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The effect of the formation of ensembles of chiral templates on the enantioselectivity of model
heterogeneous catalysts is studied theoretically in the framework of a cooperative sequential
adsorption model. Analytical solutions are presented for random adsorption onto a chirally
templated surface which indicate that the surface exhibits a maximum enantioselectivigymfin
agreement with results of enantioselective chemisorption experiments carried out in ultrahigh
vacuum. It is suggested that the high enantioselectivi9@%) encountered in commercial
catalysts could be due to correlated adsorption of the template molecules, and that these effects can
be modeled using Monte Carlo calculations. 2003 American Institute of Physics.
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I. INTRODUCTION cause in heterogeneous enantioselective catalysis, a theoret-
ical study of the implications of this assumption is presented
In view of the increasing demand for heterogeneousin the following using a variation of the widely studied co-
enantioselective catalysts for drug synthesis, there has beerpgerative sequential adsorptiéB8SA) method’®
renewed interest in understanding the structures of catalyst |t is proposed that there are at least two basic require-
modifiers that lead to enantioselectivity. This has been ments for a chiral template molecule to exert an effect on the
spurred by the paucity of enantioselective catalytic systemgdsorption of a probe molecule that enables it to exhibit
that have been developed empirically so that a fundament@hantioselectivity. The first is the existence of a particular
understanding of the requirements for chiral templating speadsorption geometry that the chiral template species adopts
cies becomes all the more important. A common thread rungn the surface. Second, since the probe molecule adsorbs
ning through all of the results on enantioselective catalyticonto the metal surface between the chiral templating over-
systems is the observation that significant enantioselectiv%yer' so that the probe molecule adsorbs into chiral pockets
excesses% 90%) are only achieved over a relatively narrow yafined by an overlayer of the templating molecifesaria-
coverage rangé:” slightly larger or smaller coverages of the tions in the number of these pockets as a function of cover-
templating species lead to a significant decrease in the eN20ge of the template molecule will control the variation in

tioselectivity of the reaction. A similar effect has been foundeantigselectivity as a function of coverage of the template
for the enantioselective chemisorption of propylene oxide OMolecules

a Pd111) surface that has been chirally templated with
2-butanol, which reacts to form 2-butoxide species on th
surface’ In this case, enantioselective chemisorptiofiRebr

In the enantioselective adsorption experiménts,
%-butanol was chosen as a simple chiral template molecule,

S | ” 2-b ” lated(Bd which is anchored to the surface by dissociation of the O—H
propylene oxide on a 2-butoxide-templated(Fd) sur- bond to form an alkoxide. The carbon atom attached to this

face also only appeared over a narrow coverage range, ar& oup provides the chiral center. However, if the chiral tem-

higher or lower 2-butoxide coverages lead to nonenantlose[:Slate molecule can rotate relatively freely about the bond

Iectlye chemlsorpthn._Thus, the model system probed in UII’;\ttac:hing the chiral center to the surfa@e the case of the
trahigh vacuum mimics the coverage dependence of th

working catalytic systems. The correlation between the cataSUtOXide species, the bond between the oxygen and the chiral
9 YA sy X .carbon), it is unlikely that the chirality will be expressed.

lytic and chemisorption experiments can be understood i ) .

: L : : i hus, for a freely rotating system, any asymmetry in the
enantioselectivity is induced by affecting the way in which . ) .
the reactant adsorbs onto the surface, rather than later in tﬁ%'ral cepter W'” be completely ayeraged .OUt by free ro.tat|on
reaction. While this need not necessarily be the predominarﬁ out this axis. However, even i the. chiral template IS not

completely free to rotate but is sufficiently mobile such that
the probe chemisorbing molecule can cause it to move or

30n sabbatical leave from Laboratorio de Ciencias de Superficies y Medio§ ; ; ;
eorient, any steric effect that the template will be able to
Porosos, Universidad Nacional de San Luis, 5700 San Luis, Argentina. y P

