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Abstract : Silicone rubber-based sodium-selective membranes are developed for
solid-state ion sensors. It was shown that the potetiometric performance of SR-based
membranes are greatly dependent on the type of neutral carriers employed; among
the three ionophores, N.N,N'N'-tetracyclohexyl-1,2-phenylenedioxydiacetamide
(ETH 2120), bis[(12-crown-4)methyl]dodecylmethylmalonate (D12C4DMM) and
monensin methyl ester (MME), examined, only ETH 2120 was compatible with the
SR-based matrix. Addition of about 20 wt % plasticizer to the SR-based matrix
provided the resulting membranes with potentiometric propertics essentially
equivalent to those of the corresponding PVC-based membranes. Owing to the
strong adhesive strength of SR-based membranes, the CWEs coated with those
membranes exhibited long lifetime with conventional electrode-like performance.
Blending of PU into the SR matrix increased the lifetime of CWEs from two weeks

to one month,
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1. Introduction wire-type electrodes (CWEs) and ion-selective field
effect transistors (ISFETs), has been growing [1].
In recent years, the desire to develop miniaturized Plasticized PVC membranes containing small amounts

and mass producible solid-state ion sensors, i.e., coated of various clectroactive components (e.g., ionophores
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and Lipophilic additives) have been the most commonly
used ion-selective membranes for those solid-state type
devices [2]. These membranes are directly cast on the
sensing sites of the sensor without internal reference
solution. However, the use of CWEs or ISFETs
modified with PVC-based membranes has not been
widespread yet because of a large drift in their
potentiometric response and short lifetime [2]. It has
been suggested that water molecules creep through the
membrane and form thermodynamically ill-defined
hydrated layer at the membrane/solid interface.
Dissolved cqrbon dioxide may also permieate through the
membrane and form carbonic acid at the interface with
the hydrated layer, being the cause of the drift [3]. PVC-
based membranes also have inherently weak adhesion to
most sofid surfaces and are eventually peeled off from
the solid-state electrodes. Although these problems have
often been dealt with separately, formation of ill-defined
hydrated layer at the interface may result from the poor
adhesive strength of the PVC-based membrane: for
example, Cha et. al. found that the lifetime and potential
stability of a solid-state ion sensor are greately improved
by employing alternate polymer matrices with increased
adhesive strength [4, 6].

Several methods have been proposed to attach the
ion-sensing membrane layer to the surface of solid-state
devices; of the
modification of PVC to enhance the interaction with the
hydroxy! group bearing surface, chemical grafting of the

physical fastening membrane,

sensing layer either by thermal or photochemical curing
methods, and use of altemate polymers (e.g., Urush,
epoxy resin, poly(methyl acrylate), polyurethane and
silicone rubber, etc.) [4 - 22]. However, these methods
are often too complicated to apply or result in poor
electrochemical performance. Thus, a design of solvent
polymeric ion sensing membranes that are easily
solid-state

mountable on any device  without

compromising their potentio-metric performance is
prerequisite in developing microfabricated ion-selective
sensor arrays for various applications.

van der Wal et. al. have shown that an ISFET
modified with the valinomycin-doped room temperature
vulcanizing-type silicone rubber (3140 RTV SR)
membrane exhibit
characteristics comparable to those of the corresponding
PVC-based membranes with improved lifetime [20]. It
was also found in our laboratory that addition of 10 - 20
wt % of plasticizer (bis(2-ethylhexyl)adipate) into the
same membrane elongated its lifetime to more than 200

potentiometric response

days. However, sodium- and calcium-selective neutral
carriers doped in non-plasticized SR membrane
exhibited either very slow or negligible potentiometric
responses. It was presumed that the poor signal to noise
ratio results from the high resistance of SR-based
membranes [23, 24]. Also there are substantial evidence
that SR-based membranes form a resistive film on their
surface, resulting in slow ion exchange kinetics at the
surface. The use of polyurethane matrix to prepare ISEs
was suggested more than two decades ago [26].
However, its actual use has been realized recently by
Cha et. al. and by Lindner et. al. (4, 5]. They found that
an aliphatic polyurethane (Tecoflex)-based membranes
perform like the corresponding PVC-based membranes
on a solid-state ion sensor with much improved adhesion
and biocompatibility. Furthermore, Tecoflex PU matrix
is compatible with most neutral carriers incorporated
and has much lower electrical resistance than that of the
SR matrix.

It seems resonable to presume that the ion sensing
membranes prepared with the blend of SR and PU
matrix would complement the drawbacks of each
polymer. In this contribution, the electrochemical perfor-
mance of the ion-selctive membrangs prepared with the
SR/PU matrix has becn investigated, focusing on the
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development of sodium-selective CWEs.

