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TIME RESPONSES, IMPEDANCES AND TRANSPORT IN NEUTRAL CARRIER SENSORS

Michael L. Iglehart and Richard P. Buck
Department of Chemistry
University of North Carolina
Chapel Hill, NC 27514

Following the methods developed for an interfacial process with
high resistance electrolyte, an ionic conductor with low
resistance electrolytes is modelled. The various effects
observed on a PVA membrane are compared with terms in the model.
A number of I-t curves are presented. 1t is found that ohmic
behavior is seen at t=0 with declining values in a backward
"flattened S" shaped function of time, to the steady state.
Close agreement with the model is found with a diffusion
coefficient determined to be the same by four different methods.

1. INTRODUCTION

Current-time curves of electrochemical systems are generally
determined in the course of defining and understanding normal
behavior. Current-time curves of metal electrode/electrolyte
interfaces show up two of the characteristic phenomena in
conventional electrochemistry: mass transport controlled fluxes
at reversible interfaces and surface kinetic control of fluxes at
electrochemically irreversible interfaces. More complicated
kinetic situations can often be diagnosed from deviations of I-t
curves from expected behavior of simpler systems. One of these is
the case of a reversible interfacial process combined with a high
resistance electrolyte treated by Chapman and Newman (1). The
results reported in this paper bear a formal resemblance to their
system, even though we are dealing with an ionic conductor (the
PVC membrane) bathed on two sides by low resistance electrolytes.
The neutral carrier PVC membrane behaves as a resistance at short
times after application of a voltage step. Subsequently,
concentration polarization of the neutral carrier, valinomycin,
confers diffusion-control and a limiting current that is generally

less, but can approach the short-time ohmic current value.



Mathematically, the two physical systems are coupled in similar
ways and give similar I-t curves, although the details of
interfacial potentials are quite different.

In the four preceding papers of this series (2-5), the
presence of membrane-trapped, anionic, fixed impurity sites in
commercial poly(vinyl chloride) (PVC) has been demonstrated by a
number of techniques and analysis of resulting electrochemical
effects. Ordinarily, the conclusion to be drawn is that the
membranes are simply low-site density, fixed-site ion exchangers,
and in the absence of Donnan Exclueion Failure conditions, the
current-voltage curves would be entirely ohmic at all sensible
applied voltages, and current-time curves would be uninteresting
constant values for all times after the interfacial double layer
charging. As we have shown, the I-V xesults are quite different and
resemble mobile-site ion exchanger curves with limiting currents at
applied voltages above the ohmic region (4). These results have been
interpreted by the steady-state carrier mechanism in which current at
high applied voltages 1is controlled by consumption and release of
neutral carrier at the two membrane-electrolyte interfaces and the
consequent linear concentration polarization profile of carrier
throughout the membrane.

This paper continues the observations on neutral carrier
behavior in low-loaded fixed-site membranes. The basic reversible
interfacial potential equations and IR terms are now viewed in the
transient state. The flux equation for neutral carrier is developed
and the two are analyzed, but not solved to suggest the expected form
of the I-t response at applied voltages in the ohmic, transition, and
limiting current regions as defined and illustrated in Part IV (5).
Unfortunately, this transport problem is nonlinear and defies
analytical solution., However, the form of the I-t response at short,
and separately at long times can be determined. Dependence of the
current on carrier loading and on applied voltage defines the

controlling processes and the principal terms in the response
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function.
2. THE MODEL

Normal PVC membranes contain fixed negative sites at low
concentrations, 0.05 - 0.5 mM. Typical valinomycin loading is 9umM,
and the concentration of Kval* is the same as the negatlive sites,
while free K' is negligibly small. From Part IV(5) the I-V curve is
easily divided into 3 or 4 typical parts and there are corresponding
I-t curves expected for each I-V segment. The different I-t curves
arise from the corresponding free valinomycin concentration profiles
and their changes with time. The model is summarized in Fig. 1 where
the concentration-distance-time profiles of carrier, corresponding I-
t curves, and steady state I-V curves are illustrated.

At low applied voltages A, the I-t curve is a coastant (in time)
and depends only on applied voltage because current 1s carried by
Kval+ while back diffusion of valinomycin is sufficiently rapid that
no appreciable concentration polarization occurs. The length of this
region on the applied voltage axis depends on the magnitude of the
valinomycin diffusion coefficient.

In regions B and C, the initial current is the appropriate ohmic
value determined by applied voltage and resistance of l(val+ motion.
At each succeeding period of time, the carrier concentration rises at
x=0 and decreases at x=d for negative currents (positive applied
voltages vApplied = Vr - Vl). Note that the constancy of current
implies that carrier concentration profiles remain parallel to each
other, e.g. have equal slopes at x=0 and x=d at each instant of time.
At some later time, the surface carrier concentrations reach a steady
value and further current flow is connected with the "filling {in" of
the concentration profile plot to the left of x=d/2 and to emptying
of the triangle from x=d/2 to x=d. Eventually, the steady state
profile is reached which is linear across the membrane and has a
higher value than V at x=0 and a lower value at x=d. The midcell
value remains at V. V is the initial valinomycin concentration, and

the spacial average at any time. In B, the surface concentrations or



carriers have not reached the extreme values that correspond to the
limiting current. In the limiting current region C, ohmic current at
t=0 is maintained until the surface concentrations of carrier have

risen at x=0 to 2V and reached zero at x=d. Current falls while the

CONCENTRATLON
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Fig. 2. Schematic Version of Time-Dependent Carrier-

Distance Profiles, Carrier Surface Concentrations vs.
Time, and Current-Time Plots For Different Applied
Voltages Along the Plateau (Limiting) Current.



carrier becomes distributed in a linear way across the membrane.
These statements are illustrated schematically in Fig. 2.

