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Abstract 

A chemically modtied field-effect transistor (CHEMFET) Hrlth satisfactory Ag+ selectmty 1s de-bed The 
potentlometnc Ag+ selectlvltles of CHEMFETs with pla$tlclzed PVC membranes based on macrocychc thloethers 
have been deternuned All the macrocychc thmethers tested showed silver response and a selectlvlty towards Ag+ 
and Hg’+ versus other mterfenng cations The highest Ag+ seltivlty was obtamed for a Wmembered cyclic 
tetrathmether wth an exoqchc methylene group 

Keywords Ion-selectwe electrodes, Potentiometry, CHEMFETs, Macrocychc thmethers, PVC membranes, Sdver 

Macrocychc thloethers have the ability to dls- 
cnmmate between closely related heavy metal 
Ions based on the relative fit of the hgand cavity 
sue to the metal lomc radius [l] Takmg advan- 
tage of their ion-dlscnmmatmg ability, macro- 
cychc thloethers have been used as neutral carn- 
ers m ion-selective electrodes (ISE), especially for 
silver [2-51 and mercury [3,6] However, there 1s 
no report of Ag’selectwe sensors based on 
chemically modified field-effect transistor 
(CHEMFET) devices A CHEMFET combines 
the prmclple of detection by a membrane ISE 
with the solid-state integrated-cu-cult (10 tech- 
nology [7-111 We have developed a CHEMFET 
technology based on a chemically attached 
poly(Zhydroxyethy1 methacrylate) (polyHEMA) 

Corresporrdence to D N Remhoudt, Department of Orgamc 
Chemlstly and MESA Research Institute, Umverslty of 
Twente, P 0 Box 217,750O AE Enschede (Netherlands) 

hydrogel mterlayer between a hydrophobic mem- 
brane and the ISFET gate oxide msulator layer 
This solves the problem of the thermodynanucally 
Ill-defined membrane/gate ox1cle mterface and 
suppresses interference from carbon dloxlde [lo] 

In this study, we have determmed the poten- 
tlometrx Ag+ selectlvltles of CHEMFETs with 
plastlc=ed PVC membranes contammg macro- 
cychc thloethers The effects of the membrane 
matnx, e g, type of lonophore, amount of 
hpopluhc salt, and different plastxxzers have been 
mvestlgated m detail The structures of the 
Ionophores used are depicted m Frg 1 

EXPERIMENTAL 

Chemzcals 
High-molecular-weight PVC, ba(Zethylhexyl)_ 

phthalate (DOP), o-mtrophenyl octyl ether (o- 
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Fig 1 Structures of the macrocychc thmethers bonophores 
l-8) 

NPOE) and potassnnn tetrak&4-chlorophenyl)- 
borate (KTpClPB) were obtained from Fluka 
Tetrahydrofuran @I-IF) was freshly dlstllled from 
benzophenone-sodium before use The mtrates 
of cadmmm, calcmm, copper, lead, mercury, 
potassium and sdver used were of analytlcal-re- 
agent grade (Merck) All solutions were made 
wth doubly dlstllled and delonlzed water Com- 
pounds 1, 4, 5, 7, 8 [12,13] and 2, 3, 6 [14] were 
prepared accordmg to hterature methods 

CHEMFETs 
The ISFETs were fabricated as described pre- 

vlously [8] The CHEMFETs used m this study 
contam an mtermedlate hydrogel layer of poly- 
HEMA between the gate oxlcle and the sensmg 
membrane The polyHEMA layer was anchored 
chemically to the gate oxide as described before 
[lo,151 CHEMFETs were encapsulated Hnth 
epoxy resm (Hysol) Subsequently, the hydrogel 
layer was condItIoned by munerslon m buffered 
(pH 4) 0 1 M aqueous silver mtrate solution for 
3-6 h prior to solvent casting The membranes 
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were made by solvent casting of a mucture of 33 
mg of PVC, 65 mg DOP or o-NPOE, 2 mg of 
lonophore and 0 l-2 mg of KTpClPB (10-100 
mol% wth respect to the lonophore) m 1 ml of 
THF on mounted CHEMFETs and the THF was 
allowed to evaporate overnight Before the mea- 
surements were started the membranes had been 
conditioned m 0 1 M aqueous sliver nitrate solu- 
tion for one night 

CHEMFET measurements 
The CHEMFETs were measured m a constant 

dram-current mode (Id = 100 PA), Hrlth a con- 
stant dram-source potential (V,, = 0 5 V) [16] 
This was achzved usmg a source-dram follower 
type ISFET amplifier The developed membrane 
potential was compensated by an equal and op- 
posite potentml (Al!,) via the reference elec- 
trode A saturated calomel electrode (SCE) was 
used as reference with a double Junction contam- 
mg 10 M potassium mtrate Four CHEMFETs 
were momtored snnultaneously and the data were 
collected and analyzed usmg an Apple IIe nucro- 
computer All expernnents were performed m a 
dark and grounded metal box to ehmmate mter- 
ference by static and photosensltmty of the 
CHEMFETs The potentlometxz selectlwty coef- 
flaents, K,yt, were determmed by the Fixed In- 
terference Method (FIM) [17] The constant 
background concentrations of all mterfermg Ions 
were 0 01 M at a constant pH 4 All concentra- 
tions were converted to acfivltles usmg the ex- 
tended Debye-Huckel equation [181 The ob- 
tamed response characteristics were analyzed ac- 
cording to the Nrcolsky-Elsenman equation 1191 