2. Experimental

Reagents

3140 RTV silicone rubber (SR) was a product of
Dow Coming Co. (Midland, MI, USA), while poly(vinyl
chloride) (PVC),  N,N,N'N'-etracyclohexyi-1,2-
phenylenedioxydiacetamide (ETH 2120), bis[(12-crown-
4)methyl]dodecylmethylmalonate (D12C4DMM), bis(2-
cthythexyladipate (DOA), bis(2-butylpentyl) adipate
(BBPA), o-nitrophenyl n-octyl ether (NPOE), and
potassium tetrakis(p-chlorophenyl)borate (KTpCIPB)
were purchased from Fluka Chemie AG (Buch,
Switzerland). Monensin methyl ester (MME) was a
product of Calbiochem-Novabiochem (La Jolla, CA).
Tecoflex polyurethane (SG-80A) was purchased from
Thermedics (Wobum, MA). Tris(thydroxymethyl)amino
methane was obtained from Sigma Chemical Co. (St.
Louis, MO, USA). All other chemicals used were
analytical-reagent grade. Standard solutions and buffers
were prepared with deionized water (18 Mohm.cm).

Preparation of Jon-Selective Membranes
PVC-based calcium-selective
prepared by incorporating sodium ionophores into the

membranes  were
plasticized PVC matrices; their compositions have been
optimized as described in the literature. Their typical
compositions are 33 wt % PVC, 66 wt % NPOE, BBPA
or DOS, 1 wt % ionophore. Various 3140 RTV SR-
based membranes were prepared by dissolving 198 mg
of silicone rubber, 2 mg of sodium-selective neutral
carrier (ETH 2120, sodium ionophore VI or Monensin
methyl ester), and varying amounts of plasticizer (0 - 90
pl of DOA or DOS) and lipophilic additives (0 - 0.54
mg of KTpCIPB) in 0.4 ml THF. For SR/PU-based
membranes, 2 parts of Tecoflex PU was blended with 8
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parts of SR; their exact compositions in weight percents
are given in Table I. All membrane cocktails were cast
in glass ring placed on teflon plates for conventional ion-
selective electrodes or directly deposited on planar-type
silver electrodes. PVC membrane cocktails were dried at
room temperature for at least 24 hours, while those

~ based on 3140 RTV SR for 2 - 4 days.

Table 1. Composition of various sodium-selective
membranes in wt %.

Matrix
Type PVC SR PU ionophore® plasticizer
A 330 1.0 66.0b
B 99.0 1.0
C 777 0.8 21.5¢
D 79.0 198 1.2
E 59.1 14.8 0.9 25.2¢

a MME, D12C4ADMM or ETH 2120; b NPOE for
MME and D12C4DMM, and DOA for ETH 2120;
¢ DOA for all ionophores

EMF measurements

Initial evaluation for electrochemical properties of
the membranes were made using conventional ISEs.
Small disks were punched from the cast films and
mounted in Philips electrode bodies (IS-561;
Glasblaserei mOller, Zurich, Switzerland). For all
electrodes, 0.1 M NaCl was used as an internal filling
solution. The external reference electrode was an Orion
sleeve-type double junction Ag/AgCl reference electrode
(Model 90-02). Potential difference between the ISEs
and the reference electrode was measured using an IBM
AT-type computer equipped with a home made high-
impedance input 16-channel analog-to-digital converter.
The dynamic response curves were obtained by adding

standard solutions to 200 ml of magnetically stirred



626 Hyun Jung Lee, Kyung Lae Rho, Chang Yong Kim, Bong Kyun Oh, Geun Sig Cha and Hakhyun Nam

background electrolyte (0.05 M Tris-HCI, pH 7.2) every
100 s to vary the concentrations of primary ions (K*,
and Na¥) stepwise from 1070 to 10-1 M, and the
measurements of emf values were taken every second at
room temperature. Selectivity coefficients were
determined by the separate solution-matched potential
method. Both SR- and SR/PU-based sodium-selective
membranes optimized in the conventional electrode were
applied on the silver electrodes (modified CWEs; area,
0.8 mm?2) and they were dipped into the cocktail solution
5 times. In. order to see the sensor-to-sensor
reproducibility, several CWEs were prepared from the
same cocktail solution for each set of experiment. These
electrodes were dried in the atmosphere for 2 to 4 days.
All electrochemical evaluation for these CWEs was
performed by the same experimental methods as

described for conventional electrodes.