YAuthors to whom correspondence should be addressed. Electronic maffXerton the probe molecule will be_ lost, re_sultmg n _an OVQI‘—
wit@uwm.edu layer that does not lead to enantioselective chemisorption.
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These effects will depend on the temperature at which ex- O O Q Q O
periments are carried out and the relative heat of adsorptior Probe and

of the probe molecule compared to the energy required tc Template

rotate the functional groups of the chiral patterning molecule ‘;‘tl:"rption \@ Q O Q Q

about its chiral center. In the case of experiments on the

enantioselective adsorption of propylene oxide on 2-butanol- Q Q O O O

patterned Pd.11), the structural rigidity of the template spe-

cies need not be high since experiments were carried out &

80 K, thus minimizing thermal motion, and propylene oxide O ® ® ® ®
adsorbs only relatively weakly. Recent density functional

calculations carried out in our laboratory suggest that theO e 0O COe e0e OO0
carbon chain of the butoxide species is stabilized by interac- O O o ® ®
tion with the surface so that it is oriented essentially parallel
to the Pd111) plane. Clearly, however, in the case of chemi-
sorption carried out at higher temperatures, or with mordg!G. 1. Schematic dia_lgram showing th(_e arrangement of chiral templates
strongly bound probe molecties, the chiral center should bECIECUes a4 he chal robe adsorton s on & recianguy srace,
more strongly attached to the surface to prevent it moving. Ane chiral probe site.

similar point has been made in investigations of tartaric acid

as a chiral template, where it was suggested that interactions

of both acid groups in the tartaric acid with the surface were

required to provide an effective chiral template overl@yer. onstrated that a chiral overlayéronsisting of 2-butanplaf-
This suggests that chiral templating molecules not only refgcts the adsorption of chiral probes composed of propylene
quire a means of anchoring them to the surface, as suggestgdije® The enantioselective chemisorption varies with tem-
above, but also a second point of coordination to the surfac&ate coverage and reaches a maximum, decreasing once
to allow the chirality to be expressed. again at higher template coverages. This implies that the
The experimentally observed variation in enantioselectemplate molecules form chiral pockets which preferentially
tivity with template coverage could be due to two effects.5jiow docking of one enantiomer of the probe molecule.
The first could arise from a change in adsorbate geometryjowever, little is currently known about the details of the
with coverage, resulting in a change in molecular conformastyyctures of these overlayers. Thus, in order to illustrate
tion as discussed aboteCertainly, there are many examples syrategies for analyzing these effects, a simple model is taken
in the literature of adsorbates that change geometry as i which both chiral template and probe molecules can ad-
function of coverage. It has also been suggested that gy at the same sites on the surface. Finally, two adsorbates
change in conformation is, at least partially, responsible forre not allowed to occupy a single site, so that adsorption
the gain or loss of enantioselectivity in cinchonidine- gny into the first layer is considered. Such a fourfold array is
modified hydrogenation catalysts®*! The second effect, chosen to simplify statistical calculations and could mimic
particularly in cases in which the chiral pocket is defined bYadsorption on a square ensemf®eg., on a100) surfacd, a
an ensemble of chiral templates, could be due to the Variatiofbctangular ensemblge.g., on a(110) surfacd, or a
in the number of these chiral pockets as a function of tthiamond-shaped ensemble.g., on a(11l) surfacd. The
chiral template coverage. This effect is the subject of theyrgcess consists of two stages: first, a given coverage of the
following paper. It is intuitively clear that this will have a template molecules is established. As the surface becomes
profound effect on the coverage variation of the chiral tem-qyered by chiral template molecules, several environments
plate molecule’s enantioselectivity since, at low coveragesy;jj| appear around the chiral adsorption site. These are also
relatively few chirally active ensembleépockets will have  shown in the bottom drawing of Fig. 1 and labeled ensemble
formed, resulting in nonenantioselective adsorption, and thaj through 5. An ensemble with no template molecule is not
the relative concentrations of different chiral ensembles willshown but is included in the calculation. The total coverage

vary in different ways with coverage. While the structure of o the chiral template molecules is given By . The enan-
the chiral-template overlayer will depend in detail on thetioselectivity is then calculated in two ways:

nature of the lateral interactions between the molecules, in o )

the following it is initially assumed for simplicity that the () A constant flux of a racemic mixture of chiral probe
chiral patterning molecules adsorb randomly into fixed sites molecules is incident onto the surface where, on hit-
on the surface. Subsequent analyses take account of the in-  ting a chiral pocket, molecules @t chirality adsorb
teraction between molecules already adsorbed on the surface ~ With probability g and molecules witf$ chirality ad-

