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ABSTRACT

A flow-injection system based on microconduits is used to investigate electrode charac-
teristics such as selectivity, detection limit, and response and equilibrium times of the
new ionophore, N,N,N', N'-tetraisobutyl-5,5-dimethyl-3,7-dioxanonane diamide, in lithium
ion-selective electrodes. These characteristics were compared with those of the ionophore
N, N'-diheptyl-N,N',5,5-tetramethyl-3,7-dioxanone diamide. The new ionophore has supe-
rior detection limits and shorter response and equilibrium time, but the other exhibits
better selectivity for lithium with respect to sodium. Values of Kﬁ."lfla for the new iono-
phore vary from 0.0450 to 0.566, depending on the methods of measurement and solution
conditions. This phenomenon is discussed. Stop-flow experiments effectively demonstrated
the response and equilibrium time differences between these two ionophore membranes.

Flow-injection techniques have found wide application in several areas of
analytical chemistry. In the area of ion-selective electrodes, they offer ad-
vantages of increased sensitivity, decreased chemical and mechanical inter-
ferences, fast response time and very good reproducibility of results [1].
Flow-injection techniques with potentiometric detection have been applied
to the determination of ions in blood serum [2—4]. Few studies have used
this technique to characterize electrode behavior. This paper describes an
investigation of the characteristic behavior of a new compound, N,N,N',N"-
tetraisobutyl-5,5-dimethyl-3,7-dioxanonane diamide (ionophore 1), as the
ionophore in a lithium ion-selective electrode. Its behavior is compared to
that of the previously reported N,N'-diheptyl-N,N’,-5,5-tetramethyl-3,7-
dioxanonane diamide (ionophore 2) by using flow-injection measurements.

Zhukov et al. [6] prepared several lipophilic diamides and investigated
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their characteristic behavior as neutral carriers in lithium ion-selective elec-
trodes. The compounds inciuded ionophore 2 and ionophore 3 and it was
reported that ionophore 3 showed an improved selectivity for lithium ions
[5] compared to ionophore 2 [6]. It was of interest to prepare ionophore 1
which resembles ionophores 2 and 3, combining features of both (backbone
or side chains).

Ionophores 1 and 2 were synthesized and their characteristics compared in
lithium ion-selective electrodes using a flow-injection system with microcon-
duits. These characteristics include slope, linear range, detection limit, re-
sponse and equilibrium times, and selectivity coefficients for lithium with
respect to sodium, K}°y., under different measurement and solution condi-
tions,

EXPERIMENTAL

Reagents and syntheses

All solutions were prepared from salts of reagent grade, with deionized
water. The chlorides of the metals were used.

Synthesis of ionophores. For the synthesis of ionophore 1, a solution of
the acid chloride {7] (1.0 g, 0.0039 mol) in benzene (10 ml) was added
dropwise with stirring and cooling (ice bath) to a solution of diisobutylamine
(1.10 g, 0.0085 mol) in dichloromethane (15 ml) and triethylamine (3 ml).
After addition was complete, the reaction mixture was left at room tempera-
ture overnight and then dichloromethane (50 ml) was added. The solution
was washed twice with water, twice with distilled water, twice with hydro-
chloric acid (20 ml, 5 M), once with saturated sodium hydrogen carbonate
solution, and finally with water. The organic layer was dried over anhydrous
sodium sulfate and concentrated under vacuum to give the product as a yel-
low oil (1.8 g; yield ca. 82%). This was purified by column chromatography
on silica gel, eluting first with petroleum ether (30—60 fraction; 100 ml),
followed by a 2:1 mixture of petroleum ether (30—60) and chloroform to
collect the product. The yield was 1.4 g (64%). Elemental content of the
product (vs. theoretical) was as follows: 67.5% C (67.8%); 11.5% H (11.4%).
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Ionophore 2 was synthesized and characterized as described by Zhukov et
al. [5].

Plasticizer/PVC stock solution. Poly(vinyl chloride) (0.6 g) was mixed
with 1.36 g of tris(2-ethylhexyl)phosphate as described earlier [8]. Cyclo-
hexanone (7.5 ml) was added and the mixture was shaken until all the PVC
had dissolved.

