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Abstract

The discharge of a platinum parallel-plate capacitor filled with ultrapure water has been measured.
The observed discharge trend can be described by a Modified Poisson-Boltzmann Equation
(MPB) only when the voltage is very low. Increasing the applied voltage creates an “exclusion
zone,” in which the MPB equation no longer fits, and the system capacitance shows a dependence
on the spacing between the two platinum plates. The permittivity of water, calculated considering
the system as a plane capacitor, appears to be very high. This implies that the exclusion zone could
have extraordinary dielectric properties.

Introduction

The behavior of water close to solid surfaces stirs interest from the viewpoint of
fundamental knowledge and technological progress. However, understanding remains
limited despite a large number of studies [1-5].

It is generally held that only few water molecular layers feel the influence of the surface.
Nevertheless the literature contains substantial evidence for a more extended influence.

For example, changes in the physical-chemical properties of the pure water, likely due to
variations in supra-molecular structure, have been recently revealed [6]. Moreover, it has
been demonstrated that colloidal and molecular solutes, suspended in aqueous solution, are
excluded from the vicinity of various hydrophilic surfaces [7]. The resulting exclusion zone
(EZ) extends to hundreds of micrometers from the surface, a distance many orders of
magnitude larger than previously believed. Analyses performed by using several techniques
have revealed that the EZ exhibits altered physical parameters with respect to bulk water. To
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account for this experimental evidence, it has been proposed [8] that the water in EZ may
have a different structure than ordinary water.

More recent evidence supports this idea, as the refractive index of the EZ exceeds that of
water by about 10% [9]. Further, the changes of the work function of some metals immersed
in water [10] have been detected. These changes are likely due to the dipole moment normal
to the interface, arising from the organization of water molecules close to the metal [11].

Because of its connection with refractive index, permittivity of water close to surfaces seems
interesting to study, especially in the lower frequency range where extraordinary values of
the permittivity of biological tissues have been reported [12,13]. When tissues are hydrated,
permittivity values are many orders of magnitude greater than the normal permittivity of
water, while, when the tissues are dehydrated, permittivity becomes small [14]. This
behavior is not well understood. It is currently explained as arising from the influence of
ions close to the biological membranes, presuming that the permittivity of water does not
change. However, identification of the near-surface EZ raises questions about this
explanation, and implies that the permittivity of water could change significantly.

From an experimental point of view, direct measurements of water permittivity inside
biological tissues are challenging due to tissue complexity, both chemical and topological. It
is more convenient analyze simple systems in which the evidence of an EZ has been
demonstrated. Recently an EZ has been reported at the interface between water and noble
metals such as platinum and gold. This EZ appears only if a suitable electrical potential is
placed on those noble metals [15]. These observations imply that a platinum parallel-plate
capacitor could be a relatively simple system for studying the dielectric behavior of water.

The water-metal interface has been studied for more than a century, starting from the work
of Helmholtz. Even though the water-metal interface system appears to be rather simple, up
to now has not been fully understood. The classical description of this interface comes from
Gouy, Chapman, and Stern [16,17], who claimed that a double layer of charge exists at the
metal-water interface. The first layer is constituted by ions adsorbed on the metal surface
(Helmholtz layer) while the second layer is formed by a cloud of ions driven by the coupled
influences of diffusion and electrostatic forces (Gouy-Chapman layer). Recently some
papers [2-4] improved this classical description by employing a modified Poisson-
Boltzmann theory (MPB). So a well-defined model exists to compare with experimental
results.

To investigate water permittivity the technique of impedance spectroscopy (IS) appears to
offer advantages. IS enables investigation of dielectric relaxation processes over an
extremely wide range of characteristic times, extending from 10~ to 1012 s. Although the
method does not offer the selectivity of NMR or EPR, it can provide important and
sometimes unique information on the dynamic and structural properties of substances. The
analysis is generally performed in the frequency domain and, sometimes, in the time
domain.

We used this technique to study the platinum-water interface. Two platinum sheets
sandwiched a layer of water. The results were interesting: When the potential difference
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applied between plates was low, of the order of few hundreds of millivolts, then the capacity
as a function of applied voltage behaved as foreseen by the modified Poisson-Boltzmann
theory (MPB). On the other hand, when the applied potential exceeded the threshold
potential for which the EZ appears, then the behavior differed radically from that predicted
by MPB.

