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ABSTRACT
Spin is the origin of quantum effects in both Bohm and Hestenes quantum formulism and a
fundamental quantum process associated with the structure of space-time. Thus, we have
recently theorized that spin is the mind-pixel and developed a qualitative model of consciousness
based on nuclear spins inside neural membranes and proteins. In this paper, we explore the
possibility of unpaired electron spins being the mind-pixels. Besides free O2 and NO, the main
sources of unpaired electron spins in neural membranes and proteins are transition metal ions and
O2 and NO bound/absorbed to large molecules, free radicals produced through biochemical
reactions and excited molecular triplet states induced by fluctuating internal magnetic fields. We
show that unpaired electron spin networks inside neural membranes and proteins are modulated
by action potentials through exchange and dipolar coupling tensors and spin-orbital coupling and
g-factor tensors and perturbed by microscopically strong and fluctuating internal magnetic fields
produced largely by diffusing O2. We argue that these spin networks could be involved in brain
functions since said modulation inputs information carried by the neural spike trains into them,
said perturbation activates various dynamics within them and the combination of the two likely
produce stochastic resonance thus synchronizing said dynamics to the neural firings. Although
quantum coherence is desirable, it is not required for these spin networks to serve as the
microscopic components for the classical neural networks. On the quantum aspect, we speculate
that human brain works as follows with unpaired electron spins being the mind-pixels: Through
action potential modulated electron spin interactions and fluctuating internal magnetic field
driven activations, the neural electron spin networks inside neural membranes and proteins form
various entangled quantum states some of which survive decoherence through quantum Zeno
effects or in decoherence-free subspaces and then collapse contextually via irreversible and noncomputable means producing consciousness and, in turn, the collective spin dynamics associated
with said collapses have effects through spin chemistry on classical neural activities thus
influencing the neural networks of the brain. Thus, according to this alternative model, the
unpaired electron spin networks are the “mind-screen,” the neural membranes and proteins are
the mind-screen and memory matrices, and diffusing O2 and NO are pixel-activating agents.
Together, they form the neural substrates of consciousness.
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I. INTRODUCTION
Tremendous progress has been made in neuroscience at cellular, molecular and atomic levels (13). However, what is and cause consciousness remains a mystery. Recently, we have explored
the nature of consciousness based on a philosophical “map” on which consciousness is either
associated with pre-spacetime or grounded at the bottom of physical reality but mediated by
known physical process inside the brain (4,5). We have postulated that quantum spin is such
process since spin is the origin of quantum effects in both Bohm and Hestenes quantum
formulism and a fundamental quantum process associated with the structure of space-time (4-6).
Applying these ideas to the particular structures and dynamics of the brain, we have developed a
qualitative model of quantum consciousness based on nuclear spins inside neural membranes and
proteins (4,5).
We have also shown that nuclear spin networks in neural membranes and proteins are modulated
by action potentials through J-coupling, dipolar coupling and chemical shielding tensors and
perturbed by microscopically strong and fluctuating internal magnetic fields produced largely by
paramagnetic oxygen (7). Thus, we have suggested that these spin networks could be involved in
brain functions since said modulation inputs information carried by the neural spike trains into
them, said perturbation activates various dynamics within them and the combination of the two
likely produce stochastic resonance thus synchronizing said dynamics to the neural firings.
Although quantum coherence is desirable and may indeed exist, it is not required for these spin
networks to serve as the subatomic components for the conventional neural networks (7).
On the other hand, neural membranes and proteins also contain various stable and unstable
unpaired electron spins that may play the roles of mind-pixels. For example, many proteins
contain unpaired electrons spins through covalent bonds, bound transition metal ions and
absorbed small paramagnetic molecules such as O2 and NO (8). Unstable unpaired electrons are
also produced as free radicals through neural biochemical reactions and excited molecular triplet
states through fluctuating internal magnetic fields induced singlet-triplet transitions (8). These
unpaired electron spins form complex spin networks inside neural membranes and proteins. In
this paper, we explore the possibility of unpaired electron spins being the mind-pixels.