Membrane preparation. A 10.6-mg portion of ionophore 1 and about
3.6 mg of potassium tetrakis(p-chlorophenyl)borate (about 30% mole ratio
with respect to ionophore 1) were dissolved in 500 ul of the PVC stock solu-
tion and mixed very well using a vortex mixer. For ionophore 2, 9.7 mg of
the ionophore and 3.2 mg of potassium tetrakis(p-chlorophenyl)borate were
dissolved in 500 ul of the stock PVC solution. These solutions were used to
prepare the electrodes.

Apparatus, sample cell, and electrode preparation

Figure 1 shows the apparatus arrangement. Microconduits made from PVC
blocks were used as the sample cell [9]. The channels on the block were
engraved with a Dremel drill (model 210). The channel radius was 0.6 mm. A
clear plastic sheet was tightly glued on the top of these channels with double-
sided adhesive tape inserted between the microconduit and the sheet to seal
the microconduit. The carrier solution was pumped via an air-pressurized
reservoir which, because of its simplicity, stability and versatility, is superior
to a peristaltic pump or chromatographic pump. An attempt to use a peri-
staltic pump or a chromatographic pump failed, as noise was introduced into
the system by the static electricity generated. Unless otherwise stated, a
sample of 100 ul was injected into the carrier stream, with a flow rate of
0.9 m] min™ easily controlled by adjusting the air pressure. A Beckman
model 3500 digital pH meter and a Corning model 146 digital pH meter were
used for simultaneous potential measurements with both electrodes on a
given injected sample. No significant differences were observed in potential
measurements when the two pH meters were used separately with a single
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Fig. 1. Manifold and microconduit design: C, carrier stream; P, pump; S, sample solution;
i,, ion-gelective electrode 1; i,, ion-selective electrode 2; R, reference stream; ref, reference
electrode; W, waste; i, gold pin; Ag, silver wire; m, membrane; Ch, channel of microcon-
duit.
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electrode. Responses were recorded on a chart recorder (Linear model 385).
Silver wires were inserted and glued to various positions, as shown in
Fig. 1, with tetrahydrofuran, as described by RuZi¢ka and Hansen [9]. The
ends of the silver wires were next inserted into gold pins for electrical con-
tact. The surface of the silver wire in the conduit was oxidized with a few
drops of a solution prepared by dissolving equal amounts of sodium chloride
and sodium phosphate (0.3 g) in about 5 ml of bleach solution (Clorox); this
deposited a reference layer of silver chloride on the silver surface. The wire
was then washed with water and methanol and allowed to dry. The PVC
solution containing the neutral carrier was applied to the surface of the silver
wire under a microscope. Three layers were applied with drying between
applications. Thus, a rugged miniature ion-selective electrode was constructed
in the microconduit. The reference electrode was prepared in the same
manner except that no PVC solution was applied to the silver wire surface.

Selectivity coefficients (KL% )

The selectivity coefficients were determined by following three different
methods [10—12]. Potentials were taken from the recorded peaks.

Method 1 [10]. Equal concentrations of lithium or sodium were separately
injected into the carrier stream. The potential changes with respect to the
baseline were recorded and the selectivity was calculated from the equation
log K% = (Ex, — Ev;)/S, where S is the slope of lithium response.

Method 2 [11]. A plot of voltage vs. logarithm of the lithium concentra-
tion (calibration graph) was first constructed by injecting pure lithium stan-
dards. Then a known concentration of pure sodium solution (Cy,) was
injected into the carrier stream, and the potential response was recorded.
The lithium concentration (Cy,;) corresponding to this potential was obtained
from the lithium calibration curve. The selectivity coefficient then is given
by Kk = CLi/Cxa. The reverse approach can be used when a known concen-
tration of lithium is injected.

