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Abstract

lon-selective electrodes with plasticized poly(vinyl chloride) membranes containing 13-membered azothia- and azoxy-
thiacrown ether complexes with silver, mercury or copper ions have been investigated. The potentiometric response towards
various anions was studied. For membranes based on azothiacrownBjthem(plexes the following selectivity patterns

were found: ' > SCN~, Br~ > CI~ >» CIO, > salicylate, N@ (complexB with silver), I~ > CIO, > SCN~, Br~ >
salicylate> CI~, NO; (complexB with mercury) and SCN > I~ > Br~ > CIO, > CI~ > salicylate> NO; (complex

B with copper). For azoxythiacrown ethék) only membranes containing its complex with mercury exhibited pronounced
anion response and the selectivity pattern was similar to that observed for cdnwléxmercury. The origin of the anion
response has been discussed.

Introduction cation at the membrane interface or could originate from
the selective association of anions with the incorporated
Carriers that bind primary cations too strongly cannot iation-carrier complex within the membrane [13, 14, 16].
used to develop cation-selective membrane electrodes, sif@kker showed that the principle of anion sensing is similar
such membranes exhibit anion sensitivity. Thus, very strof@ Precipitate-based ion-selective electrodes [15]. The free
cation-carrier complexes have been employed as ionophot#¥er ion activity at the electrode surface is ruled by sample
for anions [1]. Their selectivity patterns significantly dif-anion activityvia a dissolution equilibrium. However, there
fer from the so-called Hofmeister selectivity sequence (i.éfe certain differences in the working mechanism of these
when selectivity is controlled by the lipophilicity of anionstwo systems. While an upper limit of anion detection does
[2]) observed for anion-selective electrodes based on anid¥t exist for silver halogenide precipitate-based membranes,
exchangers [1]. It was shown that metallophthalocyanin@8 extremely high selectivity of the carrier-based membrane
[3], metalloporphyrins incorporating different metal cation needed for successful anion measurements. Otherwise
(e.g., Mn(lll) [4, 5], Sn(IV) [6, 7], Co(lll) [8, 9], In(lll) ©Other sample cations may compete and displace silver ions
[8, 10], TI(11) [10], and Ga(lll) [10]), and Schiff base com- from the membrane. This competing influence of sample
plexes [11, 12] exhibit unique anion ionophore propertiggtions is reflected by an upper anion detection limit of the
due to the selective interaction of anions with the metal ceflectrode.
ter. Thus, the nature of the metal center is expected to play In this study, the anion-selective properties of poly(vinyl
an important role in the selectivity pattern observed. chloride) membrane electrodes based on complexes of a
lon-selective electrodes that employed cation complexé8-membered azoxythiacrown ether with #igand an
with neutral carrier as anion sensing material have also bed#pthiacrown ether with A, Hg?" and C#* are described.
reported. Specifically, Ag [13-15], Hg¢ [16, 17], and
Aut [18], have been used as metal centers of these com-
plexes. Florido et al. suggested that for triisobutylphosphifePerimental
sulfide complexes with Ay and Hg" the response mech- ] ) ]
anism of neutral carrier-metal complex-based ion-selectij&€ Salts, 2-{/-morpholino)ethanesulfonic acid (MES),
electrodes toward anions could be related either to the forfigh molecular weight poly(vinyl chloride) (PVC), po-

ation of a thin film of insoluble halide salts of a giverf@ssium tetrakis(4-chlorophenyl) borate (KTpCIPB), 2-
nitrophenyl octyl ether (NPOE) and tetrahydrofuran (THF,

* Author for correspondence. distilled prior to use) in highest available purity (puriss.
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ﬁoﬁ ﬁo ﬁ Agt > PE?t) and Hgt, Agt, CPt (AgtT > Hg?t >
s o} S o Cu?t), respectively. It was found that electrodes with mem-
o branes containing azoxythiacrown eth&j §howed fast and
n AN n AN reversible response for Agand PB™ ions with nearly the-
1 -
© Gz after conditioning of the electrodes in AgN®r Pb(NG),
A B solutions. In contrast, electrodes based on membranes con-

