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General introduction

The interactions of molecules with surfaces play a significant role in many fields
such as heterogeneous catalysis, biomedical applications, etc. Among the huge variety of
molecular events that involve the interactions with surfaces, the catalytic formation of CO-NH
bonds (amides and peptides) through the condensation of unactivated reagents in mild-
conditions, when adsorbed on nanomaterials, is garnering interest, owing to its high importance
in fine chemistry. This reactivity may also explain the formation of (bio)macromolecules such
as oligopeptides from amino acids in prebiotic conditions, a phenomenon that constituted a
crucial step in the development of the complexity in the origins of life.

The selection of silica as a catalyst for the amide bond formation and its extension to
polymerization is of potential interest due to its high availability, low cost, and ubiquitousness
in the crust throughout Earth’s history.

However, the polymerization reaction of amino acids on silica, and especially on amorphous
silicas, is still poorly understood. Studies strive to understand the mechanism and kinetics of
the reaction, the role of adsorption sites, and the parameters that govern the type of products
obtained under different environmental conditions.

In this thesis work, we will investigate the key surface sites for the polymerization reaction
from unactivated amino acids on amorphous silica, the mechanism of adsorption,
polymerization, as well as self-assembly of the peptide chains. We will also study how the
surface of silica, the presence of water, and the environmental conditions employed affect the
product of the polymerization reaction.

This research work was conducted in a joint PhD- or “cotutelle” thesis- between the Department
of Chemistry at the University of Torino and the Laboratoire de Réactivité de Surface (LRS) at

Sorbonne University.



The manuscript is divided into five main chapters. Chapter | provides a general overview of the
amide bond formation reaction, the methods for its implementation, its applications and
extension to form peptides which are key players in the complexity of origins of life. A detailed
explanation is provided on the world of silica (types, features, structures, ways of synthesis, and
applications). Then, the state of the art of biomolecules/silica systems prepared by adsorption
and oligomerization of unactivated amino acids is elaborated to identify the challenges still
faced on this topic.

Chapter Il contains the technical part of the thesis work. It provides a description of the
principles of all the characterization techniques employed in this research followed by an
explanation of the procedures used to carry out the measurements on the tested samples. This
chapter also provides a general overview of the derived results from each technique. The
experimental procedures of thermal treatments of the samples, and the different ways of
adsorption of amino acids on silica from gas and liquid phases are also described. Note however
that this chapter will not illustrate the conditions of preparation for further samples used to study
specific tasks; that will be explained in the respective following chapters where they are
developed.

Chapter I11 intends to study the role and type of the crucial surface sites for the polymerization
reaction on amorphous silica. This chapter starts with a brief bibliographic reminder on the
progress done so far in literature, then presents the preparation of the samples studied for this
task and the characterization techniques employed. It then focuses on the elaboration of a
detailed mechanism for the adsorption and polymerization reaction of gas-phase glycine on
silica and a description of their self-assembling behavior upon contact with water vapor.
Chapter 1V focuses on the thermal condensation of gas-phase glycine in fluctuating silica
environments, as a model of prebiotic environments. Firstly, this chapter provides concise

reminders on the difference between various prebiotic environments and highlights the



importance of the biomolecules-silica-water interface for the complexity of the origins of life.
Then, the preparation of the samples tested for this task is exposed in detail before presenting
the results of the characterization techniques used to study the efficiency and kinetics of the
polymerization reaction based on the environmental conditions adopted. In addition, the
secondary structures and the structural dynamics of the peptide chains are also elaborated. A
mechanism is suggested for the prolongation of the peptides upon further monomers feeding
with particular attention given to the resistance of the self-assembled chains upon an extended
polymerization reaction.

Chapter V broadens the scope of the systems used in the previous two chapters. This chapter
starts with an overview of some research works that studied the polymerization of amino acids
on silica surfaces and ended up with different outcomes regarding the nature of the reaction
product. We describe the systematic variation of the support surface, thermal pretreatment, and
procedure of glycine deposition (from the gas phase, or from an aqueous solution). Then, the
main results concerning the parameters that govern the formation of linear peptides as opposed
to cyclic dimer (DKP) on silica are discussed.

This manuscript ends with a summary of the main conclusions reached during this research

work in addition to suggested perspectives for future works.



I.  Chapter I: Literature review




Amide bond formation is considered to be among the most important reactions in
organic chemistry since the amide linkages represent the key chemical connections of
proteins, which are one of the fundamental components of living matter. Moreover, these
linkages are the basis of widely used (bio)synthetic polymers as well as pharmaceutical
active compounds. However, the reaction is still riddled with inherent limits related to its
wastefulness and expense, which require continuous improvements in the chemical
approaches for amide formation to be developed and optimized.! In this chapter, some of
the various chemical routes and applications of amide bond formation are presented. We
are particularly interested in the amide/peptide bond formation for peptide synthesis on
mineral surfaces and especially on silica surface which is of high interest in the prebiotic
chemistry and pharmaceutical fields. Here we will summarize the advancements achieved
and challenges still encountered for this reaction on silica surface. This chapter ends with

an outline of the objectives and methodology of the present thesis.

