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Abstract

The Belousov-Zhabotinsky phenomenon is analyzed in a framework where the dynamics of dissipative structures
outlined by Prigogine is implemented through the collective dynamics produced in liquid water by Quantum
Electrodynamics, which has received recently some experimental support. A mechanism allowing the appearance of

self-produced oscillations is suggested.

Keywords: water; dissipative structures; coherent domains.

Introduction

The problem how to account for the emergence of the highly ordered structures observable in Nature (in
particular in the biosphere) out of the unordered crowd of independent atoms/molecules has been addressed in
modern science along two pathways: the thermodynamics of irreversible processes (TIP) pioneered by Prigogine
and the quantum field theory (QFT).

The first approach has produced the discovery of the dissipative structures that are highly complex structures

which are open systems able to self-organize, thus producing order out of chaos, and give rise to dramatic



decreases of entropy. This discovery occurred in a conceptual framework that looks at the system as a whole and
extracts from its behaviour in space and time a global principle that characterizes its dynamics.

The second approach has been able to show that quantum interaction among elementary objects, through the
breakdown of the symmetries of the Lagrangian, is able to produce extended regions where the phases of the
elementary components get correlated. This loss of independence curtails sharply the number of microstates
producing the decrease of entropy.

The two above discoveries open the way to a fascinating perspective; could the extended coherent regions
discovered by QFT be the dynamical basis of the dissipative structures discovered by TIP?

We wish to address this problem in the present paper in the particular case of an ordered system, the
Belousov-Zhabotinsky (BZ) reaction [1]. The BZ reaction can occur within many different set-ups, as illustrated
in a recent paper [2] giving rise to the appearance of ordered space patterns exhibiting well-defined time
evolution. The emergence of such structures is connected with the dynamically induced break-down of the
symmetries existing in the original ensemble of elementary components. This break-down of symmetry is the
consequence of the collective dynamics generated by the boundary conditions whose emergence is described in
thermodynamics by the concept of negentropy introduced by Schrédinger [3] and developed by Szent-Gyorgyi
[4], Prigogine [5] and the Siena group [6].

The BZ reaction exhibits some peculiar features that, inside a more complex frame, are present also in the
living process. An important recent result [7] is the discovery that the occurrence of the BZ reaction in a
particular layout where lamellar lipid structures are involved demands the presence of liquid water whose weight
should exceed a critical threshold (70% of the weight of the lipid) whereas neither water nor lipids are chemical
reactants in the reaction. Their role should then be connected to the creation of the conditions of the self-
organizing capability of the system [8]. Below a threshold of hydration this capability could not arise; it arises
above a critical threshold. The aim of this paper is to try to shed some light on this surprising result. However,
this result could appear less surprising considering that the presence of water has been found long ago to be
necessary in a number of chemical processes including the combustion [9].

The analysis presented here mainly deals with the experimental layout used in Ref. [7]. Different layouts
investigated in the literature could involve different dynamics. Consequently the proposal presented in this paper
does not replace, but adds up to the dynamical ingredients governing the very complex phenomenon, known as

BZ-reaction.



Dissipative structures (DS) and QED coherence in liquid water

In this section we summarize some information on water needed for our analysis. Water is the most abundant
substance on Earth and has been extensively studied; a number of model structures have been proposed and
refined in the conventional framework of molecular physics governed by quantum mechanics. However, it
remains an anomalous liquid in as far as no single model has been able to explain all of its properties. All these
models share the property that water molecules are assumed to be interacting through static short-range forces.
However this tenet should not be universally true since extended regions of organized water had been detected in
aqueous systems mainly at interfaces.

As early as in 1957 Albert Szent-Gyo6rgyi [4] wrote that by 1947 up to that date up to 175 papers were
published devoted to water hydrating hydrophilic surfaces. They showed that the zone of hydrating water
(interfacial water) may have the thickness of tens and hundreds of molecule layers and not just a few as usually
believed by many physicists and chemists. This result emerged from the consideration of the luminescent
properties of different dyes dissolved in water and depended strongly on the physical state of water, as structured
by the different states of polarization of the surface. Based on the full set of these experimental results, Szent-
Gyorgyi was able to suggest that the thick layers of “organized” water adjacent to the hydrophilic surfaces could
allow very long lasting electronic excitations that could play a significant role in the energy transfer near the cell
surfaces, where water resides in a state similar to a liquid crystal, as stressed also by Chandrasekhar [10]. The
above considerations suggest strongly that a fruitful approach to self-organization is a joint task of chemists,
biologists and physicists that help each other to get rid of the respective prejudices [8].

