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Abstract

The design of durable sodium-selective CHEMFETs based on the covalent attachment of a sodium-selective ionophore and
tetraphenylborate anions to a polysiloxane membrane matrix is described. Simulations of the membrane potential of such
CHEMFETS using an extended version of the model developed previously in our group, revealed that a membrane with a reduced
mobile 10nophore and completely immobilized anionic sites should give a sub-nernstian response owing to a counteracting diffusion
potential. CHEMFETSs with all possible combinations of free and covalently bound ionophore and borate anions were prepared
and the effect of covalent binding on the sensing behaviour was studied. The attachment of both electroactive components to a
polysiloxane membrane matrix results in CHEMFETS that respond to Na™ activities in aqueous solution with good selectivity, and

an almost nernstian slope (56.7 mV decade™!). The polarity of the membrane plays a crucial role. The durability is improved by the
covalent attachment of the electroactive components (more than 90 days).

1. Introduction

A commonly used method for investigation of the
sensing properties of ionophores 1s the incorporation
of these molecules in a plasticized poly(vinyl chloride)
(PVC) matrix [1]. Although electrodes modified with
plasticized PVC membranes showed major improve-
ments in comparison with liquid membrane electrodes,
such as a faster response time, enhanced mechanical
strength, and elongated lifetime, it soon became clear
that these electrodes suffer from serious limitations
with respect to lifetime in various applications [2].

There have been several attempts to solve these
problems by the application of various plasticizers [3,4],
ionophores [5,6], and anionic sites [7,8] with an in-
creased lipophilicity, and in a few cases by covalent
binding of the ionophore to the polymer matrix [9,10].
Membrane materials other than plasticized PVC have
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also been investigated, such as poly(methylmethacry-
late) [11], polyurethane [11], poly(vinylisobutyl ether)
[12], copolymers of poly(bisphenol-A carbonate) and
polydimethylsiloxane [13], silicone rubber [14], and poly-
(vinylidene chloride) [15]. The last three membrane
materials have the advantage that no additional exter-
nal solvent mediator 1s needed.

Plasticized PVC is also commonly used as the mem-
brane material for ion-sensitive field effect transistors
(ISFETs). The limited lifetime of ISEs based on plasti-
cized PVC membranes is also a problem for ISFET's
modified with these membranes, even more so because
of the much smaller membrane volume. Most of the
above mentioned approaches to improve the durability
of ISEs have also been applied to ISFETs and they
have resulted in an improvement of the lifetime of the
device (vide infra). However, ISFETs in which the
polymeric sensing membrane is cast directly by physical
adsorption onto the hydrophilic 510, or Si;N, gate
oxide surface (MEMFETS) suffer from additional prob-
lems. An important problem is that the membrane
tends to become detached from the surface as a result
of water seepage between the membrane and ISFET
surface [16].

© 1994 — Elsevier Science S.A. All rights reserved
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In order to obtain Na™-sensitive FETs with in-
creased durability based on the commercial oxamide
ionophore ETH 227, Wakida and coworkers [17] used
Urushi latex as the membrane material. A practical
problem encountered using Urushi is the long curing
time of 10 days. Johnson et al. [18] showed that the
curing time can be reduced to 3 days by the addition of
formaldehyde as crosslinking agent. Cha and Brown
[19] investigated polymerized imide (PI) matrices, and
found that dimethyl phthalate or a diethylene glycol
dibenzoate /dipentyl phthalate mixture as plasticizers
gave a flexible transparent and mechanically strong
membrane with good adhesion to silicon nitride sur-
faces and sensing behaviour comparable with that us-
ing a PVC membrane matrix.

The above described membrane materials which
were used to obtain better adhesion to the ISFET
surface still need the addition of an external solvent
mediator. An example of a solvent-mediator-free mem-
brane that enhances the lifetime of ISFETS is silicone
rubber [20,21].

However, none of the MEMFETs described above
possess an internal reference solution as is the case for
ISEs. Therefore carbon dioxide permeating through
the membrane may cause pH changes at the gate
oxide |membrane interface resulting in variation of the
surface potential leading to an interfering response of
the ISFET [22]. The most fundamental problem is that
because of the absence of an internal reference solu-
tion, the gate oxide |membrane interface is thermody-
namically ill defined in terms of a common potential
determining species. Consequently, it can be expected
that in practice MEMFETSs would be inferior to con-
ventional ISEs with respect to stability and drift.

We have previously described a novel architecture
for chemically modified field effect transistors
(CHEMFETS) in order to solve the problems men-
tioned above, Firstly, the attachment of the membrane
was improved by mechanical [23] or chemical [24,25]
anchoring to the surface of the gate oxide. Secondly,
we introduced a hydrogel layer (polyHEMA) between
the gate oxide and the sensing membrane in which an
aqueous pH buffered solution of primary ion salt can
be absorbed [26]. This eliminates the interference of
CO, in the CHEMFET response, and it stabilizes the
potential developed in the sensing membrane [26,27].

The limited [ifetime of sensors results from the
leaching out of electroactive components, i.e. the lig-
and and the ionic sites, from the membrane phase to
the sample solution. To increase the sensor durability,
electroactive components with an enhanced lipophilic-
ity could be applied, but a more efficient method is

covalent anchoring of these components to the mem-
brane matrix.

In this paper a study of Na™-selective CHEMFETS
modified with polysiloxane membranes is discussed.
Polysiloxane membranes of different polarity, 1.e. with
different amounts of cyanopropyl siloxane groups, in-
corporating free or immobilized ionophore and te-
traphenylborate anions, were investigated with respect
to their performance as sensing membranes. Various
ionophore /tetraphenylborate anion combinations, free
and attached chemically to the membrane matrix, were
studied to reveal the influence of immobilization on
the sensing behaviour of the CHEMFET, Given the
fact that the ultimate goal is a durable Na™-selective
CHEMEFET with all electroactive compounds immobi-
lized to prevent leaching out of these compounds, the
first question addressed is whether a well functioning
sensor with this modification can be obtained.

2. Results and discussion

In order to evaluate the influence of the chemical
attachment of electroactive components to the mem-
brane matrix on the membrane potential of an ISFET,
a theoretical model was developed.

2.1. Model description

This model 1s a thermodynamic description of the
commonly used three-segment membrane model, intro-
duced by Teorell [28], Meyer and Sievers [29], where a
membrane of finite dimensions is placed between a
reference solution and a sample solution. In this way
the two boundary surfaces and the interior of the
membrane can be treated separately (Fig. 1). In our
group the model has been extended by Van den Berg
et al, [30] by including either free or immobilized
neutral ligands and immobilized anionic sites in the
calculations. Recently, Cobben et al. [31] extended this
model to divalent primary and interfering cations and
included the possibility of ion-pair formation.

Reference Membrane Sample
Solution Solution
.. »
E
Br E Bs

----------------------------------

Fig. 1. The membrane potential E,, as a function of the two
interfacial potentials Eg. and Ey; and the diffusion potential E.
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The membrane potential E,; is defined as usual in
the ion-selective electrode literature, i.e. the difference
n the potential of the reference solution ¢_ and the
potential of the sample solution ¢.. This membrane
potential 1s determined by the two boundary or Don-

nan potentials g and Eg,, and by a diffusion poten-
tial Ey as given in Eq. (1):

EM"—"(ier(bs: mEBrmED_l_EBs (1)

In the model calculations presented here, the activ-
ity of the primary ion in the reference solution is kept
constant (1 X 10™° M) and that in the sample solution
is varied between 107° and 10~! M. The boundary
potentials Ey. and Eg, are calculated from the activi-
ties of the ionic species in both solutions and in the
membrane phase respectively. The diffusion potential
can be calculated from the activities of the charged
species at both sides of the membrane and the mobility
of these species.

The two boundary potentials, £, and Eg, have
been calculated by taking into account the equilibria
related to (1) the partition of free ions between the
membrane and the agqueous phase, and (ii) complexa-
tion of free cations by the ligand.

In the description of the model, cation activities are
denoted by a_ (r) and a__(s), and it is considered that
one common anion is present with activity a _(r) and
a_(s), for reference (r) and sample (s) solution respec-
tively. Primary cations are defined by i = 1, and inter-
fering cations by i = 2. The ligand (L) and anionic sites
(Y) are confined to the membrane phase and have
activity a; and a. respectively. All parameters belong-
ing to the membrane phase are indicated by tilde (~),
except for the activity of the ligand L, the activity of
the anionic sites Y, and the mobilities m, since these
parameters are confined to the membrane phase or are
only of interest in the membrane phase.

