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proton-sensing film in Figure 9) while the proton-sensing film placed in the bulk liquid phase
(Pg) of the anode chamber or floated on the top surface (Ps) of the anode water body showed no
proton-associated corrosion activity. This is a significant observation since it indicates that
excess protons are localized primarily along the water-membrane interface at the P, site, but not
in the bulk liquid phase (Pg). This observation agrees with the proton-electrostatics localization
hypothesis perfectly. Also as expected, all pieces of proton-sensing film placed at the N;, Ng, and

N sites of the cathode liquid showed no-proton-associated corrosion activity as well.

Figure 9. Observations of proton-sensing Al films after 10 hours of “cathode water Al-Tf-Al
water anode” experiment with water electrolysis (200 V). N;: proton-sensing film at the N side of
Teflon membrane detected no proton activity. P,: proton-sensing film at the P side of Teflon
membrane detected dramatic activity of localized protons (dark grey color). Ng: proton-sensing
film suspended inside the water of the cathode chamber. Ns: proton-sensing film floating on the
water surface of cathode chamber. Ps: proton-sensing film floating on the water surface of anode
chamber. Pg: proton-sensing film suspended inside the water of the anode chamber.
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Figure 10. The electric current of water electrolysis measured as a function of time with 200 V
during 10 hours experimental run. The black curve shows average of three experiments with
“cathode water Al-Tf-Al water anode”. The blue line shows average of three experiments with
“cathode water Tf-Al-Tf water anode”; and its initial part within the first 2000 seconds is plotted
in an expanded scale showing the integration for the area under the curve (Inset). More detailed
data is shown in (Appendix B, Figure S1).

By calculating the area under the water-electrolysis current curve above the flat baseline
as shown in the inset of Figure 10, the amount of excess protons loaded onto the “excess

hydroxyl anions Tf-Al-Tf excess protons” capacitor was estimated to be 2.98 x 10 moles
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(Table 2). The area of the Teflon membrane surface exposed to the anode water at the P, site was
measured to be 2.55 cm?. If that amount of excess protons were loaded at the P, site onto the
Teflon membrane surface exposed to the anode water, the maximal localized excess proton
density per unit area was estimated to be 1.19 nanomoles H*/m%. Although the exact thickness of
the localized excess proton layer at the P, site is yet to be determined, our recent study (22)
indicated that the effective thickness for this type of the electrostatically localized excess proton
layer may be about 1+0.5 nm. If that is the case, then the localized excess proton density of 1.19
nanomoles H*/m? would translate to a localized excess proton concentration of 1.19 mM H*
(equivalent to a localized pH value of 2.92 as calculated in Table 2) at the P, site, which can

explain why they can be detected by the proton-sensing Al film there.

Table 2. Calculation of localized proton density per unit area in “cathode water Tf-Al-Tf water
anode” experiment.

Area under the | Moles of excess Localized proton | pH at P, of the
curve protons H" | density per unitarea|  Tf-Al-Tf
(mole H*/m?)

(Coulombs) (mol)
Replicate 1 | 3.03x 10°® 3.14x 10" 1.25 x 10°° 2.90
Replicate2 | 2.25x 10°® 2.33x 10" 9.33x 10 3.03
Replicate 3 | 3.35x 10°® 3.47x 10" 1.38 x 10°° 2.85

Average 2.88 x 10°® 2.98 x 107" 1.19 x 10°° 2.92 +0.09
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The water electrolysis current in the “cathode water Al-Tf-Al water anode” experiment
was also monitored. As shown Figure 10, after about 5000 seconds, the water electrolysis
electric current at the steady state of this experiment reached around 6.5 x 10® A, which was
much bigger than that (below 1 x 10™° A) of the “cathode water Tf-Al-Tf water anode”
experiment. This large water electrolysis electric current can be attributed to the consumption of
excess protons by the proton-sensing Al film at the P, site. As the proton-sensing film at the P,
site consumes the excess protons, more excess protons can then be produced at the anode
electrode, resulting in a significant water-electrolysis electric current. The high concentration of
the electrostatically localized excess protons at the P, site thermodynamically drives the
aluminum corrosion reaction in which aluminum atoms are oxidized by protons resulting in
evolution of molecular hydrogen gas. During the experiment, we indeed noticed the formation of

gas bubbles on the aluminum membrane surface at the P, site (Figure 11).

