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Abstract: Changes in membrane potentials (potentiometric responses) induced by undissociated, neutral phenols
(ArOH), though unexpected in terms of the conventional response mechanism for charged species, were
systematically investigated using poly(vinyl chloride) (PVC) matrix liquid membranes containing quaternary
ammonium and phosphonium salts™Q") as the sensory elements. The observed anionic responses were
characteristic in that they accompanied large response slefi&stp —200 mV decade!) and selectivities
reflecting the acidity and lipophilicity of phenolic compounds. In two phase systems, the extracted and
complexed ArOH (@X~ + ArOH — Q*X~-ArOH) further underwent proton dissociation {(®+ArOH —

Q"ArO~ + HX) with concomitant ejection of HX to the aqueous phase. Based on these experimental results,
a model for potentiometric responsesteutral phenols, which explains the anionic responses on the basis of

a decrease in the amount of the cationic and anionic species that are charge-separated across the membrane
interface, was proposed. A theoretical treatment based on the above model reproduced the potentiometric
response behaviors for undissociated phenols. This model was further supported by optical second harmonic
generation (SHG), which enabled direct observation of the processes occurring at the interface of a liquid
membrane and an aqueous solution.

Introduction response to charged species to be preferential permeation of
] ) ) . primary ions from the aqueous sample solution to the phase
~ Changes in membrane potentials (potentiometric responsesyoundary region of an organic membrane, essentially leaving
induced by ionic species contribute as the principle of ion- the counterions on the aqueous side of the interface (permse-
selective electrodes (ISEs), which provide an important sensing|ectivity). This view is supported by experimental confirmation
method for a variety of chemical analyses. A number of ISES s 5 theoretical response model based on surface charge 8ensity
having high sensitivities and selectivities for target analyte ions 5ng by direct observation of permselectivity at membrane

are now commercially availabfe . Theoretical studies on liquid surfaces, achieved recently by FTIR-A®R! and optical second
and bilayer membrane systehas well as experimental studies  harmonic generation (SH&)? techniques.
based on the techniques of electrodiaf/&and radiotracép.44

. . . Although the prerequisite for this mechanism is th r-
have demonstrated the general mechanism of potentiometric though the prerequisite for this mechanism Is the occu

rence of a charge on an analyte, there have been some instances

T Department of Chemistry, School of Science, The University of Tokyo. in which membrane poter_ltlals are affe_cted by_ uncharged
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(JSDPRgsearch Fellow of the Japan Society for the Promotion of Science ers? and lipid bilayer vesicle® Although no explicit explana-
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membrane systems for which the response mechanism can be
reasonably interpreted on the basis of changes in the amount
of charge separation across the membrane interface. For
example, cationic responses to polyether surfactd@nt$some
of which show response curves with a theoretical sféptwere
explained by partitioning of the surfactafinetal cation com-
plexes into the membrane. A theoretical treatment was recently
made for a related system by Meyerheffal.’f

Based on the previous findings of Kimura etlhlthat a
macrocyclic polyamine forms stable complexes with neutral
catecholic compounds in aqueous solutions, we have examined
potentiometric responses to various phenolic compounds by
PVC matrix liqguid membranes based on lipophilic macrocyclic
polyamines €.g., 1 in Figure 1)12 A number of phenols
examined induced potentiometric responses under the pH
conditions in which they occur almost exclusively as their
undissociated, neutral forms. The prerequisite for the responses
to phenols seemed to be the existence of a phenolic OH.
Interestingly, such unexpected “potentiometric” responses to
neutral species were observed for several types of nitrogen-
containing sensory elements, including intrinsically cationic ones
(e.g.,lipophilic quaternary ammonium or phosphonium salts)
as well as such ones that acquire a cationic property by
protonation €.g.,lipophilic aliphatic or heteroaromatic aminés).
Compared to the polyether surfactant system described above,
the onium and protonated amine systems are characteristic in
that the membranes intrinsically contain as the sensory elements
charged species, which contribute to control the membrane
potential. The recent report by Mokret al® also demonstrates
anionic responses to neutral phenols by PVC matrix liquid
membranes based on tetra(decyl)Jammonium salts.

In this paper, we report comprehensive investigations on the
mechanism of anionic potentiometric responses to neutral
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Umezawa, K.; Lin, X.; Nishizawa, S.; Sugawara, M.; UmezawaANal.
Chim. Acta 1993 282, 247-257. (e) Tohda, K.; Umezawa, Y.; Yoshiya-
gawa, S.; Hashimoto, S.; Kawasaki, Mnal. Chem1995 67, 570-577.
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K.; Buhlmann, P.; Umezawa, YAnal. Chem1997 69, 1919-1924.
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J. Electroanal. Cheml984 176, 183-194. (d) Kojima, K.; Sugawara, M.;
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(8) Mokrov, S. B.; Stefanova, O. K.; Ivankov, V. M.; Karavan, V. S.
Russian J. Electrocheri995 31, 150-155. PVC matrix liquid membranes
based on tetra(decyl)ammonium chloride showed linear responses for several
neutral phenolic compounds with a slopecaf —140 mV decade! and a
selectivity forp-nitrophenol. The response and selectivity of these mem-
branes were interpreted by partition of the phenolic compounds into the
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membrane and its complexation with the anionic component of the Figure 1. Chemical structures of the compounds used in the present

ammonium salt.
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study. Quaternary ammonium sakts6 and quaternary phosphonium

salt7 were used for the potentiometry and/or extraction experiments.
Phenol and related compound@—18) were used as analytes. Dibutyl
phthalate (DBP) and bis(2-ethylhexyl) decanedioate [dioctyl sebacate
(DOS)] were used as membrane solvents. The structure of lipophilic
macrocyclic pentaaming is also shown.

phenols, based on experimental and theoretical approaches. The
present approaches are featured by the following points: (1)
As the charged sensory elements of PVC matrix liquid
membranes, quaternary ammonium and phosphonium salts
(Q"X~; 2—6 and 7, respectively, in Figure 1) were used
throughout the study because they bear an invariable charge
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regardless of pH and hence are suited for the purpose asappropriate buffer solution without an analyte. Membrane potentials
compared to the amine sensory eleméfts. (2) Potentiometric ~ Wwith varying concentrations of phenol and related compounds were
responses of these membranes to a series of phenols (ArOH{ecorded when the differential quotiemtE/At) of the potential-time
Figure 1) and some reference compounds were systematicallycurvé became smaller than a prechosen vaklg/At < 0.4 orAE <
examined at varying pH conditions to disclose the structural 0:3 MY Within At=1 min); this point was taken as the response time
requirement of the phenols for potentiometric responses in theirt(m’ AB), as defined in the previous articlés.® For the electrodes
unctljissociated netﬁral forms p (3) The interactFi)ons between examined in the present study, the response time was generally short

iy . . and within 5 mint6d
Q"X and ArOH were discussed on the basis of the results of For membrane 2, potentiometric selectivity coefficiermg‘_’g) were

not only complexation studies in homogeneous solutibbst determined by the matched potential method in mixed solutions
also solvent extraction experiments in two phase systems. (4)according to Gadzekpo and Chrisfiafor each group of analytes in
On the basis of these results, a model for anionic potentiometric 1.0 x 1072 M MES buffer of pH 6.0. In the present study with neutral
responses to neutral phenols is proposed. This model explainsspecies as analytes, the selectivity coefficient was defined as the ratio
the anionic responses on the basis of an analyte-induced decreag¥ the concentrations of the primary and interfering analytes which
in the amount of the cationic and anionic species that are charge-9ave the same potential change under the same condition; a fixed
separated across the membrane interface. (5) The observegoncentration of 1.0& 10°* M 12was used as a.backgroutnd because
potential vs concentration curves could be reproduced by aPotential drift was negligible at this concentration. T, values
theoretical treatment of this model. Direct observation of the V€& calculated from the concentration of the interfering analyte which

. . . induced the same potential change as that induced by increasing the
processes occurring at the membrane interface by optical SHG.\~ontration of.2 to 1.23 x 102 M.

measurements further supported the present potentiometric s for the potential vs time curves, membrane 3a was conditioned

response model faneutral phenols. with a buffer solution of pH 8.0, and the time profile for 1.8010°2
. ) M 12 was monitored first at pH 8.0 and then at pH 12.0. The time
Experimental Section profiles at both pH 8.0 and 12.0 were repeatable.