In the simulations presented here, the primary and
interfering cations and the common anion are monova-
lent and no associates of free cations and ligand—ca-
tion complexes with lipophilic amions Y and sample
anions are present. |

Since equilibrium exists between all cations f in the
(bulk) membrane phase (4;") and the (bulk) aqueous
phase (a;7), the electrochemical potential u of the
permeable 10ns on both sides is equal:

W' +RTIna,,+z, Fp=a" +RTInd_, +z,  Fo
(2)

It is assumed that the solutions are very dilute so that
all activity coefficients are approximately unity and the
osmotic pressure need not be included. In this equa-
tion 8" is the standard chemical potential of cation i,

!

and all other symbols R, T, and F have their conven-
tional meanings.

The partition coefficient k£, ; can be defined as the
ratio a.,,;/a.; 1n the absence of a boundary potential,
which gives an expression for k., from Eq. (2):

ko= di/a, = oxp| (W0 — *)/RT| (3)

Rearrangement of Eq. (3) and introducing the bound-

ary potential E; = ¢ — ¢ gives an expression for the
ratio a .;/a ;.

Ex=(RT/z;F) Iﬂ[k-+-f“+:/§+f] (4)

Anion activities in the membrane phase and in the
aqueous phase are related in a similar way:

Ex=(RT/|z;|F)In[d_/k_a_] (5)

Every cation 1n the membrane can be complexed by
the ligand L according to Eq. (6), in which 8, is the
association constant of the ligand with cation i:
L"":‘_ﬁl 10 L Bi=d, . /(da.) (6)

In addition to the equilibria (2)-(6), the conserva-
tion laws for the anionic site Y and ligand L, and the
condition of electroneutrality in the bulk of the mem-
brane, apart from the space charge regions at the
interfaces, were taken into account in the model calcu-
lations.

The mathematical description gives six equations for
six variables (a.;, a_, d,,., 4., dvy, and Eg); an
implicit solution for the boundary potential at both
interfaces, £, and Eg,, was obtained by an iterative
procedure.

The diffusion potential Ep=¢,— ¢, that arises
from the diffusion of charged species with different
mobilities inside the membrane was calculated using
the Henderson equation [32], which assumes a linear
concentration profile of the ions in the membrane:

2z o im Ad, —3|z_|{m_Ad_

Sz22m Ad, + 3z m_Ad_

RT 1 Sz:ma,(r)+3z2m_a_(1)
X — In : :
F o 3z2m G, (s)+3z2m_da_(s)

In this equation, m. and m_ denote the relative
mobilities in the membrane of cationic and anionic
species respectively, and Ad. =4 (s)—a (r), Ad_=
a_(s) — a_(r). After calculation of Ep the total mem-
brane potential E, =FEy —Ep— Ey, can be evalu-
ated. |

D

(7)

Immobilization of ligand and anionic sites
The simulations described in this paper were in-
tended to extend the understanding of the effects that



188 J.A.J. Brunink et al. / Design of durable Na “-selective CHEMFETS

0.14 - -

0.10

0.06

Ey sV %
0.02

-0.06

-0.10

-0.14

0,18

-7 -5 3 -1
loga,; —————>p
Fig. 2, The influence of the association constant 8; on the potentio-
metric response of monovalent cations, m; =1, mv=0:(a) B, =1X
10° M~ a,,=0 M; (b) B;=1x%10° M™!, B,=1x10° M1,
Q.,=1x10"1 M.

determine the membrane potential by study of the
situation when the electroactive components become
increasingly restricted in their mobility. The simula-
tions were performed with an association constant f3,
=1x% 10° M~! for the primary ion-ligand complex.
This value is chosen because it gives a good response in
the simulations described previously [31]. The concen-
tration of the ligand in the membrane phase L, is
1 X 107> M and that of the anionic sites Y,,, is 5 X 1074
M. Cation [ and the sample anion have the same
partition to the membrane phase (k_;=k_=1x 107°).
The relative mobilities of charged species in the mem-
brane (m_,,=m_) is unity but the relative mobilities
m; of the ionophore L (and the cation-ionophore
complex i-L) and my of the anionic sites Y were
varied.

In the first simulation in this series the mobility of
the 1onophore m; was kept unity and the anionic sites
were totally immobilized (my =0). In the case when
no interfering cation is present, no effect of the 1Immo-
bilization of the anionic sites was observed (Fig. 2(a)).
The introduction of an interfering cation with a ., =1
X 10~! M and association constant 8,=1X 10" M™!
in the simulation results in a reduction of the response
to primary cation activity at low activities of 1076-10"4
M. The response behaviour s similar to that obtained
from the simulation where both electroactive compo-
nents are mobile (Fig. 2(b)).

Subsequently the situation was simulated where the
ionophore was restricted in its mobility and the anionic
sites were completely mobile. Consequently m+ =1
and the mobility of the ionophore was restricted to
m,; = 0.1 and 0.01 respectively. When no intertering

ion is present, In both simulations no effect of the
restriction of 1onophore mobility was observed. A
Nernstian response 1s found for the whole activity
range (Fig. 2(a)). The introduction of an interfering
cation in the above simulations with an activity a ., =1
% 10~! M and association constant 8, of 1 X 10° M~}
yields the same response behaviour as was observed for
the simulation with completely mobile electroactive
components (Fig. 2(b)).

The next step in the simulations was a reduction In
the mobility of the ligand to m; = 0.1, with completely
immobilized anionic sites (m+, = 0). First the situation
was simulated for the case where no interfering cation
is present i solution. As is shown in Fig. 3, the
response is nernstian (59.0 mV decade™!) in the pri-
mary cation activity region, a,,=107°-10"* M. In
the region of primary cation activity 1072-10"! M, a
sub-nernstian response of 53.9 mV decade ™! is found.
The values for the diffusion potential Ey, the bound-
ary potential at the sample solution side Ep,, and the
overall membrane potential E,, show that where the
response of Eg, remains nernstian, £, becomes sub-
nernstian owing to an increased counteracting diffu-
sion potential E. (See Tables Al and A2 in Appendix
A). |

Substitution of the activities of the mobile, charged
species In the membrane phase, listed in Tables Al
and A2, in the Henderson equation leads to the follow-
ing conclusions. With mobile anionic sites Y (m = 1),
these anions and the slightly mobile primary cation-
ligand complex (m; = 0.1) are the main diffusion po-
tential determining species. This results in a negligible
diffusion potential because of the absence of a concen-
tration gradient of this species. On immobilization of
the anionic sites Y (m+ = 0) the sample anions and the

0.12

loga,; —p»
Fig. 3. The influence of the immobilization of electroactive compo-

nents on the potentiometric response of monovalent cations (8, =1
x10° M~1, m; = 0.1, my =0).
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Fig. 4, The influence of the immobilization of electroactive compo-

nents on the potentiometric response of monovalent cations (8; =1
X10° M~ m; = 0.01, my =0).

slightly mobile primary cation~ligand complex (m, =
0.1) become the main diffusion potential determining
species. On an increase in the activity of the primary
cation in the sample solution, the activity of sample
anions 1n the membrane increases more strongly, owing
to the combined effect of partition equilibrium and an
Increase in the boundary potential E;.. A tenfold
increase in the primary cation activity (and anion activ-
ity) in the sample solution results in an hundredfold
increase in the activity of sample anions in the mem-
brane phase a_, owing to the partition equilibrium
(tenfold increase in the sample anion activity) and the
Nernst relation (59 mV increase of the boundary po-
tential). This increase in anion activity in the mem-
brane results in an increase in the diffusion potential.
A diffusion potential of 4.03 mV 1s calculated at a ;=
10~ M.

