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Extended Surface Chirality for Enantiospecific Adsorption

Pawel Szabelski*[a]

Introduction

Separation of enantiomers is a challenging task in the pro-
duction of enantiopure chemicals. This is particularly true
for pharmaceutical, agrochemical and food industries, the
products of which are digested by living organisms. It has
long been known that while one enantiomer can have a de-
sired (e.g. therapeutic) effect, the other can be neutral or
even toxic. Thus, because most new drugs are marketed as
single enantiomers, special care should be taken to produce
chiral pharmaceuticals of extremely high purity.[1] One way
to achieve this goal is to separate the preferred therapeutic
enantiomer from a racemate. Liquid chromatography, which
uses chiral stationary phases (CSPs), holds a leading posi-
tion in this field.[2,3] The CSPs used in chiral chromatography
usually consist of an achiral matrix (e.g. porous silica) with
bonded chiral ligands. Among them the most prevalent are
small groups (e.g. Pirkle phases[4]) or macromolecules in-
cluding cellulose derivatives[5–9] and proteins.[10,11] Despite
the different physicochemical properties of various CSPs,

enantioselective adsorption processes carried out in their
presence are controlled by the same or very similar mecha-
nisms. Namely, the adsorption on CSPs is usually considered
to take place on two kinds of sites that are common for all
types of stationary phases mentioned above. The first type
refers to chiral selectors (chiral ligands) that are responsible
for the selective differentiation between the components of
the racemic mixture, whereas the second embraces the
“background” nonselective sites (achiral matrix).

Note that, although CSPs are the most popular enantiose-
lective adsorbents, they are not the only materials of this
kind which have been synthesised so far. A rapid develop-
ment of methods to fabricate chemically and structurally
modified surfaces to exhibit global or local chirality has
brought new possibilities for enantioseparations.[12–18] Re-
cently, there has been a growing interest in chiral surfaces
that are created by using single crystal planes. Two of the
most promising candidates in this field are naturally chiral
surfaces[19–24] and metallic surfaces templated with organic
modifiers.[16–18,25–29] Naturally chiral surfaces are usually ob-
tained by cleavage of achiral bulk metallic structures[19–24] or
exposure of the surfaces of naturally chiral crystals.[30,31] The
resulting surface has a unique structure, for example, a
unique arrangement of kinks and steps, which is not super-
imposable on its mirror image and is thus chiral. Because of
the chirality, the surface interacts more strongly with those
molecules that are complementary to the surface, that is,
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they fit chiral nanostructures. It has been shown both exper-
imentally[22,23,25–29] and theoretically[22,32–34] that naturally
chiral surfaces have a clear preference for adsorption of the
complementary enantiomer. A similar effect has also been
observed in the case of metallic crystal faces templated with
modifiers, such as tartaric acid,[35] cinchona alkaloids,[12] or 2-
butanol.[25,28] In those instances the origin of enantioselec-
tion is, however, greatly debated and is attributed to, for ex-
ample, direct modifier–substrate interactions on the metal
surface, the stability of diastereomeric complexes of the sub-
strate and the modifier or adsorbate-induced restructuring
of metal single-crystal surfaces.[36]

A general picture emerging from the experimental studies
of adsorption on chiral surfaces shows that this process is
rather complex, because it is affected by many factors,
which are often difficult to control precisely under experi-
mental conditions. These include, for example, the above-
mentioned adsorbate-induced surface reconstruction[36] or
thermally driven fluctuations in surface geometry.[37] For this
reason, substantial theoretical efforts have been made to un-
derstand the origins of enantioselectivity of chiral nanostruc-
tures. For example, mechanisms of binding of chiral analytes
to various CSPs have been extensively studied by using mo-
lecular dynamics docking simulations[38–42] and the Monte
Carlo (MC) method.[38,39,43] In the case of naturally chiral
surfaces, MC simulations have been performed by Sholl and
co-workers to study adsorption of chiral hydrocarbons[33–35]

on stepped platinum surfaces. Recently, plane-wave DFT
has also been used to examine adsorption of small chiral
amino acids on copper[36] and gold.[22] With regard to chirally
templated surfaces, the adsorption of chiral molecules has
been modelled theoretically by using statistical mechanics
and the MC method.[44–47] A direct observation from the
studies cited above is that the enantioselectivity of chiral
surfaces originates mainly from specific intermolecular inter-
actions between a well-defined chiral centre and the com-
plementary enantiomer. In this case, a one-to-one corre-
spondence is usually preserved such that the local chirality
of the surface is the deciding factor in the enantiodiscrimi-
nation process.

