
Electrochemistry Communications 5 (2003) 741–746

www.elsevier.com/locate/elecom
Enantiomeric electro-oxidation of DD- and LL-glucose on chiral
gold single crystal surfaces

A. Martins a,*, V. Ferreira a, A. Queir�oos a, I. Aroso a, F. Silva a, J. Feliu b
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Abstract

The enantioselectivity of the gold chiral surfaces towards the electrocatalytic oxidation of DD- and LL-glucose in neutral phosphate-

buffered media is reported. Two enantiomorphic surfaces were used, Au{3 2 1}R and Au{3 2 1}S, and results obtained by cyclic

voltammetry were compared with two non-chiral surfaces having the same terrace and step orientations, Au(1 1 1) and Au(2 1 1). An

enantioselective effect is observed, Au{3 2 1}R exhibits a higher activity for DD-glucose while Au{3 2 1}S exhibits a higher activity for

LL-glucose. The corresponding enantioselectivity factor was estimated to 10% for the process occurring at lower potential values and

to 50% for the process at higher potential values. These results represent the first evidence that gold chiral surfaces are capable of

enantiomeric discrimination.

� 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Chiral surface chemistry is an emerging field of re-
search [1] whose driving motivation is intimately related

with the synthesis and probing of chiral pharmaceuticals.

Though some enantioselective surface reactions were

discovered decades ago [2], chiral surface chemistry has

hardly been defined, let alone explored. Chiral surface

processes and reactions can proceed with high enantio-

specificity, but examples are few and fundamentals are

lacking. Understanding the fundamentals of 2D stere-
oselectivity will not only cast light upon the mechanisms

involved in some already exploited heterogeneous cata-

lytic reactions but will also help designing new chiral

materials for enantioselective synthesis and sensing.

One of the possible routes to achieve 2D chiral dis-

crimination is the use of chiral substrates such as en-

antiomorphic bare metal surfaces. It is indeed possible
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to prepare surfaces by suitable cutting of metal single

crystals that are, at the atomic level, mirror images of

one another and can thus be considered chiral. High
Miller index surfaces composed of low Miller index flat

terraces separated by kinked steps fulfil this require-

ment. Their handedness is defined by the surface atom

density sequence of the three microfacets that form the

step edges. Full description of these surfaces and details

for their preparation are given elsewhere [3].

Since Gellman and coworkers first postulated, in

1996 [4], that kinked single crystal surfaces of metal
ought to have enantiospecific properties, several studies

have been published that evidence the intrinsic chirality

of these surfaces towards adsorption and oxidation of

organic chiral molecules. The first experimental evidence

was observed for the enantiospecific electro-oxidation of

DD- and LL-glucose on chiral platinum surfaces in 1999

[5,6]. The investigation on the enantioselectivity of

platinum surfaces was successfully pursued [7,8], as well
as on Pt/graphite [9] and Pt/Pd [10] catalysts. Despite

their initial difficulties in demonstrating their prediction

using R- and S-2-butanol [4], Gellman and coworkers

were later able to observe the enantiospecific desorption
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of R- and S-propylene oxide and R-3-methyl-cyclohex-
anone on Cu chiral surfaces using TPD and FTIRRAS

techniques [11–13]. Sholl and coworkers have also taken

interest in this subject and have contributed with a

theoretical approach to the study of the enantiospecific

adsorption of chiral hydrocarbons on Pt and Cu chiral

surfaces [14,15]. These authors have also directed their

attention to the possible relaxation and reconstruction

of these surfaces and their impact on their intrinsic
chirality [16–19].

The electro-oxidation of glucose enantiomers was the

first probe reaction that successfully showed that chiral

surfaces of platinum had enantiospecific selectivity

[5,6,8]. When compared with flat and stepped surfaces

which are by definition deprived of enantioselective

ability, these surfaces exhibit chiral discrimination that

scaled with the surface density of kink sites. Although the
rate of glucose adsorption and oxidation was found to

increase with increasing terrace width, the diasteromeric

excess for the electro-oxidation increased with increasing

density of kink sites hence of chiral active centres.