A further decrease in the mobility of the ligand to
my; = 0.01 with immobilized anionic sites {(»1y = 0) in
the absence of interfering ions shows a further increase
in the diffusion potential E,. The response to the
increase in the primary cation activity is only 31.5 mV
between a4, ,107%-10"" M owing to the counteracting
diffusion potential (Fig. 4 and Table A3 in Appendix
A). The diffusion potential Ey is higher in this case
because the relative contribution of the sample anions
becomes larger owing to the lower mobility of the
primary cation-ligand complex. From the Henderson
equation a value for E, of 272mVata,,=10""Mis
calculated. An even lower response 1s found for E,, on
a further decrease in the ligand mobility m; to 0.001
owing to the strongly increasing diffusion potential
(Fig. 5). This shows a possible origin of anion response
at high concentration levels. Buck and coworkers [33,34]
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Fig. 5. The influence of the immobilization of electroactive compo-

nents on the potentiometric response of monovalent cations (8, =1
X10° ML, m, = 0001, my =0).

have observed Donnan exclusion failure for high car-
rier loadings of potassium-selective electrodes in the
presence of lipophilic sample anions, e.g. thiocyanate.

When in the simulations the ligand mobility m; = 0.1
and the anionic sites are immobilized (my = () in the
presence of an interfering cation with activity a ., =1
X 107! M and association constant 8, =1 X 10> M™*,
a similar behaviour is found as in the absence of
interfering cation. A considerable reduction in re-
sponse is observed owing to the occurrence of a diffu-
sion potential £ of 7.20 mV (Fig. 6 and Table A4 in
Appendix A). The diffusion potential becomes as high
as 39.2 mV when the mobility of the ligand m; 1is
reduced further to 0.01 (Fig. 7 and Table AS in Ap-
pendix A). The fact that the diffusion potential E is

Q.12

-7 -5 -3 -1
loga,; ————»

Fig. 6. The influence of the immobilization of electroactive compo-
nents on the potentiometric response for monovalent cations (8, =1
X10° M™L B, =1xX10° M Y g, , =1X10"' M, my = 0.1, my = 0).
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larger in these cases, resulting in a more pronounced
deviation from a nernstian response, can be explained
by the higher activity of sample anions in the mem-
brane owing to the presence of interfering salt in the
sample solution.

In summary, the simulations of a membrane phase
with a partly immobilized ionophore (i, =0.1) and
mobile anionic sites Y (m+ = 1) in the absence of an
interfering salt in the sample solution show a slight
increase in the diffusion potential at high primary
cation activities. On a total reduction in the mobility of
the anionic sites (m+ = 0), and keeping the mobility of
the ionophore the same, a distinct diffusion potential
of 4.03 mV was calculated at a primary cation activity
of 107! M. The calculated increase in the diffusion
potential 1s a consequence of the immobilization of the
anionic sites. Owing to this immobilization these an-
ionic sites lose their diffusion potential determining
role and the main diffusion potential determining
species now becomes the sample anions in combination
with the reduced mobile primary cation-ligand com-
plex {(m; = 0.1). In the case when an interfering salt is
present in the sample solution, the reduction in the
response due to the counteracting diffusion potential

becomes even larger as a consequence of a higher

activity of the sample anions in the membrane. The
same behaviour is observed on further immobilization
of the ionophore (m; = 0.01 and m, = 0.001). In this
case the compensating behaviour of the cationic species
to the diffusion potential is reduced further.

2.2. Construction of a durable sodium CHEMFET
From the literature [35] it is known that for ISEs
and ISFET's with neutral ionophores, the selectivity for
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Fig. 7. The influence of the immobilization of electroactive compo-
nents on the potentiometric response for monovalent cations (B, =1
x10° M7Y, B,=1X10° MY, a,,=1x10"' M, m; =0.01, m =
0).

HNO3/ AcOH
CHCI:;I rt
Rl
1 Rl = Bu
1, SOCh,
i,  EtgN/CHCly /1, and
HyN{CH3), OC(Q)C(CH3)=CH3
or HyNCqH7, +
R1 = But
3 R2=HN(CH»OC(0)YC(CH,)=CH,
4 R2 = HNC'_;H?
Scheme 1.

monovalent cations i1s favoured by a membrane of low
polarity. However, too low a polarity may lead to noisy
sensors because of insufficient conductance of the
membrane. In order to obtain the optimal polarity of
polysiloxane membranes, CHEMFETs modified with
polysiloxane membranes incorporating either 2.8 mol%
or 10 mol% cyanopropyl siloxane groups were investi-

gated. The abbreviations PS(2.8)CN-CHEMFET and
PS(10)CN-CHEMFET are used for CHEMFETs modi-

fied with these polysiloxane membranes.

Synthesis of methacrylated ionophores and anionic
sites

In this section the synthesis of calix[4]arene deriva-
tives and tetraphenylborate anions both with a
methacrylate functionality (Scheme 1) is discussed. The
methacrylate functionality is introduced to immobilize
these compoundes.

The synthesis of the calix[4]arene derivatives 3 and 4
was started from the triester monoacid 2 (Scheme 1).
Triester monoacid 2 was obtained by selective hydroly-
sis of one of the ester groups of the tetraethyl ester of
p-tert-butylcalix[4]arene 1 under the influence of an
acid. In the first experiments trifluoroacetic acid was
used, according to the procedure described by Bohmer
et al. [36], and triester monoacid 2 was obtained in
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O~
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3

79% vyield after reaction for about 6 days. Since this
reaction needed such long reaction times, catalysis by
other acids was also investigated. Better results were
obtained with hydrolysis in the presence of a mixture
of acetic acid and nitric acid, which gave the desired
compound 2 in 84% yield in a reaction time of only 1.5
h. Monoacid 2 readily gave the acid chloride on reac-
tion with thionyl chloride, under the conditions de-
scribed by Harris et al. [37]. Reaction of the acid
chloride with the appropriate agent, 1.e. 2-aminoethyl
methacrylate or n-propylamine, gave the desired pro-
ducts 3 and 4 respectively, in a moderate yield of 60%.

The tetraphenylborate anion with a methacrylate
functionality § (Chart 1) was synthesized starting from
4-(2-hydroxyethyl) bromobenzene, according to known
procedures [38). The hydroxyl group of 4-(2-hydroxy-
ethyl) bromobenzene was protected first by reaction
with tert-butyldimethylsilyl chloride. Subsequently, this
silyl ether was reacted with magnesium to give the
corresponding Grignard reagent which was reacted with
triphenylborane at room temperature, On treatment
with a saturated potassium chloride solution the potas-
sium tetraphenylborate salt precipitated. The desired
borate anion 5 was obtained by deprotection of the
hydroxyl group with tetramethylammonium fluoride,
followed by reaction of the free hydroxyl group with
methacryloyl chloride.

Low polar polysiloxane membrane |

The first experiments were performed with CHEM-
FETs [38,39] based on polysiloxane membranes with
standard compositions: 2 wt.% ionophore and 50 mol%
anionic sites. PS(2.8)CN-CHEMFETs with the te-
traethyl ester of calix[4]arene 1 as Na*-selective iono-
phore and the commercial tetraphenylborate anion
(KTCPB), i.e. with both electroactive components mo-
bile, show a nernstian response, 59.5 (+1.0) mV de-
cade™! (Table 1, entry 2). The selectivities over all
interfering cations studied are comparable to those of
the CHEMFETSs modified with plasticized PVC mem-
branes containing these electroactive compounds (Ta-
ble 1, entry 1). This result indicates that polysiloxane
membranes of this compositions can be used to intro-
duce sodium sensitivity and selectivity.

In the following series of experiments the effect of
immobilization of one or both electroactive compounds
on the response characteristics was studied.