II. NATURE OF SPIN, ANESTHESIA AND CONSCIOUSNESS
Spin reveals itself through the structure of the relativistic quantum equation for fermions such as
electrons (9). Penrose had considered that spin might be more fundamental than space-time and
invented spinor and twistor algebras for a combinatorial description of space-time geometry (10,
11). In Hestenes’ geometric picture, the zitterbewegung associated with the spin of the Dirac
electron is shown to be responsible for all known quantum effects of the electron (12). Second,
Salesi and Recami has recently shown that the quantum potential in Bohmian mechanics is a
pure consequence of “internal motion” associated with spin evidencing that the quantum
behavior is a direct consequence of the fundamental existence of spin (13). Esposito has
expanded this result by showing that “internal motion” is due to the spin of the particle, whatever
its value (14). Recently, Bogan has further expanded these results by deriving a spin-dependent
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gauge transformation between the Hamilton-Jacobi equation of classical mechanics and the timeGHSHQGHQW6KU GLQJHUHTXDWLRQRITXDQWXPPHFKDQLFVWKDWLVIXQFWLRQRIWKHTXDQWXPSRWHQWLDO
in Bohmian mechanics (15). Third, Kiehn has shown that the absolute square of the wave
function could be interpreted as the vorticity distribution of a viscous compressible fluid that also
indicates that spin is the process driving quantum effects (16). Sidharth has showed that spin is
symptomatic of the non-commutative geometry of space-time at the Compton scale of a fermion
and the three dimensionality of the space result from the spinorial behavior of fermions (17-18).
He further showed that mathematically an imaginary shift of the spacetime coordinate in the
Compton scale of a fermion introduces spin ½ into general relativity and curvature to the fermion
theory (17-18). The reason why an imaginary shift is associated with spin is to be found in the
quantum mechanical zitterbewegung within the Compton scale and the consequent quantized
fractal space-time (17-18). Further, according to Sidharth, a fermion is like a Kerr-Newman
Black Hole within the Compton scale of which causality and locality fails (17-18).
With respect to anesthesia, there is no commonly accepted theory on how general anesthetics
work (19,20). However, there are two schools of thoughts on the issue. The first and oldest is the
“ lipid theory” which proposes that anesthetics dissolve into cell membranes and produce
common structural perturbation resulting in depressed function of ion channels and receptors that
are involved in brain functions (19). The second, more popular and recent theory is the “ protein
theory” which suggests that anesthetics directly interact with membrane proteins such as ion
channels and receptors that are involved in brain functions. But the protein theory doesn'
t seem
to square well with the low affinity and diversity of the general anesthetics. There is no direct
experimental evidence to support either theory (20). However, both theoretical and experimental
studies have shown that many general anesthetics cause changes in membrane structures and
properties at or just above the clinical concentrations required for anesthesia (19,21,22). Since
both O2 and general anesthetics are hydrophobic, we have proposed within the framework of
conventional neuroscience that general anesthetic may cause unconsciousness by perturbing O2
pathway in neural membranes and O2-utilizing proteins, such that the availability of O2 to its
sites of utilization is reduced, which in turn triggers cascading cellular responses through O2sensing mechanisms, resulting in general anesthesia (20). We have also been asking the question
whether anesthetic perturbations of neural membranes and oxygen pathways themselves are the
direct cause of unconsciousness. This conjuncture requires that O2 and neural membranes be
directly involved in consciousness. Indeed, The low affinity, diversity and pervasiveness of
general anesthetics point us to this direction. If we assume that consciousness is an emergent
property of the brain and further liken consciousness to the formation of ice at 0 oC, the
anesthetic action would be like the action of salt which prevents ice formation.
With respect to consciousness, there is no coherent view as to what is and causes consciousness
(23-33). Some neuroscientists would say that it is the connections between the neurons and the
coherent firing patterns thereof (24,28). Some physicists would propose that it is connected to the
measurement problem in quantum theory and thus the solution lies there (23,25,27,29). A few
philosophers would suggest that it is an emergent property of the complex brain (31) or a new
kind of properties and laws are required (33). Philosophically, Searle argues that consciousness
is an emergent biological phenomenon thus cannot be reduced to physical states in the brain (31).
Chalmers argues that consciousness cannot be explained through reduction, because mind does
not belong to the realm of matter (33). In order to develop a consciousness theory based on this
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approach, Chalmers suggests expanding science in a way still compatible with today’s scientific
knowledge and outlines a set of fundamental and irreducible properties to be added to spacetime, mass, charge, spin etc. and a set of laws to be added to the laws of Nature (33). On the
theoretical front, there are quite a few quantum theories of mind (23,25-27,29,30). Among these,
Penrose’s Objective Reduction (“ OR” ) together with Hameroff’s microtubule computation is
perhaps the most popular, and the combination of the two produced the Orchestrated Objective
Reduction (“ Orch OR” ) in microtubules (23,29,30). There are also a number of theories based on
conventional neuroscience (24,28). Our view on these is that whatever the final accepted version
based on neuroscience (“ classical physics” ), it could be accepted as classically correct. The
reason is that we must rely on the classical parts of the brain working according to conventional
neuroscience to provide us the necessary neural components and wirings such as coherent neural
firings, neurotransmitter releases and neural plasticity to support any realistic quantum activities
of the brain. The situation is much like that in quantum computation where classical components
form the supporting system of a quantum computer. Without these classical components,
quantum computation could not be implemented at all.
In comparison, our working philosophy in this paper is that consciousness is grounded at the
bottom of physical reality and emerges from the collective dynamics of known physical
candidates inside the brain. Next we ask “ where” and “ how.” To answer these, we take the
reductionist approach both down to the end of physics to see what is left there and to the
microscopic domain of a neuron to see what may be really important for the functioning of a
conscious brain. What we found is that there is almost nothing left at the end of physics except
the fundamental ideas of quantized space-time and spin. On the other hand, we found that what
may be really important in the microscopic domain of a neuron are the biologically available
nuclear spins and unpaired electron spins. Naturally, we draw the conclusion that that quantum
spin together with its connection to space-time dynamics is needed to ground consciousness in
physical reality such that conscious experience emerges from the successive collapses of various
entangled neural spin states. Specifically, we try to answer these questions: (a) what are the
neural substrates of consciousness, (b) what physical processes are involved in conscious
experience, (c) what physical and biochemical process are involved in connecting consciousness
to the classical neural networks of the brain and, (d) what binding mechanism allows the mind to
achieve unity.