Same decades later, just after 2000, the suggestion of Szent-Gyorgyi has been corroborated by G. Pollack and
his Seattle group [11].

They were able to find, by using microspheres and dyes as probes, that very thick layers of water appear on
hydrophilic surfaces, whose depth can reach many microns (sometimes up to 500!). In these regions dyes and
other solutes cannot penetrate, so that they are called exclusion zones (EZ).

EZ water is more viscous than normal water and is able to release electrons in a significant amount, so that
EZ water has a non negligible (up to hundreds of millivolts) redox potential with respect to bulk water or adjacent
aqueous solution; EZ water is thus a reducing species whereas normal water is an oxidant. The layers of EZ water
should play an important role in the chemical interactions occurring on their surface. Moreover differences of

electric potential (about tens of millivolts) appear on the interface EZ water- normal water.



These results find a theoretical corroboration in a recently proposed theory of liquids based on the concepts of
Quantum Electrodynamics (QED). Referring the reader to the Refs. [12-16] we summarize here the main results of this
approach:

1) At room temperature, liquid water consists of a mixture of coherent and incoherent water. At 0°C the
percentages are 50% and 50%; at 30°C they are 40% coherent, 60% incoherent [14].

2) Coherent water is organized in coherence domains, whose size is about 1000 A (0.1 um), each containing
about 5.5 millions molecules that oscillate, in phase with an electromagnetic field trapped in the domain, between
two configurations of the molecular electron cloud: the fundamental one in which electrons are strongly bound
(ionization potential 12.60 eV) and an excited configuration (12.06 eV) in which one electron per molecule is
“quasi-free” and is therefore susceptible of further excitation.

The coherent state is the superposition of two molecule states, the molecule ground state having the statistical
weight 0.87 and the excited state having the statistical weight 0.13. This means that at any time there are 0.13
quasi-free electrons per molecule, i.e. 700,000 quasi-free electrons, in the coherence domain.

The external surface of the domain is permanently polarized with the negative charges on the outside, so that
for an isolated domain, an electrical “membrane” potential of about 100 millivolts is generated! If domains
coalesce, as in normal water, these potentials neutralize each other.

When there are isolated domains, electrons have a chance to come out through the quantum tunnel effect or,
possibly, a mild external excitation. This property could account for the huge release of electric charge from the
water droplets suspended in the clouds, which is at the origin of lightning.

3) In bulk water the electromagnetic oscillations and the thermal fluctuations couple mutually, so that each
molecule can shift in time from the coherent to the non-coherent regime and viceversa. The array of CDs of bulk
water is then flickering and CDs cannot exhibit in a permanent way their features.

However, near a hydrophilic surface, the attraction CD-surface protects the CDs from the thermal assaults
stabilizing them: Water gets totally coherent (glass state) at about 200 K, so that an attraction corresponding to a
decrease of the effective temperature by one hundred of Kelvins would be enough [16]. By the way, the Pollack’s
estimate [11] of the effective temperature existing in the EZ zone is much lower than that of bulk water.

4) If coherent and incoherent water are separated in space, a redox pile up to hundreds of millivolts is created,
in which coherent water, the electron donor, is the negative pole (reducing element) and incoherent water the
positive pole (oxidizing element) [17].

5) By virtue of its quasi-free electrons, a coherence domain of water has unique properties with respect to all

other liquids. It has a rich spectrum of excited states corresponding to vortices of quasi-free electrons. These



vortices have angular momentum (quantized at integer values) and similarly quantized magnetic moments (this
property explains why turbulent water can be discovered by animals and humans, whose nervous systems are
known to be very sensitive detectors of magnetic fields). In the presence of external fields, such as the magnetic
field of the Earth, these vortices line up and are summed.

Since electrons move coherently, they do not collide, which means that the vortices are cold, and in the
absence of internal friction caused by collisions, their life is very long (weeks, months, years). Because of their
persistence, it is possible to sum a large number of excitations, producing energies as large as one wishes starting
from individual low-energy excitations, provided that they are below the ionization threshold. The coherence
domain of water is therefore a structure capable of transforming low-grade (high entropy) incoherent
environmental energy into high-grade (low entropy) coherent energy, that can excite specific chemical reactions.

When the energy stored in the electromagnetic field of a coherence domain becomes equal to (resonates with)
the energy of activation of a specific non aqueous molecule captured in the domain by the fact that it resonates at
the oscillation frequency of the domain (the criterion for biomolecules), the domain discharges, transferring its
energy to the single molecule that receives a specific excitation (enzyme activation) that makes it capable of
performing a specific chemical reaction (coupling of electromagnetic and chemical modes).