CHEMFETSs with free ionophore 1 and covalently
attached borate anion 5 were first investigated, After
deposition of the solution of polysiloxane membrane in
THE onto the CHEMFEET surface the mixture became
cloudy on evaporation of the THF. After photopoly-
merization, optical inspection of the membranes with a
microscope revealed the presence of small particles in
the membrane. The lower solubility of the methacry-
lated borate anion 5 limits the total amount of elec-
troactive components that can be added to the
polysiloxane membrane. PS(2.8)CN-CHEMFETSs with
cloudy membranes containing a (too) high amount of
electroactive components gave erratic responses and
noisy signals. Transparent polysiloxane membranes
were obtained by reducing the amount of electroactive

TABLE 1. Response characteristics to various ions j of CHEMFETs modilied with polysiloxane membranes containing 2.8 mol% cyanopropyl

copolymer [PS(2.8)CN]
Entry Iona}hnre, borate anic;n “ log k ‘f;t ; [Slope / medecade"l] o ) )
Cs™ Rb™* K+ Lit a2t Mg2*
1#  1,KTCPB T 38 —36 27 —37 Z34 <42
[62.0] [60.9] [60.3] [61.3] [58.8] (59.2] i
2 1, KTCPB —~38 < -39 26 < —38 —35 < —4.73
[60.5] [60.3] [58.1] [60.0} [58.5] [59.6]
3 1,5° < —3.8 < —3.8 —2.5 < —3.8 < -34 < —44
[60.4] [60.5] [60.1] [59.5] [58.9] [59.0]
4 3 ® KTCPB < ~3.1 < —34 —-2.6 —34 -3 < ~3.8
[58.4] [58.6 [58.3] [58.9] [57.4] [58.9]
5 3‘3’5'3 . ¢ € —-2.0 __c _c _c
[53.0] [55.8] [56.5] [56.8] [56.6] (55.9]

" CHEMFET modified with PVYC/DOS membrane [38]. ® Bound to the polymer matrix by photopolymerization, ° Severe drift at low Na™

activities (Fig, 8).
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components to 0.5 wt.% tetraethyl ester 1 and 25
mol% Dborate anion 5. This composition was used
throughout all further experiments with polysiloxane-
modified CHEMFETs. PS(2.8)CN-CHEMFETs with
this membrane composition show the same response
characteristics (Table 1, entry 3) as the PS(2.8)CN-
CHEMFETs with both electroactive components mo-
bile (Table 1, entry 2).

Subsequently, PS(2. 8)CN-CHEMFETS based on co-
valently bound methacrylated calix[4]arene 3 and mo-
bile KTCPB showed only a slight decrease in the
nernstian response. However, a distinct reduction in
Na*-selectivity with respect to all interfering cations
was found, except for potassium where a good
Na* /K *-selectivity of 107%° was determined (Table 1,
entry 4).

Finally, PS(2.8)CN-CHEMFETs with both metha-
crylated calix[4]arene derivative 3 and borate anion 5
immobilized responded with severe drift at low Na™
activities of 107°°-10"3" M for all interfering cations
(Fig. 8 and Table 1, entry 5). The response slope at
higher Na™ activities is sub-nernstian and varies be-
tween 53.0 and 56.8 mV decade~!. An exception was
the titration performed in K -solutions with a response
slope of 56.5 mV decade ™! for the entire activity range
of Na*. However, the selectivity for Na™® over K¥ was
distinctly reduced to log KR)x= —2. When these
CHEMFETs were stored in 0.1 M NaCl for 2 months

no improvement of response characteristics was ob-
served.

High polar polysiloxane membrane

To elucidate the role of the polarity of the polysﬂox-
ane membrane, polysiloxane membranes of 10 mol%
cyanapropyl siloxane were also included in this series.
PS(10)CN-CHEMPFETs with both electroactive compo-

nents mobile show excellent response characteristics
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Fig. 8. Response curves of CHEMFETs modified with polysiloxane
membranes containing 2.8 mol% of the cyanopropyl copolymer
[PS(2.8)CN] with both covalently bound calix{4larene 3 and borate
anion 5: (a) in 0.5 M KClI, (b) in 0.5 M MgCl,.

(Table 2, entry 1). Proper Nernstian responses were
observed and the Na™-selectivities with respect to in-
terfering cations, except for K*, are similar to those for
PS(2.8)CN-CHEMFETSs (Table 1, entry 2). With re-
spect to K* a very good selectivity of log K{iix = —3.0
was found. This i1s within the range of EXperlmental
error equal to the best Na™/K™-selectivity (—3.1)
found for CHEMFETSs with PVC/DOS membranes,
including the bis(syn-distally)-O-functionalized diethyl
ester-dimethyl amide calix[4)arene [38].

Immobilization of the tetraphenylborate anion in
polysiloxane membrane using compound 5 together
with the free tetraethyl ester 1 results in PS(10)CN-
CHEMFETSs with the same response characteristics as
found for membranes with both electroactive compo-
nents mobile, only a small reduction in Na "-selectivity
over K* was found (Table 2, entry 2).

TABLE 2. Response characteristics to various ions j of CHEMFETs modified with polysiloxane membranes containing 10 mol% cyanopropyl

capolymer [PS(10)CN}

e

—

Entry Tonophore, borate log K& ; [Slope/mV decade !
anion Cs* Rb+ K+ Lit Ca2t Mg?+

1 1, KTCPB < —3.8 < —-38 ~30 < —38 —3.4 < —4.1
[58.8] [58.7] [59.2] [58.0] {57.5] [58.6]

2 1,5° - 3.7 — 3.7 — 2.7 —3.8 —34 — 4.0
159.9] [58.8] [58.0] 157.7] [57.2] [56.7]

3 3 & KTCPB —3.2 —3.4 —2.5 —-3.5 —34 —38
[58.4] [58.6] [58.3] [58.9] [57.4] [58.9]

4 Jasgt —-2.6 —2.9 —-2.3 —2.9 —-3.1 —-33
[58.0] [57.9] [56.9] [55.7] [56.1] [55.6]

5 4, KTCPB < ~3.4 < -35 —2.5 < —34 —3.1 < —4,2
[59.8] [60.2] [56.3] [59.4] [58.1] [57.9]

& 4, 5°% -2.7 —2.8 —2.4 —3.0 —3.0 -39
[59.6] [57.2] [54.6] [59.0] [57.0] [57 6]

Bound to the polymer matrix by photopolymenzau@n.
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For the PS(10)CN-CHEMFETs with immobilized
calix[4]arene derivative 3 in combination with mobile
tetraphenylborate anion KTCPB, the same effect was
observed as for the CHEMFETSs based on low polar
polysiloxane (Table 2, entry 3). A good nernstian re-
sponse in all interfering cation solutions, together with
a reduction in selectivity for Na™ over interfering
cations is observed, although the reduction in this case
is smaller than was found for the PS(2.8)CN-CHEM-
FETs, e.g. log KRix = —2.5.

Finally, we studied a membrane in which both the
methacrylated calix[4]arene derivative 3 and the meth-
acrylated borate anion 5 were immobilized. These
PS(10)CN-CHEMFETSs showed good response curves,
although with a slightly decreased response of 56.7 mV
decade ™! (Table 2, entry 4). Further, an improvement
in the Na™ /K *-selectivity (from —2.0 to —2.3) of this
membrane was found compared with the low polar
analogue. The PS(10)CN-CHEMFETs with both elec-
troactive components immobilized by photopolymeriza-
tion show reasonable Na™-selectivity to all interfering
1018,

Based on the model calculations, serious anion in-
terference was predicted in the case of both covalently
attached ionophore and borate anions (cf. Fig. 5). The
results presented above show that in practice this ef-
fect is limited. This can probably be explained by (i) a
lower partition than k_=10"% of the amion to the
membrane phase (lower polarity of the membrane),
and (ii) higher mobilities of the ionophore and the
borate anions (higher flexibility of the membrane ma-

trix), than my = 0.001 and m+ = 0 used in the model
calculations.

Effect of the nature of the ionophore cauvity

The PS(10)CN-CHEMFETs with immobilized
ionophore 3 and borate anion 5 show a decreased
selectivity for Na™* and a slightly reduced nernstian
response compared with CHEMFETSs based on the
free ionophore 1. The cavity of the calix[4]arenec
derivative 3 with the methacrylate functionality 1s com-
posed of one amide and three ester carbonyl oxygen
coordinating sites, whereas tetracthyl ester 1 has a
cavity composed of four ester carbonyl oxygen coordi-
nating sites. This difference could possibly be responsi-
ble for the observed differences in selectivity.