In this latter situation we also found an anomaly at small separation distances: when the
separation was less than the thickness of the EZ, the capacitance depended on the distance
between the two plates. This was seen at separations up to hundreds of micrometers. By
contrast, MPB predicts that ions interact with the charged surfaces up to few Debye lengths
[17], i.e., several hundred nanometers under the conditions of our experiments — a
discrepancy of three orders of magnitude.

Materials and Methods

a) Measurement cell

Shown in Figure 1, the measurement cell consists chiefly of two planar electrodes, made of
platinum (Alfa Aesar 99.99% purity), with an active surface of 6.25 cm?. Each electrode is
mounted on a larger stainless steel plate with an intervening Teflon layer for electrical
insulation (right inset). The distance between electrodes can be set, with a position error of 2
pm, using an Edmund Optics linear translation stage. The lower parts of the two stainless
steel plates were immersed in a water-filled rectangular (15 x 35 x 25 mm) glass cuvette. A
voltage Vapp could be established between the two platinum electrodes. Before and after
each measurement day, the platinum surfaces were lightly buffed with an ultrapure water-
soaked lab tissue.

b) Measurement circuit

A simple circuit with a resistor and power supply was used (upper inset of Figure 1). By
closing the switch T onto point A, a voltage Vapp Was applied between the two platinum
plates and the measurement cell was charged. Once T was switched over to B, the charge
diminished over time and the circuit was used to evaluate the current I(t) during the
discharge. I(t) was equal to the ratio of V(t), the potential measured across the load
resistance Ry, and Rpy,. V(t) was measured using a Keithley Model 6512 electrometer
(measurement range 10 uV — 200 V, sensitivity 4% digits, input resistance 200 TS2), and a
Tektronix TDS2004B oscilloscope, connected to an instrumentation amplifier with high
input impedance (10 GS2). In a preliminary stage a Fluke PM6304 RCL meter was used.

I(t) depends on the capacitance C(t) of the system and it is possible, as shown in “Results
and discussion”, to calculate C(t) from I(t).

lons present in water are attracted by the plates of opposite sign, shielding the bulk water
from the plates and creating a double layer having a very high capacity. So, in our condition,
the capacitance of bulk water don’t contribute to the total capacitance of the system C(t)
which is determined only by the behavior of the water—platinum interface.
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c) Water

d) EZ

All experiments used deionized water obtained from a NANOpure Diamond ultrapure water
system. The purity of water from this system is certified by resistivity values up to 18.2 MQ
cm, which exceeds ASTM, CAP, and NCCLS Type | water requirements. Conductivity of
water and solutions was measured using a CON 110 meter (OAKTON Instruments, Vernon
Hills, IL).

To test for the presence of exclusion zones, carboxylate (2.65% solid-latex, Polysciences
Inc.) and amidine (4.1% solid-latex, Invitrogen) functionalized microspheres, 1-um
diameter, were used. The volume fraction of microspheres relative to water was 1:200. The
water inside the rectangular cuvette appeared milky because the microspheres scattered the
light. The presence of the exclusion zone was checked using a collimated light beam,
parallel to the platinum plates. The beam illuminated one of the smaller sides of the
rectangular cuvette, and a camera monitored the opposite smaller side. When the exclusion
zone built up and microspheres were excluded, the light became free to cross the entire
cuvette and the camera revealed a bright area close to one of the platinum plates. This
corresponded to the exclusion zone.

e) Measurement protocol

All experiments were carried out at room temperature, 21-22°C. At the beginning of each
measurement, the distance d between the two plates was fixed and a constant potential
difference Vapp Was applied between the platinum plates for one hour. Immediately after the
measurement, the circuit switch T was connected to B, the current I(t) started to flow, and
was measured every 0.2 s up to the time it reached the minimum measurable value. After
each measurement, the cell was short-circuited for 10 minutes in order to refresh the initial
conditions. We used six different values of Vap,: 0.270, 0.470, 0.850, 1.115, 2.00, 3.06 V,
and for each value of Vap six different values of d: 0.05, 0.10, 0.20, 0.40, 0.80, and 2 mm.

