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We report here on the electrochemical differentiation between 
the organization of a racemic and pure enantiomeric self-
assembled monolayers. Until now, chirality in monolayers has 
been studied primarily in Langmuir films,1-4 i.e., when formed 
at the liquid—air interface. The extensive work in this field by 
Arnett and his co-workers has been well documented2 and 
describes the various techniques employed in determining the 
differences in the organization of the pure enantiomers versus 
the racemic mixture of the monolayers. These differences could 
be detected only when a high degree of organization was 
obtained, which required atomically flat surfaces such as liquids. 
On the other hand, two-dimensional chiral recognition has been 
investigated and applied in fields such as chromatographic 
separations,5 asymmetric electrochemistry6 and photochemistry 
of adsorbates on surfaces.7 

The organization of thiol-based self-assembled monolayers, 
SAMs, in particular on gold(lll), has been the subject of 
numerous studies.8-10 Nevertheless, our attempts to detect chiral 
effects on gold(lll) failed. Although these surfaces exhibit 
large flat terraces,11 they are far from being atomically flat in 
large areas as used in macroelectrodes, i.e., millimeter size. 

Recently, we applied co-mercapto carboxylic acid monolayers 
on mercury thin films as a means of designing an extremely 
sensitive electrode for cadmium ions.12 We showed that, besides 
higher sensitivity being obtained than with gold substrates, the 
excess of surface coverage of the thiols could easily be 
determined on thin mercury films. Mercury provides an 
atomically flat surface where chiral effects should be electro-
chemically detectable. 

Two basic concepts guided us in designing the chiral molecule 
to be self-assembled: (i) The length of the hydrocarbon chain 
is a compromise between the quest for organization (requires 
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long alkyl chains) and a reasonable rate of electron transfer 
(prefers short chains), (ii) On the other hand, the functional 
groups attached to the stereogenic center, i.e., to the chiral 
carbon, should facilitate nonidentical attractive and repulsive 
forces between pairs of the same chirality, as opposed to 
enantiomers. As a result, a carbomethoxy phenylalanine 
derivative of 6-mercaptohexanoic acid (I) was synthesized.13 

- (S- (CKy5- CONH-CH-COOCH^ ( I ) 

?H2 

The organization of SAMs based on I was studied14 on a 
hanging mercury drop electrode (HMDE). The HMDE was 
modified in a stirred acidic THF solution (0.1 M HClO4 and 
2.0 mM of I in THF) for 30 min.15 Disulfides are rapidly and 
irreversibly adsorbed on Hg (eq 1). The adsorbed disulfides 
react further with the surface (eq 2) to form mercuric salt.16 

RSSR-RSSR ( ads ) (1) 

RSSR(ads) + Hg-Hg(SR)2(ads ) (2) 

Figure 1 shows the cyclic voltammetry of a HMDE modified 
with d-, /-, and the ^/-monolayers.17 A reduction wave, which 
is attributed to the reduction of the thiol—mercury complex, is 
observed at —0.33 V vs Ag/AgCl (eq 3). Previous studies18 

carried out on other thiols and disulfides with a DME as well 
as with a HMDE showed similar waves. The almost complete 
absence of an anodic wave (Figure 1) is due to the desorption 
of the reduced species. 

Hg(SR)2(ads) + 2e~ + 2H+ - Hg + 2RSH (3) 

Since the reduction process was performed in disulfide-free 
solutions, the area under the reduction wave is proportional to 
the disulfide adsorbed onto the surface, i.e., to the excess of 
surface coverage. It is apparent that the excess of surface 
coverage of the racemic monolayer, r<#, is higher than those of 
the pure enantiomers. Specifically, Tat equals (0.963 ± 0.033) 
nmol-cm-2, whereas Td and Tt equal (0.840 ± 0.019) and (0.843 
± 0.024) nmol*cm-2, respectively.19 It should be noted that 
these results represent an average of several experiments. 
Moreover, the racemic solution was prepared by mixing the two 
pure enantiomeric solutions. These results suggest that while 
both enantiomers self-assemble likewise, the racemic monolayer 
is more densely packed. Kakiuchi and Senda,20 who studied 
the adsorption of phenylalanine on Hg, also reported that the 
racemate showed a higher surface activity, i.e., surface excess, 
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Figure 1. Cyclic voltammetry of a HMDE in a disulfide-free solution 
consisting of 0.01 M HClCv after modification with pure enantiomers: d 
( ), / (•••). and racemic mixture (—), scan rate 100 mVs"1. 
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Figure 2. Dependence of non-faradaic charging currents as a function of 
the scan rate for a bare HMDE (•) and for mercury drops modified with 
pure enantiomers: d (A), / (O) and racemic mixture (O). 

than the enantiomers. Nevertheless, the organization of racemic 
mixtures is sometimes less condensed than the pure enantiomers, 
as has been observed by us, for example, in monolayers of chiral 
homocystine.21 

The adsorption of one of the enantiomers was followed as a 
function of time. The isotherm reveals that an organized 
monolayer is formed within a relatively short time, i.e., 30 min. 
Hence, the differences observed between the racemate and the 
enantiomers (formed as a result of immersing the surfaces for 
30 min in the disulfide solutions) evidently originate from their 
final organization on the mercury surface. 