In order to compare 3 with an ionophore with the
same coordinating sites, the monoamide triethyl ester
calix[4]arene 4 was synthesized and studied on CHEM-
FETs. Comparison of the response characteristics of
PS(10)CN-CHEMFETs with this monoamide triester
calix[4]arene 4 and KTCPB (Table 2, entry 5) and with
tetracthyl ester 1 and KTCPB (Table 2, entry 1) shows
that the nature of the cavity indeed has a distinct effect
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on the selectivity, whereas the sensitivity of CHEM-
FETs with both ionophores is comparable. Compared
with tetraester 1, the selectivity of monoamide-triester
4 1s decreased towards all interfering cations, except
for Mg**. The observed selectivities for 4 are the same
as tfound for the CHEMFETs with immobilized
calix[4]larene 3 and KTCPB (Table 2, entry 3). This
allows the conclusion that the lower selectivity of im-
mobilized 3 compared with 1 is not only due to immo-
bilization of the ionophore but also to differences in
the two cavities. CHEMFETs with immobilized borate
anion S in combination with free monoamide-triethyl-
ester 4 also show a reduction in selectivity (Table 2,
entry 6) similar to PS(10)CN-CHEMFETs with both
ionophore and borate anion immobilized, i.e. 3 and 5
(Table 2, entry 4). Remarkably, this effect was not
observed for tetraethyl ester 1; for this ionophore the
selectivities towards interfering cations are the same,
irrespective of whether 1 is combined with free borate
anion KTCPB or with immobilized borate anion 5.
This result suggests that improved results could proba-

bly be obtained with immobilized tefraester calix
i4]arenes.,

Time dependence of the sensor response

In order to study the sensing behaviour of CHEM-
FETs modified with both polysiloxane matrices includ-
ing immobilized ionophore 3 and immobilized borate
anion 5, step titrations were performed. In these titra-
tions the response of a CHEMFET on an ion activity
jump 1s monitored in time. Using this technique it is
possible to discriminate in the CHEMFET signal be-
tween the real response on a change in activity of the
primary ion, and the possible drift present on top of
this response. The. results of these experiments are
shown in Figs. 9 and 10. Titrations were performed
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Fig. 9. Response curves for step titrations with PS(lO)CN-CﬂEM-
FETSs with both covalently bound calix{4]arene 3 and borate anion 3:
(a) in 0.5 M KCl, (b) in 0.5 M MgCl,.
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Fig. 10. Response curves for step titrations with PS(E.S)CN-CHEM;
FETs with both covalently bound calix[4larene 3 and borate anion 5:
(a) in 0.5 M MgCl,, (b) in 0.5 M KCI.

with activity jumps of half a decade in the Na™*-activity
region 107%-10"! M. After every activity jump the
CHEMFET signal was measured for 30 min with time
intervals of 0.5 min. The step titrations were performed
in solutions of K* and Mg?2™, since these are the most
and least interfering ions respectively. As can be seen
in Fig. 9, the PS(10)CN-CHEMFETSs gave the expected
response on an Nat-activity jump. A fast response to
the change in'Na *-activity occurs and the CHEMFET
signal remains stable during the following 30 min. In
contrast, the PS(2.8)CN-CHEMFETs show drift at low
Na T-activities, which becomes less severe in the activity
range 10~°-10"! M (Fig. 10).

Durability study of polysiloxane CHEMFETS

Durability studies were carried out with CHEM-
FETs with PS(10)CN membranes in which the
ijonophore and borate anions were either free or at-
tached covalently. The CHEMFETS were exposed con-
tinuously to a 0.1 M NaC(l solution. This solution was
refreshed every 7 days. The response characteristics
after a 90 day time period of exposure to 0.1 M NaC(Cl
of PS(10)CN-CHEMFETSs with the mobile tetraethyl

ester 1 and the mobile tetraphenylborate anion KTCPB,
the tetraethyl ester 1 and the immobilized borate anion
5, and the immobilized calix[4]arene 3 and immobilized
borate anion 5 are presented in Table 3.

By comparing the response characteristics in Table
3 with the initial response characteristics (Table 2
entries 1, 2, and 4 respectively) some conclusions can
be drawn. The PS(10)CN-CHEMFETSs with both elec-
troactive components mobile show a distinct decrease
in the response slopes after 90 days. This effect is
strongest for potassium and caesium as the interfering
ions, where the slopes decrease from 59.2 to 54.3 and
from 58.8 to 54.3 mV decade™' respectively (Table 2
and Table 3, entries 1). The selectivity for Na™ with
respect to all interfering cations is not influenced sig-
nificantly during this period for this CHEMFET.

For the PS(10)CN-CHEMFETs with the mobile te-
traethvl ester 1 and the immobilized borate anion 5 a
similar effect was found, although less pronounced
than for the PS(10)CN-CHEMFETs with 1 and KTCPB
(Table 2 and Table 3, entries 2). The largest reduction
in response slope is also observed in this case for
potassium and caesium., For both interfering ions the
initial response slope is reduced by 4 mV decade ™!
after exposure of the CHEMFETs to 0.1 M NaCl for
90 days. Also in this case no significant change in
Na*.selectivity with respect to interfering ions was
observed.

In contrast to the two former PS(10)CN-CHEMFEET
configurations, CHEMFETSs based on both immobi-
lized electroactive components (ionophore 3 and bo-
rate anion 5) did not show a significant decrease in the
response slope after the 90 day time period (Table 2,
entry 4 and Table 3, entry 3). The Nat-selectivities

after 90 days of exposure to 0.1 M Na(l are the same
as the initially determined Na "-selectivities.

3. Conclusions

Polysiloxane membranes including Na™-selective
calixf{4]arene derivatives are suitable sensing mem-
branes for the construction of Na™-selective CHEM-

TABLE 3. Response characteristics to various ions j of PS(10)CN-CHEMFET: after continuous exposure to 0.1 M NaCl for 90 days

bk

L PP—

E;ltry Ionol;hnre, borate logiﬁjt ; [Slope/ mV d;cadc"l]
anion Cs+ Rh+ r h Lit Ca+ Mg 2+
1 1, KTCPB —37 ~3.6 —29 -39 =34 -39
(54.3] [55.8] [54.3] [56.8) 156.1} [56.4]
2 1,5°® ~3.7 ~3.9 -2.7 ~3.8 —3.3 ~3.8
[55.9] [56.9] [54.0] [55.9] [56.1] [55.6]
3 3a g4 —2.4 2.7 ~2.4 -2.8 —-3.0 ~3.6
- - - [55.0] [56.3] [57.1] [55.1] [55.4] [55.3]

 Bound to the polymer matrix by photopolymerization.
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FETs., These CHEMFEETS show nernstian responses
and a good Na™-selectivity with respect to the interfer-
ing ions, regardless of whether the electroactive com-
ponents are free or bound covalently to the membrane
matrix. However, 1n the case where both ionophore
and borate anions are bound to the membrane matrix,
the polarity of the membrane should not be too low.
CHEMFETSs with polysiloxane membranes containing
2.8 mol% cyanopropyl function showed in this case
severe drift at low Na-activities. However, when the
polarity of the membrane was Increased to polysilox-
anes with 10 mol% cyanopropyl function, the CHEM-
FETSs showed a normal response.

The slightly reduced Na*-selectivity found for the
durable Na™-CHEMFETs is induced mainly by a de-
crease in the selectivity of complexation of the
ionophore in these cases, and an improvement may be
expected using an immobilizable calix{4larene with four
ester groups.

The durability experiments, which are being contin-
ued, indicate strongly that chemical binding of the
electroactive components results in improved durabil-
ity. On exposure to 0.1 M NaCl for 90 days of CHEM-
FETs with one or both electroactive components mo-
bile, a distinct reduction in the sensitivity was ob-
served, whereas for the CHEMFET with both elec-
troactive components chemically bound to the poly-
siloxane matrix no change in response characteristics
was observed *, No decrease in the Na™-selectivity was
observed during the evaluation period. This 18 a clear
indication that this membrane architecture, in which
both electroactive components are bound covalently to
the membrane matrix, is very promising for the further
development of stable, durable CHEMFEFETS.

4. Experimental

Synthesis

Melting points (mp) were determined with a Rei-
chert melting point apparatus and are uncorrected. 'H
NMR and “C NMR spectra were recorded with a
Bruker AC 250 spectrometer in CDCl4 with Me,Si as
internal standard. Positive or negative ion FAB spec-

L After 90 days of exposure to a 0.1 M NaCl solution the sensitivity
of CHEMFETSs in which either one or both electroactive compo-
nents are mobile is reduced 2.4-2.9 mV decade™! on average,
whereas the reduction in sensitivity of CHEMFETs with both
electroactive components immobilized is only 1.0 mV decade ™1,
For potassium-selective CHEMFETs which have ionophores of
lower lipophilicity [40], it was observed that in the case when one
or both electroactive components were mobile the response for

potassium was lost even after approximately 40 days of exposure to
a 0.1 M KCl solution.

tra, with the use of m-nitrobenzyl alcohol (NBA) as a
matrix, were obtained using a Finnigan MAT 90 spec-
trometer.

