adsorption energies calculated with the present mt_ethod are
surface before the adsorption, as determined by density fur]C_belleved to be converged to the 25 kd/mol 1é¥¢he use of a finite

fi Lth lculati D ity functi Ith has furth number of Au(111) layers in the slab, for example, causes errors at the
lonaltheory ca C‘,’a'O”S- ensity un(; lonal theory has fur 'er 10 kJ/mol leveP) we shall report and interpret even smaller adsorption
been used previously to model chiral adlayers on achiral

surfaceds 15 ;ahnergybdiflfetrences, _since relative energies are typically more reliable
: an absolute energies.

In the present paper, we report the first density functional  since the adsorbate considered is a thiolate radical (R8 R =
calculation addressing the adsorption of a chiral molecule on a CH,CHNH,CH,P(CH),), while its gas phase form is that of a thiol,
chiral surface. In the calculations, the adsorbate and metal atomdRSH, the adsorption potential energies reported are obtained as
are treated on an equal footing, allowing for full relaxation of
both the molecule and the surface in response to the adsorptiorE,{RS)= E (RS + surf) — E(surf) —
process. In our study, we choose to investig8e énd R)-2- {5 (RSH)— ;ET H )} (1)
amino-3-(dimethylphosphino)-1-propanethiol (APPT) adsorption ot 2ot 2
on Au(17 11 95. The molecules and the surface are depicted
in Figure 1. The choice of functional groups in the molecule is Where the terms on the right-hand side are the total energies of the
motivated by the previous finding that all of the thiolate, fully relaxed system of the adsorbate on the surfgce, of the fully relaxed,
phosphino, and amino groups are able to bind to gold sur- clean surface, of the hydrogenated e_tdsorbate in the gas phase, and of
facest517The propane backbone structure is chosen, since it is (half) the hydrogen molecule, respectively. In the analysis of the results,

capable of hosting these functional groups in a chiral struéture. ge:ﬂ:_:t?r? re;olm g:éeoiizzg):g;?ez(%n:'r?;te;ir%fts tr?izlgizestslri]r?g the
Our DFT calculations show a clear enantiospecific adsorption expression: T

behavior, which is explained in terms of an enantiospecific

dependence of the degree of optimization possible for the three E.adY) = Eo(Y + surf) — E(surf) — E(Y) (2)

molecule-surface bonds.

HS™ " P(CHy),
NH;
(S)-APPT

The adsorption potential energies are equal to minus the adsorption

2. Computational Method )
bond energies.

The density functional theory (DFT) calculations are performed with
the DACAPO computer prografhusing the repeated slab appro&ich ~ 3- Results

The study of the enantiospecific adsorption &)-(and
(R)-2-amino-3-(dimethylphosphino)-1-propanethiol (APPT) on
Au(17 11 9% proceeds via an investigation of numerous

(9) Power, T. D.; Sholl, D. SJ. Vac. Sci. Technol., A999 17, 1700-1704.
(10) Sholl, D. S.; Asthagiri, A.; Power, T. 3. Phys. Chem. B001, 105 4771~
4782,

(11) Power, T. D.; Sholl, D. STop. Catal.2002 18, 201-208.

(12) Power, T. D.; Asthagiri, A.; Sholl, DLangmuir2002 18, 37373748, adsorption configurations. The most stable configuratiogs, S

(13) %g‘i“g?sgggi?o'f_el_\ggaélAd?lia”h’J-V-?Ca" C.; KemfH#ys. Re. Lett. and R, found in the calculations for each enantiomer are

(14) Barbosa, L. A. M. M.; Sautet, B. Am. Chem. So@001, 123 6639~ depicted in Figure 2a,b, and the energetics are reported in Table
6648

(15) Humbolt, V. Hag, S.; Muryn, C.. Hofer, W. A.; Raval, B. Am. Chem 1. The adsorption system clearly exhibits enantiospecific

S0c.2002 124 503-510.

(16) Bain, C. D.; Evall, J.; Whitesides, G. M. Am. Chem. Sod 989 111, (20) Payne, M. C.; Teter, M. P.; Allan, D. C.; Arias, T. A.; Joannopoulos, J. D.
7155-7164. Rev. Mod. Phys.1992 64, 1045-1097.

(17) Kuhnle, A.; Linderoth, T. R.; Hammer, B.; BesenbacherN&ature 2002 (21) Vanderbilt, D.Phys. Re. B 199Q 41, 7892-7895.
415, 891-893. (22) Kurth, S.; Perdew, J. P.; Blaha, IRt. J. Quantum Chenil999 75 889—

(18) Giriffin, J. H.; Kellogg, R. M.J. Org. Chem1985 50, 3261-3266. 909.

