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Abstract

Theories on the origin of life usually consider the prebiotic vesicles (protocells) as sys-
tems with the primary function of compartmentalizing precursor molecules for enhanc-
ing the reaction-diffusion chemistry leading to abiogenesis. The vesicle membrane acts
as a semi-permeable barrier between the interior of the vesicle and the environment.
Based on the evidence indicating that the origin of life was driven by photo-chemical dis-
sipative structuring using the soft UV-C light region (245-275 nm), we have suggested
that the fatty acids vesicles could act as Mie UV scatterers providing the molecules
of life confined inside them shielding against hard UV-C photons (180-210 nm), which
can ionize and dissociate the molecules. Therefore, the shielding could foment the dis-
sipative structuring of those molecules. This protection could have been helpful before

the formation of the ozone layer, after the evolution of oxygenic photosynthesis.
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Chapter 1

Introduction

1.1 Thermodynamic Dissipation Theory for the Ori-
gin of Life

Theories on the origin of life should consider the physiochemical properties of chemical
systems to explain the emergence of life. The “Thermodynamic Dissipation Theory of
the Origin and Evolution of Life” (TDTOEL) [3l/12-16] has proposed that life emerged
from the dissipative structuring of fundamental molecules of life. It has identified the
flux of UV-C photons coming from the early sun during the Archean as the source of
free energy for dissipative structuring and evolution of the fundamental molecules, see
figure [I.2] This theory has explained the synthesis, proliferation, and selection of the
fundamental molecules of life under Archean conditions.

Protocells or prebiotic vesicles are chemical systems recognized as precursors of
the first living cells [17]. A protocell consists of a bi-layer membrane of spherical
shape containing chemical species in a water solvent. The origin of protocells from the
TDTOEL perspective has been addressed elsewhere [4]. In this work, we suggest that
the vesicle also constitutes an optical system (figure that could have important
implications for the origin of life and photon dissipation. We will introduce the general
framework of TDTOEL, discuss protocells, the dissipative structuring of fatty acids,

vesicle formation, and Mie scattering. Next, we will discuss the simulations of the
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vesicle’s optics, show the results, and finally, discuss our conclusions.

TDTOEL suggests that the first molecules of life were, in the beginning, UV-
pigments dissipatively structured at the ocean surface under the solar photon spec-
trum before the origin of life (~ 3.85 Ga); see figure . A dissipative structure is a
non-equilibrium and non-linear system that arises to increase the dissipation rate of an
imposed generalized thermodynamic potential. It, therefore, increases the entropy flow
into its environment. It evolves through different stationary states with a tendency to
reach states of greater dissipation.

To understand dissipative structuring and how these kinds of structures relate to
life’s origin, it is necessary to discuss some non-equilibrium thermodynamics.

Non-equilibrium thermodynamics, or classical irreversible thermodynamics, deals
with open systems. These systems allow the exchange of matter and energy with their
environment. Prigogine and collaborators [18] have proposed that the entropy S of an
open system changes due to irreversible processes occurring within the system and due
to the exchange of entropy between the system and its environment, as is shown by

the equation [I.1]

S _diS  doS
dt — dt dt’

(1.1)

d;S

where i

is the change in the system’s entropy due to irreversible internal processes

deS
dt

d;S
dt

and is the change due to the flow of entropy over the boundaries. is also known

as entropy production.

d;S
dt

deS

<2 is not restricted.

According to the second law, is always positive, whereas
If the flow of entropy from the system to the environment is high enough, the total
change of entropy of the system could be negative, allowing for the emergence of order.
This process is known as structuring and could correspond to spatial or temporal
organization.

Prigogine and collaborators have shown that under the hypothesis of local equilib-

riunﬂ the entropy production can be written as shown in the equation

LA system out of equilibrium has local equilibrium if each point within it has a macroscopic but
small neighborhood which is in equilibrium.
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diS
dt

> Tk X (1.2)

Ji is the flow associated with some irreversible processes k, and X}, is its corresponding
generalized force. When the relationship between forces and flows is linear, the system
is in a linear regimen. For example, heat conduction is an irreversible process described
by a linear relationship between heat flow and a generalized force. During this process,
the system always reaches a unique stationary state with minimum entropy production.

Non-linear systems allow the existence of more than one stationary state and do not
always evolve towards the one with the minimum entropy production. A bifurcation
diagram can represent the multiple available stationary states; see figure [I.1] As seen
in the graph, the entropy production becomes a function of some parameter \; given
the variation of this parameter, the system can reach a bifurcation point. At this point,
the system becomes sensible to fluctuations and stochastically evolves through one of
the possible branches. It has been shown that the evolution of autocatalytic systems,
including living systems, is towards states of generally greater dissipation.

Sometimes a non-linear system presents a structuring process through bifurcations
and reaches a state with greater dissipation, called a dissipative structure. It dissipates
the imposed external thermodynamic generalized potential over the system. A standard
example of dissipative structure is the Bénard cell; see figure [I.1} This system consists
of two plates separated by a distance L, the bottom plate is at a higher temperature
than the top one, and there is fluid between them. The fluid is under the force of
gravity. When the temperature difference is such that the Rayleigh number is below
its critical value, the system transports heat only by conduction. Still, convection arises
within the system when the temperature difference exceeds the critical value. These
turbulent states lie in the non-linear regimen, and then the Bénard or convection cell
appears. According to Manneville [19], the Bénard cell is an example of a system in a
weak turbulent state. A weak turbulent state is a transition state between a laminar
state and a turbulent state. In some cases, it has been shown that two possible states
arise. First, when the hot fluid flows up from the center of the cell and goes back cool

along the borders, and, second, when the hot fluid flows up from the edges and goes
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back cool into the center. However, the first one has the highest entropy production

and is the most stable and observed.