Reagents. The chemical structures of quaternary ammonium and _ Solvent Extraction. Changes of pH in the aqueous phase as a result
phosphonium salts, phenols and related compounds, and membran®f extraction of a phenollc compound into the organic phase containing
solvents used in the present study are shown in Figure 1. The sources? duaternary ammonium salt were measured at room temperagure (
and/or the details of preparation and purification of these reagents are2> "C) @s follows. A 1.00x 102 M aqueous solution of phenolic

described in the Supporting Information. Stock buffer solutions of pH €0mMPound, 10, or 16 (3.0 mL; pH 4.0, preadjusted with HCI; 1.0
8—12 and pH 6-7 were prepared with 1.8 1072 M boric acid and 1072 M NaCl; purged with nitrogen for 20 min) was shaken for 20 s

1.0 x 102 M MES (2-morpholinoethanesulfonic acid), respectively. PY & vortex mixer with a solution of quaternary ammonium a(t

The pH was adjusted by adding an NaOH solution of appropriate Wt %) in benzene or DBP (3.0 mL; presaturated with water). The
concentration. The pH of all solutions was measured at room °rdanic and aqueous phases were separated by centrifugation at 4000
temperatureda. 20 °C), using an ion meter Model IOL-40 or 50 [Denki P forca.20 min b_ecause, without centrlfuga_tlon, an_emulsmed phase
Kagaku Keiki (DKK), Tokyo, Japan] with a pH glass electrode (Type between the organic and aqueous phases ;tlll remained after 3h. The
6157, DKK). All of the sample and buffer solutions were prepared pH of the_a}queous phase was measured with a pH glass electrode. The
with Milli-Q water with a specific resistance greater than 17.§M  €xtractability (percent extracted) of each phenolic compound was
cm and bubbled with nitrogen for 20 min just before potentiometric calculated from the concentration of the undissociated phenol in the

measurements in order to prevent the phenolic compounds from 2dUeous solution before and after extraction, determined by the
oxidation by dissolved oxygen. absorbance at 317 nn8)( 275 nm (@0), or 288 nm {6), which

Electrode Preparation and Potential Measurements.PVC matrix correqund, respectively, to thgaxof each substituted phenol in water.
liquid membranes 2, 3a, 3b, 3c, 3d, 4a, 5a, and 7, based on lipophilic UV_—V|S|bIe spectra were recorded on a UV-240 spectrophotometer
quaternary ammonium and phosphonium sajt8a, 3b, 3c, 3d, 4a, (Shimadzu, Kyoto, Japan). o
5a, and7, respectively, and the corresponding blank membrane with The experiments to Suppo_rt_the extraction/dissociation process were
no particular sensory element were prepared according to the procedurénade as follows by the U¥visible spectra o8 extracted to benzgne
reported previousl§2® The composition of the membranes containing and the ch4ange in the concentration of @i t.he aqueous phase: A
sensory elements was 2.5 wt % quaternary onium salts, 70 wt % DBP, 1-_17 x 107* M solution Ofi_3 in water (3.0 mL; preadjusted to pH 4.0
and 27.5 wt % PVC, and that of the blank membrane was 72 wt % with H,SQy; prebubbled with nitrogen for 20 min) and a 1.8510*

DBP and 28 wt % PVC. From the membrane thus prepacad)(2- M solution of 3ain benzene (3.0 mL; presaturated with water) were
mm thickness), a circle afa. 7-mm diameter was cut out and mounted ~ Shaken for 20 s by a vortex mixer. The organic and aqueous phases
on a liquid membrane type ISE body (DKK). A reference electrode Were separated by centrifugation at 4000 rpmdar20 min, because,
used was a double-junction type based on an Ag/AgCl electrode (TypeW|thout centrifugation, an emulsified phase still remained after 6 h.
4083, DKK). The electrode cell for the potential measurements was The concentration of dissociat8dn the organic phase was determined

as follows: from the absorbance at 400 nm after extraction. The ratio of dissociated
and undissociate8 extracted in the organic phase was calculated from
Ag/AgCl | 3MKCI | buffer solution used in each measurement | the concentration of dissociat&dn the organic phase and the percent
‘ ' extracted of8 determined as above (84% extracted, corresponding to
sample solution | membrane | 1.00 M KCI | Ag/AgCl a concentration of 9.8% 10°° M in the organic phase).

Changes in the concentration of Gh the aqueous phase as a result
For the membranes based on quaternary ammonium salts with highlyof extraction of8 into the organic phase containiBg were measured
lipophilic anions 8b, 3c, 3d), 0.1 M KCI + 0.1 M KSCN, 10 mM after similar extraction experiments as above. As the aqueous phase

KCl + 1 mM sodium picrate, and 0.1 M NaCt 0.1 M sodium 16) @ U 0 Yal Chem1982 54 1196-1200
; ; ; a) Uemasu, |.; Umezawa, Yanal. Chem ) .

tetfraphenylbcIJrgte solutions were used, respectively, as the |nner(b) Lindner, E.. Tgh, K.: Pungor, E.; Umezawa, YAnal, Chem1984 56,
reference solution. 808-810. (c) Lindner, E.; Tth, K.; Pungor, EPure Appl. Chem1986

Membrane potentials were measured at room temperatare2Q 58, 469-479. (d) Although a substantial drift of the potential was observed
°C) with an ion meter Model I0OL-40 or IOL-50 (DKK). Before each  after a long exposure to a sample solution, particularly at high concentrations
set of measurements, electrodes were conditioned overnight in anof analytes¢a. 102 M; see Figure 7b for example), the membrane potentials
were recorded at the initial stabilization poiftH; in Figure 7b), because

(14) Ito, T.; Tohda, K.; Odashima, K.; Umezawa, Y. To be submitted the conditionAE/At < 0.4 was satisfied at this point. See footnote 22.
for publication. (17) (a) Gadzekpo, V. P. Y.; Christian, G. Bnal. Chim.Acta 1984

(15) Tohda, K.; Tange, M.; Odashima, K.; Umezawa, Y.; Furuta, H.; 164 279-282. (b) Umezawa, Y.; Umezawa, K.; Sato,Pure Appl. Chem.
Sessler, J. LAnal. Chem1992 64, 960-964. 1995 67, 507-518.
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Figure 2. Potential AEMF) vs concentration curves for phen&py, P 4 )

obtained at pH 6.0 by membranes 2, 3a, 4a, and 7, based on lipophilic ix liquid b b d decvi . |
quaternary ammonium or phosphonium salts, and by a blank membrangMatrix liquid membranes based on tetra(decyl)ammonium salts.