Method 3 [12]. Several lithium solutions with known concentrations, pre-
pared in carrier solution, were injected into the carrier stream and the changes
in potential were recorded. A known concentration of sodium prepared in
the carrier solution was next injected and the potential was recorded. A cali-
bration plot of potential vs. logarithm of the lithium concentration was con-
structed and from this curve the concentration of lithium corresponding to
exactly the potential of the sodium in the carrier solution was determined.
In the case of lithium carrier solution, the following two forms of the
Nicolsky equation are applied to the potential, E,, measured on injection of
sodium in lithium carrier solution, and to the potential, E,, measured in con-
structing the calibration (Cy; {ota1) pPlot:

E,=const + RT (ZF)_I In (CLi carrier T Kl'l.,.i.}‘tlaCNa)
E, =const + RT (2F) In Cy; ¢ota1
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= Pot
B:ef:ause El' apd E, a;re eq.ualz C!.,i total = .CLi carrier + K1 95aCna- Thus, the selec-
tivity coefficient, K]Sy, in lithium carrier stream is

K?fi)lt*h = (CLi tota1 — CL1 carrier)/Cna

In the case of sodium carrier solution, the equations are
E; = const + RT (zF)™" In K13, Cna total

E,=const + RT (2F)" In (Cy; + Kf%.Cxa carier)

where E; is the potential measured for injection of sodium in sodium carrier
solution and E, is the potential measured in constructing the plot of poten-
tial vs. lithium concentration (Cy;) in sodium carrier solution. Because E,
and E, are again equal, KE9! Cxa tota1 = CrLi + Kiok.CNa camier- Thus, the
selectivity coefficient, Ki‘;lf,a, in the sodium carrier stream is

Ki?;za = CLi/(Cxa total — CNa carrier)-

In these equations, R, T, z and F are defined as in the classical Nicolsky
equation; Cy,; to1a1 aNd Cy, 1ota are the net concentration changes plus carrier
solution concentrations of lithium and sodium, respectively; Cyr, carier and
CNa carrier are the lithium carrier and sodium carrier solution concentrations,
respectively; Cp; and Cy, are the lithium concentration in the sodium carrier
solution and the sodium concentration in the lithium carrier solution, respec-
tively. This is basically the matched potential method [12]. A major and
important difference from method 2 is that the lithium and sodium solutions
are prepared in the carrier solution and so the carrier concentration remains
constant throughout the response peak.

RESULTS AND DISCUSSION

Measurement conditions

Fast and very reproducible results were obtained for electrodes containing
ionophore 1, with rise times in the order of 6 s. The response dependence on
the flow rate and the sample volume was investigated. An optimum response
was obtained using a flow rate of 3 ml min™'. The response was increased
32% by increasing the flow rate from 0.9 ml min™ to 3 ml min™,

To minimize diffusion of the sample plug into the carrier stream, it was
necessary to decrease the dispersion as much as possible. This was done by
increasing the sample volume from 50 ul to 100 ul. Further increases in
sample volume did not increase the signals. Under these conditions, the elec-
trodes reach the equilibrium potential while the sample plug flows through
the electrodes. The flat portion of the responses shown in Fig. 2A corre-
sponds to the equilibrium potential. It is clear that the dispersion, D, is equal
to one and there is no mixing of the sample plug with the carrier solution.

Economy of carrier solution was weighed against the increase in response
by the increase of flow rate. It was more economical to use a flow rate of
0.9 ml min™ and increase the signal by an increase in sample volume to 100 ul.
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Fig. 2. (A) Flow curves for electrodes 1 and 2; (B) stop-flow curves for electrodes 1 and
2. In both cases, the carrier was 1.4 mM lithium and 10 mM lithium was injected.

Comparison of the relative peak heights for injection of lithium into an
aqueous unbuffered 1.4 mM lithium carrier stream revealed substantially
higher signals than for injection of the same concentration of sodium. This
gives quick quantitative information about the selectivity of the electrode.
One advantage in the use of the flow-injection technique with ion-selective
electrodes employing microconduits, as described here, is the possibility of
having more than one electrode implanted in the cell. Two different iono-
phore-membrane electrodes can be easily monitored and compared at the
same time and with the same sample injection, which eliminates the possi-
bility of error from concentration inaccuracy of the sample solution or pre-
vious electrode treatment (history).