(19) Hammer, B.; Hansen, L. B.; Ngrskov, J.Rhys. Re. B 1999 59, 7413— (23) Mavrikakis, M.; Stoltze, P.; Ngrskov, J. ICatal. Lett.200Q 64, 101—
7421. 106.
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Figure 2. Adsorption configurations for APPT at Au(17 115@)nd Au(111) depicted as a ball-and-stick model. Color code: yellow, sulfur; orange, phosphorus;
blue, nitrogen; black, carbon; white, hydrogen; gray, gole-fieChiral Au(17 11 9. S and R are the most stable configurations for each enantiomer. The
S/R: and $/R; configurations result from translations along the step edge or rotations around the surface normalpcticerigurations. (g-h) The
achiral Au(111) surface: Ri-a and Ri1-p are configurations ofR)-APPT adsorbed with the thiol group positioned at either the Au atop or bridge site.

Table 1. Calculated Adsorption Potential Energies (in kd/mol) for the Entire APPT, Eaqs(APPT) and for the SH, NH3, and PH(CHj3),
Functional Groups, Eads(SH), Eads(NH3), and Eags(PH(CHs)2), Alone Together with the Deformation Energies (in kd/mol), Eger(mol) and
Eqei(surf), for the Molecule and the Surface, Respectively?

Eaus(APPT) Emodel Eags(SH) Eags(NHs) Eass(PH(CHs)) Ecer(mMol) Eqer(surf)
S —93.1 —103.1 8.5 ¢—140) —34.9 —106.8 17.7 12.4
S —-37.4 —33.9 17.1¢-135) —21.3 —-90.1 46.3 14.1
S 335 15 —31.7 (~~—180) 6.3 —43.9 56.3 145
Ro —84.3 —83.5 —8.8 (~—160 -31.8 —75.0 17.9 14.2
R; 3.8 —8.8 —45.3 (~—19H —21.0 —38.9 76.3 20.1
Ry 10.2 —4.2 —31.2 ~~—180) —-8.8 —73.4 86.3 22.8
Ri11-a 29.9 19.3 33.8¢—120) —16.4 —47.3 33.8 15.4
Ri11-b 35.7 13.5 8.7{—140) -11.6 —48.3 28.0 36.7

aThe sum of the latter five terms gives the modeled adsorption potential endigigs, that compare well witle,q{ APPT) (cf. Figure 4). The numbers
in boldface are the energies of the most stable configurations of each enantiomer. The difference is 8.8 kJ/mol. Thegtitblavads E.¢{SH), appear
small in the table, since they were computed according to eq 1, i.e., relative to thid B&d in the gas-phase thiol, which is typically of the order 150
kJ/mol. We, therefore, include in parenthesis estimated adsorption bond strengths of-the bBi&hd from the gas-phase H@&dical. These numbers reflect
that the HS adsorption is highly exothermic, while thexsi+ surf— HS/surf+ 1/,H, reaction is not. Numbers referred to explicitly in the text are written
in italic.

behavior with the surface, binding th&enantiomer more configurations are less bound by more than 100 kJ/mol than,
strongly by 8.8 kJ/mol than thB-enantiomer. for example, the Rconfiguration.

The configurations in Figure 2a,b are the most stable Inspection of Figure 2af reveals that for APPT bound to
configurations found in an extensive search for the global Au(17 11 9% the most stable adsorption configurations found
minimum for each enantiomer, respectively. In Figure-Rand all involve the thiolate or phosphino groups binding to the outer
Table 1, we show some less stable adsorption configurationskink Au atom and to the step edge Au atom(s). In addition, the
that were found for the two enantiomers. These configurations amino group is seen to bind to the Au inner kink atom or to Au
may be thought of as resulting from thg&d R configurations atoms in the upper or lower terrace. It thus appears from the
by simple geometrical operations followed by relaxation. calculations that not only is it advantageous for APPT to bind

Specifically, $and R result from translations of thep@nd R with all three of its functional groups pointing toward the
configurations along the Au step edge, while theaSd R surface, but the positions of the phosphino and thiolate groups
configurations result from~180° rotations of the §and R are subject to stronger constraints than the position of the amino

configurations around the surface normal. In all cases, the group. This finding points in the direction that the molecular
resulting configurations were fully relaxed after the translation adsorption configurations may be interpreted as the result of
or rotation operations. Configurations in which the adsorbed the simultaneous optimization of threseal bonds between the
enantiomers were displaced away from the Au kink site at the molecule and the surface.