III. ACTION POTENTIAL MODULATIONS OF ELECTRON SPIN NETWORKS
Neural membranes are the matrices of brain electrical activities. Figure 1 shows the range of
electric field strength E m inside the neural membranes during a typical action potential as
V
calculated from E m = m where Vm and d are respectively the membrane voltage and thickness. It
d
oscillates between -9 to +6 million volts per meter during the course of each action potential.
These strengths are comparable to those causing electroporation of cell membranes and dielectric
breakdown of many materials (34) at which the covalent bonds of the constituent molecules are
torn apart. So it significantly affects the conformations and collective dynamics of the neural
membrane components such as phospholipids, cholesterols and proteins. Indeed, voltage4

dependent ion channels perform their functions through electric field induced conformation
changes of the constituent proteins (3) and studies on the effects of electric fields on lipids
support the above conclusion (35,36).
The unpaired electron spins carried by neural proteins and membrane components form complex
intra- and inter-molecular spin networks through various intramolecular exchange and dipolar
couplings and both short- and long-range intermolecular dipolar couplings. Since exchange
coupling is the interaction between two electron spins through orbital overlap and dipolar
coupling is the direct interaction of two electron spins through space, their strengths and
anisotropies strongly depend on the conformations of the neural protein and membrane
components (8). Further, the g-factor and spin-orbital coupling of each electron spin also depend
on the conformation of surrounding orbital configuration (8). Thus, when these spin networks are
subjected to the enormous changing electric field produced during each action potential, the
exchange and dipolar coupling tensors and g-factor and spin-orbital coupling tensors oscillate
with it, although electron spins do not directly interact with electric fields.

Figure 1. Electric field strength inside neural membrane during the course of an action
potential. The calculation is down by assuming a typical membrane thickness of about
10 nm and the results are shown in the unit of one million volts per meter with “ -” and
“ +” indicating that the direction of electric field is respectively pointing outward or
inward inside the neural membrane.

In the simple case of two electron spins inside neural membranes or proteins coupled to each
other through isotropic exchange coupling J = J zz = J xx = J yy = J R + J A , the Hamiltonian of the
system simply is Hˆ = h(J + J ) Sˆ Sˆ + Sˆ Sˆ + Sˆ Sˆ
where J is the exchange coupling at
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resting potential and J A is the first-order contribution to J from action potential modulation thus it
is a function of membrane voltage Vm . For a given value of Vm the two electron spins form a
1
triplet consisting of 1 = ↑↑ , 3 =
↑↓ + ↓↑
and
4 = ↓↓
and a singlet
2
1
3
1
2 =
↑↓ − ↓↑ with energies E1 = E3 = E4 = h(J R + J A ), E 2 = − h(J R + J A ) thus an
4
4
2
energy gap J = h(J R + J A ) .

(

(

)

)

In the principal axes system of dipolar coupling tensor D for the two electron spins,
Hˆ = h(J R + J A + DR + D A )Sˆ1z Sˆ 2 z + h(J R + J A − 12 DR − 12 D A ) Sˆ1x Sˆ 2 x + Sˆ1 y Sˆ 2 y is the Hamiltonian

(

)

both
isotropic
exchange
coupling J = J R + J A
and
dipolar
coupling
1
1
D = Dzz = − Dxx = − D yy = DR + D A where DR is the dipolar coupling at resting potential
2
2
and D A is the first-order contribution to D from action potential modulation thus it is also a

with

function of membrane voltage Vm . It can be verified that 1 , 3 4 and 2 are also the eigenstates
of the above Hamiltonian with energies E1 = E4 =

1
1
h(J R + J A + DR + D A ), E3 = h(J R + J A )−
4
4

1
3
h(DR + D A ) and E 2 = − h(J R + J A ) . Thus, dipolar coupling has no effect on the singlet state
2
4
but partially removes the energy degeneracy of the triplet states thus producing zero-field
splitting.

When the effects of both internal and external magnetic fields B i and B e are taken into accounts
but g-factor anisotropies and spin-orbital couplings of both unpaired electron spins are neglected
the total Hamiltonian for the two spin system in neural membranes and proteins is
Hˆ = !γ 1Sˆ 1 ⋅ (B1i + B1e )+ !γ 2 Sˆ 2 ⋅ (B 2i + B 2 e )+ hSˆ 1 ⋅ (J R + J A )⋅ Sˆ 2 + hSˆ 1 ⋅ (D R + D A )⋅ Sˆ 2 where
B1i , B1e , B 2i and B 2 e are respectively the internal and external magnetic fields at the locations of
first and second electron spins and, γ 1 and γ 2 are respectively the gyromagnetic ratios of the said
first and second electron spins. In general, microscopically
later but macroscopically B i

