;“ Journal of Inclusion Phenomena and Macrocyclic Chemig#y 295-301, 2001. 205
i~ © 2001 Kluwer Academic Publishers. Printed in the Netherlands.

Structural Selectivity of Calix[ m]pyrroles[n]furans (m + n = 4) as lonophores in
Ag(l) lon-Selective Electrodes

KYEONG SOON PARK, SUNG OUK JUNG, IL YOON?, KI-MIN PARK 2, JINEUN KIM1, SHIM

SUNG LEE and JAE SANG KIM'
1Department of Chemistry and Research Institute of Natural Sciences, Gyeongsang National University, Chinju 660-701,
S. Korea;?Research Institute of Natural Sciences, Gyeongsang National University, Chinju 660-701, S. Korea

(Received: 26 April 2000; in final form: 9 November 2000)

Key words:calix[4]pyrroles/furans, crystal structure, ionophores, ion-selective electrodes, porphyrinogens, silver(l) ion.

Abstract

A series of octamethylcalixf]pyrrolesg]furans ¢z + n = 4), such asrans-octamethylcalix[2]pyrroles[2]furand.§), cis-
octamethylcalix[2]pyrroles[2]furan& g) and octamethylcalix[1]pyrrole[3]furank §) have been studied as sensors in liquid
membrane ion-selective electrodes for Ag(l) ion. The electrode baséd ,omansN,O, porphyrinogen, gave the best
results with a wide working concentration range of £.00~1 — 1.0 x 10~>6 M and a Nernstian slope of 57.0 mV/decade.

This electrode exhibited a fast response time of 30 s and high selectivity over a number of mono-, di- and tri-valent cations,
with only TI(I) and Hg(ll) ion interferences. The effect of anion excluders on the performance of the membrane electrodes
has been also studied. The electrode basddishowed no significant potential changes in the range<28l < 7.5. The

crystal structure of 3, NOs porphyrinogen, was determined by single crystal X-ray analysis. The crystallographic analysis

of L3 reveals that its structure is a saddle-shaped 1,3-alternate conformation with enough space to accommodate Ag(l) in
the three dimensional cavity.

Introduction bile in comparison with the behavior presented by closely
related calix[4]arenes. Four conformations of calix[4]arenes
The need for the determination of Ag(l) ion in clinical anahave been distinguished and labeledcase partial cone
lysis such ad!'Ag-based radioimmunotheraphy [1] as welll,2-alternateand 1,3-alternateby Gutscheet al. [22]. The
as in separation from natural sources or waste materials @gformational differences of calix[4]arenes may explain
prompted development of a number of ionophores [2, 3, 4he origin of the structural selectivity by the discrimination
The devices used in this field are mainly based on crov@f guestion species. For example, teneconformation of
ethers [5, 6], calixarenes [7, 8] and podands [9, 10] haalix[4]pyrroles binds the anion species such as fluovide
ing sulfur/oxygen or sulfur/nitrogen atoms which can forrhydrogen bonding [19].
stable complexes with heavy metal ions according to the Recently, we first reported that the electrode based on
hard and soft acid-base concept [11]. themesetetracyclohexylcalix[4]pyrroles exhibited excellent
In contrast, only a few studies have been reported on tak¢ctrochemical response characteristics and selectivity for
sulfur-free nitrogen-based ionophores in Ag(l) ion-selectivdd(l) ion [13]. We believe that the calix[4]pyrroles in
electrodes [12, 13]. Calix[4]pyrroles are originally fullythe 1,3-alternate conformation would be expected to form
mesesubstituted porphyrinogens which are stable macra-bidentate complex with Ag(l) ion specificallyia two
cyclic species composed of four pyrrole rings linked by th@itrogen atoms.
3p3 mesocarbon atom. The fully alkylated porphyrinogens In the extension of this work, we have utilized the
which have a more rigid structure than calixarene would §@lix[m]pyrrolesp]furans (» + n = 4), such asgrans-octa-
better considered as calixpyrroles. methyl-calix[2]pyrroles[2]furans L(;1), cis-octamethyl-
The calix[4]pyrroles have been recently exploited agalix[2]pyrroles[2]furans I(7), and octamethyl-calix[1]
strong binders of transition metals in their tetraanionic form@yrrole[3]furans [ 3) (Figure 1) as sensing materials in ion-
[14-18], and as molecular hosts for anionic species [19-23$§lective electrodes to investigate the relationship between
which can form hydrogen bondinga NH moieties [19]. Ad(l) ion selectivity and the conformation of the porphyrino-
The binding properties of the calix[4]pyrroles depend on tfgen substituents. Undoubtedly, the cation selectivity is

geometrical structure, which may be conformationally mdelated to the structures of the free ligand or complexes.
We have also carried out an X-ray crystal structure de-