step edge, either further along the step edge or onto the Au Conventionally, chemists use a local binding picture for
terraces, were found to be less stable than the configurationsorganic molecules. However, at a solid surface, it is not evident
S and R. Likewise, configurations in which not all three of  that the adsorption of an organic molecule proceeds with
the thiolate, phosphino, or amino groups were coordinating to uncorrelated local bonds, since, for example, the surface ionic
gold atoms in the surface were also unfavorable. For compari- structure may act as a template for the binding. Also, the
son, Figure 2g-h shows two configurations,iR—s and R11-», delocalized nature of the electronic system in the surface may
of (R)-APPT adsorbed on Au(111) with the thiol group in either cause correlations in case of incomplete screening. To demon-
an atop or a bridge position. As revealed by Table 1, these strate quantitatively that a local binding picture is indeed valid

J. AM. CHEM. SOC. = VOL. 124, NO. 49, 2002 14791
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Figure 3. Three individual contact points (bonds) betwe&rAPPT and
the Au(17 11 9j surface for the §geometry.
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Figure 4. Correlation plot of the total adsorption potential eneffgyys of

the APPT molecule and the modeled adsorption potential en&rgyie:

The model which is parameter free consists of five additive terms all
calculated from density functional theory. The five terms are the adsorption
potential energies from each of the three moleeglerface bonds and the

conception that both the overall magnitude of and the variation
in the E.a{APPT) may be discussed on the basis of the
individual terms on the right-hand side of eq 3, that is, in terms
of the three adsorbatesurface chemical bonds and the defor-

mations of the molecule and the surface required for the
formation of these bonds.

4. Discussion

Referring to Table 1, we start by noting that the strongest
variations in the local bonds between the APPT functional
groups and the Au(17 11 ®urface occur for the thiolate
gold and phosphinegold bonds. Both bonds are rather strong,
explaining the possibility of strong variations. The amimgwold
interaction is much smaller and hence shows less variation from
one structure to the next. We next consider in Table 1 the
deformation energies involved for the different configurations.
While the surface deformation energies appear small in all cases,
the molecular deformation energies are large for all but the most
stable configurations,¢Sand R. This represents a key finding
which allows us to interpret the calculations as follows.

We concentrate our analysis on the thiotageld and
phosphine-gold bonds, since these were pointed out already
as having much larger variations in strengths in our data set
compared with the variations in strenght of the amtgold
bond. We consider the following four situations: either (i) the
thiolate—gold bond or (ii) the phosphiregold bond is opti-
mized or (i) both or (iv) none of the two bonds are optimized.
In situation i, the thiolate will be positioned in a bridge site
between the outer kink Au atom and a neighboring Au atom as

deformation energies of the molecule and the surface, respectively. Thein configuration R The strong thiolategold bond here{195

correlation is particularly favorable for the most stable (i.e., the most
important) configurations.

and to extract the individual bond strengths, we proceed by
introducing a parameter free model quantify,qe, to be related
to the calculated adsorption potential energies:

Emoder= EagdSH) + E,q{PH(CHy),) + Ejq{NH,) +
Edef(mOI) + Edef(surf) (3)

Here, theE,qes are the adsorption potential energies of the

kJ/mol) is in accord with the general finding that outer kink
atoms are highly reacti¢® and that thiolate prefers bridge
binding on goldt2> Table 1, however, reveals (for)Rhat,
with the thiolate-gold bond optimized, the molecule must
undergo a costly deformation~{6 kJ/mol) to form the
phosphine-gold and amine-gold bonds, rendering this situation
unfavorable. The large deformation energies calculated for such
structures are the signature that no match of the three functional
groups on the adsorbate to three favorable adsorption sites at
the surface is readily possible for this configuration.

In situation ii, the phosphorus atom of the phosphino group

thiolate, phosphino, and amino groups alone. These energieswill be positioned over the outer kink Au atom. This we see as

are extracted from separate DFT calculations in which one the combined effect of the outer kink atom being the most

functional group at a time is scissored from the rest of the APPT reactive surface atom and being the most protruding surface

adsorbate which is replaced with a single hydrogen atom atom offering the least steric repulsion for the phosphine methyl

saturating the broken bond. The functional group is kept fixed groups. Having started from configurations of bdgh and

at the configuration in the adsorbed enantiomer, while the addedR-enantiomers with an optimized phosphirgold bond 107

hydrogen atom is fully relaxed. Figure 3 depicts as an example kJ/mol), we find according to Table 1 that only for the

the three local bonds relevant to thec®nfiguration. TheEgefS S-enantiomer the thiolategold and amine-gold bonds may be

in the formula are the deformation energies of the molecule formed at a low molecular deformation energy cost.8 kJ/

and surface alone. These are calculated as minus the relaxatiomol).