r

= 0 , Be

r

≠ 0 , Bi

t

Bi
Be

>> 1 at each spin location as shown

= 0 and B e

t

≠ 0 where r and t respectively

denote spatial and time average. So in many cases the effects of B e on these electron spin
networks are small.
These results from consideration of a simple two electron spin system in neural membranes
demonstrate that the large neural electron spin networks inside the membranes can form complex
modulated structures through action potential driven oscillations of exchange and dipolar
couplings and g-factor and spin-orbital couplings. Thus, the neural spike trains of various
frequencies can directly input information carried by them into these electron spin networks.
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The fluctuating internal magnetic fields are produced by unpaired electrons such as those carried
by O2 and NO and spin-carrying nuclei such as 1H, 13C and 31P. Table 1 shows the maximal
magnetic field strengths produced by the magnetic dipoles of the unpaired electrons of O2 and
NO and the nucleus of 1H along the axes of said dipoles at given distances. Because the magnetic
dipole moment of an unpaired electron is 658 times larger than that of the 1H nucleus, O2 and
NO can respectively produce magnetic fields 1,316 and 658 times larger than 1H. As
distance r increases, the strength of the magnetic dipole field quickly attenuate according
µ m
to B = 0 3 where µ 0 is the permeability of free space and m is the magnetic dipole moment. In
4πr
addition, O2 and NO are hydrophobic small molecules so their concentrations in neural
membranes are much higher than in aqueous solutions such as cytoplasma (37). As they rapidly
tumble and diffuse, they produce microscopically strong and fluctuating magnetic fields. Indeed,
O2 are the predominant sources of internal magnetic fields in neural membranes as evidenced by
the strong effect of O2 on spin-spin and spin-lattice relaxation rates (37,38).
Table 1. Magnetic Fields Produced by O2, NO and 1H
Distance (Å)

O2 (Tesla)

NO (Tesla)

1

1.0

3.713940

1.856970

0.002821

2.0

0.464243

0.232122

0.000353

3.0

0.137553

0.068777

0.000104

4.0

0.058030

0.029015

0.000044

5.0

0.029712

0.014856

0.000023

10.0

0.003714

0.001857

0.000003

H (Tesla)

These fluctuating internal magnetic fields continuously perturb the neural electron spin networks.
The intensities of said perturbations depend on the concentrations of O2 and NO that are highly
regulated in the brain. Thus, these perturbations not only activate various modulated dynamics
within the neural electron spin networks but also are likely capable of enhancing the
synchronization of these dynamics to the neural spike trains through non-linear processes such as
stochastic resonance that is known to occur in the brain (39,40). So, stochastic resonance of
dipolar splitting transitions and spin-forbidden singlet-triplet transitions are possible inside the
neural membranes and proteins under said modulations and perturbations.
It is therefore possible that the collective dynamics of the neural electron spin networks under
modulations by action potentials and perturbations by fluctuating internal magnetic fields
represent meaningful information to the brain. An analogy to this suggestion is the mechanism of
liquid crystal display (LCD) where information-carrying electric voltages applied to the pixel
cells change the optical properties of the constituent molecules such that when lights pass
through these cells their phases get rotated differently which in turn represent different
information to the viewer of the LCD screen (41). According to this suggestion, large external
disturbances to the collective dynamics of the neural electron spin networks will affect the
7

