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Abstract The quantum mechanical self-assembly of two separate photoactive supramolecular
systems with different photosynthetic centers was investigated by means of density functional
theory methods. Quantum entangled energy transitions from one subsystem to the other and the
assembly of logically controlled artificial minimal protocells were modeled. The systems
studied were based on different photoactive sensitizer molecules covalently bonded to a non-
canonical oxo-guanine::cytosine supramolecule with the precursor of a fatty acid (pFA) molecule
attached via Van der Waals forces, all surrounded by water molecules. The electron correlation
interactions responsible for the weak hydrogen and Van der Waals chemical bonds increased due
to the addition of polar water solvent molecules. The distances between the separated sensitizer,
nucleotide, pFA, and water molecules are comparable to Van der Waals and hydrogen
bonding radii. As a result, the overall system becomes compressed, resulting in photo-excited
electron tunneling from the sensitizer (bis(4-diphenylamine-2-phenyl)-squarine or 1,4-bis(N,N-
dimethylamino)naphthalene) to the pFAmolecules. Absorption spectra aswell as electron transfer
trajectories associated with the different excited states were calculated using time dependent
density functional theory methods. The results allow separation of the quantum entangled
photosynthetic transitions within the same minimal protocell and with the neighboring minimal
protocell. The transferred electron is used to cleave a “waste” organic molecule resulting in the
formation of the desired product. A two variable, quantum entangled AND logic gate was
proposed, consisting of two input photoactive sensitizer molecules and one output
(pFA molecule). It is proposed that a similar process might be applied for the
destruction of tumor cancer cells or to yield building blocks in artificial cells.
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Introduction

Previous work on the synthesis and modeling of active components of artificial protocells
has been conducted at the Los Alamos National Laboratory (LANL) in the USA (Rasmussen
et al. 2003, 2008; DeClue et al. 2009; Maurer et al. 2009; Cape et al. 2011; Edson et al. 2011;
Maurer et al. 2011). These studies are now continuing at the Center for Fundamental Living
Technology (FLinT) and at the University of Southern Denmark (SDU).

Other LANL project used organic neutral radical molecules for quantum information
processing (Tamulis et al. 2003a, b, 2004, 2007, 2008a, b; Tamuliene et al. 2004; Rinkevicius
et al. 2006; Tamulis and Tamulis 2008).

The goals of the work covered in this paper are:

i) to design the structural and optical properties of a photosynthetic artificial minimal cell
and two different minimal protocells using time dependent density functional theory
(TDDFT) (Marques et al. 2006) based on reasonable agreement with existing experiments
at LANL;

ii) based on that work, to design molecular quantum entangled logical gates for controlling
photosynthesis in artificial minimal cells and minimal protocells and to predict the
structural and optical properties of these complex systems as the basis for future
synthesis and spectroscopic measurements.

Outlines of this research description:

1. The definition of a minimal cell and a minimal protocell will be formulated in section
#3. We define:
a) a minimal cell as a self-assembled supramolecular system composed of a sensitizer

molecule, a number of fatty acid molecules (FA), a precursor of the fatty acid
molecules (pFA), and number of water molecules;

b) a minimal protocell as the self-assembled supramolecular photoactive center, com-
posed of a sensitizer molecule, and pFA and a number of water molecules.

2. The phenomenon of quantum entanglement in a system composed of two minimal
protocells will be described in section #4.

The solution of basic questions of emergence and evolution of the first living cells or
protocells is tightly connected with the rapidly developing field of artificial living technol-
ogies in several laboratories around the world. The possibility of synthesizing artificial self-
reproducing cells also impacts the possibility of the emergence of living protocells on the
Earth or elsewhere.