Figure 11. Teflon center chamber (with AI-Tf-Al membrane) after 10 hours electrolysis.
Formation of gas bubbles and significant proton activity was noticed on the aluminum film
surface at the P, site.
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By calculating the area under the water-electrolysis current curve from the “cathode
water Al-Tf-Al water anode” experiment and subtracting that of the “cathode water Tf-Al-Tf
water anode” experiment, we were able to calculate the amount of excess protons that were
generated by the anode and consumed by the proton-sensing film at the P, site. As shown in
Table 3, during the 10-hr “cathode water Al-Tf-Al water anode” experiment, a total of 2.11x 10
moles of excess protons were generated by the anode platinum electrode. These excess protons
were apparently translocated to the proton sensing film surface at the P, site and consumed there
by the corrosion reaction as shown in Figure 9. The amount of protons consumed per unit area

was calculated to be 8.29 x 10°® moles per cm? as shown in Table 3.

Table 3. Calculation* of the amount of protons consumed in proton-sensing-associated corrosion
process in the “cathode Al-Tf-Al water anode” experiment. The surface area of Al exposed to the
localized proton attack was JI r* = 2.545 cm?= 2.5 x 10* m?.

Area under the | Moles of excess Arrggounnst of
curve protons H* = | Observance (F:)onsumed
of corrosion | (moles H* /m?)
(Coulombs) (mol)
Replicate 1 2.01 2.07x10™® Yes 0.0833
Replicate 2 2.10 2.17x10™® Yes 0.0871
Replicate 3 2.01 2.08x10%° Yes 0.0833
Average 2.04 +0.05 2.11x10% Yes 0.0846 + 0.0022

Area under curve
96485

*Moles of excess protons H* =
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2.4 CONCLUSION

The experimental results reported above clearly demonstrated that excess protons were localized
at the water-membrane interface in the anode water-membrane-water cathode system. The most
remarkable evidence for the localized excess protons came from the observation that the proton-
sensing film placed at the P, site of Teflon membrane showed dramatic excess proton activity
(corrosion) while the proton-sensing film placed into the anode chamber water bulk phase (Pg)
showed no proton activity during the entire experiment. The density of localized excess protons
created in this experiment was estimated to be about 1.19 mM H” (pH value of 2.92) at the water-
membrane interface (P, site), which explains why it can be sensed by the proton-sensing Al
membrane. Furthermore, the bulk-phase pH measurements in both anodic and cathodic water
chambers also confirmed that excess protons do not stay in the bulk aqueous phase, which
clearly rejects the Mitchellian proton delocalized view. These observations clearly match with
the predictions from the proton-electrostatics localization hypothesis: excess protons do not stay
in the water bulk phase; they localize at the water-membrane interface in a manner similar to the
behavior of excess electrons in a conductor. This finding has significance not only in the science
of bioenergetics but also in the fundamental understanding for the importance of water to life. It
is now quite clear that water serves not only as a solvent and substrate but also as a proton
conductor for proton coupling energy transduction in living organisms.

Furthermore, the localized excess protons that have now been demonstrated for the first
time through this research may have practical implications as well. For example, the utilization
of localized excess protons that can be created in pure water may lead to clean “green chemistry”
technologies for industrial applications such as metal acid washing and/or protonation of certain
micro/nanometer materials without requiring the usage of conventional acid chemicals such as

nitric and sulfuric acids.
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CHAPTER 3
THE EFFECT OF CATIONS (Na® AND K*) ON LOCALIZED EXCESS

PROTONS AT A WATER-MEMBRANE INTERFACE

Preface

This chapter is the basis of the paper which is in preparation to be submitted to physical
chemistry B journal. The title of the paper will be as follows:
Saeed HA, Lee JW. The Effect of Cations (Na" and K*) on Localized Excess Protons at a Water-

Membrane Interface.

3.1 INTRODUCTION

Peter Mitchell’s work on chemiosmotic theory (16, 82, 83) won him the 1978 Nobel prize in
chemistry, and its central bioenergetics equation has been incorporated into many textbooks (3,
5, 84). In one of its forms, this equation is expressed as the proton motive force across a

biological membrane that drives protons through the ATP synthase:

T
pmf = Ay + ApH (3.1

Where Ay is the electrical potential difference across the membrane, R is the gas constant, T is
the absolute temperature, and ApH is the pH difference between the two bulk aqueous phases
separated by the membrane. In this framework, the protons are considered to be solutes, similar
to sugar molecules, that are delocalized, existing everywhere in the bulk aqueous phases.
Consequently, the Mitchellian view of bioenergetics is that the ATP synthase is coupled to the
redox proton pumps via bulk phase-to-bulk phase proton electrochemical potential gradients

generated across the biological membrane. The chemiosmotic theory was a major milestone in
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the history of bioenergetics; its significance to the field could hardly be overstated.