Recently, we have started systematic investigations of a
model chiral surface that provides a new mechanism of se-
lective differentiation between enantiomers.[48–52] We demon-
strated that the one-to-one correspondence that is common
for most of the chiral adsorbents described briefly in this
section is not a necessary condition for the selective adsorp-
tion of a selected enantiomer. The proposed approach was
based on the difference between molecular footprints of en-
antiomers adsorbing on a solid surface with a special distri-
bution of active sites. In previous work we considered ad-
sorption of short-chain rigid molecules composed of four
identical segments, representing that part of a bulk chiral
molecule that directly contacts the surface.[48–52] The ob-
tained results indicated clearly that the preference of the
surface for adsorption of one enantiomer can be easily
tuned by manipulating energetic properties of the surface.
The main purpose of this study is to examine further possi-

bilities for tuning the selectivity by changing the size, shape
and chemical composition of the chiral molecules. The
model described here was meant to be quite general with no
relation to any specific experimental system. Instead, our
objective was to identify the factors that affect the separa-
tion of enantiomers and to provide some hints at how to
correlate the structure of the surface with the geometry of
the adsorbate. To this end we used the MC simulation
method and provided simple analytical solutions of our
model.

Computational Methods

We consider the adsorption of model chiral molecules on a solid surface
to be represented by a square lattice of binding sites with well-defined
binding energies. The chiral molecules are modelled as rigid chain struc-
tures composed of a different number of segments. A molecular segment
can be an atom or a functional group occupying one binding site. In the
simplified approach adopted here, only that part of the molecule which
directly contacts the surface is considered. The remaining parts of the
molecule that are not involved in the adsorption are disregarded and as-
sumed to be responsible only for preservation of chirality in the bulk
phase. According to this assumption, the only important structural prop-
erty of the molecule is the footprint it leaves on the surface. Figure 1
shows the simplest example of chiral footprints consisting of four adsorp-
tion sites, each occupied by one segment of the adsorbed enantiomer.
These footprints correspond to the adsorption of the enantiomers of the
G-shaped molecule, which we call the original molecule G. The original
molecule is assumed to consist of four identical segments, as shown in
the centre of the top frame in Figure 2.

To examine the effect of the footprint shape, we modified the structure
of the original molecule by adding one segment. For the sake of generali-
ty, we assumed that the additional segment can have different chemical
properties from the segments of the original molecule. Figure 2 shows
schematically the molecular structures obtained by the addition of the
segment. These planar molecules are called homogeneous or heterogene-
ous, depending on whether the additional segment is the same as the four
remaining segments or not, respectively. As seen in Figure 2, the resulting
molecules can be divided into two groups: those that retain chi ACHTUNGTRENNUNGrality
when the chain composition is homogeneous (A–F) and those that lose
chirality (X–Z) under these circumstances.

The adsorbing surface used in our model consisted of two types of sites
the strengths of interaction of which with a single segment of a molecule
were markedly different. In particular, for homogeneous molecules the
energy of interaction between an active site and a segment of the mole-
cule was characterised by ea, whereas that between an inert site and the
segment by eb. To construct a surface selective towards one of the enan-
tiomers, the active sites were distributed on a square lattice in such a way
that the chosen enantiomer could adsorb more strongly than the other,
as assumed in our previous work.[48–52] An example of the distribution
meeting this requirement is shown in the top part of Figure 1 for the S-
selective surface. This distribution has been used successfully to separate
the enantiomers of the original G-shaped molecule.[50]

We will now indicate possible connections of the model chiral surface
with some real cases. The surface shown in Figure 1 can be treated as, for
example an exposed (100) fcc (face-centred cubic) face of a hypothetical
binary alloy crystal with a somewhat unusual arrangement of atoms.
However, it is worth noting that the active sites in Figure 1 form an or-
dered (
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)R27o superstructure that has been observed experimen-
tally for various adsorption systems including, for example, oxygen atoms
on Mo ACHTUNGTRENNUNG(001)[53] and Pd ACHTUNGTRENNUNG(100)[54] or Yb atoms on Al ACHTUNGTRENNUNG(001).[55, 56] Recently, ho-
mochiral nanoporous 2D arrays in which nanocavities form an ordered
pattern resembling that in Figure 1 have also been reported.[57] These
chiral supramolecular structures have been obtained by hierarchical as-
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sembly of organic molecules. The experimental results mentioned above
suggest that the structure presented in Figure 1 can be viewed as a proto-
type of a chiral surface the active sites of which can be created in many
different ways. For example, the active sites can be guest atoms, crystal
vacancies, nanocavities or nanoscopic molecular domains created on
solid surfaces.[58] In this context, the proposed model should be applicable
to a wide range of systems involving adsorption on chiral nanostructured
substrates.