energy of the APPT molecule when the Au surface is removed  From the discussion of situations i and ii of the individual

(the thiolate dangling bond is saturated with a hydrogen atom) optimization of the thiolategold and phosphinegold bonds,

and of the surface when the adsorbate is removed. it is apparent that situation iii of the simultaneous optimization
The calculated DFT values &gs Eger, andEmogerare given

in Table 1, and Figure 4 presents a correlation plot between

the DFT-based adsorption potential enerdgiag{ APPT), of the

eight configurations of Figure 2 and the modeled adsorption

potential energie€moder based on eq 3. The correlation is quite

favorable, in particular for the most important configurations,

that is, for the most stable ones. This indeed supports the

(24) (a) Hammer, B.; Nielsen, O. H.; Ngrskov, J. Gatal. Lett. 1997, 46,
31-35. (b) Hammer, B.; Ngrskov, J. Kddv. Catal. 200Q 45, 71—129.
(c) Sljivancanin, Z.; Hammer, BPhys. Re. B 2002 65, 085414-1
085414-4.

(25) (a) Hayashi, T.; Morikawa, Y.; Nozoye, H. Chem. Phys2001, 114,
7615-7621. (b) Vargas, M. C.; Giannozzi, P.; Selloni, A.; ScolesJG.
Phys. Chem. R001, 105 9509-9513. (c) Gottschalck. J.; Hammer, B.
Chem. Phys2002 116, 784—790. (d) Yourdshahyan, Y.; Rappe, A. M.
Chem. Phys2002 117, 825-833.
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of the two bonds cannot occur. This is because both bonds Lab/(e; 2. P%alculztngBong IF]engtc:lS A anfé BOfnd Angles (deg) for
: H H H the Gas-Phase and the sorption Configurations
p_rteferentlally form at theameAu site, the outer kink Au atomic 5 - 25 o Figure 24
site.
Finally, situation iv, in which none of the thiolatgold or STAu NZAu PrAu_ S7Ci NG P=Cs D(CCCo
amino-gold bonds are optimized, is to be discussed. This 9as-phase 184 146 189 111
situation is the most difficult for an exhaustive search, but our APPT

N . ) So 2.43 2.51 2.38 1.84 1.47 1.87 114

results show that it is highly relevant. Configurationg R, s 2.43 2.57 2.37 1.84 147 1.87 115
and S are thus such situations. In particulag, [Rings evidence S 2.53,2.59 3.04,3.19 2.47,3.22 1.86 145 1.88 113
that neither the thiolategold nor the phosphinegold bonds Ro 2.38 2.50 2.41 184 148 187 113
need to be optimized to provide a favorable binding situation Re 2.46,2.60 2.56 2.40 186 147 188 113
. , ) s , o "R 2.52,2.59 2.84 2.33 1.86 1.47 1.86 112

For this co_nﬂguratlon, the thiolate is only bln@ng dm_eg_old Rura  2.47 2.49 2.46 1.84 147 1.87 115
atom despite the known preference for the bridge binding, and Rui-» ~ 2.56,2.64 2.68 2.47 1.84 146 1.88 113

the phosphino is binding not to the preferred outer kink Au

atom but to a step edge Au atom. The salient feature of this HE7CC) ON-CC) DINCAC) DG OP-CC)

configuration is, however, that strong<8u, ~160 kJ/mol; 9""5/‘; ’;r;"fe 115 110 110 106 119
P—Au, ~75 kJ/mol), albeit not the strongest possible, bonds S 113 110 112 105 191
are formed at a low molecular deformation energy cest§ S 112 111 109 107 123
kJ/mol). S 124 112 108 105 126
Comparing now the situations for each enantiomer, we see R 115 110 111 106 121
. A R 123 113 111 105 123
that the enantiospecific binding comes about because of thep 124 113 110 105 118
spatial mismatch between functional groups and active sites. Rr,;, , 115 110 109 107 123
The degree of mismatch can be estimated from the molecular Ruio 116 113 108 106 123
deformat_|on energies of unfavora_tble configurations. Only very Gt O(N-CrH) Pt
few configurations are found with strong molectkurface
binding, and among these, tBeenantiomer is favored because gasA'g;fi‘rse 111,110 113 108,105
it may optimize the phosphiregold bond, while theR- S 110, 110 109 106, 105
enantiomer is less favored, since it optimizes neither the s 109, 111 109 106, 102
phosphine-gold bond nor the thiolategold bond. S 108, 109 111 102,104
The identification of the molecular deformation energy cost 2" 182' ﬁg igg igg' 183
originating from the spatial mismatch between the adsorption g 108, 110 110 111, 101
site template and the position of the adsorbate functional groups  Ri1-a 109, 109 109 104, 105
can be supported by an inspection of the individual intra- Rui-n 109, 111 110 105, 105

