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New design of back side contact (BSC) chips for miniaturized electrochemical sensors
with Au contact modified by monolayers of purposely synthesized organothiol mole-
cules is described. Voltammetric studies of the monolayers indicate reversible behavior
of the compounds and efficient coverage of the gold electrode. Properties of 5 com-
pounds are compared. The electroactive benzenethiol based self-assembled monolayer is
selected as a convenient intermediate layer in solid contact potentiometric sensors since
it forms a hydrophobic barrier between the electrode and the solution and at the same time
provides efficient electronic wiring to the electrode. Stable electrode performance is
obtained and the potentiometric response remains as fast as using bare gold contact
which should be favorable for the application of the described intermediate layers in
ion-selective electrodes.

Key words: intermediate layer for solid contact potentiometric sensors, self-assembled
monolayers, redox-active organothiols

Ion selective electrodes with ion-selective polymeric membrane coated directly
on a metallic conductor belong to the group of solid-contact sensors. Complete
elimination of the internal electrolyte solution was found to affect the electro-
chemical stability of these sensors, which was explained as due to the not well
thermodynamically defined interface between the polymeric membrane and solid
conductor [1-3]. To overcome this problem, several approaches were proposed, e.g.
the incorporation lipophilic silver-ligand complexes within polymeric films [4],
polymer layer that is redox-active [3] or conducting polymers [5—11]. The impro-
vement of the stability of such sensors was achieved by establishing reversible
electron transfer at the membrane/solid contact interface. Recently, improved poten-
tial stability and at the same time removal of interferences of redox impurities and
oxygen were reported for sensors with redox-active self-assembled monolayers
(SAMs) as the intermediate phase [12,13]. SAMs of fullerene and tetrathiafulvalene
derivatives served as intermediate layer between an ion-selective membrane and a
solid Au contact due to formation of well defined electron acceptor — electron donor
couple.
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In this work, we propose a different strategy for separating the metallic conductor
from the solution phase. Ferrocene terminated organothiols containing amide or
benzene moieties are probed as potential components of the intermediate layers for
solid-state sensors. In our previous papers we have shown that systematic studies of
well-defined donor-bridge-acceptor systems can simplify the analysis of electron
transfer pathways [14-17]. We have demonstrated that monolayers of thiolated
compounds self-assembled on metal electrodes can serve as useful model systems for
the studies of kinetics of mediated electron transfer. Electron or hole transfer between
a given donor (D) and acceptor (A) can be modulated by changing the distance
separating them or by chemical modification of the linking unit. In the present work,
well organized monolayer assemblies of various molecules with amide and benzene
moieties are studied using the voltammetric method in order to establish the effi-
ciency and reproducibility of the electrode coverage, and the reversibility of the
ferrocene electrode processes. The monolayers are used as molecular junctions
providing electronic connection with the electrode but at the same time serving as
efficient hydrophobic spacer eliminating direct access of the solution species to the
gold surface.

EXPERIMENTAL

Synthesis of compounds. Long chain disulfides (1) (S-(CH2)2-NHCO-(CH2)11-NHCO-Fc); and
(2) (S-(CH2)2-NHCO-(CH32)10-NHCO-Fc), were synthesized using previously described procedures
[14-16]. Disulfides (3) (S-(CH2)2-NHCO-Fc), and (4) (S-CsH4-NHCO-Fc), were obtained by coupling
reaction between the ferrocenemonocarboxylic acid and 4-aminophenyl disulfide or cystamine, respec-
tively. The coupling reaction was carried out in DMF in the presence of coupling reagent O-(benzo-
triazol-1-yl)-N,N,N',N'-tetramethyluronium hexafluorophosphate. All synthesized components were
characterized by NMR: (1) (S-(CH2)2-NHCO-(CH2)11-NHCO-Fc), — 'H NMR (CDC13), 6 (ppm):
1.20-1.60 (broad overlapping resonance, 36H); 2.24 (t, ] = 7Hz, 4H); 2.88 (t, J] = 7THz, 4H); 3.60
(broad, 8H); 4.24 (s, 10H); 4.36 (s, 4H); 4.69 (s, 4H); 6.03 (broad s, 2H); 6.72 (broad s, 2H). (2)
(S-(CH2)2-NHCO-(CH2)10-NHCO-Fc), — 'H NMR (CDCl3), 6 (ppm): 1.20-1.70 (broad overlapping
resonance, 32H); 2.22 (t, J = 7Hz, 4H); 2.88 (t, ] = 7THz, 4H); 3.56 (broad, 8H); 4.24 (s, 10H); 4.38 (s, 4H);
4.74 (s, 4H); 6.01 (broad s, 2H); 6.76 (broad s, 2H). (3) (S-(CH2)2-NHCO-Fc), — "H NMR (CDCls), 0
(ppm): 2.99 (broad, 4H); 3.75 (broad, 4H); 4.26 (s, 10H); 4.39 (s, 4H); 4.82 (s, 4H); 6.62 (broad s, 2H). (4)
(S-CeH4-NHCO-Fc)2— 'HNMR (CDCl3), 6 (ppm): 4.46 (s, 10H); 4.70 (s, 4H); 5.10 (s, 4H); 7.52 (arom.
m, 8H); 7.82 (broad s, 2H).