We consider adsorption of racemic, that is, equimolar mixtures of the en-
antiomers of molecules A–Z. The adsorption of the enantiomers was as-
sumed to be submonolayer with no lateral interactions in the adsorbed
phase. Moreover, no surface diffusion of the adsorbed molecules was al-
lowed.[49] Molecules A–Z were assumed to adsorb exclusively in a planar
configuration, contacting the surface with all five segments. The MC sim-
ulations were carried out on a 2D, LHL lattice of adsorption sites with
L=50. Accordingly, the resulting surface consisted of 10H10 unit cells
shown in the top part of Figure 1. We used the simulation method devel-
oped for equilibrium adsorption of polyatomics on solid surfaces. Specifi-
cally, the simulations were performed by using a standard grand canoni-
cal MC technique for localised adsorption of k-mers on a square lat-

tice.[59–61] This simulation technique was described in detail in our earlier
work.[48–50,52]

In this study we use two simple functions that are useful to describe the
mixed adsorption. These are: the surface coverage and the selectivity.
The surface coverage is defined as the ratio of the number of adsorption
sites occupied by the molecules of a given type/handedness to the total
number of adsorption sites on the surface, L2. The surface coverage plot-
ted against pressure gives an equilibrium adsorption isotherm of a select-
ed species. We note that the adsorption isotherms described in this study
always refer to the coverage expressed as a function of the total pressure
of the racemate. The selectivity in our model is obtained by dividing the
surface coverage of an S enantiomer by the surface coverage of an R en-
antiomer. Additionally, we introduce the selectivity at the zero-pressure
limit, Eo, which carries information about the adsorption of the enantio-
mers under very low pressures and thus under very low coverages.

The coverage of each enantiomer at a fixed pressure was an average of
over 50 to 100 independent MC runs. For each value of pressure, up to
40000 MC steps, in which one MC step is defined as L2 attempts of
changing the system state, were performed to reach equilibrium. In the
case of the selectivity at the zero-pressure limit, the corresponding values
were obtained by assuming a pressure varying between 10�12 and 10�6.
For the sake of generality, in the following we express all of the energies
in kT units and use dimensionless units of pressure. Most of the results

Figure 1. Schematic view of the unit cell of the nanostructured chiral sur-
face (top). The thick lines represent the simplest non-superimposable
footprints of a chiral molecule occupying four adsorption sites. The ad-
sorbed configuration shown in the top part illustrates the difference in
the maximum number of the active sites that are accessible to enantio-
mers R (one active site) and S (two active sites). The unit cell from the
top part corresponds to the S-selective surface. The bottom part shows
partial adsorption isotherms (c); *: R enantiomer, *: S enantiomer
and the selectivity (a) calculated for the racemic mixture of the R and
S enantiomers adsorbed on the S-selective surface. Pressure is given in
arbitrary units.

Figure 2. Method of construction of the chiral molecules used in the sim-
ulation. The molecules shown in the figure are the possible products of
addition of a single molecular segment, X, to the original G-shaped mole-
cule shown in the centre of the top frame. These adducts are called S en-
antiomers. The three molecules from the bottom frame lose chirality
when the energy of interaction between the additional segment and the
chiral surface is the same as for the remaining part of the molecule.
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discussed in this work refer to ea =2.0 and eb =0.0 unless otherwise indi-
cated.

Results and Discussion

To examine the effect of the footprint shape we carried out
MC simulations of the adsorption of the modified molecules
from Figure 2. For comparative purposes, in the bottom part
of Figure 1 we show the partial isotherms of the R and S en-
antiomers of the original G-shaped molecule adsorbed on
the S-selective surface. These results were obtained for ea =

2.0 and eb =0.0 and they correspond to the reference adsorp-
tion system in our investigations. Before we proceed with
the modified molecules let us focus on the curves plotted in
Figure 1. As seen in this figure, the simple pattern of active
sites shown in Figure 1 (top) provides preferential adsorp-
tion of the S enantiomer, regardless of pressure/coverage.
Specifically, the isotherm of the S enantiomer always runs
above that of the R enantiomer, which results in a selectivity
at the zero-pressure limit equal to 2.33. Another important
effect is that the selectivity (a) decreases in a nearly
linear fashion with coverage. The main objective of the fol-
lowing discussion is to demonstrate how the modification of
the original molecule influences the dependencies shown in
Figure 1.

Homogeneous molecules : Figure 3 shows the partial adsorp-
tion isotherms of the enantiomers of the homogenous mole-
cules from the top frame of Figure 2. The results plotted in
the figure were simulated for the corresponding racemic
mixtures adsorbed on the S-selective surface. As can be
seen in Figure 3, the footprint shape has a profound effect
on the behaviour of the partial adsorption isotherms. This
refers primarily to the relative position of the isotherms cal-
culated for enantiomers R and S of the same chiral mole-
cule. The overall shape of the isotherms is, in general,
weakly sensitive to the changes in the footprint geometry.
Figure 3 clearly shows that there are two different ways in
which the enantiomers adsorb on the S-selective surface, de-
pending on their shape. Namely, for molecules A and D we
observed that the distance between the isotherms for the R
and S enantiomers is very small, especially at low pressures.
This effect means no clear preference of the S-selective sur-
face for adsorption of the S enantiomer. One interesting
finding is that for molecule D the selectivity of the adsorb-
ing surface is reversed at elevated pressures. In this case, the
R enantiomer of molecule D (a) adsorbs somewhat more
strongly relative to the S enantiomer (c), as seen in the
isotherm graph for D. Nevertheless, the advantage of an R
over an S configuration is minimal and results in a selectivi-
ty varying from 0.96 to 1.00. On the contrary, for molecules
B, C, E and F we observed that the S-selective surface ex-
hibits enhanced selectivity for the complementary enantio-
mer. An extreme example is molecule C, for which the gap
between the partial adsorption isotherms of the S and R en-
antiomer is the largest among the results shown in Figure 3.