I.1. Catalytic methods for direct amide bond synthesis

Amide bond formation involves the condensation between a carboxylic acid and an
amine group resulting in the release of one equivalent of water. This reaction is challenging due
to the competing acid-base reaction upon mixing a carboxylic acid with an amine. In 2007, the
American Chemical Society Green Chemistry Institute voted “amide formation avoiding poor
atom economy reagents” as the top challenge for organic chemistry.? In fact, chemical routes
used for amide bond synthesis are among the most widespread reactions in organic chemistry,
yet they are often highly inefficient. The conventional chemical route followed in the industry
for the synthesis of amide bond is through the addition of coupling reagents, base, and solvent
for the activation of the carboxylic acid. This is followed by a nucleophilic attack by the free

amine to give a new amide bond (Figure 1-1).3° This traditional way relies on the use of an
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activating agent; it may occur in mild reaction conditions and result in good yields but requires
stochiometric amount of activating reagents: consequently, it generates one equivalent of waste
per product molecule formed, resulting in an overall low atom economy. Beside the toxicity
and the high cost of the coupling agent used, the process adopted for waste removal is also
expensive. In the absence of such coupling reagent, the reaction of the carboxylic acid and the
amine simply results in the formation of a carboxylate-ammonium salt, rather than a product
involving an amide bond. In particular, in the presence of water (and thus of course in aqueous
solutions), an internal proton transfer results in the formation of zwitterionic amino acids. The
thermodynamics of the amide bond formation reaction is unfavorable in water because it is

accompanied by the liberation of one water molecule.

T2 reagents
R
Carboxylic acid Free amine Base, New amide bond
solvent

(@) /\ .o
+ A" R \/U\ H?N N R2 i OA‘
’ OA*

2

@)
(@)
Coupling R1\/“\ N
R1\)J\ + H,N R N R
OH H

Figure I-1: Schematic representation of a conventional pathway for amide bond formation
using coupling reagents where A* represents an activating agent and Ry and R are organic
moieties.?

Therefore, the development of clean, catalytic, and low-cost synthetic routes with a good atom
economy for amide bond formation has been highly pursued.? Among the different new
methods involving the use of non-activated carboxylic acid and amine proposed in the
literature,®’ some are reported in the following parts. We will focus on the use of two main

types of catalysts: enzymes or biocatalysts, and Lewis acids including boron-based and metal-
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based catalysts. Of course catalysts do not modify the reaction thermodynamics and amide

formation will only be favored in conditions of low water activity.

I.1.1. Biocatalysts

Biocatalysts or enzymes represent nature’s own catalysts involved in a huge variety of
reactions including amide bond formation. Enzymes are usually characterized by a high
selectivity toward crucial biological processes at ambient temperature, which makes them
desirable for synthetic processes.” Lipases represent the most common enzyme class adopted
for the synthetic formation of amide bond from carboxylic acids and amines.®® However,
enzyme-based catalysts adopted in amide bond formation present several limitations. One of
the drawbacks is that the range of substrates is often limited when using a biocatalyst, in

addition to a long reaction time in the order of days.’

1.1.2. Boron-based catalysts

Boron-based compounds have been used as catalysts in the direct amidation of
unactivated carboxylic acid and amine since the 1960’s.2° Boronic acids and their derivatives,
characterized by their extremely low cost, are successful candidates as catalysts for amide bond
synthesis,** including industrial processes at large scale.'® This type of catalysts show a high
stability in the presence of water along with a fairly broad substrate scope. Besides their high
yields, boron-based catalysts can be recycled without loss of activity. However, the main
drawback is their lack of catalytic activity when using more challenging substrates such as
amino acids to form peptides which is to date limited to dimerization. Moreover, while the
catalyst itself is stable towards water, water removal remains crucial to drive the reaction
forward, which might cause trouble when dealing with large-scale applications. One additional
drawback is that boron-based catalysts usually require the use of elevated temperatures which

can directly result in racemization and limited substrate scope.5’
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1.1.3. Metal-based catalysts

Although underexplored for a long time, the use of metal-based catalysts for the direct
amidation of carboxylic acids and amines has attracted a great attention in the last years; both
homogenous and heterogenous catalysts protocols are available.

On the one hand, the (limited) literature on homogenous metal-based catalysts!®2° has shown
that transition metals represent the most attractive class of catalysts to be used under
homogenous conditions. Generally, using homogeneous metal-based catalysts requires high to
fairly high temperature conditions which can affect some substrates. When using homogeneous
catalysts, removal of water during the reaction is necessary to reach high conversion.

On the other hand, following a heterogenous catalyst approach has shown more benefits
compared to the homogeneous one. Heterogeneous catalysts in the form of noble metal
nanoparticles,'® or common oxides such as SiO2, TiOz, and ZnO, exhibit promising efficiency
toward amide bond formation reaction.?2* Heterogenous catalysts have been used in a large
number of experiments dealing with the investigation of the origins of life, and studying peptide
formation from amino acids as an application for amide bond formation.? In particular oxides,
readily available and at low cost, effectively catalyze the amide bond formation reaction without
the production of toxic by-products. These materials of good atom economy show a large
substrate scope. Moreover, using heterogenous catalysts for amide bond synthesis makes
possible the separation of the catalysts from the reaction medium which is not the case when
using homogeneous ones. In addition, these catalysts show an excellent recyclability with a

negligible decrease in activity after many cycles of reaction.’

1.2. Applications of amide bond formation

Amide functionality represents one of the most fundamental chemical building blocks

found in nature, such as in peptides. They also represents key chemical connections in widely
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used agrochemicals, and industrial materials such as synthetic polymers, detergents, and
lubricants.! Over the last decades, amide bond synthesis has gained a position of importance in

industrial medicinal chemistry as well as in prebiotic chemistry.