L OO0k ’

T+ AT

e

lambda

Figure 1.1: Bénard cell and illustrative bifurcation diagram. A non-equilibrium non-linear
system can evolve through different states of entropy production; for some states, the evolu-
tion could be stochastic. At these points, the system evolves to a possible branch (up and
down arrows). The entropy production depends on a parameter A, which characterizes the
system; for a Bénard cell, it is the Rayleigh number. Adapted from .

TDTOEL has suggested that the fundamental molecules of life were originally mi-
croscopic dissipative structures that arose to dissipate the UV-C photon potential avail-

able during the Archean. Further details can be found elsewhere [3; 16,120-23].
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Three main arguments support the TDTOEL. First, the fundamental molecules of life
absorb and dissipate exactly in the UV-C region that was arriving at Earth’s surface
during the Archean. Secondly, the photochemical routes to the fundamental molecules
require simple precursors in water solution and UV-C light. Finally, the fundamental
molecules have conical intersections, or affinity to ones with one, which allow for rapid
dissipation of the photon-induced excitation energy into heat.

Figure shows the names of fundamental molecules of life located at their maxi-
mum absorption wavelength. The name of each molecule has a font size proportional
to its molar extinction coefficient. They cover the region of 205 to 280 nm (UV-C
region). Photons in this region have enough energy to break and remake covalent
bonds of carbon-based precursor molecules like HCN and CO, in water. Still, they
do not have enough energy to ionize and destroy these molecules. This and the fact
that these molecules dissipate their excitation energy rapidly into heat suggests that
the fundamental molecules of life were pigments dissipatively structured to dissipate
UV-C photons.

All of the fundamental molecules of life can be synthesized from single precursors,
like HCN and cyanogen, by photochemical routes that use UV-C photons and produce
structures with a greater photon dissipation rate. For example, figure shows the
route for the formation of adenine [15]. Adenine has an absorption peak at 260 nm. The
maximum of the UV-C light intensity before the origin of life is located at about the
same wavelength. This example shows how these systems evolve through photochemical
and chemical reactions to different structures until the final structure has the highest
photon dissipation. Other examples can be found elsewhere [24].

All of the fundamental molecules of life have a conical intersection or have a chemical
affinity with other molecules that have a conical intersection. The nucleobases of DNA
and RNA (adenine, guanine, cytosine, and thymine or uracil) reach an electronically
excited state when absorbing UV-C light that decays extremely rapid (< 2 x 1071%s)
through internal conversion [25]. In this process, the electronic excitation induces a
geometrical transformation of the molecule. In this state, the vibrational state su-

perimposed on the electronically excited states can couple with the vibrational states
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superimposed on the electronic ground state. This type of coupling is called a coni-
cal intersection. The system decays via the conical intersection, converting the initial
photon energy into molecular vibrations (heat). The quantum efficiency of the original
excitation transformation into heat is very large and gives the molecule photochemical
stability (the energy is dissipated before any other change could be induced in the
molecule), but, more importantly, the conical intersection provides the molecule with a
high rate of photon dissipation (the photon energy is efficiently transformed into heat).
See figure [1.4]

In summary, the postulate of this theory, i.e., the suggestion that fundamental
molecules of life were originally UV-C pigments dissipative structured to dissipate the
photon potential available before the Archean, is based on three points: that these
molecules have strong absorption exactly in the UV-C region, that all of them can be
synthesized from photochemical routes parting from precursors molecules (such as Hy0,
HCN, cyanogen, and CO;) operating in the UV-C region, and that all of them also
have conical intersections leading to a high rate of photon dissipation.

The non-equilibrium thermodynamics have further implications for understanding
the origin of life. From the TDTOEL, it has been proposed that the evolution and com-
plexation of life are processes subjected to the fundamental laws of thermodynamics.
The thermodynamic imperative of increasing the efficiency of photon dissipation can
be seen today, for example, in comparing entropy production of several living materials
against non-living ones and in studies about the thermodynamics of ecosystems [16,26].
Therefore, the increase in photon dissipation should be related to the origin of complex
biochemical structures at and after the origin of life.

The protocells are chemical systems formed of membranes of bilayers of amphiphilic
molecules that were useful as containers for prebiotic chemistry. The role of these
systems from a photon dissipative perspective is a primary concern for the TDTOEL.

The following section discusses the protocells’ general properties.



CHAPTER 1. INTRODUCTION 7

250 |
@
=
o
582
=% 52
z 80 g
200 [ Sof O 4
4cl g5 £ @
he) o
L z5 i = £ &
1 5 z=g g 9 &5
2 L EE v O
E o 228 o Fc £
cn & ;L_C% c % g
-+ g 28 _ P 5 EF
rl\l 150 é 96 ru-g_Z .Eg o .E
- £ g E¥un x
o S FCEL AEsSE -
L C—guoz e =
< 0 %e= Fes,c &
= E§<9 iges
hal c ©
g B Otg
x € = 2o
T O [ere}
=) o 3 18]
L £ g °© =1
100 [ = £ X i i
& T & = 5 :
bt < < = £ 2
Q o 8— &
c £ 8
Ll © [aR o
mg 2> [
>G5 = I
50 0 OB U 7]
i S
£ it
-
[
uv-B UV-A—
0 | | | | |
200 220 240 260 280 300 320

Wavelength [nm]

Figure 1.2: Light spectrum present at Earth’s surface at different ages. The black line corre-
sponds to 3.85 Ga (1 Ga = 107 years; it means a giga-year), the red to 2.9, the yellow to 2.2,
and the green to the present. The black and red lines correspond to ages before the origin of
life. Shielding below ~ 205 nm is due to CO2 and some HsS in the atmosphere. Similarly,
the presence of atmospheric aldehydes reduces the intensity of the spectrum between 285
and 310 nm [2]. About 2.2 Ga (yellow line), the intensity of UV-C photons was reduced by
the increase of oxygen and ozone produced by live organisms performing oxygenic photosyn-
thesis. Energy fluxes correspond to the sun at the zenith. The names covering the red and
black spectrum correspond to the fundamental molecules of life plotted at their maximum
absorption wavelength, and their font size is proportional to their respective molar extinction
coefficients. Their color follows this code: nucleic acids (black), amino acids (green), fatty
acids (violet), sugars (brown), vitamins, co-enzymes, co-factors (blue), and pigments (red).
The name labels approach the energy flux curve in the UV-C region. Adapted from [3].