Ensemble 1 Ensemble 2 Ensemble 3 Ensemble 4 Ensemble 5

S : L i ) ; i 12

on the variation of enantioselectivity with coverage using ~ Sorb with probability +-g. o
Monte Carlo methods. (i)  The surface covered by the template is first exposed to
a flux of one enantiomer of the probe molecules, then
Il. DESCRIPTION OF THE MODEL emptied of probe molecules, and subsequently ex-

. . . posed to the other enantiomer.
The model uses a two-dimensional array of adsorption

sites with a fourfold connectivity employing periodic bound- In order to probe the effect of each ensemble, only one
ary conditions as shown in Fig. 1. We have previously dem-ensemble shown in Fig. 1, labeledi=1 to 5), is taken to
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be enantioselectivavith adsorption probability), while the  the sites defined by the ensembles shown in Fig. 1, plus all
remainder of the sites are taken to be completely nonenantthe ensembles with empty sites. A differential change in cov-
oselective. If several ensembles are enantioselective, the netage is given by

effect is calculated merely by summing the effect of each

ensemble. The enantioselectiviyy of the surface due to the 6n§: 6n§(i)+ E 5n§(j ). (11

ith ensemble is calculated from the ratio of the coverage of i#i

the R enantiomer of the probe molecul®F) to the cover- Let the number of racemic probe molecules delivered to
age of theS enantiomer @) as a function of template cov- e surface per unit time ey . For conveniencerp is set

erage @), so that equal toM, the number of probe adsorption sites on the
R sample, so that unit time is defined as that required to deliver
Si:_g_ (1) M molecules to the surface. Thus, in a racemic mixture, the
Op differential change in the number &- and S-probe mol-
ecules delivered to the surfacék s and 5F3, respectively,
I1l. ANALYTICAL THEORY: RANDOM ADSORPTION in time 4t is given by
A. Exposure to a racemic mixture of chiral 5F§= 5F§=%M St, (12)

probe molecules _ ) )
wheret is the time andM the total number of sites. Last, the

In the case in which the template molecules adsorb COMaumberN(j) of vacant sites surrounded by ensemplare
pletely randomly onto the surface, the probability of forma--qnsidered

tion of each of the ensembles shown in FigP1{i=1t0 5),

can be calculated analytically as N(j)=(M—=n7)Pj, (13

P,=40:(1-0)3, ) where (M —ny) is the number of sites not occupied by tem-
plate molecules.

p2:4@?r(1_ 0+)?, (3 Taking the number of probe molecules already adsorbed
at theith site to benp(i), then the number of vacant sites of

P3:4®$(1—®T), (4)  type “i”is N(i)-np(i), so that the proportion of sites that

. are vacant isN(i)-np(i))/M. Taking the probability of ad-
P4=01, ) sorption of anR-probe molecule onto this site to lgg then

the additional number of molecules that adsorb onto these

221 @ _ ) i >
Ps=207(1-07)% (6 sitesank(i) when an additionabFR impinges onto the sur-
and Py is the probability that a site has four empty neigh- face is given by

bors, where (N(i)—np(i))

SnR(i)= Y

q|sFR, (14)

Po=(1-07)"% )

If the surface is exposed to a racemic mixture of probeéNherenP(i):ns(i).+ng(i)' Rewriting Eq.(14), taking into
molecules, the total number of surface adsorbatas some account Eq(12), yields
time is given by: depi) 1 _
g~ 2(@0)=06k())a, (15)

n=nr+n8+n3, 8
where O(i)=N(@i)/M and Op(i)=np(i)/M=0R()
+®§(i). An analogous equation can be written for the cov-
erage of theS-probe species as

whereny is the total number of chiral template molecules
(and does not change with timen§ is the number of
R-probe molecules, and|,§ the number ofS-probe mol-
ecules. After the surface has been completely covered by d@®3(i) . _

probe molecules, then gt~ 2(@H)=0k())(1-0q). (16)