1.2.1. Industrial medicinal chemistry

In the pharmaceutical industry, amide bond formation is crucial and represents one of
the most frequently performed reaction, especially for the synthesis of drug candidates.??’
Amide linkages have constituted the main structural pattern for best-selling active
pharmaceuticals ingredients (APIs) and major marketed drugs (Figure 1-2). For example,
Atorvastatin, the top-selling drug worldwide since 2003, used in order to block the production
of cholesterol, contains an amide bond. This is also the case for Paracetamol that treats fever
and moderate pain. In addition, amide bond is the main structural group for Amoxicillin, an
antibiotic medication adopted to treat a significant number of bacterial infections; as well as for
Methotrexate, a chemotherapy agent and immune-system suppressant used to treat cancer and
other autoimmune diseases.®>?® Most of the synthetic approaches of amide bond formation
included in these products suffer from a poor atom economy when dealing with large scale
operations, due to synthetic routes that rely on the use of coupling reagents, organic solvents,
and large amount of reagents.® Big concerns have been raised in the last decades to find green,
inexpensive, and non-toxic alternatives for amide bond formation for large scale production to
dramatically reduce waste generation.?® Indeed, the development of catalytic processes for
amide bond formation has started to be implemented on large scale, including the use of boron-
based catalysts,?®*3® enzymes,” and homogeneous-based catalysts such the use of ruthenium
complexes.3! Moreover, heterogenous-based catalysts that employ titanium compounds, 3?3
alumina,® silica, 223" etc. could also be very promising alternatives to displace the traditional,

toxic, and expensive stochiometric approaches in the pharmaceutical field.382°
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Figure 1-2: Examples of drugs involving an amide bond linkage.?®

1.2.2. Prebiotic chemistry

The first applications for amide bond formation are the syntheses of small molecules,
but the extension of these applications to include the formation of peptides or biopolymers, the
key players in the origin of life, from small building blocks like amino acids is highly
valuable.*** The formation of peptides almost certainly takes place in two general steps: an
initial formation of amino acids or related monomeric building blocks, followed by their

ligation or polymerization through amide bonds to form peptides.

Origin of amino acids

Before highlighting the critical importance of peptides in the quest of origin of life, it is
important to consider first the mechanism by which amino acids could have been produced. a-

amino acids, the building blocks of peptides and proteins, consist of amino (-NH) and carboxyl
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(-COOH) groups together with a side chain specific to each amino acid.** The Miller-Urey
experiments carried out in the 1950s are the first and widely considered as the most important

attempts at abiotic amino acids synthesis under simulated Early Earth conditions.*

An electric spark simulates

Boiling water adds
water vapor to the
artificial atmosphere

\

boiling chamber

condenserl:_ l

a) a lightning storm
=
electric spark
[ \ chamber 7
Energy from the spark
powers reactions among
CH; NH; H, H,0 molecules thought to be
present in Earth’s early
atmosphere

cool water
flow

When the hot gases in
the spark chamber are
cooled, water vapor

condenses and any
soluble molecules
present are dissolved

: Organic molecules
£ appear after a few
W e

CN

L 2H0 HO___O
<—Z R ONH,— >
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+ HCN

H” "R
aldehyde \ - HO. .0
+HCN 1 +2H,0 :/[

R OH R
a-hydroxynitrile
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Figure 1-3: a) Schematic drawing of the spark-discharge apparatus used in the Miller-Urey
experiments; b) schematic representation of the Strecker reaction mechanism for abiotic
synthesis of amino acids (and hydroxy acids).**

The experiment (Figure 1-3, a) consists in the activation with an electric discharge of a
highly reducing gas mixture of CHs, NH3, and H>, supposedly representative of the primitive
atmosphere. These conditions resulted in the generation of amino acids in rather high yields (up
to 4.7% of the initial carbon) including Gly, Ala, and Asp along with other organic
molecules.*>* The results obtained have supported the theory of “Prebiotic Soup” suggested

by Oparin.*’ The extracts from the Miller-Urey experiments were re-analyzed recently*®-*° and
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the outcomes revealed the detection of 23 amino acids, i.e., more than the five ones originally
reported. Subsequently, other experiments were performed to synthesize amino acids through
procedures involving various types of energy sources such as UV,>+°2 X-ray,>*>* and proton
irradiation.>>% In addition to the terrestrial synthesis of amino acids, more than 80 different
amino acids, including at least eight proteinogenic ones, have been found in meteorites.®’
Moreover, Gly has been also observed in interstellar gas clouds.®®* Its presence has been
confirmed in the Stardust’s Wild 2%9¢! and Rosetta’s 67P% comets as well as in several CC
meteorites.®3%°

The Strecker reaction (Figure 1-3, b) has been a key mechanism for the abiotic formation of
amino acids as it is able to generate both amino acids and hydroxy acids on the prebiotic earth.®
It involves a first gas phase production of HCN and aldehyde with a subsequent formation of
a-aminonitriles through the condensation of the formed molecules with NH3. This is followed

by a hydrolysis of the nitrile group to a carboxyl one, yielding a-amino acids.**

Peptides: central players for the origin of life

The polymerization of amino acids to peptides requires the formation of amide bonds
between these small building blocks accompanied by the removal of water molecules from the
amino and carboxyl groups of the reaction partners. According to the literature, carrying this
reaction on heterogenous systems involving mineral surfaces (possibly together with metal
cations) acting as catalysts and drying platforms, represents an efficient pathway that has
probably occurred on the Primitive Earth.?>57-"2 In fact, polymers represent the most important
molecules in biochemistry: they represent a qualitative step in the transition from non-living
matter to life. Besides their uses to store and transmit heredity information (nucleic acids),
biopolymers also have an important functional role as they are the root cause of phenotypic
behaviors at the molecular and cellular levels (proteins). Several reviews*"">-"8 have suggested

that the origin of life must have involved cooperative interactions among the different classes
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of biomolecules (Figure 1-4) including proteins, nucleic acids, carbohydrates, lipids, etc. with
proteins being the hubs of interactions. Understanding the origin of proteins could lead to
important insights in biology and prebiotic chemistry and solve some of the longstanding
problems in the origin of life. Among the different chemical processes that involve peptides
and could have contributed to early chemical evolution,* several studies have highlighted the
crucial role of proteins in origin of life that extends to RNA world. The ribosome structure itself
includes evidence of coevolution between RNA and proteins.”®# In fact, proteins are involved

in every step of RNA synthesis, processing, and functions.

primordial soup  H,O, CH,, NH,,...