functional states of the brain to certain extent. Further, drug-induced large changes to membrane
structures and O2 pathways in neural membranes have similar adverse effects. These predications
are testable and provide alternative interpretations to the causes of neural effects produced by
some drugs and external stimulations. For example, the effect of transcranial magnetic
stimulations (TMS) on cognitive functions (42) may be partly attributed to the direct
disturbances of the dynamics of the said electron spin networks by TMS and the cause of
unconsciousness by general anaesthetics may be explained as the direct consequence of their
effects on neural membrane structures and O2 pathways inside (20).
However, how can we explain based on the above suggestion that cognitive functions seem in
general insensitive to environmental and even medical strength external magnetic fields such as
those generated by the power lines and the ones used in MRI? First, the strengths of
environmental magnetic fields are in the range of 10-4 –10-6 Tesla (43), For example, the
magnetic field strength of the earth is about 5 × 10 −5 Tesla. In comparison, the internal fluctuating
magnetic fields can be as high as several Tesla as indicated by Table 1. Thus, the
microscopically strong and fluctuating internal magnetic fields overshadow them. But the
strengths of magnetic fields used in clinical and research MRI systems are in the range of 0.064
to 8.0 Tesla (44) that is comparable to or even higher than the strengths of said internal magnetic
fields. So, additional explanations are called for. Indeed, the net magnetization of electron spins
even by magnetic field of several Tesla very small at room temperature (8) that shows that even
strong static magnetic fields only have small effects on the thermal dynamics of the neural spin
networks. Third, to the extent that said electron spin networks are disturbed by external magnetic
fields, it is argued that most of these disturbances do not represent meaningful information to the
brain and, further, the brain likely have developed other mechanisms through evolution to
counter the effects of external magnetic fields. In the cases where external magnetic disturbances
were reported to have observable effects on cognition, the above suggestion provides a basis for
interpreting these effects as said disturbances contain meaningful information to the brain.
Although quantum coherence is not required for the neural electron spin networks to serve as the
subatomic components for the conventional neural network according to the above suggestion, it
may exist within some parts of said electron spin networks as recent studies in other fields
suggest. For example, long-lived (~ .05 ms) entanglement of two macroscopic electron spin
ensembles in room temperature has also been achieved (45).
IV. ELECTRON SPIN MEDIATED CONSCIOUSNESS
With above discussions in mind, we present the following Postulates: (a) Consciousness is
intrinsically connected to quantum spin; (b) The mind-pixels of the brain are comprised of the
unpaired electron spins distributed in the neural membranes and proteins, the pixel-activating
agents are comprised of the unbound O2 and NO, and the neural memories are comprised of all
possible entangled quantum states of the mind-pixels; (c) Action potential modulations of
electron spin-spin interactions input information to the mind pixels and spin chemistry is the
output circuit to classical neural activities; and (d) Consciousness emerges from the collapses of
those entangled quantum states which are able to survive decoherence, said collapses are
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contextual, irreversible and non-computable and the unity of consciousness is achieved through
quantum entanglement of the mind-pixels.
In Postulate (a), the relationship between quantum spin and consciousness are defined based on
the fact that spin is the origin of quantum effects in both Bohm and Hestenes quantum formulism
(12-15) and a fundamental quantum process associated with the structure of space-time (9-11).
Combining this fundamental idea with those stated in Postulates (b), (c) and (d) allows us to
build a qualitatively detailed working model of quantum consciousness based on unpaired
electron spins as discussed below. In Postulate (b), we specify that the unpaired electron spins in
both neural membranes and neural proteins serve as the mind-pixels and propose that unbound
O2 and NO are the mind-pixel activating agents. We also propose that neural memories are
comprised of all possible entangled quantum states of the mind-pixels. This concept of memory
is an extension to the associative memory in neuroscience as will be discussed later. In Postulate
(c), we propose the input and output circuits for the mind-pixels. As shown earlier, the strength
and anisotropies of electron spin interactions through exchange and dipolar couplings and,
indeed, the g-factors and spin-orbital couplings of electron spins are modulated by action
potentials. Thus, the neural spike trains can directly input information into the mind-pixels.
Further, spin chemistry can serve as the bridge to the classical neural activity since biochemical
reactions mediated by free radicals are very sensitive to small changes of magnetic energies as
mentioned earlier and further discussed later (46-48). In Postulate (d), we propose how conscious
experience emerges. Since there are several interpretations of the measurement problem in
quantum mechanics, we choose to accept the collapsing view (23,29). Thus, we adopt a quantum
state collapsing scheme from which conscious experience emerges as a set of collapses of the
decoherence-resistant entangled quantum states. We further theorize that the unity of
consciousness is achieved through quantum entanglements of these mind-pixels (27).
Figure 2 is a highly schematic drawing of the overall picture of a spin-mediated consciousness
model. At the top of Figure 2, a two-neuron network is shown. The connections are selfexplanatory. The neural activities of the postsynaptic membrane are immediately shown below
the neurons in Figure 2. These activities include biochemical reactions immediately following
the release of neurotransmitters into the synaptic cleft, the ensuing collective activities of
multiple ion channels and the action potentials and their propagations thereof, and other
enzymatic activities. The present model is mainly concerned with the dynamics of the unpaired
electron spin networks in neural membranes and proteins under modulations by action potentials
and activations by rapidly tumbling and diffusing O2 and neural transmitter NO, and the
connections of such dynamics to conscious experience. The input and output interface of said
spin networks are schematically shown in the middle of Figure 2. On the bottom of Figure 2,
what the conscious brain perceives is schematically shown. The neural substrates and mechanism
of the spin-mediated consciousness are described below.
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Figure 2. Illustration of electron spin mediated consciousness theory. The drawing is
self-explanatory except the part dealing with conscious experience See text for
detailed explanations.

The mechanism of electron spin mediated consciousness is concisely stated here and the related
issues such as decoherence effect are discussed later. Through action potential modulated
electron spin-spin interactions and fluctuating internal magnetic field driven activations, the
neural electron spin networks inside neural membranes and proteins form various entangled
quantum states some of which survive decoherence through quantum Zeno effects or in
decoherence-free subspaces and then collapse contextually via irreversible and non-computable
means producing consciousness and, in turn, the collective spin dynamics associated with said
collapses have effects through spin chemistry on classical neural activities thus influencing the
10