Preparation of electrodes. The back-side contact (BSC) silicon-based sensor chips were fabricated
using standard IC technology. The subsequent procedures of the chips’ preparation were the same as
described previously [18,19], except for the last two electrochemical steps leading to silver/silver
chloride layers (Fig. 1A). The evaporated gold layer (0.5 um) was served as the sensing unit in the silicon
structures described in the present paper (Fig. 1B).

To evaluate potentiometric properties of the obtained chips, they were placed in implants of a flow
cell (for details of the cell construction see [20]). All potentiometric measurements were performed in the
flow system at ambient temperature (21+1°C). The solution composition was changed by adding
appropriate volumes of 0.1 M K3Fe(CN)g solution to the stirred solution of 0.01 M K4Fe(CN)s.
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Figure 1. The schematic representation of changes in the structure of silicon-based BSC transducers.
Chips with A) Ag/AgCl and B) Au sensing sites.

One component monolayers were prepared on the gold surfaces by the self-assembly method
[21-23]. The gold substrates were immersed in 1 mM ethanolic solutions of disulfides (1)-(4) or
alkanethiol (SAM 5) for a period of 24 h. After the self-assembly step, the moditied substrates (Fig. 2)
were rinsed with ethanol and water.

Instrumentation and materials. Cyclic voltammetry experiments were performed using three-
electrode system, with gold substrate as working electrode, sodium saturated calomel electrode as the
reference electrode and platinum foil as the counter electrode. Supporting electrolyte was 1M HC104 and
it was degassed before the measurements. A PAR 273 potentiostat, interfaced with personal computer was
used to record cyclic voltammograms.

The EMF values were measured using a custom-made 10-channel electrode monitor, interfaced with
personal computer [24]. The potentials of the examined sensors were measured vs. liquid junction
Ag/AgCl/' 1 M KCl/ 1M CH;COOLI reference electrode, placed centrally in the flow cell.

All chemicals were reagent grade. The nonelectroactive thiol, CH3(CH,)sSH, was obtained from
Aldrich. Water was triply distilled and passed through the MilliQ system. All experiments were done at
room temperature.
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Figure 2. The structures of compounds assembled in monolayers on the metallic conductor.
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RESULTS AND DISCUSSION

Potentiometric behavior of BSC chips with Au sensing contact. Fig. 1A
presents the miniaturized back side contact (BSC) planar ion-selective sensor based
on silicon technology. Silicon structures in our previous paper [25] possessed
Ag/AgCl layers serving as the internal electrode. The pHEMA layer containing
appropriate electrolyte and introduced between polymeric membrane and Ag/AgCl
layer of the chip was found to improve the EMF stability and reproducibility of the
sensors [19,25]. In order to simplify the technology of sensor chips fabrication (two
steps related to electrochemical silver and than silver chloride deposition can be
eliminated), in the present paper, the gold film (Au) without the silver/silver chloride
(Ag/AgCl) overlayers is employed (Fig. 1B).