Miller-type
reactions

R
amino acids HzNJ\‘r

OH
|
0
A

o!»gomenzahonl? decomposition

Figure I-4: Schematic representation showing the central role of peptides in molecular
interactions and functions in extant life. Similar interactions could have occurred between
prebiotic peptides and other molecules.*
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Self-assembly of peptides

Peptides self-assembly provides a crucial pathway for the emergence of functions in
prebiotic chemical evolution.®! 8 In fact, the self-assembly behavior is one of the characteristics
of peptides, a phenomenon observed even with short peptides.

Short peptide self-assemblies of different stability could be coupled with various remarkable
physical properties and functions. For instance, spider silks are mainly composed of highly
repetitive sequences of Gly and Ala amino acids that assemble into amorphous and crystalline
phases to provide the silk its overall tensile properties.®* Moreover, simple peptides can also
self-assemble to act as membranes®®#® or to drive the formation of coacervate droplets; both
phenomena can compartmentalize organic molecules,®” compartmentalization being one of the
defining features of life. In addition, peptide assembly can result in the generation of catalytic
properties.®® Such diverse functions exhibited by self-assembled peptides result in selective

advantages for molecular networks involving peptides.

1.3. Amide/peptide bond formation on mineral surfaces

1.3.1. Challenges in the synthesis of peptides from amino acids

The extension of the amide bond formation reaction to include the formation of peptides
would be highly valuable. The polymerization of amino acids to form peptides (Figure 1-5) is
in fact a condensation reaction that involves the removal of water molecules. As a consequence,
peptide synthesis in water is a thermodynamically unfavorable process (in addition to being

kinetically slow). This means that its standard Gibbs free energy of reaction is significantly
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positive  and  therefore its  equilibrium  constant K is very  low.88%

H H H O H
H H b
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N—(I:—c\ + N—-(I:—c\ = /N—?—C*é)l}l—ﬁ:—c\ + HO
H R OH H R OH H R / H R OH
peptide
bond

Figure 1-5: Scheme representing the condensation reaction of peptide bond formation between
two amino acids

For instance, the dimerization of Gly, the simplest amino acid, carried out in water at room
temperature and neutral pH to form dipepetide (GlyGly) has a standard Gibbs energy of + 14.84
kJ-mol ™ with an equilibrium constant K of 2.51x1073.% This value implies that less than 0.01%
of Gly is converted into GlyGly unless the initial concentration of Gly is extremely high (> 100
mM). Similar results were presented in another research work dealing with the polymerization
of amino acids.”™ Therefore, conducting a polymerization of amino acids in aqueous solution
will only yield ridiculously small amounts of polypeptides. For instance, considering an average
value for the free enthalpy for peptide bonds formation of +10.45 kJ-mol, it is found that the
equilibrium concentration is 2.6x10°% and 1.49x10® mol-L ! in the same solution for a 14-mer
and 18-mer respectively, which is about one molecule per 100 km?3 of highly concentrated
primordial soup for this solution.®

Several solutions were proposed in literature in order to overcome this difficulty including salt-
induced peptide formation,%°* hydrothermal synthesis,®® impact polymerization,®®®’
polymerization by coupling to metaphosphate hydrolysis,*® and polymerization in the adsorbed
phase involving heterogeneous systems that include mineral surfaces and metal cations.%
71,998,100 However, it has been argued that the occurrences of these suggested mechanisms, except
the last one, on the primitive earth were unlikely or had at most only a marginal probability to

take place in specific locations.* Therefore, our concern will be focused specifically on the
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adsorption and polymerization of amino acids on surfaces resembling the mineral ones as they
were likely present on the early earth surface, mostly silicates, oxides, and sulfides. Adsorption
of amino acids on reduced metal surfaces will also be excluded despite the availability of
significant information on the topic since reduced metals do not represent likely candidates for

prebiotic chemistry and their reactivity is quite different from the one of oxide surfaces.*

1.3.2. Role of the mineral surfaces in the polymerization reaction

Over 50 years ago, Bernal®%? suggested that mineral surfaces have played a crucial role
in the chemical evolution of life, acting as promising locations for the transition from chemical
geochemistry to biochemistry.’® Bernal argued that increasing the local amino acid
concentration by adsorption would automatically favor the polymerization in the adsorbed
phase. However, this would experimentally require an impossibly high concentration of amino
acids in the adsorbed phase. Thus, another explanation was obviously required. In 1991, de
Duve and Miller'® proposed, based on a theoretical analysis that in order for a dimer to be
formed on the surface, its free energy of adsorption should be more negative than that of the
two monomers reactants and subsequently, as the peptide chain becomes longer, it would
strongly and irreversibly adsorb on the surface. This was confirmed by Hill et al.!® regarding
the increase in the free energy of adsorption as a function of the oligomers length.
Experimentally, Gerstner'% observed that the Gibbs energy of each additional monomer unit
bonded to the surface remains approximately constant, so that the global Gibbs adsorption
energy would indeed increase linearly as a function of polymer length.

It is only 60 years after Bernal’s hypothesis that the proposition of the polymerization
of amino acids through increasing K in the adsorbed phase was experimentally tested by the
work of Marshall-Bowman et al. in 2010'%” where they tried to compare the Gly equilibrium
polymerization in aqueous solution using different minerals with the same reaction in a

homogeneous solution. They deduced that there is no significant difference of K, invalidating
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the hypothesis of a polymerization favored by preferential polymer/surface interaction. And yet
in the meantime successful polymerization of amino acids had been demonstrated on several
mineral oxide surfaces,’®® 11 including silica.®>!*-113 |t should be noted that all successful
instances involved the use of a drying step, often in a series of wetting-and-drying (WD) cycles.