neural networks of the brain. It is also argued that the unpaired electron spins inside a network of
large molecules may be able to form long-lived macroscopic quantum coherence through
tunneling since they are insulated to certain extent from the noisy brain environment. Thus,
according to this alternative approach, the unpaired electron spin networks are the “ mindscreen,” the neural membranes and proteins are the mind-screen and memory matrices, and
unbound paramagnetic small molecules such as O2 and NO are pixel-activating agents. Together,
they form the neural substrates of consciousness.
This mechanism is illustrated at the bottom of Figure 2. The geometry inside the spinning circle
represents conscious experience and is part of a Penrose tiling (23). It symbolizes that
consciousness emerges from the non-computable collapses of entangled quantum states of the
mind-pixels under the influence of spacetime dynamics schematically shown as the spinning
circle. The edges in the Penrose tiling represent the unpaired electron spins in neural membranes
and proteins as mind-pixels, the nodes represent interactions between these electron spins
through exchange and dipolar couplings and the colors represent activations of mind-pixels by
the fluctuating internal magnetic fields largely generated by diffusive O2. The whole tiling
pattern in Figure 2 represents conscious experience and the underlying spacetime geometry. This
pattern successively evolves under repeated activations representing successive collapses of the
entangled quantum states of the mind-pixels that have survived decoherence as a stream of
conscious experience.
We adopt Penrose’ s long-standing view that human thought may involve non-computable
processes, as Gödel'
s theorem of incompleteness would suggest (23,29). According to Gödel,
any consistent system of axioms beyond a certain basic level of complexity yields statements that
cannot be proved or disproved with said axioms. Yet human can decide whether those statements
are true, thus human thought cannot be reduced to a set of rules or computations (23,29). So
where can one find non-computable process in physics? Obviously it cannot be found in classical
physics because classical physics is deterministic so, in principle, can be simulated by a
computer (23,29). Thus, Penrose reasoned that some kind of non-computable quantum process
must be involved in consciousness and further suggested gravity-induced reduction (“ R” )
process of quantum state superposition to be the candidate (23,29). One may recall that,
according to Einstein’ s theory of general relativity, gravity is space-time geometry and, further,
as we have discussed before quantum spin is associated with the structure of space-time.
Therefore, the quantum state of spin must be connected to the underlying space-time geometry.
However, we still have the task of working out the details in future research. This will be
especially difficult because at the present we do not have a satisfactory theory of quantum
gravity.
The decoherence effect which causes a quantum system to lose quantum coherence through
interactions with its environment is a major concern for any quantum theory of the brain and is
hotly debated (49-50). Because the high mobility of the electrons and strong interactions of
electron spins with their environments, electron spins have very short relaxation time after
excitations (8). This property of electron spins seems to be a major problem for them to serve as
the mind-pixels. These electron spins can form various intra/inter-molecularly entangled
quantum states under different external activations through exchange coupling and dipolar
couplings (8). The diffusing O2 and NO can strongly interact with the unpaired electron spins
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bound/absorbed to large molecules through their large magnetic dipoles and collision-induced
exchange couplings (8) thus activating the neural electron spin networks. Paradoxally, the
interactions of the neural electron spin networks with their noisy brain environments may
enhance quantum coherence through quantum Zeno effect which prevents a quantum system to
evolve/decohere through repeated collisions with their environments (27). Further, studies show
that decoherence-free subspaces can exist within the Hilbert space of a complex quantum system
(51). Indeed, Julsgaard et al have first theoretically predicted and then experimentally
demonstrated at room temperature a long-lived entanglement of two macroscopic spin ensembles
formed by two caesium gas samples each of which contains about 1012 atoms (45). The
entangled spin-state can be maintained for 0.5 milliseconds and was generated via interactions of
the samples with a pulse of light (45). The state they demonstrated is not a maximally entangled
“ Schrödinger cat” state but a state similar to a two-mode squeezed state; thus, it is an example of
a non-maximally entangled state (45). In addition, Kun et al have theoretically predicted a
“ Schrödinger cat” state to be found in highly-excited and strongly-interacting many-body system
(52). These results apparently contradict the claim that there is no large-scale quantum coherence
in the noisy brain (49).
If there is no large-scale quantum coherence in the noisy brain because of decoherence (49), how
can consciousness still emerge from the statistically mixed quantum states of the electron spin
networks in neural membranes and proteins? There are indeed at least two ways out. The first is
to adopt an emergence theory (31) and the second is to take a dualistic approach (26,33). Here,
we will focus our discussion on the dualistic approach. In such approach we could propose that
mind has its own independent existence and reside in a pre-spacetime domain. Then, the question
becomes how would mind process and harness the information from the brain so that it could
have conscious experience? We could theorize that conscious experience emerges from those
quantum states of the mind-pixels in the statistical mixtures that have grabbed the attention of the
mind through quantum Zeno effect (27) or some non-local means in pre-spacetime. Indeed, the
many-mind interpretation of quantum theory as proposed by Donald seems to support this type
of formulation (25). Thus, in this scenario, mind does not depend on large quantum coherence to
work.
We have suggested that action potential modulations of electron spin interactions could input
information to the mind pixels and spin chemistry could be the output circuit to classical neural
activities. With respect to the input circuit, we have shown that the strength and anisotropies of
electron spin interactions through exchange and dipolar couplings are modulated by action
potentials. Thus, the neural spike trains could directly input information into the mind-pixels
made of unpaired electrons spins in neural membranes and proteins. Secondly, the weak
magnetic field produced collectively by all neural activities may also directly serve as the input.
However, the magnitude of said magnetic field is only in the order of 10-12 Tesla (53). In
comparison, diffusing O2 and NO can produce a fluctuating local magnetic field as high as a few
Tesla as discussed earlier. Thus, the effect of said weak magnetic field on the dynamics of mindpixels is probably small unless non-linear processes such as stochastic resonance are involved.
Further, we have already pointed out earlier that spin chemistry can serve as the output circuit to
classical neural activities because biochemical reactions mediated by free radicals are very
sensitive to small changes of magnetic energies as discussed previously. Indeed, many
biochemical reactions mediated by radical pairs and biradicals, such as those dual path radical
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reactions driven/initiated by NO and active oxygen species, have been found to be influenced by
the magnetic field in their local environment (46-48). Thus, the functional output of the mindpixels, being the varying local magnetic field generated by the dynamics of the electron spin
networks, could directly affect classical neural activities. Further, there may be other
mechanisms through which the mind-pixels could influence the classical neural activities of the
brain.