In their originally conceived form, LANL’s artificial cells were to consist of a micelle
acting as the container, a light driven metabolism, and a genetic system, whose functions
were all very tightly coupled (Rasmussen et al. 2003, 2008; DeClue et al. 2009; Maurer et al.
2009, 2011; Cape et al. 2011; Edson et al. 2011). The proposed container was to consist of
amphiphilic fatty acid (FA) molecules that self-assembled into a micelle. The hydrophobic
interior of the micelle was to provide an alternative thermodynamic environment from the
aqueous or methanol exterior and acts as a sticking point for the photosensitizer, pFA (food),
and the genetic material. Peptide nucleic acid (PNA) was initially chosen as the genetic
material as it is far less polar than RNA or DNA. The different nucleotide molecules have
different electron donor and electron relay capabilities, and as such, there is also a mecha-
nism for natural selection, with some nucleotides and their orderings being superior to others
in their ability to facilitate the metabolism (Rasmussen et al. 2003, 2008; DeClue et al.
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2009). Practical current experimental considerations resulted in changes from the original
design. Decanoic acid based self-assembling bilayer vesicles were used as the containers,
and DNA as the genetic material (DeClue et al. 2009).

The active components of the systems synthesized at LANL and in the FLinT at the SDU
contain on the order of 103 atoms. Due to this small size, all the active processes, including
the self-assembly from component molecules, the absorption of light, and the metabolism
should in principle be investigated using quantum (wave) theory (Tamulis et al. 2006, 2008,
2012; Tamulis and Tamulis 2007a, b, 2008; Tamulis 2008a, b, c, 2011; Tamulis and
Grigalavicius 2010a, b, 2011).

The entire artificial cell might be considered to be a molecular electronics device that self-
assembles according to quantum-based electron interaction potentials and that absorbs light
and carries on its metabolism according to quantum electron excitation and tunneling
equations. Therefore, in this picture, the photo–induced electron charge transfer in the
artificial cell may be viewed as a quantum particle-wave trace.

The calculated electron charge tunneling energy of 2.753 eV (450.3 nm) associated
with the eighth excited state of LANL synthesized minimal artificial living cells was
investigated by Tamulis et al. (2008) and corresponds to the experimental value of
450.0 nm of the most intense absorption line (Rasmussen et al. 2008). This agreement
implies that the quantum mechanically simulated self-assembled structures of such
“minimal living cells” very closely approximate the realistic ones. This article uses a
collection of quantum mechanical electron correlation tools and applies them to a
variety of minimal protocell photosynthetic problems, while also providing a perspec-
tive for the synthesis of new forms of living organisms.

Several nonconventional systems which were designed by our research group are pre-
sented in this article. Examples of this research include the use of molecular electronics logic
gates to regulate photosynthesis-like energy transduction systems, as well as to control
growth and division of artificial living cells (Tamulis et al. 2003a, b, 2004, 2007; Tamuliene
et al. 2004; Rinkevicius et al. 2006; Tamulis and Tamulis 2008; Tamulis 2008a, b).

Longer term goals in the use of quantum mechanical simulations might be to predict the
possibility of biochemical experimental synthesis of molecular electronics and spintronics
logic elements for information systems based on artificial living organisms, or for the control
of nanobiorobots applied in areas such as nanomedicine and cleaning of nuclear, chemical,
and microbial pollution.

Procedure/Methodology

Biological molecules, supermolecules, and supramolecules (in particular cases micelles or
minimal protocells) are quantum systems composed of quantum particles: nuclei (with
charges Zi) and surrounding electrons possessing elementary charge. Due to the interactive
couplings, the electromagnetic interaction of two particles has consequences on the inter-
actions of all the other quantum particles; therefore we are dealing with a complex, quantum,
many-body system. The exact many-particle Hamiltonian (Jensen 1999) for such systems is:
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where Mi, and Zi are the masses and charges of the nuclei, the electrons possess the
elementary mass me and elementary charge e, and R

!
i and r!i are radius vectors of nuclei

and electrons.
The first term of equation 1.1 is the kinetic energy operator for the nuclei, while the

second is the same, but for the j electrons associated with each nucleus i located at the
distance R

!
i , and the electrons possess the elementary mass me which are at the the

electron’s absolute individual locations being s r!i .the electron’s absolute individual
locations being r!i;j .

The last three terms in equation 1.1 respectively describe the Coulomb interaction
between all the electrons and all the nuclei, between every electron and all the other
electrons, and between all the nuclei. The force between two separated electric charges is
given by Coulomb’s law:

FC ¼ 1

4p"0

q1q2
r2

;

where q1 and q2 are the charges, and r is the distance between them. Likewise, ε0 appears in
Maxwell's equations, which describe the properties of electric and magnetic fields and
electromagnetic radiation, and relate them to their sources.