Response and equilibrium times

A stop/flow experiment was used to study the response behaviors of two
electrodes. Figure 2B shows the stop/flow curves for injection of 10 mM
lithium into a 1.4 mM lithium carrier solution. Although electrode 2 (iono-
phore 2 membrane) is upstream 0.4 s, under the applied flow rate of 0.9 ml
min™ with respect to electrode 1 (ionophore 1 membrane), electrode 1 re-
sponds first at 4.8 s after injection; electrode 2 responds at 5.2 s after injec-
tion, so there is a real difference in their response times of 0.8 s. Differences
between equilibrium times for electrodes 1 and 2 can be observed in both
the flow curve and stop/flow curves (Fig. 2). As determined from the flow
curve, electrode 1 reaches equilibrium potential at 11.8 s after sample injec-
tion (10 mM lithium) and electrode 2 appears to do so at 13.9 s, a total real
difference of 2.5 s. Note that the maximum response for electrode 2 is only
about 90% that of the equilibrium response achieved under stopped-flow
conditions, indicating that true equilibrium was not reached under flow con-
ditions; i.e., the true response for electrode 2 is even slower. This is more
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evident from the stop/flow curve. Electrode 1 reaches equilibrium potential
at 15.6 s after injection and electrode 2 does so at 21.5 s when the flow is
stopped at 10 s, a total real difference of 6.4 s. It may be noted that the
dynamic flow system does decrease the apparent equilibrium time of the
electrodes, demonstrating one of the advantages of the flow-injection method
compared to the batch method. When flow is continued after a period of
being stopped, electrode 1 returns to the background potential significantly
faster than electrode 2 does. Thus, it is concluded that the rate constants
(k 75) [13] of ion transport from aqueous solution to the membrane phase
for electrode 1 are larger than for electrode 2. In addition, the relative mem-
brane permeabilities (permeability P= (k/(I;)Cs, where C; is the free ionophore
concentration in the membrane) of the two electrodes differ in proportion
to the difference in KZ"‘ values (= P,/P,) [13]. Alternatively, one might
expect the diffusion coefficient for ionophore 2 and its lithium ion complex
to be lower in the membrane phase than for ionophore 1, resulting in longer
equilibrium times for electrodes using ionophore 1 [13].

Figures of merit

Figure 3 illustrates the linear range, sensitivity (slope) and detection limit
[14] of electrode 1 in 1.4 mM lithium carrier stream. Table 1 summarizes
the linear ranges, slopes and detection limits of electrodes 1 and 2 in 1.4 and
14 mM lithium streams. These three characteristic behaviors of electrodes are
all dependent upon the composition of the carrier solution. Higher concen-
tration of lithium in the carrier solution reduces the observed sensitivity of
the electrodes, increases the values of observed detection limits, and reduces
the observed linear ranges for both electrodes. In 1.4 mM lithium carrier
stream, electrode 1 has a larger linear range than that of electrode 2, and its
observed detection limit is 40% lower than that of electrode 2.
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Fig. 3. Logarithmic lithium concentration (mM) vs. millivolt curve for the electrode based
on ionophore 1 in unbuffered 1.4 mM Li carrier solution.
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TABLE 1

Figures of merit for electrodes

1.4 mM Li carrier stream 14 mM Li carrier stream
Ionophore 1 Ionophore 2 Ionophore 1 Ionophore 2
Range (mM)* 2.5—1000 5.0—1000 10—1000 10—1000
Slope (ts.d.) 68.9 (+0.7) 69.1 (£0.7) 53.7 (x1.1) 47.5 (£1.5)
Standard error
of estimate (mV) 1.6 1.3 1.9 2.0
Correlation
coefficient 1.000 1.000 0.999 0.994
Detection limit
(ts.d.) (mM) 0.74 (x0.07) 1.2 (+0.1) 4.5 (+0.9) 4.7 (£1.5)

aLinear range of potential response vs. logarithm of concentration plot.

Selectivity coefficients

Table 2 summarizes the KF°! values calculated by methods 1, 2, and 3, re-
spectively, for electrode 1 and electrode 2 in different carrier streams with a
series of lithium or sodium solution injections. Methods 1 and 2 are separate-
solution methods, because pure lithium or sodium is injected and D = 1 was
deliberately set in the flow system. Method 3, the matched-potential method,
is a revised fixed-interference method or a revised fixed primary-ion method,
depending on the carrier solution used. When sodium carrier solutions are
used, method 3 is experimentally similar to the method recommended by
IUPAC and the uncertainty of this method is better than that of the IUPAC
method in the present application. Direct comparison of Kg.“ values by the
three methods may not be appropriate because solution conditions are quite
different, and it is impossible to use exactly the same set of concentrations
of lithium and sodium to calculate KI:“ values by the three methods. How-
ever, the general trend is that method 1 gives the largest range of K;; Pot yalues,
methods 2 and 3 give a smaller range of K‘;“ values, and s1m11ar solution
conditions seemed to give similar K¥°t values by the three different methods.