The monoacid triester derivative 2 [36] was prepared
from p-tert-butylcalix{[4]arene tetraethyl ester 1 [41]
according to literature procedures. Tetrahydrofuran
(THF) was freshly distilled from sodium /benzophe-
none ketyl; acetonitrile (CH,CN) and N,N-dimethyl-
formamide (DMF) were stored over molecular sieves (3
and 4 A respectively), and used without further purifi-
cation. Silica gel 60 (particle size 0.040-0.063 mm,
230-400 mesh) was purchased from Merck. All com-
mercially available chemicals were of reagent grade
quality from Janssen Chimica or Aldrich, and were
used without further purification unless otherwise
stated. All reactions were carried out under an argon
or nitrogen atmosphere. The presence of solvent in the
analytical samples was confirmed by 'H NMR spectra
of the samples in CDCl;. When water was present in
the analytical samples the water content was deter-
mined by Karl-Fischer titration. For reasons of clarity
the Gutsche convention [42] is followed, using the
name calix[4]arene instead of the officiai TUPAC
name pentacyclo[19.3.1.1>7.1913 119 octacosa-1(25),
3,5,7(28),9,11,13(27),15,17,19(26),21,23-dodecane-25,26,
27,28-tetrol.

25-Carboxylic acid-26,27, 28-triethyl-ester-p-tert-butyl-
calix[4]arene (2). Recrystallization from methanol af-
forded a white solid in 79% vyield in the case where the
reaction of p-tert-butylcalix|4]arene tetraethyl ester 1
was performed with trifluoracetic acid, and in 84%
vield in the case where the reaction was performed
with an acetic acid + nitric acid mixture: mp 125-126°C
(literature value 166—169°C [36)).

General procedure for the synthesis of monoamide-tri-
ester calix{4/arenes 3 and 4

A solution of triester monoacid 2 (2.0 g, 2.07 mmol)
dissolved in thionyl chloride (7 mil) was refluxed for 2.5
h. Subsequently, thionyl chloride was removed under
reduced pressure and the obtained acid chloride was
dissolved in chloroform (70 ml). To this solution the
different reagents (2.48 mmol, 1.2 eq), t.e. 2-aminoethyl
methacrylate (0.33 g) for 3, or n-propylamine (0.15 g)
for 4, and triethylamine (0.84 g, 8.21 mmol) were
added. The reaction mixture was stirred for 3 h at
room temperature, with the exclusion of light in the
case where reagents were used with a methacrylate
functionality. The reaction was quenched by the addi-
tion of acetic acid (70 ml, 5 vol.%), and after washing
the mixture twice with deionized, doubly distilled water
it was dried over MgSO,. The residue obtained after
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removal of chloroform was recrystallized from acetoni-
trile.

25-Methacryloyloxyethylamide-26,27,28-triethyl-ester-
p-tert-butylcalix[4]/arene (3). Following the general
procedure, a white solid was obtained after recrystal-
lization from acetonitrile (1.40 g, 61.9%): mp 78~-80°C;
'"H NMR 68.51 (bs, 1H, NH), 6.76, 6.67 (s, 2H, ArH),
6.72 (s, 4H, ArH), 6.06, 5.48 (bs, 1H, C{CH;)=CH,),
4.68, 4.54, 3.17, and 3.16 (ABq, 8H, J=13.2 Hz,
ArCH,Ar), 4.85, 479, 434, 4.30 (s, 2H, ArOCH,),
4.28 (t, 2H, J= 6.6 Hz C(O)OCH,CH,NH), 4.13 (q,
6H, J= 7.1 Hz, OCH,CH,), 3.64 (q, 2H, J= 6.5 Hz,
NHCH,), 1.86 (s, 3H, C(CH;)<=CH,), 1.19 (t, 9H,
J=17.1 Hz, OCH,CH,), 1.04, 0.98 (s, 9H, C(CH.,),),
1.00 (s, 18H, C(CH,),); “C NMR & 170.7, 170.4 (s,
C(O)OEL), 167.1 (s, C(O)NH), 74.3 (t, OCH,C(O)NH),

718, 71.4 (t, OCH,C(O)OEY), 62.9 (t, C(O)OCH,

CH,NH), 60.8, 60.5 (t, OCH,CH,), 37.9 (t, CH,NH),
339, 33.8 (S, C(CH,),), 32.0 (t, ArCH,Ar), 313 (q,
C(CH,),), 183 (g, C(CH,)=CH,), 142, 14.1 (q,
OCH,CH,); FAB mass spectrum, m /e 1076.6 [(M +
H)*, calculated 1076.6]. Analysis calculated for
CesHo<NO,; and 1.40 wt.% H,O: C, 70.41; H, 8.03; N,
1.28. Found: C, 70.04; H, 7.87; N, 1.11.

25-n-Propylamide-26,27,28-triethyl-ester-p-tert-butyl-
calix[4]arene (4). Following the general procedure, a
white powder was obtained after recrystallization from
acetonitrile (1.29 g, 61.8%): mp 80-82°C; 'H NMR §
8.39 (bs, 1H, NH), 6.83, 6.73 (s, 2H, ArH), 6.80 (s, 4H,
ArH), 4.87, 4.72, 4.68, 453 (s, 2H, ArOCH,), 4.78,
4.65, 3.26, and 3.23 (ABq, 8H, J = 13.0 Hz, ArCH, Ar),
4.20 (q, 6H, J =7.1 Hz, OCH,CH ;), 3.39-3.31 (m, 2H,
NHCH,), 1.72-1.63 (m, 2H, NHCH,CH,), 1.27 (t, 9H,
J=171 Hz, OCH,CH,), 1.11, 1.04 (s, 9H, C(CH,),),
1.08 (s, 18H, C(CH5),), 096 (t, 3H, J=74 Hz,
NHCH,CH,CH,); “C NMR & 170.3, 170.1 (s, C(O)),
745 (t, CH,C(O)NH), 71.7, 71.4 (t, CH,C(O)OE),
60.6, 60.5 (t, OCH,CH,), 41.1 (t, C(O)NHCH,), 33.9
(s, C(CH,),), 32.0 (t, ArCH, A1), 31.4 (q, C(CH,),),
23.1 (t, NHCH,CH,CH,), 14.2 (q, OCH,CH.,), 11.5
(g0, NHCH,CH,CH,); FAB mass spectrum, m/e

1006.5 [(M + H)™*, calculated 1006.6]. Analysis calcu-
lated for C,,HgNO,; and 1.34 wt.% H,0O: C, 71.83;
H, 8.35; N, 1.37. Found: C, 71.26; H, 8.33; N, 1.48.

CHEMFETS

Reagents

Potassium tetrakis(4-chlorophenyl)borate (KTCPB)
was purchased from Fluka, potassium tripheny] 1-(4-
methacryloyloxymethyl phenyl) borate § was synthe-
sized by ourselves [38]. All silane and siloxane reagents
were purchased from Petrarch Systems. The polysilox-
ane copolymers used were synthesized according to
Sudholter et al. [26,43]. The variation in the ratio of
the reactant is given in Table 4. The amount of
cyanopropyl(methyl) siloxane and methacryloxypropyl
(methyl) siloxane in the copolymer was determined
from 'H NMR and elemental analysis data. As a
photoinitiator 2,2'-dimethoxy-2-phenylacetophenone,
obtained from Janssen Chimica, was used. The pH 4
buffer was purchased from Yokogawa. Tetrahydrofu-
ran (THF) was freshly distilled from sodium/
benzophenone ketyl before use. The chloride salts of
the alkali and alkaline earth metals used were of
analytical grade (Merck-Schuchardt), except for sodium
and potassium which were of even higher purity
(Suprapur, Merck-Schuchardt). All solutions were
made with deionized, doubly distilled water. |

Fabrication of CHEMFETs

The ISFETSs used in this study had dimensions 1.2 X
3.0 mm?, The SiO, gate oxide (or insulator layer) was
grown thermally in an oxygen atmosphege for 10 min at
1150°C (thickness approximately 700 A). Further de-
tails of the fabrication are as described previously [44].
The ISFETs contained an intermediate hydrogel of
poly(hydroxyethyl methacrylate) (polyHEMA) between
the gate oxide and the sensing membrane which was
anchored chemically to the gate oxide using the pho-
tolithographic procedure described earlier [26,43]. 1IS-
FETs are referred to by the acronym CHEMFETS.
Subsequently, the CHEMFETs were mounted on a
support, a printed circuit board, wire bonded, and