The value of ε0 is defined by the formula:

"0 ¼ 1

μ0c
2
0

¼ 8; 54187817 . . .� 10�12 A � s V �mð Þ ¼ 8; 854187817 . . .� 10�12F m=
�

;

Where C0 is the speed of light in vacuum and μ0 is the magnetic constant or vacuum
permeability.

Unfortunately the Schrödinger equation of quantum mechanics is not mathematically
available for exact solution. In order to find acceptable approximate eigenstates, we will
need to make approximations to at least two different levels (Jensen 1999).

Level 1: The Born-Oppenheimer Approximation

The nuclei are much heavier and therefore move much slower than the electrons. We can
hence ‘freeze’ them at fixed positions and assume the electrons to be in instantaneous
equilibrium with them. In other words: only the electrons are kept as players in our quantum
many body problem. The nuclei are deprived from this status, and reduced to a given source
of positive charge, they become ‘external’ to the electron cloud. The nuclei do not move any
more, their kinetic energy is zero and the first term on the Hamiltonian 1 disappears. The last
term reduces to a constant. We are left with the kinetic energy of the electron gas, the
potential energy due to electron-electron interactions and the potential energy of the elec-
trons in the (now external) potential of the nuclei. We write this formally as:

bH ¼ bT þ bV þ bVext ð2Þ

The kinetic and electron-electron terms of 2 depend only on the fact that we are dealing
with a quantum many-electron system (Jensen 1999). This part is universal. The system-
specific information (which nuclei, and on which positions) is given entirely by bVext .
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Level 2: Density Functional Theory

Using the above approximation, quantum mechanical electron correlation interaction density
functional theory (DFT) methods (i. e. high precision quantum mechanical simulations) were
used to investigate various self-assembled photoactive bioorganic systems of artificial minimal
living cells (Tamulis et al. 2006; Tamulis and Tamulis 2007a, b, 2008; Tamulis 2008a, b, c,
2011; Tamulis et al. 2008, 2012; Tamulis and Grigalavicius 2010a, b, 2011). The cell systems
studied in these articles are based on peptide nucleic acid (PNA) and consist of up to 400 atoms
(not including the associated water solvent shells) and are about 4.5 nm in diameter.

The quantum simulations of single bioorganic molecules possessing closed electronic shells
start from an arbitrary geometry (Cartesian coordinates of the nuclei). Using quantum mechan-
ical semi-empirical and DFT approaches in the GAMESS-US (Schmidt et al. 1993), TURBO-
MOLE (2009) or Gaussian09 Revision A.1 (Frisch et al. 2009) program packages, we obtain
the lowest molecular energy which parametrically depends on the coordinates of the nuclei.
These coordinates are adjusted using the standard geometry optimization procedure (Dreizler
and Gross 1990) to minimize the energy with respect to the nuclear positions. Special care is
required to verify that the obtained optimal molecular structure is a global minimum in the
phase space of the nuclear (3n-6, n being the number of atoms) degrees of freedom.

In order to obtain accurate results in investigating supermolecules, two factors need to be
accounted for: i) the quality of the density functional and ii) the quality of the molecular
orbitals (extent of the phase space of the single-electron states).

For geometry optimization of the self-assembly of bioorganic supramolecules in which
the separate molecules are associated by hydrogen bonds or Van der Waals forces, the RI-BP
(Becke 1993) method was used. RI stands for ‘Resolution of the identity’ and contributes to
the approximation of the above mentioned Coulomb part (Eichkorn et al. 1995). In addition,
the B97d (Grimme 2006) method with Grimme long range dispersion electron corrections
were used. Both of these methods include some electron correlation effects at larger
distances that provide relatively good descriptions of the Van der Waals forces and hydrogen
bonds. Despite the fact that in use of GGA functionals reasonable optimization results were
obtained, to ensure accurate molecular orbital population in large scale systems during
calculations of vertical excitations, hybrid PBE0 functional in the TD-DFT kernel was
chosen. It is known that TD-DFT tends to underestimate charge transfer excitation energies
when non-hybrid GGA functionals are used (Treutler and Ahlrichs 1995). Thus, excitations
of the two minimal protocell systems were calculated using the PBE0 hybrid functional
which has the form const1(S + PBE(X)) + const2·HF + PW + PBE(C) (const1 and const2
can be adjusted), where S refers to the determination of Slater-Dirac exchange energy
functional, PBE(X) and PBE(C) are the Perdew-Burke-Ernzerhof exchange and
correlation energy functionals, HF denotes the Hartree-Fock exchange and PW is
the Perdew-Wang correlation functional (Adamo and Barone 1999). RI-BP and B97d
methods were used together with the def-SV(P) (split valence plus polarization)
(Weigend and Ahlrichs 2005) and 6-31G(d) (Ditchfield et al. 1972) basis sets
respectively, whereas PBE0 was used together with the def-TZVP basis set (Weigend
and Ahlrichs 2005).