In each method, electrode 2 shows zlilbetter selectivity for lithium.

Selectivity and carrier solution composition

Four different carrier solutions were used in this study, and the choice of
14 mM and 140 mM sodium carrier solutions was based on the practical pur-
pose of application to determination of lithium in blood. In different carrier
solutions, Kfj“ values for the PVC hydrophobic membrane electrode varied.
For a perfect PVC liquid membrane, a bulk membrane model [13] can be
used. The membrane potential (E,,) is [15]

E, =const. + RT (zF)" In (Y Kina; + 5 Kjnay) D
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Here, a; and g, are single ion activities of ions I* and J*, n is the number of
ionophores complexed with I* or J*, and K,, and K;, are the equilibrium
constants of the reactions

I*(aq) + nS(membrane) 1(-ﬁ-lsj',(membrane)

J*(aq) + nS(membrane) <2 JS;(membrane)

where S is the ionophore in the membrane phase. It is reasonable to assume
that only 1:1 complexes are formed, thus n = 1 in the above chemical equa-
tions and from Eqn. 1 the selectivity coefficient compared to the classical
Nicolsky equation reads K}°* = K; /K.

Further consideration shows that K| or K; are functions of 8;, or g;,, K;, or
K;,, as well as a, and k:

Kj = 3jsst(aa/Ks) and Ki = ﬁiaKl'a(aa/Ks)

where B;, or §;, is the stability constant of the complex JS* or IS* in aqueous
solution, and K, or K;, is the equilibrium constant for transfer of the com-
plex into the membrane; K, is an equilibrium constant for transfer of free
ligands into the boundary layer and a, is the activity of free ionophore, S, in
the membrane. Combining these last three equations yields

KZ'Ot = [ﬁjast(as/Ks)] /[ﬁisKis(as/Ks)] (2)
Equation 2 can further be reduced to

K};Ot = 3jsan/5isKia (3)
as it can be assumed that the concentration of ionophore in the membrane is
not changed.

Equation 3 shows that K,’ft is a constant only when the membrane condi-
tion which determines K;/K;, is not altered by any external conditions.
However, in many practical cases, the membrane condition is altered by ex-
ternal conditions such as composition of solutions used for activation or
storage of electrodes. During use, electrodes are always conditioned by dif-
ferent electrolyte solutions, often in a haphazard way, especially if operated
batchwise. In a flow-injection system, when various carrier solutions are
passed through the electrode cell, the solution composition can be maintained
with a high reproducibility and it is therefore of interest to investigate it in
more detail. Thus, for each carrier solution, the membrane is altered such
that a different set of K;, and K;, values apply in Eqn. 3. This is evidenced by
the changes in KEP‘ value in different carrier solutions. Even when the elec-
trodes are exposed to different solutions for a short time, the electrode
membrane properties are slightly altered, as evidenced by the variation in
K1’°t values observed when different concentrations of lithium and sodium
are injected in the same carrier stream. The dependence of K}'f‘ values on
solution conditions has been reported for other ion-selective electrodes, in
which a beaker method was employed for measurements [10].
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In summary, many factors such as the choice of measurement method
(1—3) used, the carrier solution composition and injected solution compo-
sition affect the value of the selectivity coefficient. Under the present
measurement conditions, the new ionophore N,N,N’,N'-tetraisobutyl-5,5-
dimethyl-3,7-dioxanonane diamide exhibits selectivity coefficients K} %%, from
0.566 to 0.0450. It is apparent that the selectivity coefficient should be
determined under conditions that are similar to those of analytical measure-
ments. Comparing the selectivities for electrodes with ionophores 1 and 2,
the response of ionophore 2 toward lithium ion relative to sodium ion is
comparable to that of ionophore 1, but the detection limit and response and
equilibrium times of the new ionophore electrode are superior to those with
ionophore 2.
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