CHAPTER 1. INTRODUCTION 8

250 nm 260 nm
=N NH H2N N‘- H.N H-N H N N
/ : : 2 N HCN r/
4HCN hv_ . - /> sl | />
293 nm 313\ nm E?J nm 2 N ~ N
NHZ N Z HZ N / N7 NHE
2 cis-DAMN 3 trans-DAMN 4 AIAC 7 AICN e

Figure 1.3: A possible adenine synthesize route based on chemical and photochemical reac-
tions. Here are shown the main steps in the formation of adenine from HCN precursor. The
process involves the absorption of several photons in the UV-C region. The final step, the ade-
nine molecule, has a conical intersection that allows the systems to rapidly (sub-picoseconds)
transform the photon energy into heat. Therefore, the adenine allows for efficient photon
dissipation and is chemically stable because there is insufficient time to further chemical re-

actions. Adapted from [1].
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Figure 1.4: Conical intersection of adenine. Here, the degeneracy of the electronic excited
and ground states can be seen. A photon absorption induces a geometry change known as
pyrimidilization (a nuclear coordinate deformation) from its original structure in the Franck-
Codon (FC) region. The deformed state allows the existence of a region CI where the vi-
brational states of the excited state coincide with the vibrational states on the ground state.
The quantum efficiency of the dissipation of the original excitation into heat is almost 100%;
this property provides photochemical stability to the molecule and makes the adenine very
efficient for photon dissipation. Adapted from [1].

1.2 Prebiotic vesicles or protocells

At some time in the Earth’s history, life became cellular. The primary function con-
ferred to the cellular form is compartmentalization. The acquisition of boundaries has
several advantages for a chemical system [27]. With a barrier, the reactants concentrate
inside the system and separate from the medium. The increase in concentration induces
a catalytic effect for further chemical reactions. Energy and matter can be exchanged
through the barrier. The barrier provides selective permeability. Permeability allows
nutrients to come into and the waste to be expelled. The barrier allows for gradients
that can be useful for energy supply. The compartmentalization of chemical systems
allows them to be differentiated from each other, each with their proper composition.
Modern cells have cell walls composed mainly of phospholipids, fatty acids, choles-
terol, and phospholipid ethers. These molecules are amphiphilic and produce bilayers
that assemble into vesicles by minimization of Gibbs’s free energy. However, less com-
plex molecules are expected to be the forebearers of cellular chemical systems, and
some evidence indicates that the cellular ancestors were devoid of complex phospho-
lipids [28,/29]. The more plausible molecules for protocell formation are long-chain
fatty molecules, for example, fatty acids, long-chain alcohols, monoalkyl, and dialkyl
phosphates [27]. Given ocean surface agitation, the formed vesicles could encapsulate
the precursors of the fundamental molecules of life and other relevant compounds.
Forming life fundamental compounds requires a geochemical scenario with the fol-

lowing components: liquid water, an energy source (either geothermal or UV radiation),
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minerals, and organic carbon precursors [27]. Hydrothermal vents are possible scenar-
ios that have the previous requisites [30]. However, from TDTOEL’s perspective, the
most likely scenario for the origin of life is the ocean surface with UV-C radiation as
the energy source, as discussed in section [L.1]

Conjugated fatty acids absorb strongly in the UV-C region, can be dissipatively
structured through photo-chemical routes with UV-C photons, and have conical in-
tersections [4]. Therefore, they have been proposed to be the likeliest amphiphilic
molecules that could form protocells [4]. In addition, fatty acids are components of
modern membranes of cells from all three domains of life [29], which suggests that fatty

acids were essential in the earliest stages of life.

1.3 Dissipative structuring of conjugated fatty acids

The basic structure of fatty acids is a carboxyl head group with a hydrocarbon tail of
4 to 40 carbon atoms [31]. Simple fatty acids can be formed by polymerizing small
chains of ethylene CoH, through Fischer-Tropsch synthesis reaction or soft UV-C pho-
tochemical polymerization of UV-C light [4]. Ethylene comes from reducing COs or
CO in water or UV methane photolysis [4].

Vesicles formed with 18 carbons fatty acids have stability at high temperatures
~85°C, (85°C is the Earth’s average surface temperature as obtained from isotopic
evidence in sediments dating back to the origin of life [32,33]). The critical vesicle
concentration (CVC) of fatty acids vesicles decreases with the increase of the alkyl chain
length (the longer chains promote the packing of bilayers). The triple conjugated form
of fatty acids absorbs strongly at about 260 nm [4]. The Archean fossil record shows
that 16 and 18 carbons fatty acids were predominant [34}35]. The dominant presence of
even numered carbon fatty acids can be explained if the fatty acids were formed through
the polymerization of ethylene. The polymerization of ethylene starting from CO or
CO. saturated water has been described previously [4,36]. The melting temperature
of vesicles usually increases as the carbon tail of the fatty acids length increases. If

the degree of hydrogen saturation increases, the melting temperature of the vesicle
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will increase. The increase in the melting temperature depends more significantly on
saturation. Therefore, partially saturated and conjugated long-chain fatty acids could
form stable vesicles under Archean high temperatures.

Previous work has shown that the formation of fatty acids was most likely through
UV-C photochemical routes [4,22,37]. In these routes, the dissipative structuring
process occurs in CO, saturated water at the ocean surface, forming ethylene and
its polymerizations [4,22]. Ethylene’s polymerization rate is two orders of magnitude
greater at 254 nm than 365 nm; note that the first wavelength belongs to the UV-C
region and the second to the UV-A region.