The unusually high selectivity towards the S enantiomer
of molecule C originates partially from the fact that the op-
posite enantiomer of this molecule cannot occupy two active
sites when adsorbed on the S-selective surface. This can be
easily imagined by visualising the enantiomers of molecule
C adsorbed within the unit cell shown in Figure 1. A similar
observation refers also to molecules E and F. On the other
hand, the opposite situation takes place in the case of mole-
cules A and D the R and S enantiomers of which are both
able to occupy two active sites on the S-selective surface.
This suggests that the possibility of the R and S enantiomers
occupying two active sites is the key factor that reduces the
selectivity, especially at low coverages. Note, however, that
molecule B is a significant departure from this rule. Here,
although both enantiomers of molecule B can occupy two
active sites, the distance between the partial isotherms
shown for B is quite large. Explanation of the differences
observed in adsorption of molecules A–F requires a closer
inspection of the possible configurations of each enantiomer
on the S-selective surface. We will come back to this prob-
lem later in this section.

To better highlight the differences in the adsorption of the
chiral molecules from Figure 2, let us examine more closely
the dependence of the selectivity on the surface coverage.
Figure 4 shows the selectivity as a function of the total sur-

Figure 3. Partial isotherms of adsorption of the enantiomers of molecules
A–F on the S-selective surface (c : S enantiomers, a : R enantio-
mers). The results plotted in the figure correspond to the molecules com-
posed of five identical segments. Pressure is given in arbitrary units.
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face coverage simulated for molecules A–F. For comparative
purposes, we also plotted the selectivity curve corresponding
to the original G-shaped molecule (a). The most impor-
tant information from Figure 4 is the relative position of
curves A–F and their position with respect to the curve ob-
tained for the original G-shaped molecule. We can observe
that for coverages lower than about 0.05, the selectivity de-
creases in the order C>G>E,F>B>A, D. This indicates
clearly that the structural modification of the original mole-
cule is beneficial for the separation only when the product is
molecule C. Moreover, an additional advantage of molecule
C is that the improvement in the selectivity applies to the
entire coverage range. The opposite effect takes place in the
case of molecules A and D for which the selectivity is sub-
stantially lower than for molecule G, regardless of coverage.
In the case of molecule B, we are dealing with a somewhat
different situation. Specifically, the selectivity obtained for
B is initially considerably lower than for G, but with increas-
ing coverage it becomes very close to that calculated for the
original molecule. Finally, for molecules E and F a combina-
tion of the two trends described above can be seen. In these
cases, the structural modification of molecule G leads to an
improvement in the selectivity only at sufficiently high sur-
face coverages. That is, the selectivity simulated for mole-
cules E and F is lower than for molecule G as long as the
coverage does not exceed 0.25 and 0.15, respectively. An in-
teresting observation is that the selectivities corresponding
to molecules E and F approach the same value 2.10 as the
coverage tends to zero.

One more valuable piece of information from Figure 4 is
how the structural modification of molecule G affects the
shape of the selectivity curves. Contrary to the case with

molecule G, the selectivity curves calculated for the modified
molecules are strongly non-linear. Moreover, their slopes
are markedly different. For most of the chiral molecules the
selectivity decreases appreciably with coverage. As seen in
Figure 4, the onset of the decrease in selectivity is strongly
influenced by the footprint shape. In the case of molecule C,
the selectivity drops sharply and continuously with increas-
ing coverage, especially when the coverage is sufficiently
high. For the remaining curves we can observe much less
rapid changes. For example, the selectivity simulated for
molecules B and F remains nearly constant up to a coverage
equal to 0.3. This shows that the chiral surface retains the in-
itial selectivity for the S enantiomer of either B or F within
a relatively wide interval of coverages. Interestingly, for mol-
ecules A and B a weak increasing trend in the selectivity
can be observed at low and moderate coverages. Note, how-
ever, that the increases in selectivity associated with mole-
cules A and B are negligible relative to the changes ob-
served for the remaining molecules, especially for molecule
C.