Definition of Minimal Cell and Minimal Protocell

Geometry optimization using quantum mechanical methods was performed for two supra-
molecular systems possessing different sensitizers and other molecular components.
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The first system (1) consisted of a 1,4-bis(N,N-dimethylamino)naphthalene) molecule,
[i.e., (CH3)2-N-C10H6-N-(CH3)2], 12 octanoic fatty acid molecules (FA), a precursor of the
fatty acid molecule (pFA) and 28 water molecules. The system studied consists of 471 atoms
and is about 4.2 nm in diameter. We designated this photoactive system a minimal cell. The
geometry optimization was done with the Turbomole program package using RI-BP/def-SV
(P) method with Grimme dispersion correction. The final shape of (1) after the geometry
optimization process is given in Fig. 1.

The electron correlation interactions are the source of the weak hydrogen and Van der
Waals chemical bonds that are critical to the optimization behavior of this and similar
systems. Polar solvent molecules, such as water, increase the strength of these bonds and
play a central role in the self-assembly and functioning of the systems studied. The distances
within the optimized system between the separated sensitizer, precursor of the fatty acid and
water molecules are comparable to Van der Waals and hydrogen bonding radii. The water
molecules that surround the entire photosynthetic complex shown in Fig. 1 were found to
stabilize the system and tended to reduce most of the interatomic distances. In addition, some
water molecules self-assembled into nano crystal structures while others attached to the polar
ends of the FA molecules via hydrogen bonds.

As a result, these nonlinear quantum interactions compressed the overall molecular
system resulting in a smaller gap between the HOMO and LUMO electron energy levels
which allows enhanced tunneling of photoexcited electrons from the sensitizer (1,4-bis(N,N-

Fig. 1 Image of the final shape of the minimal cell (1) after geometry optimization using the RI-BP/def-SV(P)
method with the Grimme dispersion correction. The system consists of a 1,4-bis(N,N-dimethylamino)
naphthalene) sensitizer molecule (center), a pFA molecule (extending from the left to the center of the image),
surrounded by 12 octanoic FA molecules and 28 water molecules. Dashed lines show the hydrogen bonds.
Carbon atoms and their associated covalent bonds are shown as green spheres and sticks, nitrogens – blue,
hydrogens - gray, oxygens – red
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dimethylamino)naphthalene) to the pFA molecule resulting in its cleavage. The new fatty
acid joins the existing minimal cell thus increasing it in size. After reaching some critical
size, the minimal cell should divide into two separate smaller minimal cells.

It can be seen in Fig. 1 that during geometry optimization the molecules of the system
shown self-organize into a regular structure due to the quantum electron correlations
interactions, i.e., due to the balance of weak electrostatic, hydrogen bonding and weak
dispersion Van der Waals forces:

1) the 1,4-bis(N,N-dimethylamino)naphthalene) sensitizer molecule is in the center;
2) the fatty acid molecules are oriented with their hydrophobic ends pointed towards the

1,4-bis(N,N-dimethylamino)naphthalene) sensitizer molecule;
3) the precursor of the fatty acid molecule is oriented with its hydrophilic end associated

with the 1,4-bis(N,N-dimethylamino)naphthalene) sensitizer molecule;
4) many of the water molecules self-organize into clusters of nano ice-like substructures.

Furthermore, all the interatomic distances between the sensitizer 1,4-bis(N,N-dimethylamino)
naphthalene) and the pFA molecule become reduced, i.e., the photosynthetic system becomes
more compressed due to the presence of the water molecules.