* Supplementary Data related to this article are deposited with thetermination of uncomplexed.z and here describe the
British Library as Supplementary Publication No. SUP 82284 (43 pages)resultS

T Author for correspondence.
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Figure 1. The chemical structures of calix]pyrrolesp]furans ¢(n +n = 4),L1—L3.

Table 1. Composition of PVC membranes and response characteristics of various types of Ag(l)-ISEs

Electrode = Membrane mass composition/wt% Slopes Linear region  Detection limit
type Plasticizer PVC Neutral carrier KTIPB*  (mV/decade) (M) (M)
1 NPPE (65.3) 33.3 Lj (1.60) 29.6 57.0 101-10°° 10756
2 NPOE (66.1) 33.6 L1 (1.60) 29.4 56.3 10l-10° 10753
3 TEHP (65.5) 33.5 L1 (1.60) 29.8 55.1 10l-104 10745
4 BEHA (65.4) 33.5 Lj(1.58) 30.2 56.6 10110 10753
5 NPPE (65.0) 33.4 Ly (1.57) 30.0 53.8 10%-10% 10760
6 NPPE (68.2) 33.6 L3(1.62) 28.9 47.7 1w0l-105 10754

*mole% with respect to the ionophore.

Experimental electrode body or Philips IS-561 electrode body. After filling
internal solution of 1.0x 1072 M AgNO3, the electrodes

Materials were conditioned for 24 h by soaking in aFOM AgNO3
solution.

Li-Ls were prepared in 4 or 5 steps using a known 1. ojectrochemical cell for the EME measurements was
procedure based on the substitution of furan by pyrrole . oe.

in the octamethyl porphyrinogen skeleton [23, 24].

Poly(vinyl chloride) (PVC, secondary standard), and tris(2- Ag;AgCIl/3M KCI/0.3M NH4NOz/sample solution/
ethylhexyl)phosphate (TEHP) were purchased from Aldrich, membrane/10°M AgNO3/AgCl:Ag
bis(2-ethylhexyl)adipate (BEHA)p-nitrophenyloctylether .

(o-NPOE) and 2-nitrophenyl ether (NPPE) from EasEMF was measured relative to a Ag-AgCl double-

man Kodak, and potassium tetrakis-ghlophenyl)borate junction re_ference eIec_:trode(Orion 90-02-00) using a digital
(KTpCIPB, purum p.a.) from Fluka. The electrolyte solyPH/potentiometer (Orion 720A). All measurements were

tions for the potentiometric measurements were preparfe%”'ed ouggltt 25.& 0.1°C. Po_tentlometnc selectivity coef—
by dissolving the nitrate salts of high purity (Merck, prd!Clents Kag ) were determined by the separate solution
analysis) with doubly distilled water. Tetrahydrofuran wagethod recommended by IUPAC with 1 M aqueous
dried and purified by refluxing over sodium metal, followe@olutions of the nitrates using the Nicolsky—Eisenman equa-
by distillation under a N atmosphere. tion [27].