In fact, the thermodynamics of the surface-induced amino acids polymerization can be
simply explained through the role of water based on Le Chatelier’s principle that states that the
removal of a reaction product automatically drives the reaction in the forward direction. In other
words, eliminating water by drying will drive the amino acids condensation equilibrium to the
right and favor the polymerization of peptides, and that can easily be done when amino acids
are supported on silica.*'*

Then, if the thermodynamic challenge of the polymerization reaction can be simply
solved by going through a drying step, does the mineral surface remain indispensable for the
reaction? Is the adsorption of amino acids on minerals important for origin of life?*°
In fact, several research works have shown that bulk amino acids can polymerize without the
presence of any mineral 1% However, in the absence of any mineral surface, such reactions
takes place at significantly higher temperatures than when monomers are deposited on the
surface (i.e. 240 °C for bulk Gly instead of 150 °C for Gly deposited on silica). Bulk
polymerization is therefore less interesting from a prebiotic chemistry point of view, as the high
temperatures can cause a severe degradation of biomolecules. Thus, mineral surfaces do play
an important role: they have a catalytic effect as they increase the reaction rate at a given
temperature; they indeed play the role that is now devolved to enzymes in living cells. In order
to ensure an efficient catalysis, a good catalyst must interact strongly enough with the reagents
in order to activate them but not too strongly in order to prevent them from being trapped in the
formation of stochiometric compound. This highlights the importance of studying the

biomolecules/surface interaction that will be undertaken in this thesis work.
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The most relevant situation for prebiotic chemistry is probably when biomolecules are adsorbed
from aqueous solutions.''812> However, results obtained by adsorbing amino acids from the
gas phase can also be very significant, either at a fundamental level for elucidating the influence
of particular adsorption modes, or for confirming the reaction pathway of the adsorbed amino
acids when the water activity is decreased through drying (such as through the exposure to the
sun under prebiotic conditions).?>88112126-128 \More complicated procedures could also be
studied by adopting fluctuating environments® involving successive wetting and drying (WD)
cycles which can serve to simulate in the lab natural prebiotic variations of the experimental
conditions that may have occurred on the prebiotic earth such as daily fluctuations of
temperatures and seasonal fluctuations of humidity (by rain or exposure to tides).

All these different environmental conditions for polymerization reaction will be tested in this

thesis while studying the biomolecules/surface interactions.

1.4. The world of silica

Biomolecules/silica interactions have garnered much interest in research works!?®1%°
due to many reasons. First, silica represents the most abundant component of the Earth’s crust,
of which oxygen and silicon represent 45.5 and 27.2% respectively, and that manifests in the
occurrence of a large variety of silica and silicate materials.*®* Nowadays, the interactions
between these materials and living matter is pervasive.

Silica already represented an ubiquitous mineral in the crust when our planet was devoid
of life. Figure 1-6 represents the timeline of early Earth involving the key steps for life evolution
starting from initial sterile conditions, through the early Hadean era characterized by a high
meteorite bombardment, to the rise of atmospheric oxygen during the Proterozoic era. Between
these two events, a large impact between 4.53 and 4.45 created the Moon. Subsequently the

first reducing atmosphere was created by outgassing of the mantle. Variations in oxygen
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fugacity resulted in the formation of a significant amount of CO in the high temperature
atmosphere while the cooling of the atmosphere lead to the stabilization of the CH4 and
engendered H20 to condense and form the first ocean at c.a. 4.4 Ga. As a consequence of these
events, silica started to accumulate in a worldwide alkaline ocean where silicate polymerization
was pervasive, causing silica-organic interactions in the Hadean.!®? The silica input that
increased in the early oceans®® resulted in a global silicification of the early Archean seafloor
as evidenced by the presence of abundant cherts and underlying strongly silicified volcanic
rocks in Archean rocks such as the Barberton Greenstone Belt,**'* the Pilbara Granitoid

Greenstone Belt, 13136 and other exposure areas of Archean seafloor.?’
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Figure 1-6: Timeline of the early Earth, showing key steps for the evolution of life, from
initial sterile conditions during high meteorite bombardment in the early Hadean to the rise of
atmospheric oxygen during the Neoarchean-Paleoproterozoic (G.O.E., Great Oxidation
Event).132
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In addition, silica surfaces play a central role in various applications related to biomolecules
interactions*® such as in chromatography® used in pharmaceutical industry, in the analysis of
pesticides, contaminants, drug residues in food and drinks, etc. Moreover, studying the
interaction between biomolecules and silica is also beneficial to understand how artificial
implants based on bioglasses constituted mainly of silica merge with bone tissue of the body.*°
Silica has also been adopted in the drug delivery field as it can be designed to encapsulate a
specific drug which can be then released in situ through silica matrix degradation in order to
enhance therapeutic effects and decrease toxicological side effects.!*! Interestingly, amorphous
silica particles characterized by a high biocompatibility with cellular systems (contrary to the
crystalline ones) have been considered good candidates for drug delivery systems.'*? High-
surface amorphous silica has also proved to represent a good test material for prebiotic

condensation studies which will be the main focus in this thesis.2>114.120.143,144