O+ 0F+035=1, (9)  Thus, from Eqs(15) and(16), it is evident that

where®y=nyx /M, whereM is the total number of sites on s,.. 1 o

the surface. Focusing on adsorption onto itfe ensemble, ﬁ®P('): aP(')' (17
which is taken to be enantioselective while the rest are not, ]

then the number oR-probe molecules on the surface is Which allows the maximum coverages of tReandS probes
given by to be related to the number of the different ensembles on the

surface. Converting Eq.13) into coverage, and using the

_ _ fact thatnp(i)=nR(i) + nk(i), then

nE=ng(i)+>, ni(j), (10) p(1)=np() + (i)
7 O(i)=(1-07)P=05(i)+O3(i). (18)

where the indices in parentheses refers to the ensemblgoying the simultaneous Eq&l7) and (18) yields

Equation(10) shows that the total number &-probe mol- e

ecules on the surface is the sum of all of those adsorbed on ©@p(i)=0a(1-07)P;, (19.9
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and sembles 2 and 5 have their maximum enantioselectivities at
. ®,=0.5, with ensemble 2 having a maximum enantioselec-
S _ _ _ . T ’
Op()=(1~q)(1=67)P;. (19.2 tivity of ~1.6 and ensemble 5 having a value-e1.3. These
A similar set of equations analogous to Efj3) can also be ensembles exhibit modest values of enantioselectivity since
written for the number oR probes adsorbing on the remain- they are present in relatively low proportions as the surface

ing nonenantioselective sites as fills with template molecules. Ensemble 4 is the only one that
. . displays high enantioselectivities as the template coverage
> snR(i)=>, M SFR. (200  approaches saturation, sinceth¢=1.0, the surface is exclu-
j#i j#i M sively covered by these ensembles. In fact, 8) predicts

that Iim@ﬁl S=w for g=1. This problem can be solved by

introducing defect sites regions, where it can easily be shown

D dOR(j) _ 12 ©()—-00(})) (21) that Eq.(28) converts into
7 dt 2{F PR

which can be rewritten, using E@L2), as

_1+P(20-1)+a

and S|m|Iar2/ for the adsorption of th®-probe molecules “1-P2q-D+a’ (29
deg(j) 1 . .
;i TR 5; (O())—0p(})). (220 with a=0, /0, where®, represents the coverage of tem-

plate defect sites an® . the coverage of enantioselective
Thus, from Eqgs(21) and(22), for nonenantioselective sites template sites so tha#d;=0y+ 0. As an example, ifx
=0.1, then the enantioselectivity of ensemble 4 would be
Z @ﬁ(j)=2 (E),%(j). (23 ~21 at saturation coverage.
J#i J#i
Taking Eq.(23) into account shows that

B. Sequential adsorption of chiral probe molecules

Op(j)=2, (OR())+03(j)=(1—-0)(1-P)),
j2¢i P(l) 12#. (©Op(1) p(1))=( 2 ) In the case okequentialadsorption of the chiral probe

(24 molecules, where a template-covered surface with coverage

so that O+ is first exposed tdR-probe molecules, then emptied of
probe molecules, and then exposedS@robe molecules,
S, 030)=3, 03(()= H(1-0n(1-P). (@5 "M
O3(i)=(1-07)(1-P)), (30

Thus, the total coverage due to adsorption at both enantiose-

lective and nonenantioselective sites is so that the enantioselectivity, in this case, is given by

O8(i)=3(1-07)(1-P)+q(1-07)P;

1
= 31
~(1- O[3 +P,(a- }] 6 ST1-P Y
and A similar variation in enantioselectivity, compared with ex-
O3(i)=3(1-0)(1-P)+(1—q)(1-O7)P; posure to a racemic mixture of probe molecules, is found in
this casgFig. 3), where a maximum value &~ 1.7 is found
=(1-0n[:i-Pi(g- D] (27)  except for the ordered ensemble 4, which tends to infinity as
o . o the template coverage approaches saturation.
Thus, by subsptut!ng mtolonl) the enantioselectivity of the These results suggest that a requirement for a highly
ith ensemble is simply given by enantioselective catalysts that is capable of yielding enanti-
1+P;(29-1) oselectivity values greater than2.5 is to form ordered