The differences in adsorption of molecules A–F that are
observed at high surface coverages originate mainly from
different packing geometries of the enantiomers of these
molecules. In this case, interaction of the enantiomers with
the surface is largely influenced by steric exclusion. For ex-
ample, nanocavities formed in the mixed adsorbed layer by
surrounding molecules can be of the shape of the preferred
enantiomer S or they can accommodate only the opposite
enantiomer. In the latter case, the surface can lose the pref-
erence for adsorption of the complementary enantiomer as
the coverage increases, which in extreme cases can lead to
reversal of selectivity. Evidently, this effect is strongly de-
pendent on the footprint shape, resulting in a case-sensitive
behaviour of the selectivity at high coverages. On the con-
trary, the common decreasing trend in selectivity that was
observed for most of the chiral molecules from Figure 4 has
a simpler explanation. In this case, the dominating factor
that reduces the selectivity is competition between the enan-
tiomers for occupation of the active sites. Specifically, when
the coverage increases, the surface loses it preference for ad-
sorption of S enantiomers because the clusters of active sites
matching the footprint of enantiomer S (clusters with two
active sites) are partially occupied by the opposite enantio-
mer. This general tendency involving blockage of chiral cen-
tres has also been observed for adsorption of racemic mix-
tures on other chiral adsorbents, such as CSPs[47,62] and chir-
ally templated surfaces.[46] A combination of the two effects
described above results in a largely diversified interaction
pattern of the enantiomers with the chiral surface. This
makes theoretical description of the selectivity at high cov-
erages quite difficult. A much simpler situation arises when
dealing with an extremely low density of the adsorbed
phase. Under these conditions the competition in occupation
of the active sites is practically eliminated such that the en-
antiomers are able to adopt energetically preferred configu-
rations. In this case, the selectivity is dictated mainly by the
difference between the adsorption energies associated with

Figure 4. Influence of the surface coverage on the selectivity calculated
for the molecules from Figure 2. The curves plotted in the figure were
obtained for the adsorption of the corresponding racemates on the S-se-
lective surface. The selectivity curves of the molecules are represented as
follows: *: A ; ~: B ; &: C ; *: D ; ^: E ; ^: F. The grey dashed line shows
the selectivity calculated for the original G-shaped molecule.

www.chemeurj.org A 2008 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 8312 – 83218316

P. Szabelski et al.

www.chemeurj.org


the R and S enantiomers and thus it can be easily calculat-
ed.

The influence of the footprint shape on the selectivity at
low adsorbate densities can be predicted by using simple
thermodynamic considerations. Specifically, to predict the
selectivity for any of the molecules A–F it is sufficient to de-
termine HenryLs constants for the corresponding enantio-
mers, R and S. Then, the selectivity at the zero-pressure
limit, Eo, is defined as a ratio of the HenryLs constants (S en-
antiomer/R enantiomer). The HenryLs constants can be ob-
tained by identifying possible configurations of an adsorbed
enantiomer within the unit cell from Figure 1 and enumerat-
ing those configurations that have the same adsorption
energy. Note that in our case this task is particularly easy
because for each of the homogeneous molecules shown in
Figure 2 there are only three possible values of the adsorp-
tion energy. They correspond to the number of active sites
occupied by a given enantiomer and are equal to: 2ea +3eb

(two active sites), ea +4eb (one active site) and 5eb (no active
sites). The enumerating procedure gives the adsorption
energy distribution (AED) that carries sufficient informa-
tion to calculate the HenryLs constants. A detailed descrip-
tion of the method outlined briefly above can be found in
our previous work.[48–52]

Table 1 shows the selectivity at the zero-pressure limit cal-
culated for the homogeneous molecules A–Z. In the second
column of the table we listed the expressions that allow for

the calculation of the selectivity corresponding to a given
footprint shape. These results show clearly that the surface
is intrinsically achiral for molecules A and D, as seen in
Figure 4. Note also that in the remaining cases the selectivi-
ty is a simple function of the difference between the adsorp-
tion energies associated with the active and inert site, De.
This useful property makes tuning of the selectivity easier
because only one of the adsorption energies has to be
changed while the other can be held constant. In real situa-
tions this would require, for example, changing the adsorp-
tive properties of the active sites by replacement of one
atom or cavity type by another. The third column of Table 1
shows the selectivity calculated by means of the expressions
from the second column, for the same set of parameters as
that used in Figure 4 (ea =2.0 and eb =0.0). The values pre-
dicted theoretically agree perfectly with the MC results
from Figure 4. The last column of Table 1 shows the upper
limit of the selectivity at the zero-pressure limit, calculated
for different molecular footprints. As can be seen in the

table, the selectivity shows three different types of limiting
behaviour. Specifically, for molecules A and D increasing
the energy gap between the active and inert sites does not
lead to any improvement in the selectivity. On the contrary,
for molecules C, E and F the selectivity can be theoretically
increased up to infinity. The third possibility is that the se-
lectivity tends to 2, as seen for molecule B.