containing no particular sensory element. Measured ind 102 M These strong anionic responses are quite unexpected in terms
MES-NaOH buffer (pH 6.0) at room temperatu (20 °C). of the conventional response mechanism for charged species,
because, in an aqueous solution at pH 8D(pK, = 9.99):
occurs almost exclusively in its undissociated, neutral form. The
magnitude of potentiometric responsel@was similar for all

of these membranes. The slopes of the response curves in the
concentration range of 18-10"2 M were —65 to —75 mV
decade®l. These slopes are larger than the theoretical value
for a monoanion according to the Nernst equatie®8.2 mV
decade?! at 20°C; Nernstian response), which is observed under
alkaline conditions #ide infra). On the other hand, no ap-
preciable response i was observed for membrane 3a, based
on (Cy)4N*-Cl~ (5a) with shorter alkyl chains. The lack of
response can be reasonably explained by insufficient lipophi-
licity of 5ato be retained in the membrane phase.

Figure 3 shows potentiometric responses of membrane 2 to

(3.0 mL, pH 4.0; without NacCl), solution (a), containing 1.%710~*

M 8, or (b), containing no phenolic compound, was shaken with an
equal volume of a 1.05 10* M solution of 3a in benzene. After
separation, the concentration of Cin each aqueous phase was
measured with an ion chromatograph (HIC-6A, Shimadzu; column:
Shimpack IC-Al; eluent: 1.2 mM potassium hydrogen phthalate-
phthalic acid buffer of pH 4.5; flow rate: 1.5 mL mifj temperature:
40°C) connected to a conductivity detector (CDD-6A, Shimadzu). The
retention time of Ct in this system was 4.5 min. The difference in
the concentration of Clbetween aqueous solutions (a) and (b) was
(1.26+ 0.95) x 1075 M.

Optical Second Harmonic Generation (SHG) Experiments.The
intensity of optical SHG fron8 was measured for a two phase system
of an aqueous solution & (1.0 x 1072 M boric acid—NaOH buffer
of pH 10.0 or 1.0x 1072 M MES-NaOH buffer of pH 6.0) and a PVC
matrix liquid membrane containinga or a blank membrane. The  Phenoland related compounds-18) at pH 6.0. The observed
compositions of the membrane containida and of the blank potentiometric selectivities can be summarized as follows.
membrane were the same as those for the potentiomet‘ric measurements (a) Phenolic vs Nonphenolic Compounds Comparison of
except that DOS was used as a membrane solvgnt in place of DBP,ihe potentiometric response to phert)(with that to catechol
because the former showed much weaker SHG signal (due to the Iack(lo) its di-O-methy! derivative 17), and cyclohexanol 1©)
of aromaticzz electrons) and hence much smaller noise. When the reve;als that. whereas the magnitu,de of response was similar
signals stabilized after 20 min of irradiation, the SHG intensities - .
at varying concentrations & were measured by the same procedure for the phenolic compoundd a”‘?'lz’ no appreciable response
as described in ref 6e, except for using a Q-switched Nd:YAG laser Was observed for the nonphenolic compouhdand18. These
Quanta-Ray Model DCR130 (Spectra-Physics, Mountain View, CA) results clearly demonstrate the essential role of a phenolic OH
with a photomultiplier Model H1161 (Hamamatsu Photonics, Hamamat- for the responses by a membrane based on a lipophilic
su, Japan). A pulse radiation was made with the s-polarized 1064 nm quaternary ammonium salt. An alcoholic OH seems to be
output (intensity, 50 mJ cnf; pulse width, 10 nm; repetition rate, 10  neffective for a potentiometric response by this membrane. This
Hz). response behavior is quite similar to those observed for the same
compounds by membrane 1 based on lipophilic macrocyclic
pentaaminel 12013

(b) Substituted Phenols. All of the phenol derivative8—16,

Results and Discussion

I. Potentiometric Response Behaviors. Potentiometric

Responses and Selectivities at pH 6.0Figure 2 shows the  the (K.'s of which range from 7 to 11, occur mainly or almost
potential vs concentration curves for phendP) at pH 6.0, exclusively in their undissociated forms at pH 6.0. The strongest
observed by PVC matrix liquid membranes 2, 3a, 4a, and 7, yesponse was observed fir On the other hand, the responses
based on a series of lipophilic quaternary onium salts 4 15and16were negligible as compared with those by a blank

[(C8)3C1N+'C|7 (2), (C12)3C1N+'C|7 (3a), (C5)4N+'C|7 (4a),

(C4)3C16P™*Br~ (7)]. The response of the corresponding blank
membrane containing no particular sensory element is also
shown. Dibutyl phthalate (DBP) was used as a membrane
solvent for all membranes unless noted otherwise. In contrast
to a weak response by the blank membrane, all of membrane

similar to those reported previously by Mokretal & for PVC

membrane (figure not shown). Potentiometric selectivity coef-
ficients (KR) for these substituted phenols (Ya-OH),

determined at pH 6.0 by the matched potential method in mixed
solutions, are listed in Table 1. Acid dissociation constants

(pKo)'® and partition coefficients (1-octanol/water system; log

)
2, 3a, 4a, and 7 showed strong anionic responses, which are

(18) Dean, J. ALange's Handbook of Chemistri4 ed.; McGraw-Hill:
New York, 1992; pp 8.198.71.
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Table 1. Potentiometric Selectivity Coefficients (Id¢3 ), Acid (a) oF
Dissociation Constants Kp), and Partition Coefficients (108qc) 5
for a Series of Phenolic Analytes 100 b pH 10
compound (Y-GH4-OH) log K55’ pKL  log Poct ’>£ -
8(Y = p-NOy) 1.85 (2.0) 7.15 1.91 o 2001 B
9(Y =p-Cl) 1.07 9.43 2.43 = - -58 mV/decade
10(Y = 0-OH) 0.65 (1.0) 9.36 0.95 9 soof pH6
11(Y = p-CHy) 0.30(0.3)  10.26 1.93 i
12(Y = H, phenol) 0 (0) 9.99 1.47 i
13(Y = p-OCHy) —0.13 10.20 1.34 -400 ‘ . ‘ . '
14(Y = mOH) —0.27 9.44 0.79
15(Y = p-NHy) <—0.72 10.30 0.04 6 S5 -4 3 -2
16 (Y = p-OH) <-1.1 9.91 0.55 log C
aThe potentiometric selectivity coefficients (IG@ZTB) were deter- (b) OF
mined for membrane 2, based ong4C;N*-CI~ (2),in 1.0 x 1072 M B
MES-NaOH buffer (pH 6.0) at room temperatu@(20 °C) by the
matched potential method in mixed solutions with 1.0010™* M - 1001
phenol as a backgrounBAcid dissociation constants Kg) at 25°C, > -
taken from ref 18¢ Partition coefficients (1-octanol/water system; log £ 200} pH 10
Po) at room temperature, taken from ref Pdrhe values in the '-EL L
parentheses are those reported by Mokebal8 for a PVC matrix | | S8 mV/decade
liquid membrane based on a tetra(decyl)ammonium salt. Matched < -300
potential method in mixed solutions (unbuffered). i pH6
-400
Pocy)!® are also listed. The magnitude of the potentiometric : : : . .
response by membrane 2 was in the orde ¢f = p-NO,) > 6 5 | _4c 3 -2
9 (Y = p-Cl) > 10(Y = 0-OH) > 11 (Y = p-CHs) > 12 (Y °9
= H) > 13 (Y = p-OCH;) > 14 (Y = mOH) > 15 (Y = (©) OF
p-NHy), 16 (Y = p-OH). This selectivity seems to reflect both i
acidity (pKy and lipophilicity (log Poc) of each phenolic 100 F
compound. The general trend is that a phenol derivative with s i
a stronger acidity and higher lipophilicity induces a stronger £ Lnl
anionic response. The effect of acidity is indicated by the L | pH 10
response orde® > 11 as well asl2 > 13, whereas the effect W 300} -58 mV/decade
of lipophilicity is manifested by the response order 10 > i pH 6
14 as well asll > 13. A similar potentiometric selectivityd( 400
> 9> 11> 12) was also reported by Mokraat al8 (Table 1). ) . ) . .
Effect of pH on the Potentiometric Responses to Phenol 6 5 4 3 2
and p-Nitrophenol. The effect of pH on the potentiometric log C