Figure 1. Structures of the azoxy- and azothiacrown ethéraifdB). taining azoxythiacrown etheA{ after the equilibration with
Hg(NOzs)2 solution, as well as azothiacrown eth&) @fter

p.a.) were purchased from Fluka (Ronkonkoma, NY). 130€ conditioning in AgNG, Hg(NGs)2 or Cu(NGs)2 solu-

Membered azoxythia4) and azothiacrowrg) ethers were tion, exhibited either cationic response over a narrow con-

obtained as described [19]. The thiacrownether structufg@tration range of nitrate salts (Hgfor carrierA and Ag®
are shown in Figure 1. for carrierB) or no cationic response (g and C#™ in the

All aqueous solutions were prepared using distillecE2S€ of carrieB) followed. by anionic response for higher

deionized water. than 103 M solutions. This type of electrode response can
be attributed to the formation of too strong cation-carrier

Membrane preparation complexes in the membrane phase during the conditioning
process and co-extraction of anions from the sample solution

In general, the polymeric membranes contained 1 wt% ionigito the membrane phase or to kinetic limitations.

phore @ or B), 30-33 wt% PVC, 66-67 wt%-NPOE and  The electrodes listed above have been evaluated for their

lipophilic anionic additives (0 or 20 mol% of KTpCIPB for response toward anions. Electrodes were calibrated using so-

A and 0 or 40 mol% foB). The membrane componentsdium salts of several anions in MES-NaOH buffer solution,
total 200 mg, were dissolved in 2 mL freshly distilled THFpH 5.5.

This solution was placed in a glass ring (24 mm i.d.) over
a glass plate. After evaporation of the solvent overnight
the resulting membrane was peeled from the glass mou rtr;]l:_)ranes batsr:ed on c_ct)r:npllexes of azoAyof

and discs of 7 mm i.d. were cut out. Membrane dis@Othiacrown etherg) with silver .

were mounted in conventional ISE electrode bodies (Type Igwas found that electrodes based on azoxythiacrown ether
561; Philips, Eindhoven, The Netherlands) for electromotiva (after equilibration with AgN@ solution) showed cationic

oretical slopes for a wide range of their concentrations, even
CgHi7

force (EMF) measurements. response toward the changes of sodium ion activity without
any pronounced influence of the nature of the anion present
Potentiometric measurements in the sample solution (see Figure 2). In contrast, electrodes

] based on the Agrazothiacrown ethe®) complex behaved
All measurements were performed at ambient temperatye anion selective electrodes (in the absence of igthe

(22+ 1 °C) using a galvanic cell of the following type: sample).
Ag/AgCl(s) / 3 M KCI / bridge electrolyte / sample // ion-  Because sodium salts have been used for the investig-
selective membrane / internal electrolyte / Ag{Ag. ation of the anion response of the studied electrodes, the

The bridge electrolyte consisted of 1 M lithium acetate’selectivity for silver over sodium ion observed for the azoxy-
Unless otherwise stated, 0.01 M AgN00.01 M CuCh (A) and azo- B) derivatives can be responsible for the dif-
or 0.01 M Hg(NQ)s solution was used as the internaf€r€nce in the electrodes’ behavior [15]. Th? selectivity for

: ; i i pot  _ !
filling solution for the assembled electrodes. Electrod éver over sodium found for carrigk (|09KA9,Na_ —2.7;

were conditioned in the solution of the same compositi 0]) seems to be insufficient to prevent an ion-exchange

as the internal filling solution for at least 24 hours beforfaeaCtlon of sodium with silver ion at the membrane/sample

measurement. interface and to reflect any anion interaction. The selectiv-

. .. . pot _ .