We define (1), a self-reproducing photoactive supramolecular system, as a minimal cell.
We can define this self-reproducing photoactive minimal cell as an example of Fatty Acid
World life, referring to the similar definitions of RNA or DNAWorld life see (Tamulis and
Grigalavicius 2010b, 2011).

The results of the quantum assembly of photosynthetic supramolecular system (2) were
obtained by using the GAMESS-US and ORCA program packages (Neese 2003, 2009)
together with the DFT quantum chemical PBELYP/3-21 method and were already pub-
lished, see papers (Tamulis and Grigalavicius 2010a, b, 2011). This photosynthetic supra-
molecular system consists of a bis(4-diphenylamine-2-phenyl)-squarine sensitizer with a
covalently attached 8-oxo-guanine::cytosine supramolecule, and a pFA molecule in an
environment of 50 water molecules. The final result of the geometry optimization of this
system is shown in Fig. 2.

As the geometry optimization process for system (2) shows, all of that system’s mole-
cules become interconnected by hydrogen bonds. Such bonds are well described by the

Fig. 2 Image of final structure of minimal protocell (2) containing a bis(4-diphenylamine-2-phenyl)-squarine
molecule with covalently attached 8-oxo-guanine::cytosine supramolecule (the bottom-right), a pFA molecule
(extending to the bottom-left) and 50 water molecules
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PBELYP/3-21 method used in this paper. Our DFT methods account for electron correlation
interactions and if we obtain a stable and hydrogen bond - connected supramolecular system
like (2), this means that system (2) really exists in nature.

We define this supramolecular photoactive center (2), composed of a sensitizer molecule,
pFA and a number of water molecules, as a minimal protocell.

We propose that life first emerged in the form of such minimal protocells containing only
sensitizer molecules (in this case bis(4-diphenylamine-2-phenyl)-squarine with a covalently
attached 8-oxo-guanine::cytosine supramolecule), a food molecule (in this case a pFA
molecule) and surrounding water molecules which organize hydrogen bonds to keep this
supramolecule system together. As proposed in our earlier papers (Tamulis and Grigalavi-
cius 2010b, 2011), later in the process of evolution these minimal protocells would have
produced fatty acids and covered themselves with fatty acid envelopes to become the
minimal cells of the Fatty Acid World.

The emergence of these minimal protocells and minimal cells might have happened 3.9-
3.8 billion years ago, as was suggested in Tamulis and Grigalavicius (2010b), which is also
in agreement with geochemical data (Mojzis et al. 1996).

The 2000 nodes supercomputer of The University of Iowa (U.S.A.) was used for quantum
mechanical investigations of the minimal cell (1) and of the system composed of two
minimal protocells (3). The quantum mechanical investigations of two types of sensitizer
molecules: 1,4-bis(N,N-dimethylamino)naphthalene – (CH3)2-N-C10H6-N-(CH3)2, and bis
(4-diphenylamine-2-phenyl)-squarine as well as minimal protocell (2) were performed on
the Linux servers cluster of Vilnius University Institute of Theoretical Physics and Astronomy
(Lithuania).

Quantum Entanglement of Photoinduced Electron Transfer in a System Composed
of Two Minimal Protocells

After the geometry optimization of the minimal fatty acid cell (1), the fatty acid molecules
were removed and 8-oxo-guanine::cytosine supramolecule was covalently attached to the
sensitizer 1,4-bis(N,N-dimethylamino)naphthalene molecule for a better functionality of the
photosynthetic center.

The 8-oxo-guanine::cytosine supramolecule supplies a replacement electron to the sen-
sitizer after the photoexcited electron has hopped from the sensitizer to the pFA molecule.
We define this newly designed supramolecular system as a minimal protocell (1PhC). The
second minimal protocell (2) is composed of a sensitizer bis(4-diphenylamine-2-phenyl)-
squarine molecule attached covalently to 8-oxo-guanine::cytosine supramolecule, and pFA
and water molecules, as was already mentioned in the section above.

The new photosynthetic system (3) composed of two subsystems [(1PHC) and (2)]
(see Fig. 3a and b) possesses 534 atoms. The initial distance between the (1PHC) and
(2) subsystems was chosen significantly larger than Van der Waals distances between
supramolecules (see Fig. 3a). The geometry optimization of system (3) was performed
by using the DFT method B97d and the 6-31G(d) basis set in the G09RevB.01
program package. The process of geometry optimization reduced the distance between
the (1PHC) and (2) subsystems (compare Fig. 3a and b) due to Van der Waals
interactions between these subsystems.