Results and Discussion

Before proceeding with experiments on metals, we conducted pilot experiments on a system
in which exclusion zones had been well studied: the Nafion-water interface. To make this
we used the system of fig. 1 in which the two platinum plated were susbstituted by two
stainless steel plates, covered by a layer of nafion, few micrometers thick. In this system,
after some tens of minutes an exclusion zone appeared. We observed that the capacity of the
system changed in a noticeable way during EZ buildup; this was seen both in the presence
and in the absence of the microspheres commonly used to detect the EZ.

These results confirmed the existence of a connection between EZ growth near the
nucleating (Nafion) surface and the permittivity of water; so we moved on to studies of
water next to platinum. When a supra-threshold voltage was applied between platinum
plates immersed in water, an EZ built next to the platinum. At the same time, we found a
noticeable increase of the capacity of the system in the lower frequency range (<1 kHz).
Because the lower limit of our impedance analyzer was 100 Hz we decided to perform the
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main body of measurements in the time-domain framework instead of the usual frequency
domain. In this case a voltage step is applied to the system and the consequent evolution of
the current I(t) towards equilibrium is measured. In this way, the fast and progressively
slower processes are observed on a relatively long time scale and the distribution of the
relaxation times is determined.

A difficulty arose from the long discharge time. When the platinum capacitor was immersed
in ultrapure water and charged with a suitable voltage Vapp, we found that the discharge
time was very long. After 85,000 s the measured voltage was still approximately 40% of the
initial voltage. Each experiment would therefore require several days. To avoid this
inconveniently long period we discharged the capacitor onto a suitable resistance, chosen in
such a way that the discharge time was of the order of some hundreds of seconds. In this
way information on the actual resistance of the system was lost, but we were easily able to
calculate the system’s capacitance.

All the experiments were performed with the measurement setup described in Materials and
Methods. This setup allowed for charging and discharging of the system and, when
necessary, checking for the presence of the EZ.

We first checked the electrical conditions under which an exclusion zone appeared between
the two platinum plates immersed in water. This control was carried out using microspheres.
We confirmed that an exclusion zone appears only if a suitable difference of potential (>1V)
was applied between the two plates. The discharge of the system via the load resistance Ry,
required some hundreds of seconds, during which the EZ decreased in size, and, at the end,
disappeared. The time course of discharge was slightly affected by the presence of the
microspheres so subsequent measurements were performed with the system filled with pure
water, supposing that EZ formation is revealed, but not caused, by the presence of the
microspheres. Ample experiments confirm this supposition [18].

Figure 2 shows the time course of current during the discharge of the system filled by
ultrapure water, obtained under a typical condition when Vgp, =2.0Vand d = 0.1 mm.. It
shows progressive decay of current, lasting several minutes.

Current flow, in general, may be described as the sum of a continuous distribution of
exponential decays [19]:

I(t)=Io [P H(y)e Mdy ()

where y=1/v is the frequency, < is the time constant of the single process, and H(y) is the
probability density function. Figure 2 shows that only two exponential decays are needed to
fit the observed time course, so that equation (1) is reduced to:

+

_t ¢ _t ¢
I(t)=I |wyxe Tf—}—ws*e_:? =Ipxe T4l xe = (2

In equation 2 the subscripts f and s describe respectively the fast and slow components of the
biexponential fit, characterized by the time decays % and zg, and by the relative weights ws
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and we. This simplification was always possible under our experimental conditions: the R2
parameter of the biexponential fit was better than 0.999 in all 36 experimental combinations.

Figure 3 summarizes the values of the parameters of equation (2) obtained from changing
the applied voltage and the distance between plates. Figure 3a shows the values of the slow
and fast components of current at t = 0, while Figure 3b shows the corresponding time
constants.

On varying the applied voltage, the fast components of current and the corresponding time
decays remain approximately constant. The parameters of the slow components, on the other
hand, exhibit higher values when Vap, > 1.1 Volts, for which, as said, an exclusion zone
appears.