If the domain is immersed into an energy field, it recharges again and a permanent oscillation is created in
which charging is electromagnetic and discharge is chemical. As a result the dissipative structure introduced by
Prigogine is supported by the QFT also [18].

The above QED predictions have found important experimental corroboration. In reference [19] the properties
of liquid water at low temperature, when the liquid is in a glassy state, are successfully accounted for
quantitatively. Moreover evidence has been found [20] of the coexistence in liquid water of two phases having
different densities. Finally evidence of the existence in the aqueous surroundings of biomolecules of e.m. fields
playing a significant dynamical role has been reported by the Nobel Prize Luc Montagnier [21]. He was able to
detect the emission of electromagnetic signals in the aqueous structures surrounding highly diluted bacterial DNA,

showing therefore that water plays an active dynamical role.

Analysis of the BZ reactions

Let us address now the problem of the BZ reaction, describing first the TIP framework and discussing at the
end the possible dynamical role of water.

The basic mechanism of morphogenesis, namely differentiation of tissues from stem cells, was proposed 50

years ago by Turing [22], who pointed out that if morphogens obey a reaction-diffusion equation, they may



undergo symmetry-breaking transitions. This, in turn, generates spatially organized states, now known as Turing
structures, which may explain the initial stages of cell aggregation and development and epigenesis. In particular,

if we consider a generic reaction-diffusion system:

oC,
El:D,Vzc,+f,.(...,cl.,cj,...) (1)

where C; is the concentration of the i species participating in the reaction, f; 1s the nonlinear kinetics equation
describing the reaction and D; is the diffusion coefficient of species i. Assuming that eq.(1) has a homogeneous
steady state solution, f;(C;)=0, let us consider the evolution of a small perturbation ¢, around C, and separate it

in Fourier space,

Apt+ik-F

c, = Zaxke 2)
k

where 4; is the growth rate of the mode with a wave vector k. Substituting eq.(2) in eq.(1) and retaining only the

linear term,we obtain an eigenvalue equation for 4, for the linear operator

L, =F,-DKS, 3

J

where Fy is the Jacobian matrix of the kinetic function /-

For a certain nonzero mode k, Turing instability occurs when the real part of the eigenvalue 4, of operator (3)

becomes positive, so that the homogeneous steady state becomes unstable and the system undergoes a transition

from the homogeneous state to a patterned state. Turing structures are characterized by a constant wavelength and



time-independent behaviour. They are generated when the diffusion coefficients of the morphogens (in the
simplest case one activator and one inhibitor) are very different.

Target patterns where pulses are emitted periodically from the same leading centre (pacemaker) have been
observed in a host of reaction-diffusion systems that generate chemical oscillations. These systems occasionally
produce more complex structures, e.g. outward rotating spirals [23].

The simultaneous presence of propagating waves and stationary patterns was found when the BZ reaction was
carried out in the anisotropic environment of a lipid/water binary system. In order to mimic the biological
complexity of a cell environment, the Siena Ecodynamics group studied the BZ oscillator in the aqueous
compartment of different phospholipid/water lamellar phases [7, 24-27].

All the lipids studied are major components of plasma membranes. Lipids in water are a good model for
biological environments, since different aqueous domains in living systems are usually separated by a membrane
where the basic structural unit is a single phospholipid bilayer where both surfaces facing water are hydrophylic.

In this system we get the appearance of a time dependent symmetry breaking pattern of reactant concentrations
through the amplifications, produced by different rates of diffusion, of the gradients present at a given time.
However, we have discussed in the previous section that on hydrophilic surfaces there are gradients of energy able
to drive the motion of different species in water. We ask ourselves if, in the layout of Ref. [7], where lamellar
structures water-lipids are present, these gradients of energy could induce a self-organizing dynamics able to
contribute, possibly in cooperation with other dynamics, to the emergence of a pattern of reactant concentrations.

Figure 1 shows a typical Turing structure obtained in the Siena laboratory.

<FIGURE 1 >

The intriguing result obtained in the Siena laboratory was the disappearance of all the BZ patterns and
structures when the (water phase)/(lipid) ratio was low. For water concentrations below 70% weight/weight with
respect to lipid, no self-organization phenomena were observed. Since all known forms of life and all
physiological solutions have a water content in the range 60-99% (i.e. water is the molecule of life), our findings
could open new perspectives in the understanding of life mechanisms, especially with respect to the role of water

in self-organizing systems (dissipative structures)[2, 5, 7, 24].