The EMF values were measured using a custom md&époemment dgtermmed_fc_)B (log KAg,N_a_ —11.5; [22]) .
16-channel electrode monitor. Details of this equipmemd'cates very high selectivity towards silver and strong dis-
were described previously [20] crimination of sodium and proves itself to be sufficiently

To obtain calibration curves standard solutions of dn‘PV_V to see a selective response of electrodes toward several

ferent anions were added in successive aliquots to a bea?(@lrlozns' 3l h el des based
containing 50.00 mL of 0.05 M MES-NaOH, pH 5.5 buffer, '9ure 3 lllustrates the response of electrodes based on

r ; ;
solution. Activity coefficients were calculated according t6he Ag™ - az_othlacrown etheis) system to th_e various an-
the Debye-Hiickel approximation [21]. ions. For anions that do not form insoluble silver salts, even

such lipophilic anions as perchlorate and salicylate, almost
no response was observed for membranes without and with
Results and discussion anionic additives. Electrodes showed significant response to
sample thiocyanate and halide anions. Indeed, the selectivity
As was shown recently [22], membrane electrodes basedmattern obtained for these electrodes § SCN-, Br~ >
azoxythiacrown etherA) and azothiacrown etheBJ ex- CI™) can be related to the solubility product valuésg) of
hibited high affinity towards H§", Agt, PB¥T (Hg?t >  the silver salts formed with the corresponding anions. Elec-
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Figure 2. Potentiometric response of ion-selective electrodes based 6 -5 -3 -2 0
azoxythiacrown ether A conditioned in AgNGolution before measure- I
ments. The electrodes were exposed to sodium: (1) sulfate, (2) nitrate, -, 0g a A
chloride, (4) bromide, (5) thiocyanate (6), iodide (7), salicylate and (®igure 3. Selectivity pattern of an electrode based on

perchlorate solutions.

Agt-azothiacrown etherB) complex. The electrode was exposed to
sodium: (1) sulfate, (2) nitrate, (3) salicylate, (4) perchlorate, (5) chloride,
(6) bromide, (7) thiocyanate and (8) iodide; 0.05 M MES-NaOH, pH 5.5

. buffer.
trodes based on the AgB complex preferred anions that

form less soluble silver salts.
It has been shown that the detection limit of electrodes
based on neutral carriers can be effectively decreased by

adding to the sample solution a ligand that is able to for 500
complexes with the primary ion [23, 24]. By analogy, it cal
be expected that by increasing the aniorm }>€oncentra- 400 -
tion in the sample it is possible to decrease the silver ic
activity at the sample-membrane phase boundary accord 300 ~ b
to Ksp = apg+ - ax- and observe decreasing EMF. Experi 200 |
mental points presented in Figure 3 were replotted in Figu
4 for changes in silver ion activities by considering the e>§ 100 -
pression of the product solubility and the appropriate valu =
of Ksp [25]. Also the response of the electrode to silverio t§ 0 1
was inserted. Indeed, the measured data points appear t
nicely to the theoretically predicted straight line as long ¢ 190 7
sodium ion does not interfere. 200 4 °
To prove that the non linear response for anions observ s o o
at high concentration is caused by the interference origini  _39¢ @Ag* @\
ing from the presence of cations, a simple experiment w N=N CH,y
designed. The calibration curves for bromide ion were ce 400 . . . . . ‘ .
ried out using sodium, potassium and cesium salt solutiol 16 14 12 10 8 6 4 2 0

The results presented in Figure 5 reflect exactly the select

ity pattern C$ > K+ > Na' obtained for azothiacrown

ether B) (see Figure 2 in [22]). { O A% ol J

As shown by Bakker, the range of cation interferenc - SCN x C

can be used to determine the selectivity of the silver elegigure 4. Visualization of the anion buffering effect of the

trode over other sample cations and to calculate the uppef -azothiacrown ether B) complex based electrodes by replotting

limit of detection for a given halogenide [15]_ The uppe}he datq from Flgqrg 3 as a function of free silver aCtIV.Ity as cglculated via
. L . appropriate solubility product expressions. Symbols: experimental data

deteCt_mn |'m|_t5 (UDL) can l_f’e calculated _for anions frompnq the line: theoretically predicted by dissolution equilibrium.

Equation (9) in [15]. Assuming 0.1 M sodium background

activity, a UDL of loga = +2.9 for NaCl, +0.3 for NaBr,

log a agt

A Br
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Hg?*-azothiacrown ether B) complex. The electrode was exposed
to sodium: (1) nitrate, (2) chloride, (3) salicylate, (4) bromide, (5)

Figure 5. The influence of a cation on the response toward bromide oBocyanate, (6) perchlorate and (7) iodide; 0.05 M MES-NaOH, pH 5.5
served for electrodes with membranes containing thé -Agothiacrown buffer.

ethers B) complex; (1) C%, (2) KT and (3) N&".