Although platinum, as the electrode material, has

been the subject of most of the studies on glucose elec-

tro-oxidation over the past 50 years, the pronounced

poisoning platinum by some intermediates and/or
products suppresses its intrinsic activity by blocking the

surface electrode. Gold, however, is a generally more

active electrocatalyst than platinum in neutral and al-

kaline electrolytes [20] and does not suffer from poi-

soning. Results published in the literature [21,22]

reported that glucose oxidation in neutral and alkaline

media is structure sensitive and that the presence of

steps causes substantial changes in the activity of the
surface towards glucose oxidation.

We have therefore selected the electro-oxidation of

glucose enantiomers to probe the enantiospecificity of

the gold chiral surfaces Au{3 2 1}R and Au{3 2 1}S. The

same study was also performed on two non-chiral gold

surfaces, Au(1 1 1) and Au(2 1 1). Au(1 1 1) was selected

for being a smooth surface with the same orientation as

the terraces on Au(3 2 1). Au(2 1 1) was selected for
having terraces with the same orientation and width as

the terraces on Au(3 2 1) but no kinks.

So far, no experimental evidence of the enantioselec-

tivity of gold chiral surfaces has been reported, but �ZZlji-
van�ccanin et al. [23] recently published aDFT study on the

enantioselective adsorption of ðSÞ and ðRÞ-2-amino-3-

(dimethylphosphino)1-propanethiol on Au{17 11 9}S

and we expect, therefore, to obtain experimental evidence
of the enantiospecific properties of such surfaces.
2. Experimental

The gold bead electrodes Au{3 2 1}R and Au{3 2 1}S

used in the experiments where prepared in Alicante
using the Clavilier method [24]. The gold bead electrodes
Au(1 1 1) and Au(2 1 1) were prepared in the CNRS-

Meudon using the Hamelin method [25,26]. Pre-treat-

ment of the gold electrodes was performed before each

experiment and consisted of a flame annealing followed

by quenching in ultra-pure water [27,28]. Contact with

the solution was established by the hanging electrolyte

method.

Cyclic voltammetry was performed with an Autolab
PSTAT10 potentiostat (Ecochemie) at 50 mV s�1. The

counter electrode was a gold coil previously flame an-

nealed. The reference electrode, Ag/AgCl in saturated

NaCl, was kept in a separate cell containing the elec-

trolytic solution and connected to the working electrode

by a salt bridge. The capacitance measurements were

performed with a Voltalab PGZ 301 potentiostat (Ra-

diometer) using an AC sine wave with a frequency 20 Hz
and 10 mV peak to peak amplitude.

Unless otherwise stated, all experiments were per-

formed in a phosphate buffer solution, pH 7.5, con-

taining 0.008 M NaH2PO4 and 0.03 M Na2HPO4 (p.a.

Merck) and 10 mM DD- or LL-glucose (Fluka, purity

>99.5%). The glucose solutions were prepared at least

12 h prior to the electrochemical measurements for

equilibration (mutarotation) between the a- and b-glu-
cose moieties [29]. The solutions were degassed before

each experiment using purified N2 and a constant flow

was maintained over the solution during experiments.

Stirring of the solutions was maintained constant during

experiments for all solutions.

The reproducibility of the results, hence the glucose

electro-oxidation currents, was highly affected by the

shape of the hanging electrolyte meniscus. Even though
a very strict control of the electrode position and contact

area was attempted, variations of the current density

values at the glucose oxidation peaks could amount to

3%. The final profiles presented in this study will cor-

respond to an average curve of five stable cyclic vol-

tammograms obtained in consecutive experiments

performed under the same experimental conditions.
3. Results

3.1. Characterization of Au{3 2 1}R and Au{3 2 1}S gold

surfaces

According to the ‘‘microfacet notation’’ introduced

by Somorjai et al. [30], high Miller index surfaces of fcc
crystals can be decomposed in microfacets with low

Miller index (1 1 1), (1 0 0) or (1 1 0), corresponding to

the terrace, step or kink according to their relative size.