Electrode preparation and emf measurements X-ray crystallography

The electrode membranes of PVC matrix type were pré- crystal was mounted on a Bruker SMART diffracto-
pared according to the previously described procedure [2Beter equipped with a graphite monochromated MdK
26]. The membrane compositions were basically 1.5-5 wt¢ 0.71073 A) radiation source and a CCD detector; 45
of ionophore,~33 wt% of PVC,~65 wt% of plasticizer frames of two-dimensional diffraction images were collected
(NPPE, NPOE, BEHA, and TEHP) and an adequate amouartd processed to obtain the cell parameters and orientation
of KTpCIPB (~30 mol% with respect to the ionophore) wasnatrix. Data collection was performed at room temperat-
added as anionic sites. ure. The two-dimensional diffraction images were collected,
Table 1 lists the membrane compositions with the vareéach of which was measured for 30 s. The frame data
ation of ionophore contents and plasticizers. The membramere processed to give structure factors using the program
components were dissolved in freshly distilled tetrahydr@AINT [28]. Crystallographic data and additional details of
furan which was then poured into a glass ring (d = 3.5 cnte data collection and refinement are summarized in Table
fixed on a glass plate. After standing for 24 h, a homoge8- The structure was solved by direct methods and refined
eous PVC membrane of0.2 mm thickness was obtainedby full matrix least squares against for all data using
The prepared membranes were cut as a circle with a diame®tELXTL software [29]. All non-H atoms were refined
of 3.5 mm, which were mounted in a lab-made Ag/AgQWith anisotropic displacement parameters.
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Figure 2. Calibration curves for the Ag(l)-ISE based b in PVC/NPPE membrane with KICIPB (electrode typé).
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Figure 3. Comparison of selectivity coefficients for Ag(l)-ISEs based_grL 3 with NPPE as plasticizer.

Results and discussion M, while L, andL 3 exhibited sub-Nernstian responses of
53.8 and 47.7 mV/decade over a narrow or similar work-
Silver(l) ion-selective electrodes ing concentration range of 18-10-%9M and 10-1-10-34

The el hemical . f PVC b poie respectively. This order is in agreement with the solvent
The electrochemical properties o membrane Ag(Byyraction data using 1,2-dichloromethane as the extracting
ion-selective electrodes (electrode tybef) based o1~ o\ ants reported by us [30]

L3 were tested as a function of membrane composition and In Figure 2, the potential responses of electrode type

the results are compiled in Table 1. As shown in Table ?as a function of concentration for a wide variety of ions,

the effect of variation of ionophores on the electrode peﬁ'icluding alkali, alkaline earth, transition, and heavy metal

formance was significant. The order of ionophores dra\/\é{}e shown. All of the ions under investigation except Ag(l),

from the Nernstian slopes and the range of linearity i -
cluding detection limit gf the electrodesgw&sl > L >y ng(II) and TI(I? show_negllglb_lg respon_sgs. .
9 2 The potentiometric selectivity coefficients for Ag(l) with

Ls. The electrode typé incorporating., gave the best re- respect to other cations are given in Figure 3. Consequentl
sponse of 57.0 mV/dec in the limited range of 191056 P d g ' g Y.
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Figure 5. Effect of pH on the EMF response for Ag(l)-ISE baded (electrode typd). HNO3z and KOH were used to change the pH value.

L1 was demonstrated to show excellent selectivity towartigterocycle rings are oriented in opposite directions. As a
Ag(l) over a number of metal ions except TI(I) and Hg(ll)hypothesis we can assume that similar structures would be
However, it was found that the electrode usihg, the true forL; andL,. The electrode behaviors described could
cistype isomer ofL 1, exhibited worse selectivity than thebe explained by the difference of the structural arrangement
electrode usind.1 or L 3. of the donor atoms in each ionophore. It is known that the
Until now the molecular structure d@f; or L, was not Ag(l) ion exhibits strong affinity toward nitrogen or sulfur

known. In this work, we reveal the molecular structuré gf atoms and shows a remarkable preference for linear coordin-
which should be similar td.; or Lo. The crystal structure ation. Therefore, the Ag(l) ion would be in an advantageous
of L3 shown in Figure 5 (see the later discussion), exhibitsiaear coordination environment of two nitrogen atom in the
saddle-shaped 1,3-alternate conformation wherein adjacent
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Figure 6. ORTEP plot ofL 3.