Differences in surface organization should influence the 
double layer and thus might be detected by other measurements 
as well. Figure 2 shows the dependence of the non-faradaic 
charging current as a function of the scan rate for a bare HMDE 
and for mercury drops modified with homo- and heterochiral 
monolayers.22 The slope of the linear curves equals the double-
layer differential capacitance. It can be seen that while 
electrodes covered with molecules of the same chirality resulted 
in similar differential capacitance, Q and Ci equaling (9.64 ± 
2.41) and (10.80 ± 2.16) fiF-cm'2, respectively, the differential 
capacitance of a HMDE modified with the racemate is notice­
ably lower, i.e., Cm = 5.19 ± 1.04 ,wF-cnT2. This is consistent 
with the above observation. A more densely packed film is 
expected to decrease the dielectric constant of the double layer, 
thus decreasing its capacitance.23 

A more organized and densely packed array should also affect 
electron transfer to outer-sphere redox couples.24 Figure 3 

(21) The excess of surface coverage of SAMs of homocystine has been 
determined on a HMDE and will be published elsewhere. 

(22) The non-faradaic charging current was measured (at E = -0.15 V) 
from the cyclic voltammetry recorded from -0.1 to -0.2 V vs Ag/AgCl in 
0.1 M acetate buffer (pH 6.0). 

!.MO 

1.M0 

1.400 

1.000 

« 0.M0 

1— 

-

-

-

-

-^Ss* 

I 

- I 1 1 1 1 

V—"^ 
/ V v ^ /V 

/ <y ^* 
*""" sy/ 

- ~ ^ / / 
^ V 
— i — i _ _ i J i 

— i — i — 

^^^fet^^y, 

• < 

. 

-

£ -
-

-

' 

0.OtS -0.029 -0.079 -0.12S -0.175 -0.225 -0.275 -0.929 -0.379 -0.425 

E IVI Vt. Ag/AOCl 

Figure 3. Cyclic voltammetry of 1 mM Ru(NH3V+ in 0.1 M acetate buffer 
(pH 6.0) on a bare HMDE (1) and on mercury drops modified with pure 
enantiomers: d (2), Z (3), and racemic mixture (4), scan rate 100 mV-s-1. 

shows the cyclic voltammetry of Ru(NH3)6
3+ on a bare HMDE 

and at modified surfaces. It is evident that the rate of electron 
transfer of the redox couple is substantially decreased by the 
presence of a monolayer. However, while pure enantiomers 
exhibit almost identical voltammograms, the rate of electron 
transfer of Ru(NH3)6

3+/2+ is substantially decreased on HMDE 
modified with the heterochiral monolayer relative to the 
homochiral systems. 

Obviously, the differences observed in the excess of surface 
coverage, the differential capacitance, and the rate of electron 
transfer of Ru(NHs)6

3+ between the heterochiral and the 
homochiral monolayers must be rationalized on the basis of their 
organization on the surface. The fact that the racemate of I is 
more densely packed than the pure enantiomers suggests that 
the racemate is not separated into domains of pure enantiomers 
as was recently suggested for amphiphilic chiral monolayers.25 

Since SAMs on Hg have barely been studied,26 we cannot, at 
this stage, suggest a clear and comprehensive description of the 
structure of the homo- and heterochiral systems that can provide 
an explanation for the difference in their organization. Nev­
ertheless, at least two logical comments can be made. We have 
studied also monolayers of homologous alkanethiols and 
a>-mercapto carboxylic acids by the same approaches as 
mentioned above. From these results, it is clear that the alkyl 
chains do not tend to orient horizontally on the surface. 
Secondly, it is conceivable that the packing of the layer will be 
primarily governed by the stereogenic groups due to their 
bulkiness and as a result of the liquid, i.e., mercury, substrate, 
which does not limit the lateral diffusion of the adsorbed 
molecules. Therefore, we conclude that the differences detected 
between the organization of the homo- and heterochiral systems 
are indeed a result of different interactions between the 
stereogenic centers. 

Further experiments that aim to highlight more specifically 
the relationship between the structure and the organization in 
chiral self-assembled monolayers are currently being undertaken. 
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