However, the question as to what extent the proton coupling pathway for producing ATP
is delocalized throughout the bulk aqueous volume or localized at the membrane surface has
remained under discussion since it was first raised in 1961 by Williams (20, 38, 44, 86, 87). He
(39) pointed out a deficiency of the delocalized proton-coupling view by stating: “If charge is
thrown out into the medium, as in osmotic theories, then we face the problem of equilibration of
the energy of a single cell on its outside with the whole of the volume in which it is suspended,
say the Pacific Ocean.” Perhaps the most well-established observations that disagree with the
Mitchellian equation (3.1) are in alkalophilic bacteria, such as Bacillus pseuodofirmus (23-25).
These bacteria keep their internal pH about 2.3 units more acidic than the ambient bulk pH of
10.5, while its membrane potential is about 180 mV (26, 27, 31). The use of the Mitchellian
equation (3.1) in this case would yield a pmf value so small (44 mV at T = 298K) that it has
remained a mystery for the last three decades as how these organisms are able to synthesize ATP
(29, 30, 34). Also notable are the elegant measurements on thylakoids by Dilley et al. (73), who
measured photosynthetic ATP production in the presence of a bulk proton permeable buffer
(pyridine) and found that protons in the bulk phase were not governing the ATP synthesis
process in thylakoids under low salt conditions. Dilley et al. (44, 73, 94) conjectured that a
hypothetical proteins-occluded space along the membrane surface could provide a localized
proton pathway to the ATP synthase, but no evidence for such a protein system has been found.
Similarly, other conjectured explanations for protons being localized at membrane surfaces have

not gained acceptance.

Biological membranes are made of phospholipids which have negatively-

charged phosphate groups. The presence of a net negative charge on the biological membrane
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surfaces produce an electrical potential that attracts the counter-ions (of opposite charges) and
repels ions carrying the same charge as that of the surface. Several theories have been introduced
in an attempt to determine the surface potential of charged surfaces and to describe the electrical
phenomena at the surfaces of the biological membranes. Helmholtz recognized that the charges
that are fixed on a solid surface immersed in an electrolyte solution attract counter-ions via the
Coulomb force from the aqueous phase (95). He said that both the fixed charges and the counter-
ions form what he named an electrical double layer. Unfortunately, the Helmholtz electrical
double layer model does not adequately explain all the features, since it hypothesizes rigid layers
of opposite charges.

In order to describe the electrostatic attraction of the counter-ions to the charged solid
surface such as the phospholipid membrane, Gouy and Chapman have used the Poisson equation
(96, 97). Unlike the earlier considerations of Helmholtz, Gouy suggested that counter ions are
not rigidly held, but tend to diffuse into the liquid phase. As a result, the thickness of the
resulting diffused double layer will be affected by the kinetic energy of the counter ions. Gouy
and Chapman developed the diffuse double layer theory in which the change in concentration of
the counter ions near a charged surface and the charge distribution of ions as a function of
distance from the charged surface follow the Boltzmann distribution. They have used Boltzmann
equation to describe the statistical tendency of the counter-ions to diffuse away from a region of
high concentration. However, since the Boltzmann distribution assumes that activity is equal to
molar concentration there would be an error in evaluating and describing the effective charge
distribution near the biological membrane surface. It was found experimentally that the thickness
of the double layer that reflects the extensiveness of the counter-ion clouds is always greater than

the calculated one (58). The Gouy-Chapman theory is not entirely accurate as it assumes that
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ions behave as point charges and that there is no physical limits for the ions in their approach to
the surface (98). Clearly, it is known that ions have a finite size which is determined by their
ionic radius and degree of hydration. Also the Gouy-Chapman model assumes that the rigid
charged surface has planar surface which cannot be applied for the biological membranes
because they are not smooth due to the presence of integral proteins protruding from their
surfaces (99, 100). Stern, therefore, modified the Gouy-Chapman diffuse double layer (99). He
considered that ions have a finite size and cannot approach the surface closer than few nanometer
which was described by Debye length. Stern also assumed that there is a possibility for some
ions and dipolar molecules to be specifically adsorbed by the surface, and this layer has become
known as the Stern Layer (101). Electrochemists have highlighted for many years the short
comings of the Gouy- Chapman theory as it ignored some important effects such as specific ion

binding, ionic sizes, oriented dipoles, and hydration effects (99-101).