The big question is whether there is a unified theory for the ways in which elements of a system organize
themselves to produce behaviours typical of large classes of systems. In complex systems, we accept that
processes occurring simultaneously at different scales or levels are important and coupled together, and the
intricate behaviour of the whole system depends on its units in a nontrivial way. Description of the whole
system’s behaviour requires a qualitatively new theory [8] because the laws governing this behaviour are
qualitatively different from those governing the individual units.

Dissipative Structures maintain their non-equilibrium thermodynamic state thanks to a continuous dissipation
of energy toward the environment. The order produced by this dissipation generates new order and new
organization (autocatalytic structures) but if the dissipation is interrupted or diminished, the structure can collapse
and may not return to its initial state (irreversibility) [5, 8].

The system thus self-organizes in virtue of internal non-linear processes that guarantee a balance between the
entering energy and the exiting energy [8], maintained by the variation of entropy occurring within the dissipative
structure. The low grade energy picked up from the environment is transformed with a corresponding decrease of
entropy within the dissipative structure into high-density energy able to perform “useful” work, such as collective
molecular excitations. This energy produces work on the environment; inducing in the same time an increase of
entropy in it that compensates the decrease of entropy which occurred within the dissipative structure.

Let us now discuss how the presence of water and in particular of coherent-EZ water described in the previous
Section could contribute to the self-organization of the system.

The BZ-system has initially a number of interfaces (the Petri dish, the interfaces among different component
phases present in the emulsion and so on), many of them hydrophilic, so that a pattern of EZ thick layers is
present.

Correspondingly, on the surface of the EZ-layers gradients of electric potential should appear according to the
QED theory and to the experimental findings of the Pollack group [11]. The formation of the EZ-layers, that have
a well defined depth dependent on the polarization of the hydrophilic surface, demand a well defined amount of
water, that should correspond just to the observed critical threshold in the hydration. The theoretical framework
we are suggesting should allow to estimate the value of the critical threshold. We hope to do that in future
research.

Let us outline now the dynamics occurring on the surface of EZ-coherent water. We recall from Ref. [14] and

[16] the main physical parameters of coherent water.

Coherent fraction F.(T)=0.4 at T= 300K



Density of coherent water = 0.92
Molecule density = 3x10** mol/cm’ “
Number of quasi-free electrons per molecule = 0.13

Volume of the coherence domain CD at T=0
| -5 3
V=8(§1O Y em” =10""cm

Volume of the (spherical) CD at T£0 =%z (Ro— J)°
Within the coherent region an e.m. field is trapped, whose energy density
U = const.A* %)

is proportional to the square of the vector potential 4 of the trapped e.m. field (see Ref. [14]).
Out of the coherent region the e.m. field falls off exponentially so that on the boundary there is a strong
gradient V4% and consequently, for eq. (5), VU # 0.

This gradient gives rise to a force, acting on the present particles having charge Q and mass M (ponderomotive

force) [28]

_ 2 _ 2
Fe=% v %yy (©6)
M M

that is repulsive and inversely proportional to M. Thus in a molecule electrons are repelled tens of thousands
times more strongly than nuclei. Molecules thus get stretched and acquire an electric dipole moment, whose
negative charge is outwards.

As a consequence a charge double layer appears on the surface of coherent water where the external layer is
negatively charged.

According to the definition of the coherent fraction



0.92% 2(R, - 5

F.(T)= 0922 0=y %

S8R, R,

we get, recalling eqs. (4), 6=20A that the depth 26 of the boundary region is 40 A.

The capacity of the interface layer per unit surface — is
C ¢g¢
— =220 = 20uFarad | cm® )
S 20

In order to estimate the amount of electric charge per unit surface, we recall (Ref. [29]) that the quasi-free
electron settles in the molecule 0.35 A out of the electron core in the ground state, so that we can assume that
during the dynamical process of excitation-deexcitation this distance could be included in the range 0.35+0.70 A.

Recalling eqs. (4) we get

=12+1.8uC/cm’ )

2\

so that the potential difference of the double layer is enclosed in the range:

S55mV <AV ==-<110mV (10)

vk

whose agreement with the observed membrane potentials is intriguing.
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In this way the energetic excitations of the coherent interfacial water give rise to a variable gradient of the
electric potential, that in turn governs the rate of inflow of the reactants.
We can write the fundamental relation between the surface electric potential and the density of energy released

to the water

VV =constVU (1

In this way the excitation of coherent water induced by the output of chemical reactions increases the electric
potential barrier, reducing the inflow of reactants and a fluctuating rate of chemical reactions appears.