molecular bond lengths and bond angles, as IISted_ in Table 2, aLarge deformations of the adsorbed configurations are highlighted in
for gas phase APPT and for adsorbed APPTSs. It is seen thatyggface.
while the bond lengths are affected only little by the adsorption,
some bond angles are changed significantly. In particular, the from the surface. With only two molecutesurface contact
S-C1—C; bond angle is modified for the SR, and R points (local bonds), the two enantiomers can bind equally
configurations that are all associated with large molecular strongly. More surprising, however, are adsorption results we
deformation energy costs. The bending of this bond in turn optain when substituting the carboxyl group of the amino acid
reflects the importance of optimizing the-8u bond, even at with an aminomethylene group to form 2,3-diamino-1-pro-
the expense of an intramolecular deformation. panethiol (DAPT). The results for the adsorption of the resulting
The finding of the enantiospecific adsorption behavior of & ojecule, DAPT, still show no enantiospecific behavior; that
chiral molecule forming three bonds to a chiral substrate, in is, the energy difference between the adsorption of the two
this case to the kink site of a metallic surface, is to be expected gnantiomers is less thd@T at room temperature, despite the
from the generic three-point contact moéThe three contact  \5jacyle having three groups that all form bonds to the surface.

points are important because they represent the smallest numbex, apparent reason for the lack of enantiospecific behavior
of contact points able to discriminate between two different for this molecule is that the two amino groups form rather

enan_ﬂomers. To complement th? model, we perfqrmed denSItysimilar bonds to the surface with low molecular deformation
functional theory calculations with adsorbates different from

the APPT molecule. Indeed, we find that if we adsorb the amino
acid cysteine, then no enantiospecific adsorption behavior arises

energy costs. Only when all three surfaeeolecule bonds are

made dissimilar, in our case by substitution of the carboxyl
group of cysteine with a dimethylphosphinomethylene group
obtaining thereby the APPT molecule, we find enantiospecific

COOH

HS™ Y HS™ " NH, adsorption behavior. The results thus demonstrate that, for the

NH?_ NH. adsorbates considered, the character of the functional groups is
(R)-Cysteine (R)-DAPT most important for the chiral behavior. The results further show

_ _ ) ~that only subtle changes in the binding configurations are
since this molecule only binds to the gold surface through its responsible for the small energy differences governing the
thiolate and amino groups, while the carboxyl group seeks away possible enantiospecific adsorption behavior. This means that
(26) () Easson, L. H.: Stedman, Biochem. J1933 27, 1257-1266. (b) Booth, density functlon_al theory calculations must be conducted in

T.'D.; Wahnon, D.; Wainer, |. WChirality 1996 9, 96—98. every case studied.
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In conclusion, we have conducted fully relaxed density phosphine-gold bond may be optimized and the remaining
functional theory calculations of the chiral molecule APPT on bonds may form with fair strengths. For tliReenantiomer,
a chiral Au(17 11 9surface. We find that the adsorption system however, we find that whether the thiolatgold or the
is enantiospecific, preferring the adsorption §FAPPT by 8.8 phosphine-gold bond is optimized, spatial mismatch between
kJ/mol over the adsorption oR{-APPT. The adsorption site is  functional groups and active sites will obstruct the formation
at the kink site along the monatomic gold step edge. The APPT of the remaining bonds. The enantiospecific behavior thus results
forms three bonds to the gold surface atoms with its thiolate, from the presence of three molectgurface contact points and
phosphino, and amino groups. We successfully reproduce thethe chiral nature of the surface allowing one molecular enan-
full density functional results for the adsorption potential tiomer to bind more favorably.

energies in terms of a parameter free model involving the . . . .
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individual bond strengths of these three local bonds plus the .
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tively. The thiolate-gold and phosphinegold bonds prove s Wo as supported by The Lanish kesearch Lounciis

most important, showing larger variations in their strengths than and the Danish National Research Foundation.
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