For solutions adjacent to charged surfaces like electrodes, the potential of the electrode
becomes proportional to the surface charge density which is similar to a capacitor whose plates
has specific charge densities and separated by a distance (rp). As mentioned before that the
diffuse electric double-layer presented by Gouy-Chapman is currently the model being used for
describing the ionic atmosphere near a charged surface whose thickness is estimated as the
Debye length (rp). The magnitude of the Debye length —which appears as the characteristic
decay length of the surface potential— depends only on the properties of the solution not on the
properties of the charged surface (102). For example, a monovalent electrolyte like NaCl
solution at 25 °C, the Debye length is 30.4 nm at 10* M, 0.96 nm at 0.1 M and 0.3 nm at 1 M.
This means that the Debye length decreases by increasing the concentration of the electrolytes

(103).
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Unfortunately, the Debye length cannot be used to estimate the thickness of the localized
excess protons because the equations used in calculating the Debye length can be applied only to
charge-balanced solutions including 1:1 electrolyte solutions such as NaCl, 2:1 electrolytes such
as CaCl, and 1:2 electrolytes such as Na,SO,4 (104). That is, the Debye length equations cannot
be applied to estimate the thickness of the localized excess protons (layer) that does not have
counter ions. Consequently, it is necessary to develop more appropriate equations to describe the
nature and the thickness of localized excess protons on the charged and the uncharged membrane

interface.

Recently, Lee has put forward the proton electrostatic localization hypothesis for a
natural mechanism to produce surface membrane localized protons (15, 105), which is built on
the premise that a water body acts as a proton conductor. This premise is consistent with the
well-established knowledge that protons quickly transfer among water molecules by the “hops
and turns” mechanism first outlined by Grotthuss two centuries ago (76, 89, 90). Considering a
conceptualized system consisting of an impermeable membrane immersed in pure water with an
excess number of free protons (H") inside and an equal number of free hydroxyl ions (OH")
outside, and given that pure water acts as a proton conductor, it follows mathematically from
applying the Gauss Law of electrostatics that the excess protons and ions are localized at the
water-membrane interface, forming a capacitor-like structure (105). For an idealized proton
capacitor, the concentration of the localized protons [H;]° at the membrane-water interface is

related to the membrane electric potential difference by

C Ay Ay-x-g
S I-F d-l'F

[H]° = (3.2)

Where C/S is the specific membrane capacitance per unit surface area, | is the thickness of the
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localized proton layer, « is the dielectric constant of the membrane, &, IS the electric permittivity,

and d is the membrane thickness.

Considering biological systems, it is important to note that non-proton cations in the
aqueous media may exchange with protons localized at the membrane surface and thereby
reduce their concentration. According to the proton electrostatic localization hypothesis (22),
such exchange effects can be expressed by augmenting equation (3.2) for the concentration of
surface localized protons as

[H]°

" g [M};E>
o G [+

[H]=

(3.3)

Where [H"g] is the proton concentration in the bulk aqueous phase, [M;}] is the concentration
of non-proton cations, and Kp; is the equilibrium constant for non-proton cations to exchange
with the localized protons. Thus, it is to be expected that the non-proton cation concentrations
that occur in biological systems may play a significant role in modulating the proton motive

force for varieties of biological functions including the production of ATP.

Furthermore, according to the proton electrostatic localization hypothesis (22) the proton
motive force in equation (3.1) must be revised by combining the concentration of surface

localized protons with the concentration of bulk phase protons; explicitly,

RT
pmf = Ay + F 10810( ([Hf1+ [H;B])/ [Hn5] ) (34)

Here, as in equation (3.3), [H,iz] is the proton concentration in the periplasmic bulk aqueous

phase while [H,';] is the proton concentration in the cytoplasmic bulk phase. This pmf equation

also adds clarification beyond equation (3.1) in which the electrical potential difference term
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Aw in equation (3.4) that helps to drive protons through the ATP synthase is the same factor (in
equation (3.2)) that determines the concentration of surface localized protons which are available
to the ATP synthase. Indeed, Ay exists precisely because of the excess cations (including H")
and the excess anions (such as OH") charge layers localized on either sides of the membrane.
Moreover, it is expected that the surface localized protons would make a very significant
contribution to the protons available for driving ATP synthesis. In fact, applying equation (3.4)
to the alkalophilic bacteria case noted above, using reasonable estimates for the quantities in
equations (3.2) and (3.3), yields a pmf value of ~225 mV, which is 5 times larger than the value
obtained from equation (3.1) and is sufficient to overcome the observed phosphorylation

potential in order to synthesize ATP (105).