responses was examined for two _representatlve phepols, Figure 4. Potential AEMF) vs concentration curves fprnitrophenol
nitrophenol and phenol, and comparisons were made for (a) the(s)i obtained at pH 6.0 and 10.0 by () membrane 2, (b) membrane 3a,
responses to the monoanionic (dissociated) and neutral (Undiszng (c) membrane 7. Measured in %0102 M MES-NaOH buffer
sociated) forms at the pH’s above and below thg, pespec- (pH 6.0) or 1.0x 1072 M boric acid-NaOH buffer (pH 10.0) at room
tively, and (b) the responses to the neutral form at different temperatureda. 20 °C).

pH’s below the Ka.

(a) Comparison of the Responses to Monoanionic and 8, which occurs bya. 10% at pH 6.0, the exceedingly greater
Neutral Phenols. Figure 4a-c shows the potentiometric  response slopes cannot be explained unless “potentiometric
responses of membranes 2, 3a, and 7, respectivelyg-to  responses” involving undissociated, neutral species are consid-
nitrophenol 8) at pH 6.0 and 10.0. In the aqueous solution ered.

bulk, 8 (pKa = 7.15f% occurs mostly ¢a. 90 %) as its Figure 5a-c shows the potentiometric responses of mem-
undissociated form at pH 6.0 and almost exclusively as its jy3nes 2, 3a, and 7, respectively, to phedd) at pH 8.0, 9.0,
dissociated form at pH 10.0. At pH 10.0, linear responses with 10.0, and 12.0. All of these pH's can be covered by a single
a slope close to the theoretical value for a monoaniebg(2 combination of acid and base componeiits,, boric acid-

mV decade! at 20 °C) were observed, indicating that the NaOH (1.0x 102 M). In aqueous solutions”of bH 8.0, 9.0
potentiometric responses at pH 10.0 mainly reflect the responses; 5 o and 12.0¢ca. 99, 90, 50, and 1% of2 (PKa = 9'99’)18 ’

0 tt;]e dlssomatedbfc;]rm.cﬂ. f th b 6.0 occurs as its undissociated form. Here again, strong anionic
T € response benavior o these membranes at.pH e Wasresponses were observed under the pH’s at which undissociated
quite different from that at pH 10.0. Although the direction of 12 occurs at a substantial concentration (pH 8.0, 9.0, and 10.0).

the responses was the same (anionic responses) at both pH’
) trong responses-(L00 to 210 mV decadé) were observed
the slope at pH 6.0 was in all cases much greater than the, g resp ¢ )

1 2
theoretical value for a monoanion observed for the dissociated |nchle2 %ocvzeigtrrr?algg Jvir;?(iro Ihgél_tlh(gs eMa.t t-lr—lgenzgfg (;r;isdeiz atH’S
form of 8 at pH 10.0 ¢ide suprg. In the linear-response range P ) PrLS.

(10-*—10-2 M), the slopes werea. —85, —200, and—100 mV For membrane 3a, a typical Nernstian response was observed

— 3 2 =
decade?! for membranes 2, 3a, and 7, respectively. Although (~58 mV decade” from 1.00x 10~to 1.00x 1072 M; Figure

these responses may partly be due to the monoanionic form obe)' These results 'nd'c.ate’ again, major contribution of the
neutral form to the anionic potentiometric responses below pH

(19) Leo, A.; Hansch, C.; Elkins, DChem. Re. 1971, 71, 525-616. 1020
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(a) oF pH 12 (a) 0
s -100f H10 -100 |
E pH 8 pH 2.0
v Ho9
"5" -58 mV/decade P -
w200 z -200 1
o
b
-300 1 1 1 1 1 a -300
6 5 -4 3 2
log c pH 5.7
-400 F
(b) oF
_500 - | 1 Il I} 1
< -100} B pH 12 6 5 -4 3 2
E log C
< -58 mV/decade
w 200}
pH 10
pH9
_300 1 [ 1 L i
6 5 -4 3 -2
log C 50
s
() of E
<
pH 12 o
3 oo | : -100
= pH 8
L.
E -58 mV/decade PHO
W 200 pH 10
-150
-300 ; * * : ' 6 5 -4 3 -2
6 5 4 3 =2 loa C
log °g
i . . Figure 6. Potential vs concentration curves obtained by membrane
Figure 5. Potential AEMF) vs concentration curves for phenal, 3a at room temperatured. 20 °C) under a constant concentration of
obtained at pH 8.0, 9.0, 10.0, and 12.0 by (a) meTbrane_ 2, (d) I~ ion. (a) Curves fop-nitrophenol 8), obtained at pH 2.0%) and
membrane 3a, and (c) membrane 7. Measured ink11@ 2 M boric 5.7 @). Measured in 1.06 102 M HCI (pH 2.0, unbuffered) or 1.00

acid—'NaOH buffer (pH 80, 90, and 100) or 1:0 1072 M borate x 1072 M NaCl (pH 5.7, unbuffered). (b) Curves for phendJZI,
solution of pH 12.0 (adjusted with NaOH) at room temperataae ( obtained at pH 2.0&), 5.7 ©) and 8.0 ®). Measured in 1.06c 10°2
20°C). M HCI (pH 2.0, unbuffered), 1.00« 102 M HCI—NaCl (pH 5.7,

(b) Comparison of the Responses to Neutral Phenols at  unbuffered), or 1.06 1072 M Tris-HCI buffer (pH 8.0). The ordinate
Different pH's. The effect of pH on the potentiometric indicates relative potentiaNEMF). Solid lines show theoretical curves

responses to the neutral form of phenols was examined under(S€€ the Appendix for calculation).

a constant concentration of Clon. Under such a condition, phenols exist predominantly or almost exclusively in their

the hydrophilic anionic component involved in the charge netral form. When the responses at two pH's that are relatively
separation across the membrane interface can be essentially fixeda5; the Ka of the phenol are compared, a greater anionic

to the CI" ion. The effect of pH can then be unambiguously response was observed at the higher pH (pH 2.0 vs 5.8 for
evaluated without being affected by involvement of different 5.4 pH 5.7 vs 8.0 forl2). On the other hand, when the

anions in charge separation at different pHs. responses at two pH’s that are relatively far from thé pf
Figure 6 (parts a and b) shows the potentiometric responseshe phenol are compared, no appreciable pH effect was observed
to 8 and12, respectively, under the pH conditions in which the (pH 2.0 vs 5.7 forl2). It is thus clearly shown that, only in