Dielectric behavior of the water can be obtained from the capacitance of the system.
Capacitance can be calculated using the above parameters. C(t) is equal to the ratio between
dQ(t) and dV/(t), where Q(t) is the charge accumulated on the plates at time t, and V(t) the
electrical potential difference in the interfacial region. This last quantity, in turn, is equal to
the sum of two potential differences, due to the load resistance Ry, and to the resistance of
bulk water Ry, (which was measured at higher frequency). So we have: V(t) = (Rt Rp)*1(t),
and the capacitance of the water-platinum interface region is:

o=t _S5_ 10
_d‘/(t)_%@_ (Rm+Ry) * %(tt)

The quantity C(t) is often called the “differential capacitance”. In this work we call it simply
the “capacitance”. Because:

_t 4 dI(t _t 4
I(t)=I [wf*e Ftwg ke :s] HL:—IO {ﬂ*e Tf—f—%*e =
Tf Ts

We obtain:

_t
<wf xe Tf4wg * 67%>
C(t): _t t\ ]
(Rm+Rp) * (f—fﬁ ke Tf4%ex e_f_s>

V(t)=(Rm+Ry) * I(t)

Figure 4a describes the behavior of the capacitance as a function of the instantaneous
voltage. The behaviors are shown for different applied voltages (italicized numbers) and a
100-pm plate separation.

In all cases the capacitance depends on the instantaneous electrical potential difference
between the two plates. Capacitance grows from a Cg value, achieved during the charging
period, to a constant value Cp, reached at long times, as the voltage decays toward zero. The
trend of the capacitance depends on Vapp, When Vg, is small, but reaches an approximately
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constant behavior for Vapp2 1.115 V. Similar behavior is seen for Cp values. It is
noteworthy that these higher values of Vapp, correspond to the conditions in which an EZ
appears.

In the low voltage region, no anomaly appears. As shown in Figure 4b, the behavior of the
differential capacitance, as a function of instantaneous voltage V(t), is similar to that
expected from a modified Poisson-Boltzmann (MPB) theory of electrolytes for concentrated
solutions (~8.7*103 Mol/m3) [2-4]. The ion concentration required to fit the experimental
data is orders of magnitude larger than that calculated from bulk water resistivity; however,
that calculation cannot necessarily be applied close to surfaces: Recent papers have shown
that in ultrapure water, the bulk concentration of hydroxide ions or hydronium ions
noticeably differs from the concentrations close to metal-water interfaces [5,7]. Therefore, it
appears that the dependence of the capacitance on applied voltage can be explained simply
by properly taking in account the presence of ions situated very close to the metal surface.
There is no evidence of any change of water polarization. Indeed, no EZ appears under these
conditions.

Figure 5 shows the behavior of Cy, as a function of distance between the plates. Different
symbols refer to the different values of applied voltage. When the applied voltage is small,
Cp is independent of plate separation, as expected if the capacitance is due only to the
double layer of charges at the metal-water interface. However, when the voltage is high
enough, Cp, becomes larger and depends on the distance between plates. These are the
conditions under which an EZ appears.

The collection of evidence above implies that an electric field reorganizes the pure bulk
water between two platinum plates, but only when the applied voltage reaches a certain
threshold. As a consequence of this reorganization, the relative permittivity of water may
change appreciably, if not dramatically.

The capacitance Cg(d), associated to this new structure, is connected in series with the
surface capacitance Cgdue to the double layer of charges at the metal-water interface. The
latter is independent of d.

So we can write:

111
CP S CB(d)

According to this equation, the behavior of 1/Cp as a function of d gives us information
about the dependence of Cg on d. Since, according to our data, 1/Cp linearly depends on d
(R2>0.93) one can suppose that Cg is inversely proportional to d:

where the constant K is measured and is equal to the inverse of the slope of 1/Cp versus d.