The Lee proton electrostatic theoretical model which has a characteristic localized proton
coupling feature does not necessarily contradict with the electric double layer theoretical model.
These two models represent two different processes: the former describes the proton motive
force with electrostatically localized excess proton coupling bioenergetics while the later belongs
to the classic electric double layer phenomenon. For example, the negatively-charged phosphate
groups of the biological membrane could attract protons and other cations to its surface forming
an electric double layer along the membrane negatively charged surface as expected by the
Gouy-Chapman theory (52). However, this double layer always exists at all time during light and
dark conditions even when the proton motive force (pmf) is zero. This means that the protons
and/or cations attracted to the membrane surface’s fixed charge forming the double layer
couldn’t contribute to the proton motive force that drives the flow of protons across the
membrane for two reasons: first, the protons forming the double layer are not dynamic. Second,

there would be no need for light (photosynthetic) and/or chemical (respiratory) to create excess
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protons and establish the proton gradient across the membrane as it would violate the
fundamental principles of thermodynamics by driving work without requiring external energy
(53). In fact, as described by the Lee proton electrostatic theoretical model, it is the free excess
protons that have the dynamic ability to be coupled to the ATP synthase and are relevant to the

proton motive force.

As illustrated in Figure 12, our experimental work in Chapter 2 clearly demonstrated the
formation of a localized excess protons layer at the water-membrane interface in an anode water-
membrane-water cathode system (106), where excess protons were generated by water
electrolysis in an anode electrode chamber while excess hydroxyl anions were created in a
cathode chamber. When a positive voltage is applied to the anode electrode in water, it first
attracts the hydroxyl anions to anode electrode surface and then counter ions (protons) distribute
themselves near the anions layer, forming a typical “electric double layer” on the anode surface
(Figure 12a, right side). When significant number of excess protons are produced by water
electrolysis (in mimicking a biological proton production process such as the respiratory proton
pumping system and the photosynthetic water-splitting process) in the anode chamber, the excess
protons electrostatically distribute themselves at the water-surface (including the membrane
surface) interface around the water body including a part of the “electric double layer” at the
anode surface. From here, it can be seen that the excess proton layer at the water-membrane is
apparently extended from the secondary (proton) layer of the “electric double layer” at the
anode. The excess proton layer at the water-membrane interface attracts electrostatically the
excess hydroxyl anions in the cathode chamber at the other side of the membrane, forming an

“excess anions-membrane-excess proton” capacitor-like structure.
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Figure 12. Schematic diagram showing experimental demonstration of a localized excess
protons layer at the water-membrane interface in an “anode water-membrane-water cathode”
system. Top (a): showing the excess proton monolayer is extended from a secondary proton layer
of the “electric double layer” that covers the anode surface when electrolysis voltage is applied;
Bottom (b): showing the likely distribution of excess protons and excess hydroxyl anions in the
two water chambers separated by a membrane when electrolysis voltage is turned off.
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The electrostatic localization conceptualization is quite general. It does not depend on
biological scales or processes. Therefore, to provide a first proof-of-principle study (106), we
have carried out laboratory bench experiments to create excess protons using an electrolysis set-

up with cathode and anode water chambers separated by an impermeable membrane.

In Chapter 2, we experimentally demonstrated using a proton-sensing film that excess
protons do not stay in water bulk phase; instead they localize at the water-membrane in a manner
similar to the behavior of excess electrons in a metallic conductor (106). These observations
clearly support the proton-electrostatics localization hypothesis (15, 105) which is a significant
contribution in understanding the biological energy transduction processes and the distribution of
protons across a biological membrane.

In this Chapter, we report the effect of cations (Na* and K*) on localized excess protons
at the water-membrane interface by measuring the exchange equilibrium constant of Na" and K*
cations in exchanging with the electrostatically localized protons at a series of cations
concentrations. The experimental determination of the cation exchange equilibrium constant with
the localized protons reported here will provide a logical support for the electrostatic localized
proton hypothesis and gain more fundamental understanding for the effect of non-proton cations

on localized proton population density.

3.2 MATERIALS AND METHODS

Two ElectroPrep electrolysis systems (Cat no. 741196) purchased from Harvard Apparatus Inc.
were used in this experimental study with one of them as a control. Each system comprised a
cathode chamber, a small Teflon center chamber and an anode chamber as illustrated in Figure

13. The small Teflon center chamber was inserted to the middle O-ring fitting channel of the