Summarising the key findings of this section, we can con-
clude that of the six homogenous molecules depicted in
Figure 2, the enantiomers of only C, E and F are better sep-
arated with the chiral surface, relative to the original mole-
cule G. However, the improvement in the selectivity ob-
served in the case of molecules E and F occurs only within a
limited interval of coverages, that is, at sufficiently high den-
sities of the adsorbed phase. The main advantage of mole-
cules C, E and F is the possibility of improving the selectivi-
ty by, for example, increasing the adsorption energy of a
single molecular segment on the active site. Note that for
these molecules the selectivity can be increased also in the
opposite way, by decreasing the energy of adsorption of a
single segment on the inert site. In this case, an interesting
possibility opens up for manipulating the selectivity.

Effect of the energetic landscape of the surface : As seen in
Table 1, the selectivity at the zero-pressure limit depends
only on the energy gap between the active and inert sites. A
closer inspection of the expressions listed in the second
column of Table 1 reveals that the selectivity is an even
function of the energy gap. This property provides new op-
portunities for tuning the selectivity. In particular, for mole-
cules B, C, E and F it is possible to interchange the active
sites with the inert sites to obtain the same selectivity as for
the original surface. Specifically, to maintain constant selec-
tivity the energies of adsorption ea and eb can be changed ar-
bitrarily, but in such a way that the absolute value of the dif-
ference between them remains constant. To demonstrate
this in Figure 5 we plotted the selectivity as a function of the
energy gap, assuming that ea =2.0 and that eb varies between
�6.0 and 6.0. The top part of this figure illustrates schemati-
cally the interchange of adsorption sites a and b. As can be
seen in Figure 5, for molecules B, C, E and F the assumed
change in the adsorption energies does not induce any
change in the selectivity. For example, in the case of mole-
cule C it is possible to construct two chiral surfaces that are
characterised by the selectivity at the zero-pressure limit
equal to 3.21 (see Table 1). One of them is the surface with
ea =2.0 and eb =0.0, whereas for the other surface the
energy parameters are ea =2.0 and eb =4.0. A similar argu-
ment applies to the remaining molecules from Figure 2,
except for the original G-shaped molecule. The selectivity
for molecule G is represented by the thick grey line in
Figure 5. It was calculated by using the expression derived
in our previous work.[48–52] One striking property of the re-
sults obtained for the G-shaped molecule is that the corre-
sponding selectivity curve is not symmetrical with respect to
the dashed vertical line plotted at De=0. The selectivity ap-
proaches the limiting value 2 as the energy gap becomes suf-

Table 1. Selectivity at the zero-pressure limit, Eo, obtained from the
theory for the chiral molecules composed of one type of segment.

Molecule Eo
[a] Eo (De=2.0) E1o

[b]

A, D, X, Y, Z 1 1.00 1.00
B ACHTUNGTRENNUNG(2f�1)/ ACHTUNGTRENNUNG(f+1) 1.52 2.00
C 0.2 ACHTUNGTRENNUNG(2f�1) 3.21 unlimited
E, F 0.2 ACHTUNGTRENNUNG(f+1) 2.10 unlimited

[a] f=2 ACHTUNGTRENNUNG[cosh(De)+1]. [b] jDe j !1.

Chem. Eur. J. 2008, 14, 8312 – 8321 A 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 8317

FULL PAPERSurface Chirality for Enantiospecific Adsorption

www.chemeurj.org


ficiently negative, but it is unlimited for positive values of
the energy gap. Moreover, for negative values of the energy
gap the selectivity curve obtained for G is nearly identical to
that calculated for molecule B. The above effects show that
the altered molecular structures B, C, E and F are, in gener-
al, better candidates for the chiral separation than the origi-
nal G-shaped molecule. The reason for this is twofold. Firstly
for molecules B, C, E and F the change in the energetic
landscape of the surface does not lead to a deterioration of
the selectivity. This advantage can be used, for example,
when the fabrication of the chiral surface with ea>eb is not
possible for some technical reasons. In this case, the enantio-
mers of these four molecules can be separated on the sur-
face with the opposite energetic landscape and the effective-
ness of the separation would be the same as for the original
surface. Secondly, the change of the molecular shape from
form G to E or F results in a significant improvement in the
selectivity when the separation occurs on the surface with
the opposite energetic landscape (see the left part of
Figure 5).