(20) Recently, potential changes induced by a series of catecholic the pH region near thel, of the phenol, the anionic response
compounds were reported for a platinum disk electrode coated with a to a neutral phenol is facilitated by a decrease in the concentra-
polymerized binaphthyl-20-crown-6 (Ma, Y.; Galal, A.; Lunsford, S. K.;
Zimmer, H.; Mark, H. B., JrBiosens. Bioelectrorl995 10, 705-715). In (21) (a) Actually, the magnitude of negative potentiometric response
this case, anionic responses were observed at pH 9.4, at which the anionicvaried with the buffer used. Thus, teEMF value of —220 mV (from
and neutral forms of catecholic compounds coexist in the aqueous solution Figure 5b), observed for 1.00 1072 M 12in 1.0 x 10-2 M borate buffer,
bulk. However, the response mechanism of this membrane may be quitewas much greater than the correspondktgMF value of—85 mV (from
different from that of the quaternary ammonium salt-based liquid membranes Figure 2), observed in 1.2 1072 M MES buffer. (b) Seemingly very smalll
examined in the present study. The former showed much higher sensitivities pH effect observed in Figures 4 and 5 does not contradict the pH dependence
but non-Nernstian responses with concentration-dependent potential changeslemonstrated by Figure 6 (parts a and b), because, in the former cases, the
at low concentrations (10—10-5 M) and saturation at higher concentrations  contribution of each anion to the charge separation could be different at
(=104 M). different pH’s.
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(a) 300 Table 2. Stability ConstantsKg) in Benzene for the 1:1
Complexes op-Nitrophenol 8) and a Series of Quaternary
Ammonium Salts (QX~), Together with lonic Radii of X
S 20F_ Q" X~ K& (M) 0 (A)
E (C2)aN*-CI- (58) 1.9x 10° 1.80
E AE (C4)aN*Br~ (5h) 52x 10¢ 1.95
w 100 (C4)4N+'N037 (50 2.0x 10¢ 2.03
T N (C4)aN*T-SCN- (5d) 1.5x 10* 2.08
(C4)4N+'C|O4_ (5¢ NCH 2.28
0 1 1 1 1 (C12)4N+'Br7 (63) 5.7 x 104 1.95
0 50 100 150 (C12)aNT-TpCIPB~ (6b)° NCH
t (min) (C12)sCiIN*-CI~ (33) 1.3x 1P 1.80
(C5)4N+‘C|_ (4a) 2.1x 10° 1.80
(Cs)aN*-CI~ (4b) 21x 10 1.80
(b) 300 (C4)aN*-ClI~ (53) 19x 1C° 1.80
a Stability constantsK) of the 1:1 complexes gf-nitrophenol g)
and quaternary ammonium salts™)Q"), determined by UV titration
S 200 in benzene at room temperatuoa (20 °C). Taken from ref 14° lonic
E radius of X",>?2calculated from the molal volume of ion from the partial
E volume at infinite dilutior?*® ¢ TpCIPB = tetrakisp-chlorophenyl)bo-
w 100 rate.? Negligible complexation.
response magnitude, (ii) longer response time, and (iii) gradual
o+ ! ! ! potential drift (increase).
0 50 100 150

Il. Interactions between Phenols and Quaternary Am-
monium Salts in Homogenous Solutions and in Two Phase
Figure 7. Time course of the potential (EMF) of membrane 3a in the Systems. Efforts were made to understand the interactions of
presence of 1.0& 102 M phenol (L2) in 1.0 x 10°2 M borate buffer phenols and quaternary ammonium salts in homogeneous
of (a) pH 12.0 and (b) pH 8.0. At= 0, a conditioning buffer solution g4 |ytions by complexation studies and in two phase systems by
was changed to a_1.0/<_) 1072 M solution oleV\_/lth the co_rrespondmg solvent extraction experiments.
pH. AI_El and AE; |_n_|_:|gure_7b deno_t_e the dlfferen_ce in the s_tartlng | . in H Soluti Th bili
potential and the initial or final stabilization potential, respectively. nteractions in Homogeneous S0 utlon§. e stabllity

constantsK) for the 1:1 complexes of undissociated phenols
(ArOH) with different acidity and quaternary ammonium salts
(Q*X™) with different cation (@) and anion (X) components
have been determined in benzéfeAs indicated from theKs
values in benzene for the 1:1 complexes8adnd a series of
Q™X~ with different Q" or X~ components (Table 2), the
stability of the complex was greatly affected by Xmarkedly
differentKs values forsa—e and6a,b) but not by @ (similar
Ks values for3a, 4a, 4b, and5a). These results confirmed the
interaction between amindissociatedphenolic OH and the
anionic component X of Q*X~ to be essential for the
complexation of @X~ and ArOH, as demonstrated previously
by other groups on the basis of3R 9 and NMR3a.bestydies.

Table 3 lists theKs values of the 1:1 complexes 8& and

t (min)

tion of H* in the aqueous phad& Theoretical curves (solid
lines in Figure 6 (parts a and b)), derived on the basis of a new
response model, will be described later.

Time Profiles of Potentiometric Responses to PhenolThe
potentiometric responses tb2 at pH 12.0 and 8.0 were
monitored over an extended time period to compare the time
profiles for the monoanionic and neutral formsl® Figure 7
shows the potential vs time profiles of membrane 3a for 1.00
x 1072 M 12, monitored at room temperaturea( 20 °C) at
pH 12.0 and 8.0 (1.6 1072 M boric acid—-NaOH buffer). At
pH 12.0, a rapid anionic response started and stabilized
immediately €2 min) with AE ~ —120 mV (Figure 7a),

showing a typical response behavior for charged species. In .
contrast, at pH 8.0, a relatively slow anionic response started,phenols 8. 11, 13) or related nonphenolic compounds7(and

which temporarily stabilized afteza. 510 min with AE; ~ 18), together with the I§, and log Py values for the latters.

—220 mV (Figure 7b). Additional difference between the The potentiometric selectivity coeﬁicientKK}g) for the re-

response behaviors at pH 12.0 and 8.0 is that the latter involved,SPONses by membrane 2, based on a related quaternary am-
after the initial stabilization, a gradual increase in the potential Monium sal2, are aiso listed. Table 3 indicates that both acidity

for several hourd? which leveled off atAE, ~ —145 mV and (PKz) and lipophilicity (logPoc) of ArOH are reflected to the

i . ili -. 14
remained unchanged for more than 2 days (Figure 7b). In Stability of th? comfpl)lex QX hArOH (Ks g an;j that these
contrast, at pH 12.0, the potential did not change after the initial parameterspofl so reflect to the magnitude of potentiometric
stabilization (Figure 7a). Potential drift as in Figure 7b was '€SPONS€K,g). Consistent with this relationship is the fact
observed at neutral pH for a number of other phenolic thatthe compounds with no phenolic OH group, the complex-
compounds tested. ation of which with3a is very weak {8, Ks = 74 M1 in
benzene) or negligiblely)* showed very weak or negligible
potentiometric response.