The DFT B97d method with 6-31G(d) basis set accounts for the electron correlation
interactions and therefore describes the process of self-forming of hydrogen bonds. One can
see in Fig. 3b many dashed lines which show hydrogen bonds. Molecular visualization
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program Molekel1 draws dashed lines between two atoms only if the distances correspond to
the experimental values of hydrogen bonds. We can state that the appearance of many
dashed lines in Fig. 3b means that the DFT B97d and other DFT methods which we use and

1 Molecular visualization program Molekel (2012), available at http://molekel.cscs.ch/wiki/pmwiki.php/
ReferenceGuide/Introduction

Fig. 3 a. Image of system (3) composed of two photosynthetic minimal protocells (1PhC) and (2) before
geometry optimization. Carbon atoms and their associated covalent bonds are shown as green sticks, hydro-
gens – light gray, nitrogens – blue, oxygens – red. Dashed lines show the hydrogen bonds. b. Image of system
(3) composed of two photosynthetic minimal protocells (1PhC) and (2) after geometry optimization. Geometry
optimization was performed by using DFT method B97d with 6-31G(d) basis set
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which account for electron correlation interactions, reasonably describe the process of self-
forming of hydrogen bonds.

Optimization time sequence exposes the self-assembly of fatty acid minimal cell
(1) and minimal protocell (2) and the system (3) composed of two photosynthetic
minimal protocells (1PhC) and (2) given in Fig. 3a. It can be clearly seen that due
to quantum electron correlation forces and hydrogen bonding interactions (dashed
lines) the water molecules are self-assembling into the nano crystals and attaching to
the bis(4-diphenylamine-2-phenyl)-squarine, 1,4-bis(N,N-dimethylamino)naphthalene,
8-oxo-guanine, cytosine and pFA molecules via compression within the complex
quantum system (3).

The algorithm of optimization of geometry in system (3) composed of two minimal
protocells allows breaking some hydrogen bonds in the case if the total energy of the
system is decreasing. Therefore in this quite complex process some hydrogen bonds

Table 1 Excitation transition energies of system (3) composed of two photosynthetic two minimal protocells
(1PhC) and (2) calculated by using Turbomole PBE0 using def-TZVP basis set. The weight of the individual
excitations are only given if larger than 0.1

Excited
State #

Individual transitions
HOMO-m → LUMO+n

Weight of
individual
transition

Energy
(eV)

Wavelength
(nm)

Oscillator strength
(arbitrary units)

4 HOMO-1 → LUMO+1 0.894 2.63 471.2 0.00312

HOMO → LUMO+1 0.101

5 HOMO → LUMO+2 0.989 2.65 468.7 0.02940

6 HOMO → LUMO+1 0.897 2.65 467.3 0.00028

HOMO-1 → LUMO+1 0.101

8 HOMO-2 → LUMO+1 0.998 3.00 413.5 0.00004

Fig. 4 The spectrum of system (3) composed of two photosynthetic minimal protocells (1PhC) and (2)
calculated by using TD-DFT PBE0 method: Gaussian PBE0 with basis set 6-31G(d) and Turbomole PBE0
using def-TZVP basis set after geometry optimization
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are breaking but more hydrogen bonds are being created and the entire system is
compressing and lowering the total energy.

The absorption spectrum of system (3) was calculated using the final results of the
atomic coordinates after the geometry optimization. The details of that spectrum are
given in Table 1 and Fig. 4. The spectrum was calculated using two different
programs and TD-DFT PBE0 method: Gaussian09 program package PBE0 with the
basis set 6-31G(d) and Turbomole program package PBE0 with the def-TZVP basis
set. Table 1 only lists the excitations which show the electron hopping from sensitizer
molecules to pFA molecules.

With squarine molecular derivatives as photosensitizers, the most intense spectral lines
usually are related with electron charge redistribution in the squarine molecules, due to the

Fig. 5 HOMO-1 and HOMO (in the left) and LUMO+1 (in the right) orbitals of 4th and 6th excited states.
Carbon atoms and their associated covalent bonds are shown as green sticks, hydrogens – light gray, nitrogens –
blue, oxygens – red. The light-blue partsmeans positive part of wave function and blue parts means negative part
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unconventional valence angles (close to 90°) in the center of these squarine derivatives but
in this article this phenomenon is not interesting.