TABLE 4. Composition of the polysiloxane copolymer in the reaction mixture and in the product (in mol% of the corresponding siloxane unit)

Siloxane ) Cyano-silo;ane Cyan{}-silnxane Methacryl-siloxane Methacryi-siloxane:
copolymer in reaction found in the in reaction found in the

code mixture product mixture product

PS(2.8)CN 2.8 2.1 1.3 - 1.0 )
PS(10)CN 10.0 8.7 2.0 1.5
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encapsulated with epoxy resin (Hysol H-W796/CR
W795). CHEMFETS used to study photopolymerizable

polysiloxane membranes were encapsulated with sili-
cone rubber (Dow Corning 3140 RTV). The composi-
tion of the polysiloxane membranes was as follows:
polysiloxane copolymer (98.4 + 0.2 wt.%), ionophore
(0.5 +0.05 wt.%), tetraphenylborate (254 2.5 mol%,
with respect to the ionophore), and photoinitiator (1
wt.%). This mixture with a total weight of around 100
mg was dissolved in 600 wu] THF. On top of the
polyHEMA layer, which was conditioned by immersion
in a buffered (pH 4) 0.1 M NaCl solution for 3-6 h,
2-3 wul of the polysiloxane membrane solution was cast
by means of a micropipette. These CHEMFETSs were
placed on a developing plateau under a nitrogen atmo-
sphere and left for 15-20 min at room temperature to
evaporate the solvent. Subsequently, the membranes
were photocured by exposure for 2.5 min to UV light
(100 W high pressure mercury lamp, Blak-Ray B-100A).
The CHEMFETSs were stored overnight under an at-
mosphere of nitrogen. Before starting the measure-
ments the membranes were conditioned in a 0.1 M
Na(Cl solution for 2 days.

CHEMFET rmeasurermnents

The output signal of the CHEMFETS was measured
in a constant drain-current mode (I, = 100 pwA), with a
constant drain-source potential (V. = 0.5 V) [45]. This
was achieved using a CHEMFET amplifier of the
source-drain follower type (Electro Medical Instru-
mentation, Enschede, The Netherlands). The devel-
oped membrane potential was compensated by an equal
and opposite potential AV, via the reference elec-
trode. A saturated calomel electrode (SCE) was used
as a reference, connected to the sample solution via a
salt bridge, filled with 1.0 M LiOAc. Ten ISFETs were
monitored simultaneously and the data were collected
and analysed using an Apple IIGS microcomputer.
Computer controlled switches allowed disconnection of
CHEMFETSs which showed a too high leakage current
(I, > 50 nA). All equipment was placed in a dark and
grounded metal box in order to eliminate any effects
from static electricity and photosensitivity of the IF-
SETs.

The potentiometric selectivity coefficients KP>' were
determined by the fixed interference method (FIM)
[46]. The constant background concentration of the
interfering ions was 0.5 M unless stated otherwise. All
concentrations were converted to single-ion activities
using the Debye-Hiickel convention [32]. The mean
activity coefficient was obtained by the extended De-
bye~Hiickel equation [32]. The response characteristics
obtained were analysed according to the Nicolsky—-FEi-
senman equation [32].

References

1 G.J. Moody, R.B. Oke and J.D.R. Thomas, Analyst, 95 (1970)
910.

2 {(a) U. Oesch and W. Simon, Anal. Chem., 52 (1980) 692.
(b) O. Dinten, U.E. Spichiger, N. Chaniotakos, P. Gehrig, B.
Rusterholz, W.E. Morf and W. Simon, Anal. Chem., 63 (1991)
596,

3 U. Oesch, A. Xu, Z. Brzgzka, G. Sutter and W. Simon, Chimica,
40 (1986) 351.

4 K. Bezegh, A. Bezegh, J. Janata, U. Qesch, A. Xu and W. Simon,
Anal, Chem.,, 57 (1987) 2846.

5 P. Gehrig, B. Rusterholz and W. Simon, Anal. Chim. Acta, 233
(1990) 295.

6 T, Maruizumi, D. Wegmann, G. Suter, D. Ammann and W.
Simon, Microchim. Acta, 1 (1991) 331.

7 D. Ammann, W.E. Morf, P. Anker, P.C. Meier, E. Pretsch and
W. Simon, Ion-Selective Electrode Rev., 5 (1983) 3.

8 H. Nishida, N. Takada, M. Yoshimura, T. Sonoda and H.
Kobayashi, Bull. Chem. Soc. Jpn., 57 (1984) 2600.

0 (a) L. Keil, G.J. Moody and J.D.R. Thomas, Analyst, 102 (1977)
274,

(b) P.C. Hobby, G.J. Moody and J.D.R. Thomas, Analyst, 108
(1983} 581.

10 S. Daunert and L.G. Bachas, Anal. Chem., 62 (1990) 1428.

11 U. Fiedler and J. Ruzicka, Anal. Chim. Acta, 67 (1973) 179,

12 O.F. Schiifer, Anal. Chim. Acta, 87 {1976) 495.

13 O.H. LeBlanc, Jr. and W.T. Grubb, Anal. Chem., 48 (1976) 1658.

14 J. Pick, K. Toth, E. Pungor, M. Vasak and W. Simon, Anal.
Chim. Acta, 64 (1973) 477.

15 V.J. Wotring, P.K. Prince and L.G. Bachas, Analyst, 116 (1991)
581.

16 U. Oesch, S. Caras and J. Janata, Anal. Chem., 53 (1981) 1983.

17 (a) S.-I. Wakida, M. Yamane and K. Hiiro, Sens. Actuators, 18
(1989) 285,

(b) S.-I. Wakida, M. Yamane, K. Higashi, K. Hiiro and Y.
Ujihira, Sens. Actuators, B1 (1990) 412,
(c) S.-1. Wakida, Polym, Mater. Sci. Eng., 64 (1991) 366.

18 S. Johnson, G.J. Moody and J.D.R. Thomas, Anal. Proc., 27
(1990) 79.

19 G.S. Cha and R.A. Brown, Sens. Actuators, B1 (1990) 281,

20 G.S. Cha, D. Liu, M. Meyerhoff, H.C. Cantor, A.R. Midgley,
H.D. Goldberg and R.B. Brown, Anal. Chem., 63 (1991) 1666.

21 K. Kimura, T. Matsuba, Y. Tsujimura and M. Yokoyama, Anal.
Chem., 64 (1992) 2508.

22 E.J. Fogt, D.F. Untereker, M.S. Norenberger and M. Meyerhoft,
Anal. Chem., 57 (1985) 1995.

73 G.F. Blackburn and J. Janata, J. Electrochem. Soc., 129 (1982)
25841,

24 E.J.R. Sudhdlter, P.D. van der Wal, M. Skowronska-Ptasinska, A.
van den Berg and D.N, Reinhoudt, Sens. Actuators, 17 (1989)
189,

25 D.J. Harrison, A. Teclemariam and L.L. Cunningham, Anal.
Chem., 61 (1989) 246.

26 E.J.R. Sudhdlter, P.D. van der Wal, M. Skowronska-Ptasinska, A.
van den Berg, P. Bergveld and D.N. Reinhoudt, Anal. Chim,
Acta, 230 (1990) 59.

27 M. Skowronska-Ptasinska, P.D. van den Wal, A. van der Berg, P.
Bergveld, E.J.R. Sudhdlter and D.N. Reinhoudt, Anal. Chim.
Acta, 230 {1990) 67.

28 (a) T. Teorell, Proc. Soc. Biol. Med,, 33 (1951) 282.

(b) T. Teorell, Z. Elektrochem., 55 (1951) 460.

29 (a) K.H. Meyer and L.F. Sievers, Helv. Chim. Acta, 19 (1936) 649.
(b) K.H. Meyer and 1.F. Sievers, Helv. Chim. Acta, 19 (1936) 665.
(¢} K.H. Meyer, Trans, Faraday Soc., 33 (1937) 1073.