With regard to the anionic component Xthe stability of
the complex @X~-ArOH was in the order of Cl > Br~ >

(22) The gradual potential drift observed in Figure 7b is most likely due NOs™ = SCN~ > CIO4~, TpCIPB™ (no interaction)}* This
to the diffusion of the extracted ArOH to the interface of the membrane
and the inner filling solution and the resulting changes in the overall (23) (a) Relles, H. MJ. Org. Chem197Q 35, 4280-4282. (b) Taylor,
membrane potential to the more positive direction. This view is supported R. P.; Kuntz, I. D., JrJ. Phys. Cheml97Q 74, 4573-4577. (c) Bacelon,
by the fact that the response time of membrane 3a with20Qhickness P.; Corset, J.; De Loze, CChem. Phys. Lettl975 32, 458-461. (d)
was shorter than that of the corresponding membrane withwOthickness Rulinda, J. B.; Zeegers-Huyskens,Ipectroscopy Letl979 12, 33—43.
(ca. 4 and 10 min, respectively, under a 1.2010-2 M concentration of (e) Bunton, C. A.; Cowell, C. Rl. Colloid Interface Sci1988 122 154—
12). Similar discussions have also been given by Meyerbofil.’f 161.

The above results show that the response behavior of a
membrane based on a quaternary ammonium salt for an
undissociated phenol at pH 8.0 is characteristic in (i) greater
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Table 3. Complexation Constant¥{), Acid Dissociation
Constants (Ka), Partition Coefficients (lodP.c), and Potentiometric
Selectivity Coefficients (lodt3's) for Phenols and Related

Compounds

Ke log log
ArOH (MY PKL  Pot KRR
p-nitrophenol B) 1.3x 10° 715 191 1.85
p-cresol (L1) 15x10* 10.26 1.93 0.30
p-methoxyphenol13) 79x10° 10.20 1.34 -0.13
cyclohexanol {8) 7.4x 100 ~16 1.23 negligible

1,2-dimethoxybenzend?) NC

aThe stability constants of the 1:1 complexes withJ6C;N*-Cl~
(3a) were determined at room temperatuca.(25 °C) by either UV
(8; ca. 20 °C), 'H-NMR (11, 13; ca. 25 °C), or 1*C-NMR (18; ca. 25
°C). Taken from ref 14 Acid dissociation constant K3 ) at 25°C,

negligible

taken from ref 18¢ Partition coefficients for 1-octanol/water system

(log Pocy) at room temperature, taken from ref ¥aChe potentiometric

selectivity coefficients (log KPSy for membrane 2 based on

(Cg)sCiIN*-CI- (2). Taken from Table 1.

Table 4. Effect of the Counteranions of Tridodecylmethyl-
ammonium Salts on the Potentiometric Responses to Ph&Rjoh(
pH 8.0*°

membrane [(&)sCiN*-X] AE; (MmV) AE; (mV)
3a [(012)3C1N+‘C|_ (39)] —244.0 —170.6
3b [(C12)sCiN*-SCN- (3b)] —89.6 —49.2
3¢ [(C12)sCiNTPic (30)] —74.9 —20.7
3d [(C12)3C1N+'TP87 (3d)] ~0 ~0

Ito et al.

before and after extraction, increased from 61 to 98% (benzene)
or from 99 to 100% (DBP), respectively, by addition fn
the organic phase. Furthermore, the pH of the aqueous phase
was significantly lower when shaken with an organic solution
containing2 [pH 3.63 (benzene) or 3.73 (DBP)] than after
shaking with the corresponding solvents with@ufpH 4.17
(benzene) or 4.19 (DBP)]. Enhanced extraction by addition of
2 was also observed for phenolic compoui@sand16 (82 —
93% and 52— 70%, respectively, for benzene) with somewhat
smaller net decrease in the aqueous pH [pH 4.04 vs 4.09 (
and 4.08 vs 4.201@), respectively, for benzene containing or
without 2]. In the absence of in the organic phase or a
phenolic compound in the aqueous phase, no change in pH was
observed.

That the enhanced extraction accompanies dissociation of
ArOH was confirmed by the UM visible spectra 08 extracted
into benzene and, in addition, the change in the concentration
of ClI~ ion in the aqueous phase. The extraction experiments
were made with a 1.0% 10~ M solution of 3a in benzene
against a 1.1% 1074 M solution of 8 in water (preadjusted to
pH 4.0). In the U\*-visible spectra of the organic phase, the
dissociated form of8 (Amax = 385 nm¥® was observed in
addition to the undissociated/complexed forp4 = 320 nm).
The ratio of the dissociated and undissociated forn&infthe
organic phase was estimated todae20:80 on the basis of the
concentration of dissociate8 in the organic phase and the

2 For each membrane, a conditioning buffer solution was changed €Xtractability of8 (see the Experimental Section). In contrast,

to a 1.00x 102 M solution of phenol 12), and theAE; and AE;

values were measurefE; = (initial stabilization potentialy- (starting
potential).AE; = (final stabilization potential)- (starting potential).
Measured in 1.0< 1072 M boric acid-NaOH buffer (pH 8.0) at room

temperatureda. 20 °C). * The AE; andAE; values were measured for

two (3a, 3d) or three 8b, 3¢) different preparations of membrane.

the same treatment with benzene containing no quaternary
ammonium salt lead to the corresponding spectrum showing
only the undissociated/uncomplexed form&é&t Amax = 300

nm. With regard to the change in the concentration of i@l

the agueous phase, the net increase in the concentratior of Cl
upon extraction o8 with a solution of3ain benzene was (1.26

order is parallel to that of the charge-dipole and/or hydrogen % 0.95) x 107> M, as estimated by ion chromatography. This

bonding interactions betweenXand ArOH as expected from
the ionic radius of X calculate@* from its molal volumé*®

value is in the same order of magnitude as the concentration of
dissociatedB in the organic phase [(1.88 0.46) x 1075 M],

(r*x; see Table 2). This complexation tendency is also reflected as determined from the UV absorbance in the organic phase.

to the order of the magnitude of potentiometric responskEto
by liquid membranes based @a—d. As shown in Table 4,
the order of the response was membrane 3aXCl~) > 3b
(X~ = SCN") > 3c (X~ = picrate’) > 3d (X~ = BPh~; no

As a consequence, it is indicated that, in the enhanced
extraction of ArOH by @X~, the formation of lipophilic ion
pair Q" ArO~ with concomitant ejection of HX into the aqueous
phase is partly involved in addition to the simple extraction and

response). These results suggest, again, that the hydroge§omplexation processes, whereas only the complexation process
bonding through the pheno”c OH group is reflected not On|y is involved in homogeneous organic solutions. It should be

to the complexation between*®~ and ArOH in a homoge-

pointed out that the former process results in the formation of

neous solution but also for a potentiometric response, which @ stronger acid (HX) in an acid-base equilibriimThe driving
involves chemical processes Occurring at a membrane/aqueougorce for this otherwise unfavorable process Is dissolution of

solution interface.
Interactions in Two Phase Systems.To further examine

the outcome of the complexation of neutral phenols (ArOH

and quaternary ammonium salts'(Q"), extraction experiments

in two phase systems were carried out with agueous solutions

containing ArOH and organic solutions containing@-.