Figure 3. Illustration of neural memory. a shows a neural membrane containing only
the same phospholipids. b shows the neural membrane after cholesterols are added. c
shows the chemical structure and atomic model of a stearic acid molecule and d
shows the chemical structure and atomic model of oleic acid molecule.

We have proposed that neural memories are comprised of all possible entangled quantum states
of the unpaired electron spins inside neural membranes and proteins. This proposal calls for
extension of the existing associative memory concept in neuroscience to include all possible
conformations of neural membranes and proteins in a single neuron (1). A few illustrations are
given here. Figure 3 (a) schematically shows a patch of neural membrane containing only the
same phospholipids. Such a membrane is much like a blank tape. Figure 3 (b) shows the same
neural membrane after cholesterols are added. The changes in membrane configuration are quite
noticeable (54-55). These changes can represent memory or information. Figure 3 (c) shows the
chemical structure and atomic model of a stearic acid molecule - a saturated fatty acid. Figure 3
(d) shows the chemical structure and atomic model of oleic acid molecule – an unsaturated fatty
acid. The only difference between the two fatty acids is that the latter contains a double bond in
the middle that causes its kink formation when the double bond is the cis form. When the double
bond is in the trans form, the chain is doubly bent so there is no kink. Certainly insert either one
of the fatty acids into the membrane shown in Figure 3 (b) would further increase its complexity
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thus information content. Furthermore, insertions of proteins to neural membranes also
significantly change their conformation and dynamics surrounding the inserted proteins (56).
Thus, inserting different proteins to neural membranes both in numbers and types can
significantly increase the information content of the neural membranes.
As mentioned earlier in this paper, the mechanism of anesthetic action is closely related to the
inner workings of consciousness (20). We describe here said mechanism in accordance with our
spin-mediated consciousness theory. Figure 4 (a) schematically shows the normal diffusion of
O2 and NO without anesthetics dissolved into the neural membranes and proteins. As these
molecules rapidly diffuse through the membranes, they collide with the neural membrane
components and generate strong and fluctuating internal magnetic fields thus activating the
electron spin networks inside these membranes and proteins. Figure 4 (b) schematically shows
anesthetic perturbations of O2 and NO pathways and neural membranes themselves by anesthetic
molecules and the resulting distortion and/or obstruction of these pathways. Such perturbations
render O2 and NO not able to perform their normal activation functions thus resulting in
unconsciousness.

Figure 4. Illustration of anesthetic action. a shows the normal diffusion of O2 without
anesthetics dissolved into neural membranes. b shows anesthetic perturbations of O2
pathways and neural membranes themselves.

V. PREDICTIONS AND SUPPORTING EVIDENCE
Several experimentally verifiable predictions can be drawn from our alternative model in which
unpaired electron spins play the roles of mind-pixels: (a) Significant eliminations of unpaired
electrons in neural membranes and proteins will affect or disrupt consciousness; (b) Significant
external disturbances to the dynamics of the electron spin networks in neural membranes and
proteins will interfere with normal conscious functions; (c) Significant drug-induced
disturbances to the structure and dynamics of the neural membranes and protein themselves will
affect or disrupt consciousness; (d) Significant drug-induced disturbances to the O2 pathways
inside the neural membranes will diminish or block consciousness; and (e) Significant lack of O2
14