Table 3. Selected bond lengths [A], bond anglé$, [and dihedral angles

[°]for L3
Table 2. Crystal data and structure refinement ey
Bond lengths

Formula GgHa3NO3 0(1)-C(4) 1.376(2) 0(1)-C(7) 1.380(2)
M 431.55 C(7)-C(8) 1.510(3) C(8)-C(11) 1.503(3)
T, K 296(2) 0(2)-C(11) 1.380(2) 0(2)-C(14) 1.377(2)
Crystal system, Tetragonal C(14)-C(15) 1.506(3) C(15)-C(18) 1.507(3)

Space group Pst 0(3)-C(18) 1.381(2) 0(3)-C(21) 1.376(2)
alA 10.0823(9) C(21)-C(22) 1.502(3) C(22)-C(25) 1.504(3)
bIA 10.0823(9) O(4)-C(25) 1.374(2) O(4)-C(28) 1.376(2)
clA 24.318(3) C(1)-C(28) 1.511(3) C(1)-C(4) 1.503(3)
VIA3 2472.0(4)
7 4 Bond angles
Delg cm3 1.160 C(4)-O(1)-C(7) 107.75(17) C(11)-C(8)-C(7) 110.11(18)
wimm-1 0074 C(14)-0(2)-C(11) 107.68(17)  C(14)-C(15)-C(18) 110.22(17)
F(000) 928 C(21)-0(3)-C(18) 108.13(17)  C(21)-C(22)-C(25) 110.56(17)
Crystal size, mm 0.06 0.18x 0.26 C(25)-0(4)-C(28) 108.15(17)  C(4)-C(1)-C(28)  110.21(17)
Theta range for data collection, deg  2.02 to 28.29 Dihedral angles
Limiting indices —8<h=<13 dihedral angles between N@ore

—12<k=<13 and the A, B, C, D ring A 102.4
—31<1<32 B 78.7

Reflections collected 16356 C 104.7
Independent reflections 586Bif; = 0.0404) D 74.1
Completeness to theta, % 99.2 (=289 dihedral angle between AB 87.5
Absorption correction None dihedral angle between AD 93.1
Refinement method Full-matrix Ieast—squarech?n dihedral angle between BC 92.9
Data/restraints/parameters 5865/1/289 dihedral angle between CD 95.8
GOF onF? 1.021
Final Ry, wR> A, B, C, and D define the furan and pyrrole rings cqntaining O(1), N(1);

indices [ > 20(1)] 0.0484, 0.1161 0(2), N(2); O(3), N(3); and O(4), N(4) atoms, respectively.

(all data) 0.0781, 0.1295

i 3 _ . . .
Largest dift. peak and hole/e  0.164,-0.169 trans-pyrrole ring ofL 1, while the two oxygen atoms in the