Upon vigorous shaking of a 1.00 10-2 M solution of 8 in
water (preadjusted to pH 4.0) dra 1 wt %solution of2 in

DBP or benzene, extraction 8fto the organic phase occurred

HX, but not Q"ArO~, to the aqueous phase. It is therefore
reasonable to assume that the proton dissociation of the

) complexed ArOH occurs at the membrane boundary region close

to the aqueous phase.

Ill. A Model for the Anionic Potentiometric Responses
to Neutral Phenols. Although anionic potentiometric responses
are generated in this case by undissociated, neutral pheggls,
uncharged species, a rational mechanistic interpretation must
be based on a decrease in the amount of the species which is

and, in addition, a decrease in the pH of the aqueous phase was (26) The band at 385 nm can be assigned as the dissociated f@&n of

observed® The extractability of8, calculated from the

benzene containing a small amount of water, because the absorption
maximum of 414 nm observed for a solution 3¢ in benzene shifted to

concentrations of its undissociated form in the agqueous solution 391 nm by shaking the benzene solution with an aqueous solution of

(24) (a) Sawada, K.; Sohara, T.; Kikuchi, ¥. Chem. Soc., Faraday
Trans.1995 91, 643-647. (b) Millero, F. JChem. Re. 1971, 71, 147—
176.

(25) Enhanced extraction df2 in an aqueous solution (pH-%6) by a

H2SQ; (pH 4.0).
(27) Formation of a stronger acid by dissociation of a phenolic compound

in acicd—base equilibrium also occurs in a cationic micellar sygféfand

in a homogeneous solution under a strongly cationic environment generated

by a multiply protonated macrocyclic polyamif€.(a) Kohara, HJapan

solution of2 in benzene or cyclohexane has been previously reported (Inoue, Analyst1968 17, 1147-1148. (b) Mukerjee, P.; Banerjee, K.Phys. Chem.

K.; Shishido, H.Sobent Ext. lon Exch1986 4, 199-216). However, no
description is found for the change in the pH of the aqueous phase.

1964 68, 3567-3574. (c) Kimura, E.; Sakonaka, A.; Kodama, 8.Am.
Chem. Soc1982 104, 4984-4985.
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Therefore, in this case, the anionic potentiometric response to

membrane phase aqueous phase . .. .
, ArOH is a result of a net movement aftionic species H
’AVE_)H o[ ArQH from the membrane to the aqueous phase.
X =—=Q!| X Although complexation, proton dissociation, and HX ejection
fl ' ArOH could occuria a direct interfacial process without involvement
of extraction of ArOH (eq 1), the time profile of the response,
~ Q'XAOH X" showing a longer response time and a gradual ¢fiyggests
| ST a process involving extraction of ArOH rather than a direct
oot H interfacial process. Whereas process (i) involving complexation
g of the extracted ArOH has also been mentioned by Molaov

. . . o . 8 o~ ; i iati
Figure 8. Schematic representation of a model for anionic potentio- &l Process (ii) involving proton dissociation of the complexed
metric responses to undissociated phenols (ArOH) at acidic to neutral ArOH and concomitant ejection of HX into the aqueous phase
pH, displayed by liquid membranes based on quaternary ammonium affords a new mechanism for potentiometric responses to neutral

salts (@ X") as the sensory elements. In this model, onlyiXinvolved phenols.
as the anionic component in the charge separation across the membrane The experimental evidence that gives most straightforward
interface and hence in the membrane potential. support to the above response mechanism is the pH dependence

charge-separated across the membrane/aqueous solution intefhat is unambiguously evaluated by the experiments with a
face. The experimental results showing the formation of 1:1 constant concentration of Cion. When the responses at the

complex Q@ X~-ArOH and proton dissociation of the com- W0 PH'S that are relativelynear the K, of the phenol are
plexed ArOH with concomitant ejection of acid HX into the ~COmpared, a greater anionic response was observed at the higher
aqueous phase (section Il) afford a new model that can bePH [PH 2.0 vs 5.7 foB (pKa = 7.15) in Figure 6a and pH 5.0
described by considering eqs-3 as fundamental chemical VS 8.0 forl2(pKa = 9.99) in Figure 6b]. This tendency can be

processes (Figure 8; see the Supporting Information for the '€@sonably explained by assuming that, at such pH regions, the
involvement of process (ii), which will be facilitated with

details). increasing pH, is significant. On the other hand, the lack of
ArOH(aq)== ArOH(mem) Q) such a pH effect in the pH regidar from the K, (pH 2.0 vs
. 5.0 for12in Figure 6b) can be explained by assuming significant
(extraction) involvement of process (i).

In the theoretical treatment of the model based on processes

v — — Aty
QX" (mem)+ ArOH(mem)== Q"X -ArOH(mem) (2) (i) and (ii), one should consider that the Xexisting as the

(complexation) counteranion of @ or M* and the ArG generated by proton
dissociation in process (ii) may both contribute to charge
Q"X -ArOH(mem)= Q"ArO™ (mem)+ HX(mem) separation across the membrane interface. Therefore, three
cases, in which (a) only X(Figure 8), (b) only ArO, and (c)
HX(mem)== HX(aq) 3 both X~ and ArO™ contribute as the anionic component(s) in

the charge separation, were assumed. For each case, theoretical

roton dissociation and acid ejection . . .
G J ) curves were derived for the potentiometric responseg-to

In addition, the following equilibrium exists between th&Xy nitrophenol 8) and phenol 12) at a constant concentration of
that is charge-separated at the membrane interface and¥ie Q  CI~ ion (Figure 6 (parts a and b); [dl = 1.00 x 1072 M).%®
that is randomly oriented in the membrane bulk. The details of the theoretical treatment are described in the
Supporting Information.
Q"X (interfacey= Q"X (mem) (4) The solid lines in Figure 6 (parts a and b) show, respectively,

This model explains the anionic responseasdatralphenols :Ezttgﬁ?rigcgl i(;]l\J/rc;ll\e;Zéﬁg?ﬁgirﬁggi\f&ﬂdg;gﬁ ;S;Uerlﬁ;:;ne
on the basis of a decrease in the amount of the cationic and Y . P . 9
eparation across the membrane interface (Figure 8). Com-

anionic species that are charge-separated across the mernbr‘ijsearison of these theoretical curves with the observed ones shows
interface. The decrease in the charge separation is caused by

shift of the equilibrium in eq 4 to the right, which may occur at the large slope8,detection limits, and the pl—! dependence
as (i) a direct result of complexation of ®~ and the extracted S:chggsbeer\::gr?gscggs:ngsrr\g: sgm\éerﬁsg?‘:go% dbrlggnli;afé}
ArOH (eq 2) and (ii) an indirect resultia process (i) arising the assumption thF;t onlv Aricase (b)] or both X%nd ArO-

from proton dissociation of the complexed ArOH with con- plio y Ardl . .( )l .

comitant ejection of the acid HX into the aqueous phase (eq [case (c)] are involved as the anionic component(s) in the charge