These deductions are based on the forms of the equations, and on
the experimental results. It is not clear what happens at high
applied voltages in region D. The current starts at the ohmic
values, but there is an immediate decrease that does not compare with
backward running "flattened S" curves for regions A-C. It is likely
that anions from the electrolytes are no longer excluded, and the
total salt, as Kval* Cl—, rises throughout the membrane. This
result, in panel D, shows the Kval* concentration line moving
from the low value set by site concentration, to a higher value at
each new applied voltage, corresponding to the observed higher steady
state currents above the limiting value.

3. THE MODEL MATHEMATICS

In Part III(4), it was shown that the total voltage across the
membrane can be expressed as three terms: IRw and two interfacial
pds. In the time domain, this equation transformed is
vApplied/s = -I(8)Ro +‘]z(RT/F)ln[Cv(x=d)/Cv(x-0)] (1)
The concentration of valinomycin Cv is subject to two constraints:
the total carrier concentration remains constant, and the fluxes at
the boundaries are equal and proportional to the current. Thus the
boundary concentration transforms have a familiar form
C,(8) = /s 2 [1(s)/FAD,, 5)" P Jeanni e, )M 2ar2)) (2)
where the plus applies to x=d and minus to x=0. The concentration

profile, in the steady state is linear:

€, (X) = C(x=0) + [2V - 2¢ (x=0)]x/d (3)
and the limiting current in the plateau region is
I, = 2FAVD ,/d (4)

This result is found from eq. 2 by passing to the limit of sI(s) as s
= 0. A linear concentration profile of lesser slope can be found at
other lower voltages, as well.

Eq. 1 shows that the applied voltage is distributed over two

terms. In the ohmic region, eq. 1 is dominated by the IR term

co



because Cv remains about constant across the membrane for each
applied voltage. The transition region occurs when the first term
dominates initially, but both terms are comparable in the steady
state. In the plateau region, the first term dominates at short
times, but the second term controls in the steady state because the
concentration, Cv' at one interface approaches zero.

Relatively more complete analysis of the I-t curves can be done
for applied voltages in the plateau region C. It happens that the
initially ohmic current drives the surface concentrations
of carrier to the steady state conditions before the concentration
profiles of carrier become perturbed in the membrane interior. One
can treat the current-driven build-up at one interface and depletion
at the other without worry about interactions because most of the
membrane interior maintains a constant carrier concentration. During

this initial time period, I remains nearly constant at the ohmic

value and the surface concentrations obey approximately
t1/2 1/2

- = = 5
Cv(x o,d) vV + 2vApplied /FAR (Dval") (5)
Defining T in the usual way,

1/2 1/2
T = FA(Dvalﬁ) /Z(VApplied/K”) (6)

the initial period of nearly constant current should persist to
time T according to

1/2 1/2
I = I(t=0) - (RT/FR)In[(1l + (t/t) "")/(1 - (t/x)"" )] 7)

These initial current regions, behaving like induction periods,

/

are more abrupt at each increasing applied voltage along the
plateau, limiting current region, as shown schematically in Fig.
2. The end of constant current occurs at time t. Experimentally,
the shortening of the induction period is very clear for a series
of applied voltages. To prove the effect experimentally, in Fig.
3 is given the apparent Tt value (as an inverse square root)
against the initial ohmic current value. The t values are
measured by extrapolating I(t=0) to the intersection with the best

straight line through the breaking region. Not only do the data
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obey the prediction of the constant current hypothesis, but the
calculated valinomycin diffusion coefficient agrees with the
steady state values.

After the initial constant current region of the I-t plot,
current falls abruptly and eventually approaches, asymptotically,

the steady state limiting current I This behavior has been

treated before (6) and is a standat: form in diffusion theory for
finite systems. The basic solution follows from inversion of eq.
2 for fixed concentrations at the boundaries. The solution, for
long times arises from the exact theta function solution:
I (long times) = I (1 + 2exp(-4;2Dvalt/d2))... (8)
The interesting observation from our experimental data is that the
exponential form applies over a very long time period, almost from
the transition time, T.
4. EXPERIMENTAL

The chemicals, apparatus, electrodes and cells, and the
procedure were described in Part IV(5).
5. RESULTS

The principal results of this study are the I-t curves for
normal membranes at applied voltages in the plateau or limiting
current range. An example is shown in Fig. 4. There is an
initial current which holds constant for about 250 secs. The
current then breaks into a monotonic decrease until the steady
state 1s reached. The initial current is exactly given by the
applied voltage divided by the high frequency resistance.
Comparison of R, calculated from I(t=0) with the width of the
impedance plane semicircle is given in Table 1. The width of the
initial constant current region, reported ag T, is inversely
proportional to the square of the initial curreant, I(t=0). This
observation is critical to establishment of the model and is
illustrated by the data in Fig. 3. The sharpness of the break-

over depends on the precision of surface concentration change
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