Decomposition for the Au(3 2 1) surface leads to:

Au(3 2 1)) [12(1 1 1) + 11(1 1 0) + 11(1 0 0)]. This surface

is composed of (1 1 1) terraces containing 2 unit cells,

and steps and kinks of equal size with one unit cell each.
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According to the same notation, Au(2 1 1) is decom-
posed in: Au(2 1 1)) [12(1 1 1) + 11(1 0 0)]. This surface

has terraces and steps of equal size than Au(3 2 1) but no

kinks.

The ‘‘fingerprints’’ of the Au{3 2 1}R and Au{3 2 1}S

gold surfaces are presented in Fig. 1 and were obtained

in 0.01 M HClO4 following procedures described else-

where [25]. The voltammetric profile is the same for both

surfaces as expected. The pzc were obtained from the
differential capacitance measurements. The difference

between the values obtained for Au{3 2 1}R ()120 mV)

and Au{3 2 1}S ()130 mV) are within experimental er-

ror. Such negative potential values are expected con-

sidering the roughness of the surface (a pzc value of

)160 mV was obtained for the rough surface Au(2 1 0) in

the same experimental conditions).

It is well established that gold single crystal surfaces
are reconstructed under thermal or electrochemical

treatment [27,31]. As reconstructed electrodes have a

surface structure that may deviate considerably from

that of the unreconstructed ones, we looked for the

occurrence of thermally or electrochemically induced

surface reconstruction, relaxation or faceting of the

chiral surfaces following the usual procedures used for

basal planes [32] and stepped surfaces [28] of gold. The
voltammograms obtained in the double layer region for

the chiral surfaces were stable from the first voltam-

metric scan and no effect of the negative and positive

potential limit was observed, therefore indicating that

reconstruction or faceting, if existent, is not significant

under the experimental conditions used in this study.

The lack of surface perturbation upon thermal or elec-

trochemical treatment may arise from the fact that the
Fig. 1. ‘‘Fingerprints’’ of Au{3 2 1}R and Au{3 2 1}S surfaces obtained

in 0.01 M HClO4.
dimensions of the flat domains existing on the Au(3 2 1)
surfaces are too small to allow the surface reconstruc-

tion [31].

The results obtained for the electro-oxidation of

glucose enantiomers were therefore analysed under the

reasonable assumption that the gold chiral surface

structure is identical to the ideal one. The same as-

sumption was taken for electro-oxidation of glucose on

the platinum chiral surfaces Pt{6 4 3} and Pt{5 3 1}
based on electrochemical, LEED and AES experiments

that showed that the high crystalline order of the sur-

faces was preserved [7]. Moreover, theoretical studies

that predicted the roughening and relaxation of kinked

platinum chiral surfaces with large flat domains [18,19],

also pointed out that the structural disorder would not

remove the net chirality of the surface. The same con-

clusion may be assumed in the case of gold substrates.

3.2. Structure sensitive oxidation of glucose on gold

surfaces

The behaviour of the gold surface electrodes in so-

lutions containing DD- and LL-glucose was studied using

cyclic voltammetry in two different potential windows,

[)0.7; 0.6 V] (short cycle) and [)0.7; 1.1 V] (full cycle
that includes the surface oxidation). Consecutive po-

tential scans were performed but no significant changes

in the voltammetric curves were observed and the vol-

tammetric profile was stable after the second cycle. The

fifth cyclic voltammograms are presented in Fig. 2 for

Au(1 1 1) in the LL-glucose solution and supporting

electrolyte alone. The profiles obtained show that
Fig. 2. Cyclic voltammograms obtained for Au(1 1 1) and Au{3 2 1}S in

supporting electrolyte alone (–�–�–�–) and 10 mM LL-glucose with (- - - - - -)

and without (——) extending the more positive potential to the surface

oxidation region.



Fig. 3. Cyclic voltammograms obtained in 10 mM DD- and LL-glucose for

the four faces under study: (——) Au (111), (- - - - - -) Au (211), (– – – –)

Au{3 2 1}R and (–�–�–�–) Au{3 2 1}S.
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glucose is oxidized in the potential range [)0.3, 0.5 V]
and that the oxidation is suppressed at higher potential

values prior to the oxidation of the gold surface, likely

due to competitive anion/water adsorption at high po-

tentials. Comparison with the voltammogram obtained

in the supporting electrolyte alone shows that the sur-

face oxidation process is not affected by the previous

oxidation of glucose meaning that neither glucose or its

oxidation products are retained on the surface of the
electrode. Once the gold oxide is reduced, the surface is

reactivated for glucose oxidation to take place again.