The most interesting excitations are 4 and 6 despite the fact that they are not intense.
These excitations demonstrate quantum entanglement between two photosynthetic minimal
protocells (1PhC) and (2) in the system (3).

Analysis of the frontier orbitals HOMO-m and LUMO+n of system (3) in excited states 4
and 6 shows that quantum entanglement exists between the two photosynthetic centers
(1PhC) and (2) (see Fig. 5). The HOMO-1 orbital is located on the subsystem (1PhC),
while the HOMO orbital is located on (2) and LUMO+1 orbital is located on subsystem
(1PhC) with different weights (see Table 1). That means that electron transition energy (and
information) might be transferred at the same time (during excited states 4 and 6) from the
two different photosynthetic centers (1PhC) and (2) in the system (3) to the subsystem
(1PhC).

The elementary transition HOMO → LUMO+1 of the 4th excited state (with a small
weight of 0.101) through quantum entanglement has a small probability for an electron
transfer from the squarine molecule of (2) to the pFA molecule associated with the other
(1PhC) subsystem (see Fig. 5).

The difference of electron charge density (certain excited states – ground state) for
photosynthetic minimal protocells according to the TD DFT calculations and visualized in
Figs. 6 and 7, shows the electron charge tunneling associated with certain excited state
transitions. The electron cloud hole is indicated by the dark blue color while the transferred
electron cloud location is designated by the gray color.

Fig. 6 Visualization of the electron charge tunneling associated with the 4th (471.2 nm) excited state. The
transition is mainly from the 1,4-bis(N,N-dimethylamino)naphthalene (in the top-right) to the pFA of the
(1PhC) subsystem (in the top), with a much smaller probability of instead being from the squarine (in the
center) to the pFA molecule of the (1PhC) subsystem (in the top). The electron cloud hole is indicated by the
dark blue color while the transferred electron cloud location is designated by the gray color
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Visualization of the electron charge tunneling associated with the 4th (471.2 nm)
excited state is presented in the Fig. 6. The transition is mainly from the 1,4-bis(N,N-
dimethylamino)naphthalene (in the top-right) to the pFA of the (1PhC) subsystem,
with a much smaller probability of instead being from the squarine to the pFA
molecule of the (1PhC) subsystem.

Due to the elementary transition HOMO→ LUMO+1 with a small weight equal to 0.101
in the 4th excited state, one can see the small quantum entangled electron transition from
squarine molecule in subsystem (2) to the pFA molecule in subsystem (1PhC) (see Fig. 6).

These quantum entanglement calculations are performed at zero Kelvin and our final
structure (3) is partially a result of an arbitrary initial molecule arrangement selected at the
beginning of the optimization. This selection was based on our previous quantum mechan-
ical geometry optimizations of single molecules and subsystems (1PhC) and (2). No ab
initio molecular dynamics calculations to explore the conformational space were
performed, since the ultimate results we are interested in - electronic excitations and
charge density gradients associated with them - will be mostly determined by the
proximity of the molecules that are governed by the intermolecular long range
interactions, such as Coulomb and Van der Waals forces. Such interactions can be
adequately described by including dispersion correction terms into our optimization.
Furthermore, exploring many possible configurations of these molecules with the
explicit solvent molecules using quantum mechanical studies can’t be performed at
the present time on these large systems.

Fig. 7 Visualization of the electron charge tunneling associated with the 6th (467.3 nm) excited state. The
transition is mainly from squarine molecule (in the center) to pFA of the (1PhC) subsystem (in the top) and
little from the 1,4-bis(N,N-dimethylamino)naphthalene (in the top-right) to the same pFA molecule of the
(1PhC) subsystem (in the top)
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Analysis of frontier orbitals HOMO-m and LUMO+n of the system (3) in the excited
state 6 shows that there also exists an additional quantum entanglement between two
photosynthetic minimal protocells (1PhC) and (2) (see Fig. 5). The orbital HOMO is located
on the subsystem (2) while HOMO-1 is located on (1PhC) and LUMO+1 is located on the
subsystem (1PhC) with different weights (see Table 1). This means that electron transition
energy (and information) might be transferred at the same time (during excited state 6) from
the two different photosynthetic minimal protocells (1PhC) and (2) in the system (3) to the
minimal protocell (1PhC).