The BSC chips with gold sensing contact play the role of an internal reference
electrode of miniaturized ion-selective sensors. The miniaturized Au electrode,
situated on the front side of the chip, should show the changes in EMF as a function of
the ratio of oxidized to reduced form of redox species. In order to evaluate whether
designed silicon structures can be used as transducers, the calibration curves for
[Fe(CN) g‘ /Fe(CN),~ ] and their response time have been examined (Fig. 3). The po-
tentiometric response was examined over the log[Fe(CN) g_ /Fe(CN) g_] =-3.0-0.2
range. The BSC sensors exhibited potentiometric characteristics almost identical to
those obtained for classical Pt electrodes. The 10 randomly chosen sensors exhibited
fast and reversible response to [Fe(CN) g_ /Fe(CN)‘é‘_]. The response time (tg5) was
shorter than 12 s. Calibration curves of 10 sensors tested at the same time (Fig. 3)
revealed that they can be fabricated in a very reproducible manner. Based on these
results it can be concluded that BSC sensors with Au layer are useful for application
in miniaturized potentiometric sensors. Chemical modification of such devices is
done by the deposition of the ion-selective membranes on the sensing-site, in this case
— miniaturized Au electrode of the chip. For the applications as ion-selective
membrane sensors, a layer separating the conductor from the membrane should be
designed as pointed out in the introduction. The replacement of pHEMA with a new
type of intermediate layer meeting the requirements of well thermodynamically
defined interface between the polymeric membrane and solid conductor (Au) assures
stable performance of the sensors. For this purpose, a series of ferrocene terminated
dithiols wereprepared, and self-assembled on the Au contact (SAMs 1-5 —Fig.2).

Voltammetric behavior of gold electrodes modified with SAMs 1-4. The redox
behavior of the electroactive monolayer assemblies SAMs 1-4 was characterized by
cyclic voltammetry (Fig. 4). Analysis was based on relevant parameters such as peak
current, area, position and shape. Electrochemical data extracted from the voltam-
mograms are collected in Table 1. Voltammograms shown in Figure 4 reveal charac-
teristic symmetrical shape of curves characteristic for surface confined faradaic
reactions. Moreover, the anodic peak current for each system was found to increase
linearly with the scan rate, which is also indicative for adsorbed redox centers.
All compounds under study show reversible electrochemical behavior, the peak
separations (£, ,— £, ;) at low scanrates (20-200 mV/s) were never larger than 30 mV.
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Figure 3. Potentiometric response to changes in Fe(CN)g~ and Fe(CN)#~ concentrations in sample
solution. Randomly chosen 10 sensor chips with bare gold contact.



Design of ferrocene organothiol monolayer as intermediate phase... 1661

40x10* T T T . . 00| @) i i i i i ]
30x10" & b
) 2.0x10° 4 4
20x10* B
1.010° b
o 10x10° 1 o
Z 00 ] 2 ‘
< <
b= = A 0x10* B
O 10x10° 4 1 8
3 3 2.0x10°q 1
© 2000 I
. 3.0x10% 4 R
s T T T T T
T T T v T
02 o0 02 o 06 o8 o 02 00 02 04 06 08 10
Potential/ V's. SSCE Potential/ Vs SSCE
T T T T T T T T
200044 ©) ] 20¢0°4 (D) J
1.0x10° g
1.0x10% 4 b
*(I)
< 00 g
= 004 1 #
< 2 o] ]
[ I .00
5 z
1.0x10° 4 4 &
© 5 2.0x10° 1
o
2010 4 R 3.0x10% 4 g
T T T T T T T T
00 02 04 06 0.8 00 02 04 06 08
Potential/ V's. SSCE Poteniid/V's. SSCE

Figure 4. Cyclic voltammograms recorded with SAMs modified gold electrodes in 1M HCIOj4 at scan
rate 10 V/s. (A) SAM 1, (B) SAM 2, (C) SAM 3, (D) SAM 4.

Table 1. Characterization of electroactive monolayer assemblies SAMs 1-4.

Formal Potential Width of the Peak at Half Height Surface Coverage
Monolayer 5 10
[mV] vs. SSCE [mV] [mol/cm~]x10
SAM 1 +428 = 4 126 £ 9 48 £04
SAM 2 +424 = 10 110 = 10 4.7 *0.5
SAM 3 +322+7 160 +13 3.8 +0.7
SAM 4 +336 £ 6 172 £ 15 34+05

Formal potentials calculated as (Ep,a+ Ep,c)/2 were in range of 0.32—0.43 V, which is
expected for ferrocene derivatives containing amide group connected with cyclo-
pentadienyl ring [26]. The width of the peaks at half-maximum, A E gy, Were always
larger than theoretical value. In an ideal case, full-width at half-height of the peak is
given by 3.53RT/nF (90.6 mV at 25°C) [27]. The differences between experimental
and theoretical values reflect the interactions (mainly repulsive) between redox
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centers and also indicate that some fractions of redox sites can be located in different
molecular environment than others, which leads to multiple formal potentials and
broadening of the peak. The latter is probably the reason of wider peaks in case of
SAM 3 and 4. These systems are formed by relatively short molecules, therefore,
higher degree of disorder can be expected.