Another possible photochemical route to fatty acids formation begins with formalde-
hyde under UV-C and UV-B radiation and with ZnO and TiO, acting as photocat-
alysts. The reaction products are 2 to 5 carbons fatty acids and other fundamental
molecules of life [38]. The process includes the oligomerization of HCN into diaminoma-
leonitrile DAMN; this transformation can be induced by the absorption of photons in
the region of 205 to 285 nm. A similar process occurs during the dissipative structuring
of the purines [15}24].

From the dissipative perspective, conjugated fatty acids are more relevant for the
origin of life than saturated ones. The saturated fatty acids have negligible absorption
in the UV-C region, except for absorption below about 180 nm, which induces dissoci-
ation, and for carboxyl head group absorption at 207 nm [39]. In contrast, conjugated
fatty acids have strong UV-C light absorption; for example, diene has two double bonds
and absorbs strongly at 233 nm, triene with three double bonds absorbs at 269 nm,
and tetraene with four double bonds absorbs between 310 and 340 nm. In addition,
conjugated fatty acids have conical intersections [40], giving them a high efficiency for
dissipating photons into heat. Moreover, the conjugation of fatty acids can be achieved
by a photochemical route using light between 205 and 285 nm in the UV-C region. This
light can induce deprotonation, leading to the conjugation of carbon bonds in the acyl
tail [41]. The fatty acids reach the conjugated form after several deprotonation events
and migration of the double bonds [4].

The cross-linking between fatty acids adjacent tails at the locations of the double
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bonds reduces the average conjugation number . UV-C photons can induce cross-
linking. Under the constant flux of UV-C light, a stationary state distribution of the
conjugation number of the fatty acids would arise [4], and, given the incident light
spectrum, the maximum conjugation number would be a triple conjugation which has
an absorption at 269 nm.

The photochemical route to fatty acids formation can be summarized in the follow-
ing steps [4]; i) UV-C-induced reduction of COq or CO in water saturated with these,
forming ethylene, ii) UV-C-induced polymerization of ethylene to form long hydrocar-
bon tails of an even number of carbon atoms (e.g., 18C ), iii) oxidation and hydrolysis
events to stop the growth of the chain and form the carboxyl head group, respectively,
iv) UV-C induced deprotonation of the tails to form double carbon-carbon bonds, v)
double bond migration to give a conjugated diene, triene, or tetraene molecule with a

conical intersection. This process is represented in figure [I.5]
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Figure 1.5: Dissipative structuring of fatty acids through a UV-C light photochemical route.
More details are in section Adapted from .
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As an example, there is the fully conjugated linolenic acid which possesses the
properties discussed above. It has a strong and wide absorption at 269 nm, and the

vesicles formed with these fatty acids have a melting temperature of 85°.

1.4 Fatty acids vesicle formation

After forming the fatty acids, different structures can be formed spontaneously by
minimizing Gibbs’s free energy due to fatty acids amphiphilic nature [43]. The phase
transitions between these structures have been addressed broadly in previous work
as a function of temperature, solution’s pH, reactants concentration, and chemical
additives [44}-48]. Vesicles are considered to be precursors of protocells.

The formation and stability of fatty acid vesicles have some inconveniences. 1)
The narrow range of alkaline pH that allows the vesicle formation |49], 2) the salt
flocculation (crystallization at high salt concentrations) [50,51], and, 3) the high critical
vesiculation concentration (CVC critical value for spontaneous vesicle formation), it is
even higher than the equivalent for phospholipids vesicles [52,53].

The covalent cross-linking of neighboring chains of fatty acids can improve the pH
stability and salt flocculation resistance of fatty acids vesicles. The covalent cross-
linking could be induced by the following mechanism or any combination of them:
UV-C light, temperatures above 50°C, and aging [42,53]. If the fatty acid bilayer is
formed with a structure consisting of a side-by-side overlap of the chains of each layer,
with an overlap of the double bonds, then the vesicle has stability in a wider range
of pH (2-14) [52]. This structure also promotes cross-linking by the three mentioned
mechanisms. This structure is shown in figure [1.6]

Our general model of a fatty acids vesicle is shown in figure[I.7] The vesicle traps the
precursor molecules involved in the dissipative structuring of the fundamental molecules
of life, and the membrane allows for selective diffusion. The small precursor molecules
can flow inside the vesicle, but the products, like adenine A, remain inside the vesicle.

The fatty acids membrane and the solution inside the vesicle constitute an optical

system; see figure 2.1} Since we have suggested that the origin of life is highly related
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to the interaction of matter with UV-C light, understanding how this optical system
affects the light behavior and how it is related to the dissipative structuring of the
fundamental molecules of life are relevant questions for the TDTOEL. The Mie theory
for light scattering will be discussed in the next section; it is an important part of the

thesis since the vesicles are modeled as Mie scattering particles.

Figure 1.6: A fatty acids vesicle where the chains of each fatty acids layer are side-by-side
overlapped. The overlap may occur at double bonds, facilitating cross-linking. Adapted

from [4].
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Figure 1.7: A fatty acids vesicle. The precursor molecules of the fundamental molecules of
life are contained within it. A UV-C photon flux traverses the vesicle, allowing for dissipative
structuring of the fundamental molecules of life. The precursor molecules can flow into the
vesicle through the membrane by simple diffusion, but the products remain trapped inside
the vesicle. Adapted from .

1.5 Mie scattering theory for a coated sphere

Once an electromagnetic wave impinges on a particle embedded in a medium, the
particle’s material polarizes. The polarization induces the formation of dipoles on the
material, which then oscillate with the incoming wave and produce the scattered field.
Additionally, some of the incoming radiation can be absorbed by the particle’s material.
A complex refractive index n = n + ¢k optically characterizes the particle with the real
part related to the scattering and the imaginary part related to absorption.

To solve the problem of scattering and absorption by a small particle, consider a
given particle embedded in a medium with specific size, shape, and optical properties

illuminated with an arbitrarily polarized monochromatic wave. The solution consists in
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finding the electromagnetic field at all points inside the particle and in the surrounding
medium. We are considering only plane harmonic waves for simplicity, but since every
arbitrary wave can be decomposed into its Fourier components, the solution can be
generalized.