3. Results and Discussion

Figure 1 (a) shows the dynamic response characteristics
of the D12C4DMM-doped membranes measured with
the conventional electrodes. It was found that the
D12C4DMM ionophore is not compatible with non-
plasticized SR and SR/PU matrices. On the other hand,
addition of about 20 wt % of DOA plasticizer to the
matrix dramatically improved their potentiometric
properties to a better degree than those of the PVC-
based membranes. Potentiometric characteristics of
plasticized SR and SR/PU-based membranes are
summarized in Table 2 along with those of the
corresponding PVC-based membrane. It seems that the
electrochemical properties of the ionophores may have
been altered by their chemically active surrounding,
where the polycondensation reaction of the SR matrix
proceeds upon cexposure to the atmosphere [6]. In

general, except for the valinomycin-doped membrancs

[20], most neutral carriers do not behave properly in the
SR or SR/PU matrix. Figure 1 (b) shows the dynamic
response of the type E membrane coated on a CWE.
Although the type D membrane exhibited virtually the
same response charactenstics in the conventional
electrode, it had shorter lifetime on the CWE than the
type E membrane.
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Figure 1. (a) Dynamic response curves for various
D12C4DMM-doped membranes obtained with the
conventional electrode. Compositions of the membranes
are given in Table 1.; (b) Response of the Type E

membrane coated on a silver clectrode.
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Although there was certain improvements in their
responses in the non-plasticized membranes, the
potentiometric behavior of MME-doped membranes
were similar to that of D14C2DMM-doped membranes.
However, the detection limits for the SR- and SR/PU-
based membranes were increased by an order of
magnitude compared to that for the PVC-based
membranes. These results are summarized in Figure 1
(a). Furthermore, the reponse slope and detection limit
for CWEs with MME-doped SR/PU membranes became
much worse than those of the corresponding
conventional electrode, indicating that MME is not a
suitable neutral carrier for the SR-based membranes.
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Figure 2. (a) Dynamic response curves for various
MME-doped membranes obtained with the conventional
electrode.

Unlike the other two sodium-selective ionophores,
Di2C4DMM and MME, the ETH 2120 ligand exhibit
substantial electrochemical activity in the non-
plasticized SR (Type B)- and SR/PU (Type D)-based
membranes; their response slopes were 47.8 and 53.3
mV/dec, respectively. It is noticeable that the blending of

Vol. 8, No. 4. 1995

PU (Type D) enhances the response slope, reflecting the
increased compatibility of ETH 2120 ligand with the SR
matrix, As can be seen from Figure 3 (a), however,
addition of plasticizer was necessary to further improve
the response slopes and the response times comparable
to those of PVC-based membranes. These results
strongly suggest that plasticizers incorporated in
polymer matrix not only provide a liquid-like structure
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Figure 3. (a) Dynamic response curves for various ETH
2120-doped membranes obtained with the conventional
electrode.; (b) Response of the Type E membrane coated

on a silver electrode.
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Table 2. Potentiometric characteristics of D14C2DMM-doped membranes

Type Slope  Detection Selectivity Coefficient (Iog P‘;f p)
(mV/dec) limit :
(logana+) Kt Lit ~ NHg* CaZ* Mg2+
A 50.8 5.69 2.02 -3.04 241 -3.04 -3.88
C 55.9 -5.53 -1.76 -2.98 -2.34 -3.33 4.17
E 54.8 -5.58 -1.79 -3.02 -2.29 -3.35 -4.20
Table 3. Potentiometric characteristics of ETH 2120-doped membranes
(Type Slope Detection Selectivity Coefficient (log K&:t y
(mV/dec) limit
(logan,+) K* Lit NH,* CaZ+ Mg2+
A 55.2 -4.89 -1.84 -1.21 -0.36 -1.84 491
B 4738 -5.01
C 56.2 -4.87 -1.53 -L.12 -0.60 -2.20 -4.09
D 533 453
E 56.2 -4.86 -1.50 -1.14 -0.71 217 -4.54

to the ion-selective membranes, but also enhance the ion-
exchange kinetics by removing the resistive film formed
at the membrane surface. Although SR and PU are in a
rubbery state at usual working temperature, ionophores
in those matrices may not have sufficient transmembrane
mobility without the aid of an appropriate plasticizer.
However, the content of plasticizer added to these
matrices could be reduced to less than 20 wt %, which is
substantially lower than the amount, 66 wt %, required
for the common PVC-based membranes. The overall
performance of the ETH 2120-doped membranes are

summarized in Table 2.

Figure 3 (b) shows the cahracteristic dynamic
response of the silver electrode coated with the Type E
membrane; while the CWE with the Type C membrane

exhibit similar response, it has shortgr lifetime (~ 2

weeks) than the one with the Type E membrane ( ~ 1
month).
4. Conclusion

SR-based sodium-selective membranes have been
developed for solid-state electrodes. It has been shown
that the performance of SR-based membranes is greatly
dependent on the type of ionophore incorporated; among
the three commercial sodium-selective ionophores tested
in this study, only ETH 2120 was compatible with the
SR or SR/PU matrix. Addition of about 20 wt % of
plasticizer to SR-based matrix drastically improved their
pdtentiometric properties. Application of plasticized SR-
based membrancs on the silver electrodes results in

CWEs whose properties are comparable to those of

Journal of the Korean Society of Analytjcal Sciences
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conventional electrodes. Although the initial response
behavior of SR and SR/PU-based membranes were
almost identical, the later exhibited longer lifetime on the
CWE.
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