The cyclic voltammetry responses of all systems were stable and we did not
observe any decrease in the charge during repetitive potential scans. Using charge
associated with the oxidation of ferrocene sites, we calculated the surface coverage
for adsorbed compounds (1)—(4). Assuming the close-packed layer of 6.6 A diameter
spheres (corresponding to ferrocene groups) the theoretical value of maximum
coverage is about 4.5x107'° mol/cm? (area per molecule 37 A?) [28]. The values
obtained in this work were close to the maximum theoretical coverage of ferrocene
thiols adsorbed on gold, therefore, we conclude that SAMs 1—4 are densely-packed.
However, the surface coverage decreases in order SAM 1>SAM 2>SAM 3 >SAM A4,
which reflects the dependence of order and packing density of the electroactive
monolayers on the length of the molecules forming the system [23,29,30].

The values of double layer capacitance for long-chain SAMs 1 and 2 were in the
range 4-6 uF/cm? while for the short-chain SAMs 3 and 4 in the range of 10-12
uF/cm?. These values reflect the order within the monolayer and its permeability
towards electrolyte ions. The values of the double-layer capacitance for electrodes
modified with SAMs 1, 2 and 5 are significantly lower than those measured for SAMs
3 and 4, but it is understood if we consider loser molecular packing density for SAMs
3 and 4. Moreover, SAMs 3 and 4 were formed by short molecules, which means that
dielectric layer is relatively thin comparing to SAMs 1 and 2.

Electron transfer efficiency for SAMs 1-4 on gold substrates. On the basis of
electrochemical results obtained for SAMs 1-4 it can be concluded that electron
transfer rates for short-chain SAMs 3—4 are significantly higher than for SAMs 1 and
2, thus these monolayers may be useful as electronically conducting linkers to the Au
support. The rate constants were determined from cyclic voltammograms using
Laviron treatment [31]. The transfer coefficients were obtained from the slopes of the
plot of peak potential vs. In v. The standard rate constants were calculated using
equation [31]:

nFAE

lnk=aln(1—a)+(1—a)lna—ln(fg))_a(l_a) RTP (0

where £ is the standard rate constant, & and (1-a) are cathodic and anodic transfer
coefficients respectively, vis a scan rate, AE, is the difference between anodic and
cathodic peak potentials, the other symbols have their usual meaning. The standard
rate constants for SAM 1 and 2 were about 100s ' and 200s ' respectively. The rate of
electron transfer through SAMs 3 and 4 was too fast to be measured using our
experimental setup, which means that the values of the rate constants for these
systems are at least 107, Very fast electron transfer observed for SAM 4 may be
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also connected with the presence of aromatic unit in the chain, transferring efficiently
electrons between the redox site and the electrode surface.

Potentiometric behavior of gold electrodes modified with SAMs. Two mono-
layers: SAM 4 exhibiting very fast electron transfer and the nonelectroactive SAM 5
without units that could increase the efficiency of electron transfer, were chosen for
preliminary studies of potentiometric responses of the BSC gold electrodes modified
with SAMs. The dynamic responses of these two types of sensors to changes in the
Fe(CN)g_ to Fe(CN) ™ ratio are illustrated in Fig. 5. Sensors with SAM 4 showed
faster potentiometric response, similar to that presented earlier for structures with
bare gold surface (Fig. 3). When SAM 5 was employed, the response was slower.
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Figure 5. Potentiometric response to changes in Fe(CN)z~ and Fe(CN)¢~ concentrations in sample
solution for sensor chips with gold contact with monolayers: a) SAM 4 and b) SAM 5.

CONCLUSIONS

BSC chips with Au contact either unmodified or modified with monolayers of
purposely synthesized organothiol molecules gave stable electrode performances
and short potentiometric response times for the [Fe(CN) g‘ /Fe(CN)¢~ ] system in the
solution. Voltammetric studies of the monolayers indicated electrochemically rever-
sible behavior of the compounds and efficient coverage of the gold electrode.
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Properties of 5 compounds were compared. The electrode modified with bis [4-((fer-
rocenylcarbonyl)amino)phenyl]disulfide (SAM 4) showed faster potentiometric res-
ponse than covered with nonelectroactive alkanethiol monolayer, close to the res-
ponse of bare gold. Thus, it provides efficient electronic wiring to the electrode and at
the same time forms a hydrophobic barrier between the electrode and the solution
eliminating direct access of solution species to the gold surface. These properties are
important for the application of bis [4-((ferrocenylcarbonyl)amino)phenyl]disulfide
as the component of intermediate layers in membrane ion-selective electrodes and
work in this direction is continued in our laboratories.
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