—m (28) sFructures with enantioselective 'pockets, but still be suffi-
: ciently open that it allows the chiral probe molecule to ad-
This equation is shown plotted for each of the five ensemblesorb. Thus, the maximum enantioselectivity that can be ex-
versus template coverad@®; in Fig. 2 forq=1.0, 0.9, 0.8, pected for random adsorption of template molecules 2s5.
0.7, and 0.6. Clearly, fog=0.5, there is no enantioselectiv- This implies that an additional requirement for an effective
ity since each of the enantiomers adsorbs with equal prokehiral template, as suggested in the supramolecular assem-
ability. This trend is further seen in the decreasing enantioseblies of R, R-tartaric acid is that the interadsorbate interac-
lectivity for each site with decreasing, as expected. tions be such that they form uniform, ordered structures at
Evidently the enantioselectivity varies as a function of tem-intermediate coverages that are sufficiently open to allow the
plate coverage where ensemble 1 shows the maximum enaprobe molecule to adsorb onto the surface in their presence.
tioselectivity at®@+=0.25 (5~2.5,g=1), and ensemble 3, Modeling interacting templated surfaces requires more de-
being the structural mirror image of ensemble 1, shows aailed Monte Carlo techniques, which will be illustrated in
similar maximum in the enantioselectivity @&;=0.75. En-  subsequent sections.

Downloaded 09 Oct 2007 to 129.89.22.226. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



6034 J. Chem. Phys., Vol. 118, No. 13, 1 April 2003 Roma et al.
Analytical
(mixed probe adsorption)
24 24
\ Ensemble|1 Ensemble 2
2.2 22 ,
T :
E 20 / \ % 20
5] Qo
% 18 // \ g 18
o ] , =
£ 18 ; £ 16
2 1 \ 5 —
w14 14
i /// o
12 | 1.2
104 ; . 10 — 1
0.0 0.2 04 06 08 10 0.0 0.2 04 06 08
o7/ML o1/ ML
24 24 [ ]
Ensemble 3 / \ Ensemble 4 / /
22 22
z \ £ / / /
S 20 > 20
g / \ 5 e
© 18 ® 18 ]
: / \ .
% 16 1 ‘g 16
c c
Woia \\\\\\ W oa / /
12 S 12
1-0_—% ' N‘ 10 ‘%/
0.0 0.2 04 06 08 10 0.0 0.2 04 06 08
o1 /ML o7 /ML
24
Ensemble 5
22 q=1.0
£ 20
S & —
2 g=0.9
% 18 - 08
7] q= . —
g .} o p=0
0 14 q=u.
12 : g=0.6
140-% §§
0.0 02 04 06 08 10
@T/ML

FIG. 2. Plots of the analytical solutions for adsorption of a racemic probe mixture on an uncorrelated chiral template on the rectangular sunfetiems a f

of template coverage);, for each of the ensembles shown in Fig. 1 as a functiog, dhe probe molecule adsorption probability.
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FIG. 3. Plots of the analytical solutions for sequential adsorption of chiral
probes on the rectangular surface as a function of template covédage,

for each of the ensembles shown in Fig. 1. . .
3), where this reaches a maximum@i=0.75 for random

template adsorptionp=0, Fig. 2 and solid line, Fig.)sbut
shifts to®1=0.6 forp=0.24(A) (Fig. 5).