The profiles for the glucose oxidation in both direct and

reverse scans are practically superimposed.

The absence of surface poisoning is confirmed by the

analysis of the cyclic voltammograms obtained in the

narrower potential window, if the potential is reversed

before the surface oxidation takes place, the glucose
oxidation is not inhibited and the profiles are also su-

perimposed. These conclusions are valid for the other

surfaces as well as for LL-glucose oxidation. The absence

of poisoning is a significant difference to that observed

on platinum electrodes [33] in which extensive CO for-

mation has been reported [34]. A slight increase of the

glucose oxidation current is observed however for

Au(1 1 1) which may be associated with the absence of
defects that are usually formed during the surface oxi-

dation [35]. Although the presence of such defects

sometimes has major consequences on interfacial pro-

cesses like for example 2D transition of adsorbed layers

[36], it does not affect the glucose oxidation to a great

extent. Fig. 2 shows that that surface oxidation of the

already rough chiral surface Au{3 2 1}R had no effect on

the glucose oxidation.

3.3. Surface structure influence

Fig. 3 shows the cyclic voltammograms obtained for

the four electrodes under study in DD- and LL-glucose so-

lutions. A strong structural sensitivity is observed al-

though common features are discernible suggesting that

the overall glucose oxidation process must be similar
irrespective of the surface structure. A Gaussian de-

convolution of the profiles was performed assuming two

major peaks for the glucose oxidation. Results of the

deconvolution performed for DD- and LL-glucose oxida-

tion in both positive and negative going sweeps are

summarized in Table 1 and presented in Fig. 4 for the

case of LL-glucose in the positive going sweep.

The results show that the potential and current den-
sity of the two oxidation peaks depends on the surface

crystallographic structure, and so does the onset of the

glucose oxidation. The first faradaic peak corresponds

to a reaction or path that is favoured by the presence of

surface defects (steps or kinks), therefore its current

density increases as the density of surface defects in-

creases and its potential value is slightly more positive
for the smoother surfaces. The second reaction/path

occurs more favourably on the ordered bidimensional
domains (terraces) and therefore its current density in-

creases as the density of surface defects decreases and its

potential is more positive for the rougher surfaces. The

onset of glucose oxidation is shifted to more negative

values for the kinked surfaces.

3.4. Enantiomeric discrimination

To evaluate the enantiomeric effect, we compared the

results obtained for DD- and LL-glucose oxidation for the

four surfaces under study. This study is illustrated in

Fig. 5 for one chiral surface, Au{3 2 1}R and one non-

chiral surface, Au(2 1 1). Although the voltammetric

profiles obtained for each surface orientation are similar

in shape for both isomers, same number of peaks at the

same potential values, the current density of these peaks
is affected by the intrinsic chirality of the surface.

For the non-chiral surfaces, Au(2 1 1) and also

Au(1 1 1), the cyclic voltammograms are superimposed

for both isomers, thus no enantiomeric effect is observed

as expected. For Au{3 2 1}R, the current observed for

the oxidation of LL-glucose is higher while the opposite

situation is observed for Au{3 2 1}S for which the oxi-

dation of DD-glucose leads to higher oxidation currents.
The analysis of the two current peaks in Table 1 shows

that both processes are affected by the chiral nature of

the electrodes.