3). In terms of the movement of charge-separated species afseparatlon (figure not shown). These results suggest that, as

the membrane interface into the bulk of either membrane or = (28) with regard to a general concem to a competitive response behavior
aqueous solution, the equilibrium shift by process (i) leads to a of quaternary ammonium salt-based liquid membranes toward phenol and

movement of the cationic species @membrane side) and the €I~ ion, potentiometric responses to phenol were measured under different
P @n ) concentrations of Clion. The anionic response to 1.6010°2 M phenol

ani_onic species X (aqu.eou_s Side) into the membrane phase. was stronger under 1.0 1074 M CI~ in Tris-HCI buffer of pH 8.0 (EMF
This net movement adinionic species from the aqueous to the = +250— +60 mV; AEMF = —190 mV) than 1.0x 102 M CI~ in
membrane phase results in a decrease in the charge separatioFiis-HCI buffer of pH 8.0 (EMF= +132— +22 mV; AEMF = —110

+ . : mV). The greater EMF value in the absence of phenol and the greater
of Q™ and X" across the membrane interface and hence Ieadsresponse {AEMF) to phenol under the lower concentration of Gbn

to an anionic potentiometric response to ArOH. On the other clearly indicate competitive anionic responses to phenol anddd.

hand, the equilibrium shift by process (ii) involves a movement  (29) Based on a different model focused on kinetic processes, Meyerhoff

of the charge-separated+@nd X" into the membrane phase et al. also explained the super-Nernstian anionic response to polyanion
. . L . . heparin by a PVC matrix liquid membrane based on quaternary ammonium

with concomitant ejection of H (dissociated from extracted  gajt3a (Fu, B.; Bakker, E.; Yang, J. H.; Meyerhoff, M. Bnal. Chem.

and complexed ArOH) and Xinto the aqueous solution bulk. 1994 66, 2250-2259).
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the anionic component, the contribution of Ar@ the charge (@) 1.1F S

separation and hence to the membrane potential is negligible

as compared to that of X | °
Experimental Support to the Response Model by Mea- 1.0 °

surement of Optical Second Harmonic Generation (SHG). o

To obtain an experimental support to the above potentiometric I; 0or o %o

response model, direct and specific observation of the membrane/ °g ° e

aqueous solution interface was carried out by a measurement 08} o ° o*

of optical SHG for a two phase system of an aqueous solution .

of 8 and a membrane based @&a (membrane 3a-DOS). 07k * . . . . .

Analyte8 with a nitro group at the para position generates, upon
orientating at the membrane interface, a strong SHG intensity
due to its large second order nonlinear polarizability.

Figure 9a,b shows typical examples of the intensity (square
root) vs concentration curves at pH 10.0 and 6.0, respectively, (b) 11F
for membrane 3a-DOS and the corresponding blank membrane.
The square root of the observed SHG intensity (ordinate of 1.0 ° o
Figure 9) is theoretically proportional to the number, average °
orientation, and second order nonlinear electric polarizability - 09T °
of oriented species at the membrane surfcét pH 10.0, 'ﬁ
concentration-dependent increase in the SHG intensity was
observed abovea. 103 M 8 for membrane 3a-DOS (Figure 07 F e o
9a, curve Al). In contrast, no appreciable change was observed
for the corresponding blank membrane (curve A2). These 06k . . . . ; ;
results indicate that curve Al reflects a concentration-dependent 6 5 4 3 2
increase in the enforced orientation 8fat the membrane log C

interface. Since3 exists almost exclusively in its dissociated _. . . .

form at pH 10.0, the SHG-active species generated is mostFlgure 9. Intensity (squa_lre root) vs concentr_atlon curves obtained by
. . - A 8 the measurement of optical second harmonic generation (SHG) at (a)

probably the dissociated form &f(ArO") that is involved in pH 10.0 and (b) pH 6.0 for a two phase system consisting of an aqueous

the charge separation across the membrane intefface. solution of8 in varying concentrations and membrane 3a-DOS (curves

Figure 9b shows the intensity (square root) vs concentration Al and B1;0) or the corresponding blank membrane (curves A2 and
curves at pH 6.0 for membrane 3a-DOS and the correspondingB2; ®). The ordinate indicates the square root of the observed SHG
blank membrane. In this case, a distinct concentration-depend-intensity. Representative curves out of two or more measurements are
entdecreasén the SHG intensity was observed for membrane Shown.
3a-DOS (curve B1) in contrast to the concentration-dependent )
increase at pH 10.0 (curve A%} In addition, curve B1 agrees ~ Conclusion
well with the relevant potential vs concentration curves (Figures
3 and 4); both SHG intensity and potential curves show a distinct
decline at the concentration of 18-10~* M. The response
by the blank membrane was negligible (curve B2) as in the
case of pH 10.0.

The contrasting behaviors at pH 10.0 and 6.0 clearly indicate
that, at the latter pH, the major SHG-active species is not the
dissociated form o8. Since the dissociated or undissociated
form of 8 is the only species capable of giving high SHG activity
under the present experimental conditions, it is reasonable to

consider that the undissociated form &fs the major SHG- and extraction behaviors have led to a new potentiometric

active species at pH 60 'I_'hen, the conc_entrauon-depe_ndentresponse model, which explains the ArOH-induced decrease in
decrease in the SHG intensity can be ascribed to relaxation Ofthe membrane potential on the basis of the following two

undissociate® orientated at the membrane interface. Forthe .- ccas: (i) complexation of the extracted ArOH arXQ
reason of such relaxation, a concentration-dependent decreas%ading to.a net movement of anionic species)Xrom the

In thf chzrge sep:aratl_on O:Jr@_nd >§ acrossotlr'ke g:mbfa“e aqueous to the membrane phase; and (ii) proton dissociation of
Interface by comp exation of X~ and extracted Ar IS most ._the complexed ArOH and concomitant ejection of HX into the
probable. In this sense, support for the above potentiometric aqueous phase, involving a net movement of cationic species

response model was given from dire_ct observation of the (H™) from the membrane to the aqueous phase. The observed

processes occurring at the membrane interface. response slopes, together with the detection limit and the pH
(30) Comn, R. M.; Higgins, D. AChem. Re. 1994 94, 107—125. dependence, could b_e rep_roduced by a theoretical treatment
(31) The time profile of SHG, concerning with only the interface of the based on the model involving the above two processes. The

membrane and the sample solution, did not show a gradual increase aﬂerpresent model was supported by optical second harmonic

the initial decrease in contrast to the potential vs time curve shown in Figure - - - .

7a (see footnote 22). generation (SHG), which enabled direct observation of the
(32) At the concentrations higher than20M, 8is reported to showan ~ processes occurring at the interface of a liquid membrane and

appreciable SHG intensity at heptane/w#ger air/watef?2Pinterface. (a) an aqueous solution.

Bell, A. J.; Frey, J. G.; VanderNoot, T. J. Chem. Soc., Faraday Trans. . . .
1992 88, 2027-2030. (b) Sarkar, N.. Das, K.; Das, S.; Nath, D.: The process leading to a decrease in the membrane potential

Bhattacharyya, KJ. Chem. Soc., Faraday Tran995 91, 1769-1773. is thus quite different for the dissociated (Arfoand undisso-

The development of “potentiometric” sensors for neutral
molecules is intrinsically a puzzling problem but involves a
significant question concerning how uncharged species can
influence charge separation across the membrane interface and
induce a potentiometric response. In the present study, sys-
tematic experimental and theoretical approaches were carried
out on the anionic responses to undissociated, neutral phenols
(ArOH) by PVC matrix liquid membranes based on quaternary
ammonium or phosphonium salts {®~). The experimental
results on the potentiometric responses and on the complexation
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understanding of the response mechanism for neutral phenols
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