in neural membranes will directly affect or disrupt consciousness even if everything else in the
brain functions normally. Of course, other predictions and inferences can also be drawn from the
present theory. But we will focus our discussions on the above listed a few to see whether there
are any experimental evidence supporting these predictions.
With respect to prediction (a), new experiments need to be designed and conducted. On
prediction (b), there are quite a few published studies based on transcranial magnetic stimulation
(“ TMS” ) that could be partially explained based on our alternative model (57,58), although
common wisdom is that TMS induces electrical currents in the brain, causing depolarization of
cellular membranes and thereby neural activation (57). It has been found that depending on the
locations of stimulation TMS affects the test subject’ s verbal ability, visualization and other
conscious functions (58). According to our alternative approach, TMS could directly affect the
dynamics of electron spin networks in neural membranes and proteins which in turn result in
altered, diminished and/or disrupted conscious functions of the brain. With respect to predictions
(c) and (d), many general anesthetics have been found to disturb the structures and dynamics of
neural membranes (20-22). Thus, the mechanism of their action could be interpreted, according
our electron spin basewd model, as caused by their direct effects on O2 pathways and electron
spin networks inside the neural membranes and proteins. One of our papers contains a detailed
treatment on anesthetic perturbations of oxygen pathways and membranes themselves (20). Here
we will focus on one particularly small anesthetic agent, the nitrous oxide (N2O), also known as
the laughing gas. Indeed, the size of N2O is similar to that of O2 but it does not contain unpaired
electrons and is not reactive. It has low polarity that makes it soluble in both water and lipid.
Thus, it can be carried to the brain through blood stream and accumulate in the neural
membranes. Inhalation of N2O will cause disorientation, euphoria, numbness and ultimately loss
of consciousness if the inhalation dosage is high. The cellular mechanism of these actions by
N2O is so far unknown but seems confined to postsynaptic targets (59). On the other hand, its
closely related “ cousin” NO contains one unpaired electron and has been discovered as the first
small and highly diffusive neural transmitter produced in the brain through enzymatic reactions
(60). According to our theory, there indeed exist a natural and straightforward explanation. By
dissolving into neural membranes in an inhalation-dose-dependent fashion, N2O gradually
displace O2 in the neural membranes thus diminish or disrupt the activating function of O2. With
respect to prediction (e), it is probably very hard to deprive brain O2 and yet at the same time
require its neurons to keep their metabolic functions normal since O2 is an essential component
of brain energy production. However, according to our theory in the case of temporary-hypoxiainduced unconsciousness such as that due to sudden loss of air pressure on an airplane, the
actually cause may not be the depletion of brain energy resources because of the lack of O2 but
the direct loss of O2 as the activating agents.
Finally, we briefly turn our attention to the associative memory model proposed herein. There
are tens of thousands of research papers on the subject of synaptic plasticity/modification (61).
The commonly accepted assumption in neuroscience is that synaptic efficacy is both necessary
and sufficient to account for learning and memory (62). Our associative memory model does not
conflict with the synaptic efficacy view but extend it to the sub-neural and microscopic domain.
Studies show that neural activities modify not only the synaptic efficacy but also the intrinsic
properties of the neuron (62).
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VI. DISCUSSIONS AND CONCLUSIONS
In this paper, we have explored the possibility of unpaired electron spins being the mind-pixels
instead of nuclear spins as proposed in our primary model (4-7). Our working philosophy has
been that consciousness is grounded at the bottom of physical reality and emerges from the
collective dynamics of known physical candidates inside the brain. We strongly believe that
quantum spins are such candidates because they are one of the most fundamental entities in
modern physics and, on the other hand, neural membranes and proteins not only are saturated
with spin-carrying nuclei but also contains various unpaired electron spins. The main sources of
unpaired electron spins in neural membranes and proteins, besides free O2 and NO, are transition
metal ions and O2 and NO bound/absorbed to large molecules, free radicals produced through
biochemical reactions and excited triplet states induced by fluctuating internal magnetic fields.
We have made important predictions based on this alternative model and presented some
experimental evidence in support of the same.
However, our electron spin based model as it stands now is highly speculative. In contrast to
nuclear spins that have after excitation relaxation times comparable to the dynamic time scales of
relevant neural activities (milliseconds or longer), electrons in excited spin states relax back to
thermal equilibrium in microseconds or shorter in room temperature. Thus, the effect of
decoherence is a major concern in this model. It is suggested that the interactions of the neural
electron spin networks with the noisy brain environments may enhance quantum coherence
through paradoxal quantum Zeno effect and decoherence-free subspaces may exist within the
Hilbert space of the complex electron spin networks in the brain. Further, it is plausible that the
unpaired electronic spins caged inside a network of large molecules could form long-lived
macroscopic quantum coherence through tunneling since they are insulated to certain extent from
the noisy brain environment.
In conclusion, we have represented an alternative model of consciousness in which unpaired
electron spins play the central role as mind-pixels and the unity of mind is achieved by
entanglement of these mind-pixels. To justify such a choice, we have shown that spin is the
origin of quantum effects in both Bohm and Hestenes quantum formulism and a fundamental
quantum process associated with the structure of space-time. Applying these ideas to the
particular structures and dynamics of the brain, we have speculated on how consciousness might
emerge from the collapse of the decoherence-resistant entangled electron spin states via
contextual, non-computable and irreversible processes. We have suggested that these entangled
electron spin states could be formed through action potential modulated exchange and dipolar
interactions plus O2 and NO driven activations and survive rapid decoherence through quantum
Zeno effects or in decoherence-free subspaces. We have further suggested that the collective
electron spin dynamics associated with said collapses could have effects through spin chemistry
on classical neural activities thus influencing the neural networks of the brain. Our proposals
imply the extension of associative encoding of neural memories to the dynamical structures of
neural membranes and proteins. Therefore, according our electron spin based model the neural
substrates of consciousness are comprised of the following: (a) electron spin networks embedded
in neural membranes and proteins which serve as the “ mind-screen” with unpaired electron spins
as the pixels, (b) the neural membranes and proteins themselves which serve as the matrices for
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the mind-screen and neural memories; and (c) free O2 and NO which serve as the pixelactivating agents.
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