furan ring would have the role of weakly binding spectators.
The poor sensitivity or selectivity df, or L3 toward
Ag(l) ion could be explained because only one strong bind-
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ing is available between Ag(l) and nitrogen. Hg(ll) gives thX-ray crystal structure of 3
most severe interference for the membrane electrodes based
onL1—L3 as well as the thia crown ether reported previousﬂ}he cation selectivity seems to be related to the structures
[5-8]. of the free ligands or complexes, and the crystal structure
In addition, the 1,3-alternate conformation seems partigétérmination was undertaken as a part of understanding
ularly appropriate for excluding other transition metal ion8f the sensing system. Recently the crystal structures of
with higher coordination numbers in the presence of weaki{}e calix[4]pyrroles, N derivatives ofl.;—L 3, with the 1,3-
binding electron-poor oxygens in the furan ring [31]. In facglternate conformation as well as the anion complexes were
the metal ions larger (TI(1), K(1), Pb(I1) and Sr(l1)) or smallerréported [19]. The Li(l) and Na(l) complex &f; [34] were
(Na(l), Hg(ll), Ca(ll), cd(ll), Zn(I1), Cu(ll), Mg(l), Co(ll) known to be flatted partial cone or chair conformation. But
and Ni(ll)) [32] than Ag(l) ¢ion; 1.29 A) [32] in terms of the crystal structures df1—L3 and their Ag(l) complexes
ionic radii exhibit very weak or almost no affinity, except fol@ve not been reported to our knowledge.
Hg(ll), and TI(1) as shown in Figure 3. These results strongly The crystals oL 3 suitable for X-ray study were grown
suggest that the selectivity for Ag(l) ion is not a matter opy slow evaporation of an acetone/dichloromethane solution.
the cavity size of the calix[4]pyrroles/furans macrocycleshe ligandLs crystallizes in the tetragonal space group.P4
because there is enough space to accommodate any of tH& representative bond lengths, bond angles, and dihedral
metal ions tested in this study, but depends on the structufggles forl 3 are compiled in Table 3. Since the individual
arrangement of appropriate donor atoms, such as nitrogeri,c{gntiﬁcations of the N and O atoms in the pyrrole and furan
form the linear coordination. rings were not possible in this case, these four hetero atoms
An investigation of the effect of variation of plasticizersVere treated as disordered with occupancies of 0.25 and
in ion-selective electrodes incorporating was accom- 0.75, respectively, in accordance with the atomic fraction of
plished and the results are summarized in Figure 4. SintEs-
the nature of plasticizers affects the dielectric constant of The crystallographic analysis b reveals that its struc-
the membrane phase, the ability to form complexes, aH#€ is a saddle-shaped 1,3-alternate conformation; the
the mobility of the ligands and their complexes, the role dyetero rings are tilted up and down alternatively relative to
plasticizers is important in determining the electrochemicle NG core (Figure 6). The N@core forms a square plane
characteristics and selectivity of the membrane electrod®d the average displacement of the core atoms from the
[33]. It was found that the membrane electrode based B¢an plane iga. 0.14 A. The cross section of the cavity
NPPE or NPOE( = 24¢ is the dielectric constant), which measures about 25°Aand there is enough space to accom-
have relatively high dielectric constants, enhanced selectipodate a Ag(l) in the three dimensional cavity. A, B, C, and
ity over Hg(ll) and provided a better Nernstein slope anf define the furan and pyrrole rings containing O(1), N(1);
linear range than those of BEHA and TEHP=(4). As seen O(2), N(2); O(3), N(3); and O(4), N(4) atoms, respectively.
in Table 1 and Figure 4, the electrode based.efNPPE TWo rings A and C on the same side are slightly out of
membrane provided the best result. perpendicular with respect to the N©@ore plane (dihedral
The influence of pH on the response of the electrodégle 102.4 and 104.7), while the B and D rings in the
based orl; was examined in three different Ag(l) concen@Pposite direction form dihedral angles of 78ahd 74.2,
tration of 1071, 1072, and 103M over a pH range from 2.0 respectively. So, the two pairs of hetero atoms on both sides
to 10.0. The response remained constant from pH 2.5 to 7d§€ct towards the inside of cavity obliquely.
but the response was reduced at pH below 2.5 (Figure 5). The structural features dfs, such as the 1,3-alternate
At lower pH, the decrease of complexing ability due to theonformation are very similar to those found in the
protonation of the ionophore may cause the lower respon§@lix[4]pyrroles previously reported [19]. We attempted to
while a precipitate was formed at pH7.5. obtain crystals ot 1, L, and Ag(l) complexes with. 1L 3
Al of the electrodes under investigation exhibited a fagtut without success.
response time of 30 s. The membrane could be used re-Supplementary material deposited comprises atomic and
peatedly within at least two weeks if stored in distilled watdf€rmal parameters, interatomic distances and angles, tor-
and kept free of contamination. After lengthy storage, thdonal angles, stereo view and structure factors.
electrode was reconditioned in 1OM Ag(l) solution for 1
day before use. After two weeks, the slope was decreased )
gradually. Conclusions
It can be concluded that the selectivity towards Ag(lp): ) o
exhibited by the calix]pyrrolesp:]furans is not due to the Polymeric liquid ~membrane electrodes based on
size of the cavity, but depends on the geometrical arrangi¢temethylcalixiz]pyrrolesplfurans m + n = 4),

ment of the nitrogen coordination centers in the porphyringUch s trans-octamethylcalix[2]pyrroles[2]furant 1)(
gen skeleton and to its tendency for linear coordinatiofiS-octamethylcalix[2]pyrroles[2]furans Lg) and octa-

From this point of view, the best selectivity and sensitivigf'ethylcalix[1]pyrrole[3]furans I(3) were prepared and
of the calix[2]pyrroles[2]furans(;)-based membrane elec- he characteristics of the electrodes were tested towards

trode for Ag(l) among its derivatives examined can be weff!Ver(l) ion sensing. The electrode based.antransN20z
understood. porphyrinogen, gave the best results in terms of the working

concentration range, Nernstian slope and selectivity towards



interfering ions. The best performance of thebased elec- 13.
trode can be understood since the selectivity towards Agg

exhibited depends strongly on the geometrical arrangement
of the nitrogen coordination centers in the porphyrinoges;

skeleton and to its tendency for linear coordination.
16.
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