The electromagnetic fields inside the particle and in the medium can be decomposed
into a component due to the incoming wave and a component due to scattering. The
fields should satisfy Maxwell’s equations.

If the surrounding medium is not absorbing, the electric power flowing through a
spherical surface covering the particle (W) can be divided into two terms, power
due to scattering W, plus power due to extinction W,,; where W,y = Wyps + Wieq-
If I; is the incident irradiance, the ratio of W, to I; is called the extinction cross-
section C,,; and has units of area. Thus, the absorption and scattering cross-sections

W,

are defined as Cyps = —7t= and Cyq = % Finally, the efficiencies for extinction,

i

scattering, and absorption are defined as Q)o.r = Cgt’ Qsca = Cg“, Qaps = % Where

G is the geometrical cross-section of the particle (G = ma® for a sphere of radius
a). The definitions show that “efficiency” does not refer to a quantity bounded by 1.
Efficiencies should be interpreted as dimensionless cross-sections. Since photons are
quantum waves interacting with the sphere’s edge, the efficiencies can be greater than
1 and can show a diffraction-like partner.

With Mie’s theory is possible to find solutions for Maxwell equations when the
electromagnetic field is in a linear, isotropic, and within a homogeneous medium. For
this case, we can use a generating function of vector harmonics 1, which satisfies the
scalar wave equation. For a spherical particle, ¢ is chosen to satisfy the wave equation
in spherical coordinates r,0, ¢ and in separated variables (7,8, ¢) = R(r)0(0)P (o).
The substitution of this solution into the scalar wave equation in spherical coordinates
leaves three separate equations, one for each variable. We need linear independency
in solutions to @, and ¢ should be a single-valued function of ¢. © should be finite
at 0 = 0, 7. It is known that the linearly independent solutions of ¢ are ¢. = cosmao
and ¢, = sinm¢@, where e means even, o means odd, and m is a separation constant.

The solutions of © corresponds to the associated Legendre functions, and the radial
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solutions correspond to spherical Bessel functions. Finally, ¢ is used to generate the
electromagnetic vector. For further details on calculations refer to [54].

The electromagnetic vector (inside and outside the spherical particle) is expanded
in vector spherical harmonics. For a given n in the expansion, two types of coefficients
are relevant to our study. The scattering coefficients a,, and b, (equations and
are enough to calculate all quantities associated with scattering and absorption.

o — HEin(ma) [2n(@)) = pale) [maja(ma)] (1.3)

pmja(ma) [whtd) ()] = hiD (@) [majo(ma)]

b — f1Jn (M) [xjn(x)]'/— fign () [maz g, (ma)] 7
1 Jn (ma) [xh%l)(x)} — /th)(x) [maj,(maz)]’

(1.4)

2mNa

1 is the size parameter

where p1 = cos(), j, are the spherical Bessel function, z =
(N is the real refractive index of the sphere), m = & (N is the refractive index of the
medium), and h{! are the spherical Hankel functions.

A coated sphere consists of a sphere of radius a concentric with another sphere of
radius b where b > a. The space between the spheres is called the mantle, and the
space covered by the small sphere is called the core. If the scattering particle is a
coated sphere, we should consider the electromagnetic field divided into three regions:
the core, the mantle, and the surrounding medium. Although the procedure to solve
this problem is similar to the one described above since the scattering and absorption
depend on the particle’s optical properties (now we have optical properties depending
on space coordinates), the solution change. However, it is still possible to find analytic
solutions for the scattering coefficients.

For further details on Mie’s theory for scattering and absorption by small particles,

the reader is referred to reference [54].
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Simulation of a fatty acids vesicle

2.1 Model

The fatty acids vesicles or protocells are modeled as coated spheres embedded in the
ocean surface. Incoming light from the sun arrives at the air-water interface; see figure
[2.1] The core of the coated sphere consists of a water solution of fundamental molecules
of life, mainly DNA, which is covered by a fatty acids bilayer. The fatty acids bilayer
is labeled as the mantle of the coated sphere. Since the fatty acids constitute the
vesicle’s membrane, we shall also refer to the mantle as the membrane. The fatty acids
are considered to have ~18 carbons.

In addition to linolenic acid, the 12-phenyl dodecanoic acid is another plausible
candidate to conform the fatty acids membrane. It also has 18 carbon atoms. The
overlapped bilayer structure is formed by overlapping the aromatic rings of the fatty
acids of the two layers.

The incoming light goes into the water and interacts with the vesicle. The light can
be scattered in all directions or absorbed by the fatty acids or the core solution. The
scattering of light can change the polarization of the incoming unpolarized light to linear
polarization. Total internal reflection of the scattered light at the air-water interface
may occur, producing a circular polarization component; see figure 2.1, Depending on
the direction of observation, the beam is either left or right-handed circularly polarized

Bl.
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Due to the absence of published data on the UV-C absorption spectrum of these
two fatty acids, we approximated the absorption of the 12-phenyl dodecanoic acid by
the absorption of the cinnamic acid [10]. Both fatty acids are very similar; their carbon
chain length is the only difference. However, the error induced by using any fatty acid
absorption spectra would not be large since the vesicle wall (the mantle) is very small
compared with the vesicle size. Thus the membrane contributes little to absorption

and scattering.

Incident light

Total internal
Air reflection
v v v
Water % % g

Vesicle with

DNA solution = , \VV(
. Absorbed light 7y Circularly
"o ¥ R omm T O polarized light
o = =
AVAVAR: B S | vAVAa
sy § _
5 g
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Figure 2.1: UV-C light interacting with a fatty acids vesicle. Incoming UV light from the
sun travels through the air-water interface and interacts with the vesicle. Part of the light
is scattered in all directions, and another part is absorbed by the membrane or the DNA
solution inside the vesicle. Part of the light scattered in the backward direction can be
totally internally reflected at the air-water interface producing circularly polarized light. The
circularly polarized light could promote the acquisition of homochirality by DNA [5].