Due to the elementary transition HOMO→ LUMO+1 with large weight equal to 0.897 in
the 6th excited state one can see the large quantum entangled electron transition from
squarine molecule in (2) subsystem to pFA molecule in (1PhC) subsystem (see Fig. 7).

Despite that the oscillator strengths associated with the quantum entangled excitations in
4th and 6th states are relatively small, this phenomenon allows to operate with information
and energy transfer from one subsystem (1PhC) to another (2) and vice versa.

In summary, we can state that analysis using the time-dependent density functional theory
method of calculated absorption spectrum and images of electron transfer trajectories in the
different excited states, allowed to separate quantum entangled photosynthetic transitions
between the neighboring minimal protocells (see Figs. 6 and 7). The excited electron was
used to cleave a waste organic molecule resulting in the formation of the desired product.
This means that a quantum entangled phenomenon of energy and information transfer can
proceed between small (up to 10 nanometers) fatty acid minimal cells, such as the living
organisms which may have existed in the first stages of the emergence and evolution of life
(Tamulis and Grigalavicius 2010a,b, 2011).

Fig. 8 Visualization of the electron charge tunneling associated with the 5th (468.7 nm) excited state. The
transition is mainly from squarine molecule (in the center) to pFA (in the center-bottom) of the (2) subsystem
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The system (3) possesses two input photoactive sensitizer molecules in (1PhC) and in
(2), i. e. containing two different variable inputs and one output (pFA molecule in (1PhC)).
This logic function we define as two variable quantum entangled AND logic gate. In the
future, similar processes might be applied for the destruction of tumor cancer cells or to yield
building blocks in artificial cells.

The 5th and 8th transitions are associated with electron hopping from a sensitizer
molecule to the pFA molecule of the same subsystem (see Figs. 8 and 9).

These research results anticipate that molecular and cellular biology science can be
described with quantum physics. For example, a team of scientists at the National University
of Singapore suggests that it is quantum entanglement between the electron clouds of nucleic
acids in DNA that holds DNA together (Rieper et al. 2011). Rieper et al. modeled the
electron clouds of nucleic acids in DNA as a chain of coupled quantum harmonic oscillators
with dipole-dipole interaction between nearest neighbors resulting in a van der Waals type
bonding. These authors showed that, for realistic parameters, nearest neighbor entanglement
is present even at room temperature. These authors found that the strength of the single base
von Neumann entropy depends on the neighboring sites, thus questioning the notion of
treating single bases as logically independent units. Rieper et al. derived an analytical
expression for the binding energy of the coupled chain in terms of entanglement and show
the connection between entanglement and correlation energy, a quantity commonly used in
our quantum chemistry calculations (Tamulis et al. 2012).

Fig. 9 Visualization of the electron charge tunneling associated with the 8th (413.5 nm) excited state. The
transition is mainly from oxo-guanine molecule connected with oxo-guanine connected with 1,4-bis(N,N-
dimethylamino)naphthalene (in the top-right) to the pFA molecule in the same (1PhC) subsystem
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Conclusions

It is possible to make the following statements concerning our investigated model system
composed of two photosynthetic minimal protocells:

1) Two excited states (4th and 6th) of a photoactive supramolecular system are composed
of HOMO, HOMO-1 and LUMO+1 states located on two sensitizer molecules and on a
fatty acid precursor molecule. This coupling promotes electron hopping (tunneling)
from these sensitizer molecules to the pFA molecules in the excited states.

2) Analysis by our methods in the different excited states allows us to separate quantum-
entangled photosynthetic transitions between neighboring minimal protocell models.
This means that a quantum-entangled phenomenon of energy and information transfer
exists in these model units, which might correspond to living organisms which existed
in the first stages of the emergence and evolution of life (Tamulis and Grigalavicius
2010a, b, 2011).

3) A two variable, quantum entangled AND logic gate was modeled in the system
described, which consists of two input photoactive sensitizer molecules containing
two different variable inputs and one output. In future, this process might be applied
to nanomedicine.
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