Chem Phys Lett. Author manuscript; available in PMC 2015 October 03.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

MUSUMECI and POLLACK Page 8

If we consider a plane capacitor having an area A and a distance between the plates d, filled
by an homogeneous material of permittivity &, its capacitance shows the same dependence
ond:

C=ec* —

We have extracted from the total capacitance of our system the capacitance Cg, caused by
the layers of ions condensed on the opposite charged surfaces. So we can consider the
capacitance Cpg as due to a plane capacitor, filled by a material, the water inside the
structured zone, with an average permittivity &. We can easily calculate this permittivity:

This permittivity appears to be very high, 4,0+0,2 x10~8 [F/m]. Nevertheless this value is in
line with the values of the low frequency permittivity of biological tissues reported in
literature [12-14].

These last values are currently attributed to the ionic diffusion processes at the site of the
cellular membrane. Our finding could suggest a different explanation. Biological interfaces
could induce a reorganization of water close to them. This organized water could be
characterized by a high value of permittivity, as that measured here. Indeed, this structure
could be relevant for understanding the interaction between electromagnetic fields and
biological systems.

Conclusion

Our results show that, the traditional description of the water-metal interface seems
appropriate only in the case of a very low applied voltage. In that case, MPB theory,
founded on the presence of a double layer of charges concentrated within a few nanometers
of the metal-water interface, appears to be able to describe the behavior of the system
appropriately.

Increasing the applied voltage to values of approximately on volt, at which exclusion zones
appear, changes the physical chemical environment sufficiently that MPB theory no longer
holds. The relationship between system capacity and potential difference between the two
plates is no longer describable by the MBP theory. In particular, the capacity shows a
distance dependence extending up to hundreds of microns, which is the typical dimension of
the exclusion zone. In these conditions the total capacity can be described as the sum of two
capacities in series: one independent on the distance between the plates and connected to the
ions forming a compact layers of charges close to the metallic surfaces; and another
depending linearly on the inverse of the distance between the plates. This latter capacity is
connected to the permittivity of the water between the plates. This permittivity appears to be
unusually high — three orders of magnitude higher than normal water permittivity. Even
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though this value is quite high, many biological tissues, when hydrated and under
physiological conditions, present even much higher values.

The permittivity that we measured should imply an unusual alignment of water dipoles.
Water has a permittivity about one order of magnitude higher than the value expected from
classical thermodynamic calculations, taking into account dipolar momentum. This implies
some kind of cooperative interaction between the various dipoles of water. In our case the
unusually high permittivity that we found could correspond to a much stronger cooperative
effect as a consequence of the structural rearrangement connected with the appearance of the
exclusion zone. Hence, the exclusion zone could have extraordinary dielectric properties,
implying an unusual state of water characterized by a different structure.

More investigations of the dependence of this phenomenon on the materials used and on
other physical parameters are necessary to try to understand this phenomenon, which
demonstrates how water, up to now, has beena misunderstood substance.
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Figure 1.
Image of the measurement setup. Insets show the position of platinum plates mounted inside

the stainless plates (right) and the measurement circuit (above). Vapp, is the applied voltage,
T is a switch, V is an electrometer, C is the measurement cell and Ry, is the load resistance.
The platinum plates are immersed in a rectangular cuvette filled with water.
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Figure 2.

Typical time course of current during discharge of the system filled with pure water. O
experimental data, —— bi-exponential fit, & fast decay component, A slow decay
component.
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Figure 3.
Parameters of the biexponential fit obtained on varying the applied voltage Vapp and the

distance between the two plates d. (a) Values of lgs=1g*wgand 1g=1g*ws of the bi-
exponential fit; (b) Values of the time constants zgand z.
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Figure 4.
(a) Behavior of the differential capacitance as a function of instantaneous voltage V(t), for d

=100 um and various values of Vpp). Cp and Cq values for Vapp = 0.856 V are also
indicated. The italicized numbers refer to the values of Vapp.

(b) Comparison between experimental values and modified Boltzmann-Poisson (MBP)
theory [3,4]. (O0) Experimental values of differential capacitance for Vapp = 0. 247 V and d =
2 mm. Continuous line: MBP theory with an ion density of 9*103 mol/m3.
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Figure 5.
Capacitance Cp as a function of the distance d between plates for different values of Vgpp:

0.247V, ® 0.442V, A 0.856 V, O 1.115V, 0 2.000 V, <> 3.060 V.
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