Moreover the molecules present in the region settle according to the profiles of the electric potential and the
possibility of patterns arises, supporting the Turing dynamics.

The inflow of the BZ reactants occurs now not in a homogeneous space, but in a volume where the existence of
the EZ-water on the surfaces produces a spatial pattern of the non-coherent fraction of water, where solutes are
dissolved. This pattern depends on electric potential and redox potential gradients that are affected in turn by the
energy produced in the chemical reactions. This energy is mainly absorbed by the coherent water (the energy
transfer toward coherent regions is much faster than the transfer toward non-coherent objects), whose inner
structure changes, by modifying in turn the potential gradients.

We get thus a non linear self-consistent dynamics.

Reactants flow in the system not in a diffusive random way but along the paths corresponding to the steepest
gradients, then react chemically; the energy produced, absorbed by the EZ-water, modifies the coherent structure
changing the pattern of the potential gradients, that in turn change the rate of flow of the reactants, that
consequently change the rate of reaction. A scheme for ordered fluctuations thus arises, both in space and time.
Let us explore an extreme case. Suppose that the rate of the BZ-reaction, enhanced by the electron excitations
available on the EZ-water, becomes so high that the EZ-water is put out of coherence and loses its potential
structure. Then the rate of reaction would decrease dramatically because the inflow of reactants is no longer
driven by the potential gradients but left to diffusion.

Consequently the inflow of energy that pushed water out of coherence is stopped and QED dynamics can
restore in a very short time the original coherence and the rate of reaction starts again to increase. We have got an

oscillation!
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The suggested interplay between the quantum electrodynamics of interfacial water and the chemical dynamics
of the BZ reactants opens a promising outlook. We conclude by observing that the patterns of electric and redox
potentials on the water interfaces that constrain the independence of single molecules and funnel them along
preferred pathways are nothing else that the electrodynamical implementation of the thermodynamic concept of
negentropy whose formulation is the combination of the insights of the physicist Schrédinger, the biologist Szent-

Gyorgyi and the chemist Prigogine.

Water and spatially ordered structures

In this section we discuss how a liquid emerging from the QFT dynamics outlined above could produce
spatially ordered (Turing) structures. A CD of water is an extended region where all molecules are in a minimum
entropy state as a consequence of a common oscillation on a frequency whose value is defined by the
electrodynamics of molecules, chemically non interacting. The coherent feature of this state guarantees that its
entropy is fairly low.

Molecules of species other than water can be admitted within the CD provided that they are able to oscillate

on the same frequency, without changing the self-governing electrodynamical structures of the CD. This is
possible only if these host molecules are a small number, say less than 1% of the water molecules, so that their
QED regime within the CD can be determined by perturbation theory. Different than the water molecules, these
other molecules can bind each other by several and different chemical or electrostatic forces, so that their
oscillation frequency depends on the strength of such bindings, that usually depends in turn on the geometry. The
prescription that the host molecules should resonate with the water molecules in order to minimize entropy
implies that the geometry should be well-defined. A dynamical condition, the electrodynamical coherence,
produces then geometrical order!
Moreover, the existence of a rich spectrum of excited levels of CDs, each one with its specific oscillation
frequency, implies that the geometrical order could evolve in time and produce also regular oscillations according
to the oscillations of the CDs between their configurations. The role of the water CDs is thus fundamental and the
necessity of its presence for the occurrence of the Turing structures can be understood, along the above lines.

Thus water gives rise to the emergence of order out of chaos, as in the case of the above described BZ

experiments.
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By virtue of the above oscillations, a set of coherence domains may in turn become coherent (coherence of
coherence domains), giving rise to a living (pulsing) organism consisting maily of water molecules organized in

coherence domains, resonating with a small number of biomolecules residing in less organized water.

Conclusion

The discussion of the present paper applies to the layout of Ref. [7], whereas different layouts could involve
different dynamics, as described in the existing literature. The experimental finding in Ref. [7] of a critical
relationship between the amounts of water and lipids forming lamellar structures indicates that both the formation
of EZ-water due to the presence of hydrophilic surfaces and existence of less organized aqueous phase in the same
reaction system is the condition for the appearance of order out of chaos in chemical processes proceeding in

aquatic systems.
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Figure captions.

Figure 1. Lipid/BZ system: Turing structures
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