+0.6 for NaSCN and-3.5 for Nal can be expected f&
as ionophore. Indeed, the linear response toward change
chloride, bromide and thiocyanate anion concentration w
observed up to 0.1 M solutions. Electrodes responded w
nearly theoretical slopes-63 to—55 mV dec'1). For iodide
ion the UDL, due to sodium interference, appeared atlog>
~ —2.5 that is by ca. 1 log unit higher than the predicte 5
one. uE.n
A comparison of results presented here and report
earlier for electrodes with membranes containing silve
complexes with neutral carriers (e.g., triisobutylphosphir
sulfide [13], N-thiocarbamoylimine-dithioether derivative
[14], methylene-bigN-N-diisobutyldithiocarbamate and bis-
thioether functionalized derivatized calix[4]arene [15]) leac
to the conclusion that electrodes based on the azothiacrc
ether B) silver complex seem to suffer from sodium interfer
ence the least, assuming that experimental points that dev
from typical anionic response were ignored in figures show..
in [13, 14].
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Figure 7. Selectivity pattern of an electrode based on the
Hg2+—azoxythiacrown etherA) complex. The electrode was exposed

to sodium: (1) nitrate, (2) chloride, (3) bromide, (4) thiocyanate, (5)

Membranes based on complexes of azoXy-of
azothiacrown etherg) with mercury

perchlorate and (6) iodide; 0.05 M MES-NaOH, pH 5.5 buffer.

The response of electrodes based orfHgzothiacrown sequence related to the lipophilicity of anions and reflects the
ether ) and HgfM-azoxythiacrown etherA) to the vari- affinity of iodide, thiocyanate, bromide and chloride toward
ous anions are illustrated in Figures 6 and 7, respectivelyg2+ [25]. A similar selectivity sequence was exhibited by
The decrease of EMF upon the addition of anion solutionsdsectrodes based on azoxythiacrown et@ngith mercury.

also observed in these cases. In contrast to membranes withFor anion-selective electrodes based on charged metal-
the silver complex, significant response was also observigghnd complexes and working according to the charged
for perchlorate, salicylate and nitrate ions. The selectivigarrier mechanism it is known that an addition of anionic
pattern obtained for electrodes containing the azothiacrowsophilic additives (e.g., KTpCIPB) into the membrane

ether complex®) with mercury (I > CIO, > SCN~, Br-

improves its selectivity with reference to lipophilic anions

> Sal” > CI~ > NO3 > SOLZ[) differs from the Hofmeister [8,26,27]. When membranes containing carfefor B) are
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Figure 8. Selectivity pattern of an electrode based on the copper-azothiacrown Bjresniplex. The electrode was exposed to sodium: (1) phosphate,
(2) sulfate, (3) nitrate, (4) chloride, (5) bromide, (6) salicylate, (7) perchlorate, (8) iodide and (9) thiocyanate; 0.05 M MES-NaOH, pH 5 @)aQffer;
mol% of KTpCIPB and (b) 40 mol% of KTpCIPB.