IV. MONTE CARLO THEORY: CORRELATED

ADSORPTION

In this case, correlation between the adsorption of temV. DISCUSSION
plate molecules is introduced very simply by assuming that
the probabilityP; that a template molecule adsorbs onto a
vacant site is given by

It is proposed that the efficacy of a chiral template mol-
ecule depends both on the local molecular geoméfri as
well as the arrangement that the molecules adopt on the
Pr=1—wp, (32) surface”” In addition to possessing a chiral center and being
bonded to the surface, it is suggested that the template mol-
where v is the number of nearest neighbors gndan take ecule should be anchored by, at least, a second point in the
values between 0 and 0.25. The cas@of0 corresponds to molecule to prevent it from rotating relatively freely, causing
random adsorption on the surface and can be solved analytihe asymmetry due to the chiral center to be averagedut.
cally as shown in the previous section. The enantioselectivityA simple model that assumes that a single ensemble of chiral
in the case of correlated adsorption is followed, as above, btemplate molecules on the surface can act to form enantiose-
exposing the surface to a racemic mixture of probes moliective pockets for the adsorption of a chiral probe molecule
ecules which adsorb with probabilityif they have the same shows that the enantioselectivity varies from unity over a
chirality as the template and-1q if they are of the opposite relatively narrow coverage rand€igs. 2, 3, and p This is
chirality. The Monte Carl® calculations were carried out in general agreement with catalytic results in which the enan-
using the two stages described above, on a two-dimension&ibselectivity maximizes over a narrow range of template
lattice of connectivity four, with periodic boundary condi- coverage¥® and with chemisorption data in ultrahigh
tions. Figure 4 shows the adsorption kinetics of the template#acuum where the chemisorption Rf or S-propylene oxide
species onto the surface as a function of Monte Carlo timen a surface covered Wy-2-butoxide species varies signifi-
measured in Monte Carlo step§ICS). One MCS is a num- cantly with coverag&.The simulation results reveal that the
ber of adsorption trials equal to the number of adsorptiormaximum enantioselectivity reaches2.5 for ensembles 1
sites. The data fop=0 () are in excellent agreement with and 3 forq=1 at coverages of 0.25 and 0.75, respectively.
the analytical theoryfull line), confirming that the Monte This is within the range found for enantioselective adsorp-
Carlo simulations have converged. The enantioselectivity ision on a chirally templated surface in ultrahigh vacutibut
plotted for various values gb in Fig. 5 forg=1 (random much lower than found catalytically for the best systems.
adsorption. In the case of ensembles containing a smaliThis is likely due to the fact that more uniform ordered struc-
number of template moleculés.g., ensembles 1, 2, angl 5 tures are formed in these cases to produce a surface with a
correlated adsorption has a relatively minor effect on thdarger relative concentration of chiral pockets. These initial
variation in enantioselectivity with coverage. Effects due toresults, however, do demonstrate the efficacy of Monte Carlo
correlation become more marked in the case of ensembledrategies for effectively modeling enantioselective adsorp-
containing larger number of aton{for example, ensemble tion on surfaces.

Downloaded 09 Oct 2007 to 129.89.22.226. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



6036 J. Chem. Phys., Vol. 118, No. 13, 1 April 2003 Roma et al.

Monte Carlo
(mixed probe adsorption)

I
Ensemble 1 Ensemble 2
2w / ¥§\ > 20
B/ A\ N
Y. BN gL N

y .\‘R ) /‘ \\\:x
1.0 . :;hl-—-- 1.0 Paa,

0.0 0.2 0.4 06 08 10 0.0 0.2 0.4 0.6 0.8 1.0
eT/ML e1/ML

oA 24 l

Ensemble 3 #%4 "\ | Ensemble 4 |
;0 AR\ N i
/AR : . 11

| \ . it/
) | VA .74

0.0 0.2 04 0.6 0.8 1.0 0.0 0.2 04 0.6 08 1.0
o1 /ML o1 /ML

Enantioselectivity

S

|

/

]

/
Enantioselectivity

24

- Ensemble 5
2.2 <

20

p=0.24 p=0.2 p=0.1 p=0

Enantioselectivity

g=1.0

12 ’ Vi R~

o N
_AA ‘.““"'u\ .
0.0 02 04 06 08 10
or/ML

FIG. 5. Plots of the enantioselectivity, following exposure to a racemic mixture of the probe molecules, calculated using Monte Carlo methodsipas a fu
of template coverage), for the ensembles depicted in Fig. 1, as a function of template correlatiorpwith (full line), 0.1 (H), 0.2 (®), and 0.24(A).
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