The chiral effect is also observed on the onset of

glucose oxidation. Oxidation of DD-glucose starts at



Table 1

Data from the voltammetric profiles obtained in the positive and negative going sweeps for the four gold surfaces under study in DD- and LL-glucose

solutions

Positive going sweep Negative going sweep

Eonset

(V/SCE)

Epeak1

(V/SCE)

Jpeak1
(lAcm�2)

Epeak2

(V/SCE)

Jpeak2
(lAcm�2)

Epeak1

(V/SCE)

Jpeak1
(lAcm�2)

Epeak2

(V/SCE)

Jpeak2
(lAcm�2)

DD-Glucose

Au(1 1 1) )0.238 19 97 253 236 79 94 280 238

Au(2 1 1) )0.199 101 177 315 54 91 145 250 101

Au(3 2 1)R )0.263 26 206 366 6 20 182 270 6

Au(3 2 1)S )0.246 40 264 334 18 39 251 259 25

Enantiomeric excess S % )12 )50 )14 )60

LL-Glucose

Au(1 1 1) )0.230 31 95 272 240 114 99 292 220

Au(2 1 1) )0.192 103 170 322 57 132 168 287 46

Au(3 2 1)R )0.240 49 250 313 42 58 246 292 39

Au(3 2 1)S )0.259 39 214 345 13 53 202 282 17

Enantiomeric excess S % 8 53 10 39

The potential for the onset of the glucose oxidation was taken at j > 10 lAcm�2. Current densities for the oxidation peaks of glucose were

obtained by Gaussian deconvolution.
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lower potential values on Au{3 2 1}R while oxidation of

LL-glucose starts at lower potential values on Au{3 2 1}S.

The enantiomeric excess S is a measure of the

enantioselectivity that can be calculated by the ratio of

the difference in electro-oxidation currents (which is
Fig. 4. Gaussian deconvolution of the cyclic voltammograms obtained

for the four electrodes in LL-glucose in the positive going sweep: (——)

cyclic voltammogram, (- - - - - - -) adjusted curve, (�) result of the de-

convolution.
related to the reaction rates) over their sum for a given R

and S surface at a fixed potential (E) [7]:

S ¼ IR � IS
IR þ IS

� 100%: ð1Þ

The enantiomeric excess was evaluated in both the

positive and negative going sweeps for DD- and LL-glucose

using the current values obtained from the Gaussian

deconvolution (see Table 1). The enantioselectivity ob-

tained was quite low for the first peak, around 10%, and

50% for the second peak, although the current values for

this peak are rather small and therefore more strongly

affected by the experimental error.
Fig. 5. Voltammograms obtained for Au(2 1 1) and Au{3 2 1}R in

(–�–�–�–) DD- and (——) LL-glucose.
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4. Discussion and conclusions

According to the literature [22], the first step of the

glucose oxidation in neutral or alkaline media involves

the adsorption of glucose on the AuOH layer followed

by the oxidation of the weakly bound hydrogen atom at

the carbon C1 or the hydrogen of the hydroxyl group.

The adradical that is formed reacts with AuOH formed

in a fast reaction and glucolactone is formed and de-
sorbed from the electrode. It is then hydrolysed in so-

lution to form sodium gluconate.

The formation of Au(OH)ads on Au is the first step

for the electrochemical oxidation of glucose. The chi-

rality of the surfaces must be preserved since OH is a

small molecule compared to the size of the kink site. The

chiral site may then play a role in initially orienting the

reactant molecules, and favour the adsorption of
the radical according to its handedness in relation to the

handedness of the kink. The actual bond-breaking and

surface reaction, however, appear to proceed most likely

by the same mechanism for all the surfaces.

It is noteworthy that the same type of reactivity was

observed on chiral platinum surfaces: the R electrodes

were more active towards DD-glucose whereas the S

electrodes were more reactive towards LL-glucose [5] and
vice versa. This result could not be predicted a priori

and suggests similar adsorption steps in bot metal sur-

faces, despite their well-known differences as electroca-

talizers.

We are presently performing studies on the oxidation

of glucose isomers in alkaline media. It is indeed well

known that increasing the medium pH enhances the

glucose oxidation, therefore we expect that the enan-
tiomeric effect will be amplified and will led to higher a

enantiomeric excess. It is also expected that the chiral

effect will scale with the increasing density of chiral de-

fects as already reported in the literature for the oxida-

tion of glucose isomers on platinum chiral surfaces [5]. A

thorough study using other gold surfaces with variable

density and orientation of surface chiral sites is neces-

sary to better evaluate the role played by the chiral kink
sites on the overall electro-oxidation of the glucose

isomers.
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