198 J.A.J. Brunink et al. / Design of durable Na *-selective CHEMFETS

30 A. van den Berg, P.D. van der Wal, M. Skowronska-Ptasinska,
E.J.R. Sudhdlter, P. Bergveld and D.N. Reinhoudt, J. Elec-
troanal. Chem., 284 (1990) 1.

31 P.L.H.M. Cobben, R.J.M. Egberink, J.G. Bomer, P. Bergveld and
D.N. Reinhoudt, J. Electroanal, Chem., 368 (1994) 193.

32 (a) W.E. Morf, The Principles of Ion-Selective Electrodes and of
Membrane Transport, Vol. 2, Elsevier, Amsterdam, 1986,

(b) P.C. Meier, Anal. Chim. Acta, 136 (1982) 363.

33 R.P. Buck, K. Toth, E. Graf, G. Horvat and E. Pungor, J.
Electroanal. Chem., 223 (1987) 51.

34 R.P. Buck, V.V. Cosfret and E. Lindner, Anal. Chim. Acta, 282
(1993) 273.

35 (a) U. Fiedler, Anal. Chim. Acta, 89 (1977) 111.

(b) M. Tanaka, T. Kobayashi, Y. Yamashoji, Y. Shibutani, K.
Yakabe and T. Shono, Anal. Sci., 7 (1991) 817,

36 V. Bohmer, W. Vogt, S.J. Harris, R.G. Leonard, E.M. Collins, M.
Deasy, M.A. McKervey and M. Owens, J. Chem. Soc., Perkin
Trans 1, (1990) 431.

37 8.J. Harris, G. Barret and M.A. McKervey, J. Chem. Soc., Chem.
Commun., (1991) 1224,

38 J.A.J. Brunink, PhD Thesis, University of Twente, Enschede,
1993,

39 I.A.J. Brunink, J.R. Haak, J.G. Bomer, D.N, Reinhoudt, M.A,
McKervey and S.J. Harris, Anal. Chim. Acta, 254 (1991) 75.

40 D.N. Reinhoudt, J.F.J. Engbersen, Z. Brzgzka, H.H. van den
Viekkert, G.W.N. Honig, H.A.J. Holterman and U.H. Verkerk,
submitted for publication.

41 F. Arnaud-Neu, E.M. Collins, M. Deasy, G. Ferguson, S.J. Har-
ris, B. Kaitner, A.J. Lough, M.A. McKervey, E. Marques, B.L.

Ruhl, M.-I. Schwing-Weill and E.M. Seward, J. Am. Chem. Soc.,
111 (1989) 8681,

42 C.D. Gutsche, B. Dhawan, K. No and R. Muthukrishnan, J. Am.
Chem. Soc., 103 (1981) 3782.

43 E.J.R. Sudholter, M. Skowronska-Ptasinska, P.DD. van der Wal, A,
van den Berg and D.N. Reinhoudt, Eur, Pat. Appl. 285.591, 1986.

44 P.D, van der Wal, M. Skowronska-Ptasinska, A. van den Berg, P.

Bergveld, E.JJ.R. Sudholter and D.N. Reinhoudt, Anal. Chim,
Acta, 231 (1990) 41.

45 P. Bergveld, Sens. Actuators, 1 (1981) 17.
46 G.G. Guiltbault, Ion-Selective Electrode Rev., 1 (1979) 139,



I.A.J. Brunink et al. / Design of durable Na *-selective CHEMEETs 199

Appendix A potentiometric response. In the following tables the

‘ « e —1
Simulations concerning the influence of the immobi- different activities are based on the mol™" (M) scale.

lization of the two electroactive components on the

TABLE Al, Calculated potentials and activities of membrane components: L, =1X107° M, Y ,=5x10"* M, B, =1x10° M™!
ko1=k_=107°% m ., =m_=my=1,my; =01, a,{)=1X 107° M

— P e p— —y— ——y -

fog a4
-6 -5 —4 -3 —2 -1
Eyp,/mV —177 —118 591 o 59.1 117 B i
Ep./mV —177 — 188 —59.1 0 59.1 117
Ep/mV ~420% 1073 —420%X 10~ ~4,16 X 1077 5.68 % 1077 4.16 X 103 401 % 10~
as) 1.00 x 10~° 1.00 X 10~ 1.00 x 1077 1.00 X 107 1.00 % 1077 1.04 X 1072
d 411 5.00 x 10~4 5.00 x 1074 5.00 x 10~* 5.00 X 10~ 5.00 x107¢ 510 % 10~
ay(s) 5.00x 104 500 %10~ 500 x 104 5.00 % 10~* 5.00 X 10~¢ 4.90 x 107°
a_(s) 1.00 x 1015 1.00 x 10712 1.00 x 101! 1.00 X 107 1.00 X 107 0.62 X 107°
Ay (s) 500 x 104 5.00 % 104 5.00 x 104 500 % 10~*

5.00 x 109

5.00 % 10~4

TABLE AZ. Calculated potentials and activities of membrane components: m+ = 0, other parameters as for Table Al

o,

i

e

log a

-6 =5 ) -4 -3 ) -1
E,,/mV —177 ~118 ~59.1 0 590 113
Epn./mV —177 —118 -59.1 0 59.1 117
Ep/mV —4.62%107¢ —4.62 % 10™4 — 458 x 10™4 6.25 X 10~2 4.57 % 1072 4,03
For a__(s), 2, ;(s), a;(s), a_(s), and a~(s) see Table Al. |
TABLE A3. Calculated potentials and activities of membrane components: m; =0, my = (, other parameters as for Table Al

loga,, B | - - - - ' R '

—6 -5 - —4 -3 B —2 ~1
Ey,/mV ~177 ) — 118 ~59.1 0 586 00,1
Eg./mV -177 ~118 —~59.1 0 59.1 117
Epn/mV ~5.08 x 1073 ~5,08x 10 503x107° 6.87 x 1010 498 x 10~1 27.2

el

For a . s), a.,.,1(s), a1(s), @_(s), and a+(s) see Table Al.

TABLE Ad4. Calculated potentials and activities of membrane components: L,,=1X10"3 M, Y, ,=5X10"* M, B,=1%x10? M,
Ba=1x10° ML g ,=1x10"'M, k =k, .=k _=10"% m =maa=m_=1,m; =0, my=0,a,,)=1x10""M

i — — AT Yo

- p— i, el T, —TH

log a .,

~6 -5 ~4 —3 ~2 -1
Ey/mV 111 - —978 562 2.54 % 10! 58.5 109
Eg./mV -~ 115 — 100 ~56.6 2.55 10!} 59.0 116
Eyx/mV —3.77 —2.17 ~4.11x 107! 0.26 X 104 4,96 x 10! 7.20
., 1(8) B.78 x 10~ 4.90 x 10710 9.06 X 10~1° 9.90 X 10~1° 1.00 x 10~ 1.08 x 107
. p(s) 4.47 X 107> 2.48x 10~¢ 4.54 X 104 4,95 x 1074 5.01x 10~° 5.19 % 10~
@ ;. (s) 8.78 X 107° 4.90 % 10~° 9,06 % 107 9.90 % 1078 1.00 X 10~2 1.08 X 1077
d . o3 (s) 4.47 % 104 248 x 104 4.54 X 1077 4.95 % 106 5.01 % 10~7 5,18 X 108
a(s) 5.09 x 104 5.05 % 10~ 5.01x 1077 500x 104 4.99 X 10~ 4.81 % 10671
a_(s) 1.14 x 107 2.04 X 1077 1.11 x 108 1.02 %X 1077 1.10 X 1078 1.86 % 1077
a+(s) 5.00x 1074 5.00 % 10~ 5.00 x 10~ 5.00x 104 5.00% 104 5.00 x 10~*

T

S T -SSP

N et S

——

Ny -

e .
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TABLE AS5. Calculated potentials and activities of membrane components: m; = 0.01, other parameters as for Table A4

u—

log a4

— 6 -5 —4 -3 -2 ~1
Ey/mV —89.1 ~82.5 —52.4 247 x 1071 54.1 77.1
Ep./mV ~ 115 — 100 —56.6 2.55% 101 59.0 116
En/mV —~125.9 —17.4 —-4.18 1.01 X 10~2 4,98 39.2

S rrrar

For d (8}, @ 11(8), ax(8), d ,(8), a;(s), d_(s8), and a-(s) see Table A4,