Heterogeneous molecules : Let us now present one more in-
teresting possibility for tuning the selectivity. Here, in addi-
tion to the structural changes shown in Figure 2, we assume
that molecules A–Z have non-uniform chemical composi-
tion. For this purpose, we assume that the additional seg-
ment X has markedly different chemical properties from the
remaining part of the molecule. This assumption results in
the three new chiral structures that are shown in the bottom
frame of Figure 2. The energy of adsorption of segment X
on the active site was characterised by ex. For the sake of
simplicity we assumed that the energy of adsorption of this
segment on the inert site was set equal to zero, as for the
four remaining segments. Figure 6 shows the selectivity at
the zero pressure limit as a function of the adsorption
energy of the additional segment calculated for ea =2.0. The
dashed vertical line corresponds to the homogeneous com-
position of the chiral molecules, that is, to ex = ea. As can be
seen in Figure 6, changing the adsorption energy of the addi-
tional segment provides wide possibilities for tuning the se-
lectivity. One advantage of the compositional change is that
the enantiomers of molecules A, D, X, Y and Z can now be
separated with the chiral surface. Furthermore, this separa-
tion can be induced by either decreasing or increasing the
energy of adsorption of the additional segment on the active
site. In the latter case, we can observe that the selectivity be-
comes smaller than one when the adsorption energy of the
additional segment exceeds 2.0. This interesting effect
means that the selectivity of the surface reverses when theFigure 5. Effect of the energetic properties of the chiral surface on the se-

lectivity at the zero-pressure limit calculated for the molecules from
Figure 2. The symbols are the results of the MC simulations, whereas the
lines are the predictions of the theory. The grey solid line shows the se-
lectivity calculated for the original G-shaped molecule. The scheme in the
top part illustrates how the energetic properties of the surface can be
tuned by changing the energy of adsorption of a single segment on the
active (ea) and inert site (eb). A darker shade of grey in the energy bar
means a stronger interaction between the segment and the site.

Figure 6. Influence of the composition of the molecules from Figure 2 on
the selectivity at the zero-pressure limit. The symbols are the results of
the MC simulations whereas the lines are the predictions of the theory.
The curves plotted in the figure demonstrate how the energy of adsorp-
tion of the additional segment on the active site (ex) affects the selectivi-
ty: &: C ; ^ E, F ; ~ B ; * A, D, X, Y, Z. These results were obtained for
the segment-active site adsorption energy, ea equal to 2. The dashed verti-
cal line corresponds to the homogeneous composition of the molecules
(ex=ea). The dashed horizontal lines marked by p and q are the lower and
upper selectivity limits for the set of molecules A–Z, respectively.
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additional segments of molecules A, D, X, Y and Z interact
strongly with the active sites. In this case, an effective sepa-
ration of the enantiomers is still possible, but the preferred
enantiomer is R.

Note also that making molecule C heterogeneous by in-
creasing the adsorption energy of the additional segment
beyond 2.0 results in a substantial growth of the selectivity.
On the other hand, when interaction of the additional seg-
ment with the active site is weaker relative to the remaining
part of molecule C the selectivity drops sharply. The oppo-
site effect can be observed for all of the remaining mole-
cules. Namely, for molecules A, B, D, E, F, X, Y and Z the
selectivity is a monotonically decreasing function of the ad-
sorption energy of the additional segment. In consequence,
the selectivity for these molecules grows when the adsorp-
tion energy of the additional segment decreases below 2.0.
Moreover, the curves plotted for molecules E and F overlap.
The same refers also to the curves obtained for molecules
A, D, X, Y and Z, that is, to molecules for which the homo-
geneous enantiomers cannot be separated with the chiral
surface. Note, however, that there is one substantial differ-
ence between the two groups of the overlaid curves men-
tioned above. Specifically, in the case of molecules E, F and
also B, the selectivity tends to one as the adsorption energy
becomes sufficiently high, reflecting a complete loss of the
enantiospecific properties of the surface.

Another important feature of the curves from Figure 6 is
that they have a common starting point. This point corre-
sponds to the original G-shaped molecule with the additional
segment being totally inert. Because we are dealing with a
very low density of the adsorbed phase, the position of the
additional segment within the molecule is irrelevant to the
selectivity at the zero-pressure limit. The adsorbed mole-
cules have enough room not to exclude each other such that
the presence of the additional inert segment does not affect
the separation. In other words in this coverage regime each
of the molecules A–Z adsorbs as if it was molecule G, which
results in the same selectivity equal to 2.33. Regarding the
endpoints of the curves shown in Figure 6, we can observe
that there are two limiting values p and q that span the se-
lectivity interval. The first value corresponds exclusively to
molecule C, whereas the latter is common for molecules A,
D, X, Y and Z.

To quantify the effect of the energy of adsorption of the
additional segment we used the same theoretical method as
for the homogeneous molecules. Table 2 shows the selectivi-
ty at the zero-pressure limit predicted for the molecules

from Figure 2. The second column of the table shows the re-
sulting expressions used for the calculation of the curves
from Figure 6 (c). In the third column we listed the limit-
ing forms of the expressions from the second column ob-
tained for an infinitely large energy of adsorption of the ad-
ditional segment on the active site. The last column of
Table 2 gives numerical values of the limiting forms calculat-
ed for ea =2.0 and eb =0.0, that is, for the energy parameters
corresponding to the results shown in Figure 6. As shown in
Figure 6, the theoretical results of Table 2 agree perfectly
with the simulations, regardless of the assumed footprint
shape. One important piece of information from this table
that is not directly obtainable from Figure 6 is the mutual
relation between the upper and lower limit of selectivity, p
and q. Specifically, from the third column of the table it fol-
lows that these quantities are reciprocal and, moreover, they
are simple functions of the energy of adsorption of the core
segment on the active site. In consequence, the selectivity at
the zero-pressure limit, that corresponds to molecule C
would be equal to the selectivity calculated for molecules A,
D, X, Y and Z adsorbed on the mirror image of our surface.
A somewhat paradoxical consequence of this fact is that to
remove the S enantiomer of A, D, X, Y or Z from the corre-
sponding racemate, it is necessary to expose the R-selective
surface to the bulk racemic mixture.