in contact with Hg(NQ)2 solution, the formation of a stableobserved in the case of the triisobutylphosphine sulfide
charged mercury compleB{Hg?") occurs. However, KT- complex with mercury [16].
pCIPB added to a membrane containing mercury complexes
with azoxy- @) or azothiacrown etheiB) has not affectgd Membranes based on complexes of azothiacrown eBjer (
the selectivity of electrodes compared to membranes W'th%ﬁh copper
anionic sites. ) i o
Electrodes based on mercury complexes wittor B A_s_mentloned earlier [20], the response for “Cuion, .
responded to changes in anion concentration with Sdgltlally ob;erved for electrod_es with membranes contain-
Nernstian slopes—<38 to —42 mV dec! for A and —48 N9 azothiacrown eth_e_rB(), d_lsappeareq gradually when
to —52 mV dec' for B). While for lipophilic anions (e.g., electrodes were condltlpned in @u_solutlons. These elgc_:-
perchlorate, salicylate and nitrate) a linear response was Ji9d€s have been examined for anion response. Surprisingly,
served over the whole range of anion activity, for haligthey exhibited anion sensitivity with the selectivity .pattern
anions a flattening of the calibration curve appeared at a higheN~ > I~ > Br™ > CI™) that can be correlated with the
anion concentration range. For iodide even cationic resporfsepS Of the corresponding Cusalts rather than with the
was observed when the concentration was higher thaf 1t@bility constants of complexes formed by*Cwith these
M. In these cases, the upper detection limit has appea ons (_except for iodide for which the _red-ox reaction with
at a lower anion concentration (especially forfgazoxy- CY ' Might be expected) [25, 28].+Th|s may suggest that
thiacrown ether 4)) than observed for Al azothiacrown Meémbranes somehow accumulate™dan slowly in time,
ether B)-based electrodes. Again such behavior can B CU" as a soft Lewis acid forms a strong complex with
explained by the interference from cations present in tha€ ionophore. However, the origin of the behavior of mem-
sample solution. Indeed, the greater discrimination of sBranes incorporating ionophdgethat have stayed in contact
dium in the case of azothiacrown eth) ((Iong"t — with copper ion solutions cannot be explained based only on

_ ngNa ~ potentiometric measurements and further investigations are
—11.8) than for azoxythiacrown etheAX (IogK{iyna =  needed
f_8-4) [le)] explaln_shvyhy anr:on rehspo?se IS Ieis pfO”OW;lced The selectivity pattern of an electrode based on the
or membranes with ionophot than for membranes with . neraz0thiocrown etheBf complex is presented in Fig-

B. . ure 8a for membranes without anionic sites and for mem-
A comparison of results presented above and reportgd, ;¢ containing also KTpCIPB in Figure 8b. It can be

earlier for electrodes with membranes containing mercugy,qy, seen that the addition of lipophilic anionic sites into

complexes with neutral carriers (e.g., trisobutylphosphinge emprane phase eliminated the response of electrodes
sulfide [16] and thioamide derivatives of calix[4]arene [17

Yoward lipophilic anions such as perchlorate and salicylate

revealed that this type of complex induces a similar selecti, ot any significant changes in electrode selectivity for
ity pattern toward halide and thiocyanate anions. Howeveli o anions

in contrast to results shown here and in [17], no signi- As can be seen from Figures 8a and b, the copper-
ficant response for the hydrophobic perchlorate anion Wgsqhiacrown ether®) complex based electrodes exhibited
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a linear response even for the most favorable S@Nion References

over the whole examined range of anion concentration. For
highly preferred anions the slopes of the calibration curves
were nearly theoreticaH53 to —56 mV dec1). The elec-
trodes responded to changes in anion activity with a responge
time (t95) shorter than 30 seconds. The EMF recovery to the
base line (EMF measured for MES-NaOH buffer solution:
depended on the nature of the anion. The recovery tigge ( ¢
was found to be shorter than 5 minutes for anions interacting
with a charged copper-carrier complex due to their lipo+.
philicity (e.g., perchlorate and salicylate) and longer than Zg
minutes for anions exhibiting affinity for copper. '
To summarize results on the anion response of the
examined electrodes it can be said that silver- and copper-
azothiacrown etherB) complex-based membranes can be;"
considered as potentially useful for anion sensing. However,
as also pointed out by Bakker [15], the amount of silver ap.
copper released, respectively, can vary with time and does
not self-adjust very quickly to the sample anion activityﬁ'
Indeed, the response timed) of electrodes was found to ™~
be faster than 1 minute, while the recovery time dependes
on the examined anion and for the anions showing hid#-
affinity toward a metal center present in the complex (e.g-,
iodide) exceeded 20 minutes. For this reason a very careful
optimization of the composition of the internal solution, thes.
membrane composition, the conditioning and the washin
solutions should be done when a practical application of &
neutral carrier-metal ion complex based as an anion iong:

phore is considered.
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