The optical properties of the vesicle were established as follows: first, the real
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refractive index n of water was taken from published data [6]. In the case of DNA, RNA,
and the other fundamental molecules of life in water solution inside the core, the real
refractive index depends on the concentration; for example, Figure 5 in reference [55]
shows that the index of refraction is an increasing function of DNA concentration
in water solution. The real refractive index of the vesicle core was obtained from
experiments by Liu et al. [56]. They show that n for modern-day cell nuclei lies between
1.353 and 1.367, corresponding to a scale factor of 1.01 and 1.02 times that of pure
water at 589 nm (n=1.34). Due to the absence of published data of n as a function of
wavelength for the core solution, we took it to be the same as pure water multiplied
by the corresponding scale factor. For fatty acids, we also consider the wavelength
dependence of n to be the same as pure water but anchored to 1.39 at 589 nm, which
is the value of n for cinnamic acid at that wavelength [7]. See figure [2.2]

The extinction coefficient & (imaginary part of refractive index) for water was taken
from [6,8]. & for the fundamental molecules in water solution depends on the molar
extinction coefficient e, and on the concentration ¢ of the DNA in water. € for the
DNA water solution was obtained from [9]. The explicit dependence of k is k(\) =
ﬁe -c. We used c as a multiplicative factor to make scattering and absorption results
noticeable. Note that it is the ratio of scattering and the ratio of absorption in the
different wavelength regions, not the absolute values of these, which is important to
the results. k in the function of wavelength for the fatty acids membrane was taken
from cinnamic acid data [10]. See figure . In this model, we are approximating the
optical properties of the 12-phenyl-dodecanoic with the data of cinnamic acid (both

fatty acids are aromatic, the only difference is the length of their hydrocarbon tail).
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Figure 2.2: Real refractive index n for each component of the vesicle model. n for water is
in blue, n for the solution of DNA, RNA, and other fundamental molecules in water solution
is in black, and n for the fatty acids membrane is in red. Blue crosses are the experimental
data for water obtained from [6]. The black line was taken to be the refractive index of water
multiplied by the factor 1.01 (see section . n for fatty acids was anchored to 1.39 at 569
nm, which is the value measured for cinnamic acid (C9HgO2) |7] (which should be similar
to 12-phenyl-dodecanoic acid since both have aromatic geometry) and was given the same
wavelength dependence as that of water. However, due to the small thickness of the mantle
(5 nm) compared with the vesicle core, any change in its n values does not have a noticeable
effect on scattering and absorption.
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Figure 2.3: Imaginary part of the refractive indexes k of the components of the vesicle model.
The blue line corresponds to pure water; it is a fit to experimental data (blue crosses) [6,8].
The black line is k for the DNA solution in water; it was obtained by multiplying the data
from [9] by 10 (see section [2.1)), which approximate k for the water solution of DNA, RNA,
and other fundamental molecules of life within the vesicle. k for the fatty acids membrane is
plotted as a red line, which is a fit to experimental data [10].

2.2 BHCOAT code for Mie Scattering

We use BHCOAT to simulate Mie scattering for our fatty acids vesicle model; see
section The BHCOAT code [54] calculates the extinction efficiency, Qe.:, the scat-
tering efficiency, Qs.q, the absorption efficiency, (.55, and the backscattering efficiency,
Qpack, for a coated sphere for unpolarized light. The simulation is based on Mie’s
theory, valid when the vesicle size is larger than the incident wavelength.

The BHCOAT inputs are the incident light wavelength, the radius of the vesicle
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core, the thickness of the fatty acid membrane (estimated to be 5 nm for a bilayer of
18-carbon atom fatty acids), the real refractive index of the surrounding water medium,
and the complex refractive indexes of the fatty acids membrane and the core solution
of DNA, RNA and other fundamental molecules in water solution. These quantities

are either independent variables or are described in section 2.1}
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Results

3.1 Scattering and Absorption

The efficiencies Qert, Qsca aNd Qups = (Qext — Qsea) (S€€ SECtion were integrated
over the wavelength regions of 245-275 nm (soft UV-C region) and 180-210 nm (hard

UV-C region).

For the case of the vesicle core having a real refractive index of that of pure water
multiplied by 1.01, the graphs of the integrals are shown in figure The 1.01 factor
for water corresponds to the lowest real refractive index of today’s cells. An expected
diffraction pattern appears for small radii. Some radii show a photo-protective effect
against the hard UV-C light when Q., is maximum for the integrated region of 180-210
nm (blue curve, figure [3.1)); these radii of maximum hard UV-C scattering are 4.4 and
11.8 pm. The energy in these hard UV-C wavelengths is sufficient to dissociate nucleic
acids, amino acids, proteins, and other fundamental molecules of life trapped inside the
vesicle. The photo-protective effect of Mie scattering would reduce the disassociation
of the fundamental molecules, allowing the fundamental molecules to be more efficient
at absorbing and dissipating in the soft UV-C (245-275 nm) region (figure [1.2)). Note
that the soft UV-C light is considerably more scattered than absorbed when the core

radius is small.

24
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Figure 3.1: Graphs of the integrated efficiencies of scattering Qs., and absorption Qups
presented to the light beam of the fatty acid vesicle. The integrals covered two different
wavelength regions (180-210 nm - ionizing/disassociation region - Hard UV-C region) and
(245-275 nm - dissipative structuring region - Soft UV-C region) as a function of the vesicle
core radius. In this simulation, the real refractive index of the vesicle core was taken to be
that of pure water multiplied by the factor 1.01; see figure The blue line corresponds to
integrated scattering efficiency in the hard UV-C region. The maxima of the blue line are
the vesicle radii that provide more hard UV-C shielding to the core and are located at about
4.4 ym with a smaller peak at 11.8 um, which would correspond to vesicles of a diameter of
about 8.8 and 23.6 um respectively (consider that the membrane width is 5 nm).