E = E” + S log[ a, + ~Kf“Jta~/“], 

S = 2 303 RT/z,F 

where all the symbols have their conventional 
meanmgs 

RESULTS AND DISCUSSION 

The “real” blank membranes (only plastlclzer 
and PVC) showed no selectmty at all for the Ions 
used for interference studies Two plastlclzers 
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Fig 2 Selectlvlty coeffxxents, log KAkM, of blank membranes 
with different plastxlzers and amounts of KT&IPB 

were tested the less polar dl(Zethylhexyl)- 
phthalate (DOP) and more polar o-mtrophenyl 
octyl ether (o-NPOE) Both types of membranes 
showed amomc response in case of Hg2+ tltra- 
tlon with slopes of about 20 and 10 mV, respec- 
tively 

Blank Whout lonophore) membranes but wth 
hpophlhc salt [potassmm tetrakls(p-chloro- 
phenyljborate] gave good Ag+ selectlvlty (Fig 2) 
The selectlvltres versus dlvalent catlons are al- 
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Fig 3 Ag+-response curves of CHEMFET based on a plastlcued PVC membrane contammg 14-membered thloether 3 with 
respect to dtierent mterfermg cations 
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most the same for all membranes wrth different 
amounts of KTpClPB salt The highest Ag+ se- 
lectlvltles were found for membranes with the 
less polar plastlclzer (DOP), because this will 
favour the extraction of monovalent rather than 
dlvalent cations The CHEMFET responses were 
lmear over about 1 decade (DOP) or 2 decades 
(o-NPOE) of silver activity with slopes of around 
25-30 and 34-45 mV, respectively 

All tested macrocyclic thloethers showed sliver 
response and a selectlvlty towards Ag+ and Hg2+ 
versus other interfering cations A typical sliver 
response of a CHEMFET with a PVC membrane 
containing a 1Cmembered macrocychc tetra- 
thloether (3) IS given m Fig 3 

The size of the macrocychc rmg influences the 

Ag+ selectlvlty although this effect is moderate 
Based on the three thloethers with a carbonyl 
group m the ring, the small lo-membered 
tnthloether (5) showed the highest Ag+ selectlv- 
lty versus al tested cations (Fig 4) This conclu- 
sion IS still prehmmary because the number of 
sulphur atoms m the rings 1s dtierent Casabo et 
al [41 have presented unpresslve Ag+ selectlvltles 
of membrane ISE for Ag+ versus Hg2+ with 
small macrocychc thloethers m the membrane A 
17-membered tetrathloether (7) showed re- 
sponses only for membranes with 50 mol% KTp- 
ClPB and even then its Ag+ selectlvlty was only 
slightly better than of the 1Cmembered macrocy- 

potentiometrtc selectlvlty 

- log a (Ag+) 
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cle (1) The 13-membered lonophore (4) gave 
better Ag+ selectlvlty versus tested cations, apart 
from potassmm (Fig 9, than the 1Cmembered 
macricyclic (1) _ 

Ionophores with a carbonyl group exhibited 
preference for Ag’ over Hg2+, but mtroductlon 
of a carbonyl group lowers Ag+ selectlvlty with 
respect to all the tested cations (Fig 5) The 
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Fig 5 Selectity coefficients, log KkM, of membranes based on macrocychc thmethers 1,2,3,4 and 8 Membranes wth 50 mol% 
of KTpClPB 
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Fig 6 Selectmty coefficients, log KARM, of membranes based 
on macrocychc thloether 2 wth merent amounts of KTp- 
ClPB 

highest Ag+ selectlvlty was obtamed for the 14- 
membered tetrathloether (3) wth an exocychc 
methylene group Thrs group seems to cause the 
superior selectlvlty but an explanation for this 
phenomenon would need more variation m the 
macrocychc thloether structures 

Substltutlon of two sulphur atoms m the rmg 
by oxygen changes the behavlour of the lonophore 
s~@?cantly The Ag+ selectlvlty of lonophore 8 
(Fig 5) becomes worse, especmlly versus calcrum, 
which has a preference for harder basic oxygen 
atoms 

Optunul CHEMFET composatwn 
The amounts of hpoplnhc salt m the mem- 

branes does not have a slgmflcant influence on 
the Ag+ selectlvlty (except for potassmm), but It 
has a beneficial effect on the stablhty of the 
CHEMFET response The membranes with 50 
mol% of KTpClPB showed stable response values 
m measurements over 9 h contrary to the mem- 
branes contammg 10 mol% This mdlcates that 
the hpophlhc salt 1s leachmg from the membrane 
It appears that the amount of hpoptic salt does 
not influence the Ag+/Hg2+ selectlvttles 

In order to find the optimal membrane compo- 
sition we have tested membranes vvlth the 14- 
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membered tetrathloether (2) m DOP and with 
drfferent amounts of KTpClPB (0, 10, 50, 100 
mol% with respect to the lonophore) The selec- 
tlvlty coeffklents log KhM, are presented m Fig 
6 The best values were obtamed urlth membranes 
that contam 50 mol% of KTpClPB 

Conclusions 
Satisfactory Ag+-selective CHEMFETs based 

on PVC membranes and macrocychc ttioethers 
have been reahzed All tested macrocychc 
thloethers show good Ag+ sensltlvlty but not al- 
ways a Nemstmn response to the actlvlty changes 
of Ag+ An nnportant role of hpophlllc salt m the 
membrane wth respect to Its Ag+ selectlvlty was 
observed The presented macrocychc thloethers 
are still unsufflclently hpophthc for long term 
apphcatlons of the designed sensors 
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