To illustrate better the reversal of selectivity observed for
molecules A, D, X, Y and Z in Figure 7, we plotted the iso-
therms of adsorption of the enantiomers of molecule A on
the S-selective surface. The results in this figure were ob-
tained by assuming a different energy of adsorption of the
additional segment on the active site. Specifically, in the first
case, we assumed ea =2.0<ex=3.0, which represents stron-

Table 2. Selectivity at the zero-pressure limit, Eo, obtained from the
theory for the chiral molecules containing one heterogeneous segment.

Molecule Eo
[a] E1o

[b] E1o ACHTUNGTRENNUNG(ea=2.0)

A, D, X, Y, Z ACHTUNGTRENNUNG(z+a)/ ACHTUNGTRENNUNG(z�b) exp ACHTUNGTRENNUNG(�ea) 0.13 p
B ACHTUNGTRENNUNG(z+a�b) 1 1.00
C ACHTUNGTRENNUNG(z+a�b)/z exp(ea) 7.39 q
E, F ACHTUNGTRENNUNG(z+a)/z 1 1.00

[a] a=exp(ea)�1, b=1�exp(ex), z=4+ (5�b)/a. [b] ex!1.

Figure 7. Partial isotherms of adsorption of the enantiomers of molecule
A on the S-selective surface. The results plotted in the figure correspond
to two different values of the energy of interaction between the addition-
al segment and the active site, ex. The simulations were performed for ea

equal to 2, and for ex equal to 1 (weaker interaction) and 3 (stronger in-
teraction). Pressure is given in arbitrary units.
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ger adsorption of the additional segment on the active site.
In the second case, we assumed ea =2.0>ex =1.0 corre-
sponding to a weak interaction between the additional seg-
ment and the active site. As clearly follows from Figure 7,
the above changes result in completely different relative po-
sitions of the partial isotherms for the R and S enantiomers.
For the decreased adsorption energy of the additional seg-
ment the sequence of the partial isotherms is identical to
that observed for the original G-shaped molecule (see
Figure 1). In this case, the enantiomer S is preferentially ad-
sorbed from the mixture. On the contrary, when the adsorp-
tion energy of the additional segment is larger than ea the
sequence of the partial isotherms reverses.

The results of this section show that an increased adsorp-
tion energy for the additional segment is, in general, benefi-
cial for the separation of the enantiomers of molecules A,
C, D, X, Y and Z. In the case of molecule C, the modifica-
tion results in a highly preferential adsorption of the S enan-
tiomer on the S-selective surface. On the other hand, for
molecules A, D, X, Y and Z the effectiveness of the separa-
tion can be as high as that seen for molecule C, but now the
preferred enantiomer is R. For these five molecules it is also
possible to increase the selectivity by decreasing the energy
of adsorption of the additional segment on the active site
down to zero. However, this procedure gives a selectivity
that cannot be higher than the selectivity obtained for the
original G-shaped molecule.

Conclusion

Our observations demonstrate that the model nanostruc-
tured surface provides an effective mechanism for chiral se-
lection, which can be an alternative to those inherent in con-
ventional chiral adsorbents, such as CSPs and chirally tem-
plated surfaces. The results of this work give useful insights
into the interplay between the structure of the surface and
the geometry of the adsorbate. They hint at how to correlate
these two factors to improve the separation of chiral mole-
cules with nanoarrays of active centres. The main advantage
of the proposed chiral adsorbent is the great possibility for
tuning the selectivity by changing the interaction pattern of
the enantiomers with the surface. As we demonstrated, in
some instances subtle differences in the interaction pattern
can lead to a reversal of the selectivity. Moreover, the
extent of the separation on the chiral surface can be tuned
by manipulating the footprint of the adsorbing molecules.
This can be done for example by derivatisation of one chiral
molecule to obtain another molecule with the footprint
shape resulting in the highest enantioselectivity. Our theo-
retical approach provides strategies that enable prediction
of this footprint. In particular, the theory allows for the cal-
culation of the selectivity at low pressures, a property which
is especially important for analytical chromatography or
chiral catalysis. The proposed model implies the potential to
construct chiral nanostructures with programmable function-
alities by the appropriate choice of the active and inert sites.
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