1.4.1. Structure and features of silica samples

Silica, in all its different forms and fields of application, has become one of the most
studied material in the fields of chemistry, material science, physics, biomaterials, and
engineering.? Silica, of chemical formula SiO-, is a solid compound of high melting point (c.a.
1700 °C) with a density between 2 and 3 g.cm™, It is mostly found on Earth’s crust as crystalline
quartz. In the structure of most crystalline polymorphs?, a silicon atom is bound to four oxygen
atoms, and each oxygen is bound to two silicon atoms, in such a way that the SiO4 tetrahedra
are organized into periodic rings via siloxane bonds that bridge between two silicon centers!#
(see Figure 1-7, a). Silica is subjected, within the biosphere, to continuous cycles of hydration

and dehydration via reversible hydrolysis and condensations reactions as described in equation

()

L With the exception of stishovite, which is only formed at very high pressures
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(Si02)x + 2H20 < (Si02)x-1 + Si(OH)4 Q)

Such weathering process engenders soluble silicic acid species Si(OH)s4 which form, upon
dehydration, amorphous silica composed of 2- to 8-membered siloxane rings, usually in the
form of nanoparticles. We will not dwell on the many crystalline silica polymorphs (including
zeolites), but the high pliability of the Si-O-Si angle is the reason behind the large variety of
all-silica materials.

The silica surface represents the region of contact and interaction with molecules from the
“outside world” such as biomolecules; understanding it at the atomic level is of great interest.3
Both amorphous and crystalline silica surfaces are composed of siloxane bonds (Si-O-Si)
present also in the bulk, and silanol groups that result from lattice termination in a water-rich
medium — which is almost always the case on the surface of the Earth. Alternatively, they may
considered as the result of incomplete condensation of silicic acid units during the
polymerization involved for silica synthesis.

Different types of silanol groups having different acidities (pKa values) and including isolated,
geminal, vicinal, and H-bonded silanol groups are present on silica surface*® (Figure 1-7, b).
Thus, the amorphous silica surface can exhibit different patterns of hydrogen bonding, charge,
and hydrophobicity. Isolated Si-OH groups (labeled as Q®), sometimes also called terminal
silanols, may be defined as those whose distance to their closest SiOH neighbors is higher than
6 A so that they cannot be involved in any H-bond interactions. Isolated silanol groups may

however establish H-bond interactions with biomolecules as both H-bond donors and acceptors.

Pairs of silanols on tetrahedra sharing a common oxygen vertex and distant by 4-6 A are called

vicinal and are usually involved in weak H-bond interactions. Strongly H-bonded silanols

correspond to silanol pairs that are separated by a distance between 2.5 and 2.8 A.

In addition, geminal silanols represent two OH groups linked to the same surface silicon atom

(labeled as Q?) to give Si-(OH)..
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Surface radicals (Figure 1-7, ¢ and d) may also be present. The concentration of siloxane rings,
silanols and radicals both on the silica surface and within the bulk depends on the synthetic
conditions followed as well as the thermal and environmental exposure. Heating a highly
hydrated silica surface at relatively high temperature results in the progressive condensation of
surface silanol pairs involved in H-bond interactions to form siloxane rings (SiO)n of distinct
nuclearity n, based on the condensed pair of H-bonded silanol groups.

Conversely, strained siloxane rings (SiO)n=2,3 0f 2- or 3- membered rings may undergo cleavage
by water molecules present in the surrounding environments:*4” water molecules can break the
Si-O-Si bridge to form a pair of H-bonded SiOH or vicinal pair which increases the number of
silanol groups on the surface while decreasing the fraction of isolated ones (Figure 1-7, e).
Studying the parameters that affect the formation, condensation, or cleavage of the functional
groups of silica is of high importance since the hydrophilic/hydrophobic character of silica
toward biomolecules is directly related to the density of siloxane and silanol groups. On a
surface rich in SiOH groups (4-5 SiOH/nm?), molecules are adsorbed through H-bonding to
groups of neighboring silanol sites, while on a surface less rich in SiOH (1-2 SiOH/nm?) which
contains more siloxane rings due to dehydration, the hydrophobic character is dominating,
driving the molecules to be adsorbed through dispersive interactions (or weak interactions with

siloxane rings) rather than H-bonds with silanol groups.148149
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1.4.2. Synthesis of silica samples

Understanding the different ways to synthesize silica samples is key to unravel the
complexity and variability of silica behaviors. Figure 1-8 summarizes the timeline of the
development of the syntheses of silica samples, some of which are detailed in the following

sub-parts.
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Figure 1-8: Timeline of the development of the synthesis of amorphous nanoparticles.*3
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a) Fumed-silica synthesis:

In order to find an alternative for carbon black used in tire industry, Harry Kloepfer discovered
in the 1930s the fumed silica (known as Cab-O-sil in the USA or Aerosil in Europe) by adopting
a synthesis via flame pyrolysis of SiCls according to equation (2):**°

SiCla+ 2H2 + 02 - Si02+ 4HCI (2)
The process of flame pyrolysis consists of a heating at very high temperature in the range of
1200-1400 °C followed by a rapid thermal quenching. This involves the vaporization and
hydrolysis of SiCls through in situ water production to form Si(OH)a that then polymerizes into
SiO2 seeds. The latter start to grow into highly condensed and dense primary particles having a
diameter of 5-50 nm. After that, they start to aggregate to form string-of-pearl-like
morphologies of fractal dimensions.'® The synthesis environment of the overall reaction that
may contain up to 30 mol% H-O results in a partial hydration of the prepared silica with a
concentration of 2-3 SiOH groups/nm?.1%2 This is the type of silica that has been investigated
in this thesis.
Doped fumed silica can also be formed through a simultaneous vaporization of metal halides
(i.e. AICls, TiCly, etc.) with SiClsduring the flame-pyrolysis process (Figure 1-9, a).

b) Colloidal silica synthesis:

Colloidal silica including precipitated, Stoéber, and mesoporous silica are used as adhesive,
fillers, thickening and reinforcing agents, food additives, imaging agents, drug delivery vectors,
etc.146:153-156 They are typically prepared under basic conditions (pH 7-10) by a nucleation and
growth mechanisms through the attack of a nucleophilic deprotonated silanol on a neutral
silicate species. Monosized Stober silica nanoparticles can be synthesized through hydrolysis
of tetraethoxysilane in basic solutions of water and alcohol according to equation (3):

Si(OEt)s + 4H20 — SiOz + 2H20 + 4AEtOH A3)
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Stober silica nanoparticles of diameters ranging from tens of nanometer to tens of microns with
tunable surface areas (30-500 m2.g™) can be formed by varying the concentration of water and
ammonia in ethanol®’ (Figure 1-9, b).

c) Mesoporous silica synthesis:

Besides fumed and Stober silica, much effort has been devoted to synthesize highly porous and
ordered silica with uniform pores larger than 2 nm in order to allow host-guest chemistry with
large molecules and polymers. In 1992, Kresge et al.'*® discovered the first periodic mesoporous
silica. It was shown that this type of silica can be prepared through self-assembly of cylindric
surfactant micelles and a silica precursor like tetraethyl orthosilicate (TEOS) which condenses
to silica in the available space between the micelles, replicating their organization to form an
ordered nanocomposite. Mesoporous silica is then obtained by the removal of the surfactant
template!™® (Figure 1-9, c). One example of these highly porous silicas that present pores with
amorphous silica walls are the molecular sieves named M41S of very high specific surface areas

(700 m2.g) and pore volumes. The pores are ordered in an hexagonal phase named MCM-41.
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sjgi\dching Nucleation Progressive cooling
) © 0

Growth 00320 Growth )

— o200 — OOOO

Stober nanoparticles
SiCl,+2H,+0O, ———> SiO, +4HCl
T=1,200-1,400°C Si(OEt),+4H,0 T———=> SiO,+2H,0+4EtOH
(+TiCL,: AlCL) SiO, @(TiO,/AL0O,) T=20-80°C

c. Soft template synthesis

B e
Self assembly of

surfactant

- Silica source
Surfactant Condensation
of silica source

omonicr (R
2 2 2
oy

Figure 1-9: Schematic representation of different synthesis routes for amorphous silica: a)
flame pyrolysis, b) sol-gel synthesis,*° and c) hard template synthesis.*>
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1.4.3. Amino acid polymerization on amorphous silica surface

Polymerization of unactivated amino acids on amorphous silica surface to form peptides
remains till today a difficult task as it still suffers from a lack of knowledge regarding the
mechanism of the reaction, its kinetics, and the adsorption sites that are involved during
polymerization. A number of investigations have been performed to study amide bond
formation on silica both experimentally and theoretically.®® Limiting ourselves to systems
consisting in a single amino acid on amorphous silica, several teams have attempted to elucidate
the amide bond formation using mainly NMR and IR spectroscopy techniques. One can mention
here the work of Lopes et al.1* and Kitadai et al.”? about glycine, Guo et al.?>!% about alanine,
and lysine,'®! as well as Swanson et al.’ related to histidine, and Rai et al.’®® focusing on
leucine on silica, etc. In addition to the laboratory works, the application of computational
modelling to biomolecules adsorption on silica was extensively reviewed in 2013.12° Important
insights have been provided by modelling Gly on silica by Ugliengo et al.?41%417% and Costa et
al.}’*-173_ Other workers have also studied the adsorption state of different amino acids on
silica.™® And more recently, Abadian et al.1”®> have combined macroscopic (TGA, XRD) and
spectroscopic (IR, NMR) techniques with molecular modelling by DFT to study the adsorption
of leucine on amorphous silica.

Despite this large number of research works about amide bond formation, no full understanding
of the mechanism and the products of the polymerization reaction has yet been reached, in part
due to the fact that different amino acids are investigated by different scientific groups using
different deposition and activation procedure, which makes the comparison of the results
difficult.

In fact, the main results could be divided into two categories. On the one hand, several

spectroscopic studies carried out by Lambert and co-workers®114120.143.176.177 rayeq| that Gly
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adsorbs on amorphous silica from an aqueous solution as a zwitterion which upon activation at
160 °C reacts to give the undesired cyclic dimer also known as diketopiperazine (DKP).

In contrast, in situ IR measurements of Martra et al.>> who carried out the adsorption of Gly
from the gas phase on amorphous silica, indicate that long oligomers are formed from a
successive feeding of Gly vapor at the same temperature. The formation of linear oligomers on
silica was also observed before by other research works using IR spectroscopy.®”%°

Certainly, the outcomes obtained from these two different research groups are not inconsistent
but they highlight the fact that different results may follow when adopting different adsorption
procedures. This shows the importance of deeply studying the amino acid/silica interaction, the
crucial adsorption sites, the mechanism, the parameters of adsorption and activation, etc. which

will be the main task undertaken in this thesis work.

1.5. Thesis objectives and methodology

Based on this review on amide bond synthesis and its extension to form peptides on
oxide surfaces, and the recent advances obtained when carrying out this reaction on amorphous
silica surface, understanding the reaction mechanism, kinetics, and the parameters that
determine the product type has not been reached due to the complexity of the surface of
amorphous silica. Studies have demonstrated that different conditions during the adsorption can
heavily influence the product type and the efficiency of the reaction. Studying the surface
chemistry of amorphous silica during the polymerization reaction could represent a central key
to understand the biomolecules/silica interactions important for prebiotic chemistry and
material science. Needless to say, glycine having both terrestrial (among the products of Miller
experiments) and extraterrestrial origins (found in many comets and meteorites) enjoys a central

position among all other amino acids in prebiotic chemistry. This simple amino acid has been
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considered a reference molecule in a large number of experimental and theoretical

investigations for the matter of biomolecules/silica (mineral) interactions.