The results using a real refractive index for the vesicle core that of pure water
multiplied by the second factor of 1.02 are shown in figure Note that if the real
refractive index of the core increases, then the maximum of hard UV-C wavelengths
integrated scattering moves to smaller radii (blue line). In this case, the maxima are

located at 2.2 pm with a lesser peak at 5.9 pum, corresponding to vesicle diametersﬂ of

!Since the vesicle is been modeled as a layered sphere, the radius of the sphere corresponds to
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4.4 and 11.8 pm, respectively.
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Figure 3.2: The same quantities as in figure but the real reactive index of the vesicle
core is that of pure water multiplied by 1.02 instead of 1.01. The color code is the same than
in figure The greatest shielding against ionizing radiation (blue line) occurs at a smaller
vesicle core radius of about 2.2 um with a smaller peak at 5.9 um, corresponding to vesicle
diameters of about 4.4 and 11.8 pm respectively.

The extinction, scattering, and absorption efficiencies as a function of wavelength
are plotted for different vesicle sizes in figures and [3.4] The results in figure [3.3
correspond to vesicle radii of 4.4 (solid lines) and 11.8 ym (dashed lines). At these radii
values, the integrated scattering in the hard UV-C region (ionization/disassociation
region, 180-210 nm) is maximum; see figure . The maximum integrated scattering

efficiency in the hard UV-C region provides photoprotection to the interior of the vesicle

half of the diameter of the vesicle. The membrane increases the vesicle diameter with 10 nm which is
negligible.
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against harmful photons. For the smaller vesicle of 4.4 um core radius, the scattering
in the hard UV-C is about 2.8 times greater than that expected classically, given the
geometrical cross-section.

Small vesicle radii could help shield these molecules of life when there was lower
COq or little HsS (ejected from volcanoes) in the atmosphere. However, since scattering
in the soft UV-C region is also quite strong, absorption (solid red line, figure in
the soft UV-C region is quite small.

3.5 T T
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Figure 3.3: Plotts of extinction, scattering, and absorption efficiencies (ratio of the observed
cross-section to the geometrical cross-section of the vesicle) as a function of wavelength for
two vesicle radii, 4.4 pm (solid lines) and 11.8 pm (dashed lines). The greater scattering
(photo-protective effect) is located in the hard UV-C region (180-210 nm). In the larger
radius, the scattering decreases (dashed blue line) in the hard UV-C region, but absorption
(red dashed line) in the soft UV-C (245-275 nm) region increases.

In figure , a second and smaller maximum of photo-protection (blue line) is lo-
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cated at 11.8 um of vesicle core radius. The efficiencies for scattering at this vesicle size
are plotted in figure (blue dashed line). At this radius, although the scattering of
hard UV-C photons is smaller than when the radius is smaller, it is still significant. At
the same time, more light is absorbed in the soft UV-C region, which is the dissipative
structuring region.

The largest vesicle studied here has a core radius of 100 yum (figure . Here, the
scattering and absorption in the hard UV-C region are almost equal, and a maximum
for absorption in the soft UV-C region appears. Such vesicle radii would thus be
relevant when there was more COy or HsS in the atmosphere to protect the vesicle
from the hard UV-C light.

The larger vesicle sizes show less scattering in the hard UV-C region (ioniza-
tion/dissociation region, see figure but show greater absorption in the soft UV-C
region (dissipative structuring region). On the other hand, vesicles of smaller sizes show
a more significant photo-protective effect in the hard UV-C region but less absorption
in the soft UV-C region (see figure .

The previous results may indicate a natural thermodynamic selection process of
the vesicle size that could have occurred to optimize the dissipative structuring of the
fundamental molecules of life under soft UV-C photons and to increase the probability
of survival of the fundamental molecules under different environmental scenarios, pri-
marily the survival under the presence of hard UV-C photons. The selection process
could depend on the prevailing light conditions through the geological ages. Depending
on atmospheric conditions, small vesicles could proliferate when hard UV-C photons
arrived considerably to the Earth’s surface and big vesicles could proliferate when
less hard UV-C photons arrived to the Earth’s surface. In both cases, the scattering
and absorption of the vesicle optimize the vesicles’ survival rate and the fundamental

molecules’ dissipative structuring process inside the vesicle.
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Figure 3.4: Plot of extinction, scattering, and absorption efficiencies (ratio of the observed
cross-section to the geometrical cross-section of the vesicle) as a function of wavelength for
a vesicle of radius 100 pum (this size corresponds to the larger bacteria of today). The
photo-protective effect decreases in the hard UV-C region (180-210 nm). The decrease is
considerable compared with smaller radii vesicles, see figure [3.3} instead, the absorption in
the soft UV-C region (245-275 nm) increases considerably compared to the smaller radii
vesicles, see figure @

In addition to the vesicle size, tuning the concentration of the fundamental molecules
of life in solution inside the vesicle could also optimize the dissipative structuring un-
der soft UV-C photons and increase the vesicle survival probability under hard UV-C
photons. The optical properties of the vesicle depend on the solution concentration
(compare figures and , therefore, the optimization can be achieved by affecting
the permeability of the vesicle. Adding a shorter chain, or conjugated (unsaturated
and kinked), fatty acids to the vesicle wall is an example of changing the vesicle per-

meability.
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3.2 Backscattering, Optical Dichroism, and Homochi-
rality

The description of how the light scattered by the vesicle can produce circularly polarized
light by total internal reflection of the scattered beams at the air-water interface is
given in section [5]. Previous results show that the ocean surface is, in fact, the
region on Earth with the greatest presence of circularly polarized light, reaching up to
5% of the available submarine light at the ocean surface in the early morning or late
afternoon [57].

Because fatty acids are not chiral molecules, they absorb similarly right and left-
handed circularly polarized light; however, DNA and RNA are chiral molecules. From
the given measured circular dichroism of the nucleic acids, the measured circularly
polarized component of light today just beneath the ocean surface, and assuming a
similar component during the Archean, and given the existence of ultraviolet and
temperature-assisted denaturing of double-strand DNA or RNA [11], previous work
showed that complete homochirality of DNA and RNA could have been produced in a
few thousand Archean years [5].

The integrated backscattering (scattering in the backward direction) in the soft
UV-C photons region (245-275 nm) as a function of vesicle radius is shown in fig-
ure Backscattering increases with the vesicle radius as expected classically. The
backscattered beams, along with some forward scattered beams at low solar angles,
could be totally internally reflected at the ocean surface. The produced circularly po-
larized light could have contributed to the acquisition of homochirality through UV-C
and temperature assisted denaturing |11] in the nucleic acids inside the neighboring

vesicles.
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Figure 3.5: Integrated backscattering (scattering in backward direction) in the soft UV-C
region (245-275 nm) as a function of vesicle core radius. The fatty acid membrane has a
thickness of 5 nm, and the real refractive index of the core was taken as that of pure water
multiplied by 1.01. The backscattering is an order of magnitude smaller than forward scat-
tering and is relatively independent of the incident angle. The backscattering increases as the
vesicle core radius increases. The backscattered light, in addition to some forward scattered
beams at low solar angles, could be totally internally reflected at the air-water interface and
would provide circularly polarized light helpful for the acquisition of homochirality by the
nucleic acids trapped within the surrounding vesicles [5,[11]
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Conclusions

The Archean UV-C solar light flux’s free energy promoted the structuring of life’s fun-
damental molecules from precursor molecules like HCN and cyanogen on the ocean
surface. Fatty acids were also dissipatively structured and performed the basic ther-
modynamic function of dissipating the incoming UV-C light into heat. The evidence
includes the strong absorption of fatty acids in the UV-C region, their synthesis through
photochemical routes operating in the UV-C region, and the fact that conjugated fatty
acids have a conical intersection that provides them chemical stability and, more im-
portantly, high photon dissipation efficiency. Fatty acids protocells or prebiotic vesicles
could form under early-life Earth conditions.

This thesis, along with a simultaneous article |58|, are the first studies known
by the authors that address the optical properties of prebiotic vesicles in the UV-C
region and that relate them with photon dissipation and the origin of life. Our model
consists of a vesicle constituted of a fatty acid membrane that confines DNA and other
fundamental molecules of life in water solution. The vesicle is embedded in the ocean
surface. Sunlight is scattered and absorbed by the vesicle; part of the scattered light
can be totally internally reflected at the ocean surface, producing circularly polarized
light that could induce homochirality in the DNA and RNA of neighboring vesicles.

In our model, the real refractive index of the core was taken to be that of puri-
fied water multiplied by a factor of either 1.01 or 1.02, which spans the range of real

refractive indexes at 569 nm found in current living cells. Improvement of the esti-
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mations for the wavelength dependence of the real refractive index of the core in the
UV-C region can be achieved by Kramers-Kroning relations once precise extinction
coefficient measurements as a function of wavelength is given by future experimental
measurements.

Mie scattering produced by this system could provide the fundamental molecules
within the vesicle with a photo-protective effect against the hard UV-C photons present
in the early atmosphere. The hard UV-C photons can ionize and dissociate, destroy-
ing the vesicle’s fundamental molecules. We found that the maxima of scattering of
the hard UV-C photons depend on the vesicle’s core radius. The vesicle’s maximum
scattering of hard UV-C photons occurs at small vesicles (< 24 pm) when the con-
centration of fundamental molecules in the vesicle core is similar to that of modern
bacteria having a real refractive index of 1.01 times that of pure water. Under the
same conditions, the maximum absorption of soft UV-C photons occurs at vesicle sizes
greater than 100 pum. Therefore, the core radius provides the vesicle with different
optical properties in the UV-C region.

The radii of maximum scattering were found to be dependent on the concentration
of the DNA and other fundamental molecules in water solution inside the vesicle core
because the real refractive index of the core is a function of the core solution concentra-
tion. The vesicle sizes found at these maxima hard UV-C scattering regimes, given a
concentration of the core solution similar to that of today’s cells, are consistent with the
dimensions of fossil bacteria discovered in sediments of the early Archean period [59)
when intense UV-C light was arriving at Earth’s surface. Figures and show
that the radius of the vesicle at which a maximum of scattering is found is smaller as
the real refractive index of the core increases.

The membrane of the vesicle contributes little to the scattering and absorption of
the vesicle because the membrane has a small size (5 nm) compared to the core (> 1
pm). The primary function of the fatty acids membrane is to provide a container for
the fundamental molecules and separate the systems into two parts: the ocean water
outside the vesicle, and the fundamental molecules in water solution inside the vesicle,

each with homogeneous optical properties.
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Regarding thermodynamic selection, it is possible that vesicle sizes that promote
dissipative structuring and increase the survival probability of the fundamental molecules
could be selected over the others. The implications are different depending on the at-
mospheric composition at different Earth ages. For example, if the atmosphere were
rich in COy and HsS, gases that absorb the hard UV-C photons, then a large vesicle
size that gives greater soft UV-C photons absorption but less hard UV-C photon scat-
tering could be selected. In fact, vesicles of independent (unicellular) bacteria have
been found in Archean deposits with sizes of less than 24 ym at ~ 3.43 Ga, while with
dimensions of up to 289 um at ~ 3.2 Ga [59).

Fatty acid vesicles could have protected the fundamental molecules of life con-
fined inside them from the dangerous hard UV-C radiation present at the origin of
life, preventing dissociation through ionization. These properties could have impor-
tant implications in finding life in any planetary system of different star types with a
significant presence of UV-C light. A planet that does not have enough atmospheric
COy or hydrogen sulfide during a given epoch to avoid ionizing UV-C radiation on its
surface could still support the dissipative structuring of life because of the presence of
fatty acids vesicles. Therefore, the presence of fatty acids vesicles could increase the

likelihood of finding carbon-based life on more planets than previously thought.
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