In this context, the objective of this thesis is to take advantage of the extant knowledge

from theoretical and experimental studies about amino acid adsorption on amorphous silica

described above to go further in the elaboration of the role of silica and the parameters that

affect the efficiency of the polymerization reaction. The results we have obtained have been

summarized in three research papers that are reproduced here. Their purpose is:

1.

In chapter 3: To elucidate the reactivity of Gly from the vapor phase on amorphous
silica under controlled atmosphere with and without a prior activation of the surface
with a carboxylic molecule. The target is to investigate the type of adsorption sites
crucial for monomers activation and polymerization, to propose a mechanism for
oligopeptide chains prolongation and to understand their behavior upon contact with
water vapor.

In chapter 4: To study the polymerization reaction in fluctuating silica environments
under both temperature and hydration changes. The target is to study the effect of these
conditions on the efficiency of the reaction and to propose a mechanism of the
prolongation of peptide in wetting/drying cycles. Furthermore, we have also
investigated the secondary structure as well as the structural dynamics of the peptides
for an extended duration of polymerization.

In chapter 5: To investigate the parameters that govern the formation of linear peptides
or of the cyclic dimer DKP on silica surfaces upon Gly adsorption from both gas and
liquid phases. The aim is to determine the role of special surface features of amorphous
silica in obtaining linear peptides over a cyclic product when adopting the Gly
adsorption from the gas phase. Furthermore, to elucidate the role of water molecules

and specific surface area of silica when adsorption from liquid phase is adopted.

34



To achieve our purpose, different characterization techniques were employed to characterize in
detail the biomolecules/silica systems. They will be presented in chapter 2 where the equipment
and the experimental conditions for the characterization techniques, in addition to the
procedures of amino acid adsorption from gas and liquid phases as well as hydration and

washing are elaborated.
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Chapter II: Technical part
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I1.1. Characterization techniques

The aim of the present chapter is to provide a rigorous explanation of the different
characterization techniques employed in this thesis work to analyze the different silica and
biomolecules/silica systems. After explaining each technique used, the procedures followed to
treat the silica samples as well as to adsorb glycine from both gas and liquid phases will be
elaborated. The methods and procedures adopted to prepare additional samples to study specific

tasks will be explained in the respective chapters where these materials are analyzed.

11.1.1. Spectroscopies
11.1.1.1. Fourier transform infrared spectroscopy

Principle of the technigue:

Fourier transform infrared (FTIR) spectroscopy is a vibrational spectroscopy technique
that can provide information about characteristic molecular vibrations from which interesting
structural information about materials can be deduced. It is considered a universal and powerful
technique that can be used to analyze solids, liquids, gas, powders, and polymers and give useful
information about organic and inorganic compounds. FTIR spectroscopy is a fast, non-
destructive, and relatively non-expensive technique and requires little or no sample preparation.
It provides a huge amount of information from the peak intensities, positions, widths, and
shapes in the spectrum of a sample.1’® The infrared (IR) range can be divided into three main
regions: the near-infrared (14000-4000 cm™) where overtone and combination modes of
molecular vibrations are observed; the mid-infrared (4000-400 cm™) which is the most
frequently used region for chemical analysis where the fundamental vibrations and the
associated rotational-vibrational structures are seen; and the far-infrared region (400-10 cm™)
that is useful for molecules containing heavy atoms such as inorganic and metal-organic

compounds.t’
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All molecules have a set of frequencies at which they vibrate according to vibrational
modes that are classified into three types: stretching, bending, and torsional modes.*® In order
for a vibration mode to be active in the infrared, it should produce a change in the dipole
moment of the molecule. In that case, when the frequency of the radiation matches the
vibrational frequency of the molecule, the radiation can be adsorbed. Consequently, the IR
spectrum provides all the frequency information about the IR radiation adsorbed or transmitted,
which are very characteristic as they are directly related to the structure of the molecule.!®!

Concerning the basics of the instrumentation of this technique (Figure 11-1), the
radiation containing all the IR spectrum frequencies originates from a thermal source called the
IR source. It enters the so-called Michelson Interferometer where the IR beam is split into two
by the means of a beam-splitter, a half-transparent window: the two beams travel different
distances and then merge into one. Because of the interferometer, the obtained beam is a
pulsating beam that mimics the pattern of frequencies in the IR beam. Once it exits from the
interferometer, the obtained beam goes to the sample which adsorbs some of the frequencies
before reaching the detector. An interferogram called also time-domain spectrum is first
recorded, then a mathematical transformation called the Fourier Transform (FT) is applied to
convert the interferogram into a frequency-domain spectrum. The latter is then compared to a
reference spectrum called background to obtain the absorbance or transmittance spectrum used
for chemical analysis.*"817

Two types of detectors can be used: Deuterated Triglycine Sulphate (DTGS) and
Mercury Cadmium Telluride (MCT). The comparison between these two detectors is presented
in Table I1-1. The use of such detectors results in an increase in the benefits acquired when
using FTIR technique. It also ensures a maximum use of the radiation along with a fast spectral

averaging which results in an enhancement in the signal to noise ratio. In addition, the
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wavenumber scale of FTIR instrument is reliably fixed by the wavelength of the controlling

laser used.
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Figure 11-1: Diagram representative of the principle of FTIR instrument.

Parameters DTGS MCT
Wavenumber region 12000 - 350 cm? 11700 — 700 cm'?
Sensitivity Less sensitive Up to 10 times more
sensitive than DTGS
Signal to noise ratio Satisfactory Good
Cooling requirements No Yes (at liquid nitrogen
temperature)
Time of measurements Slow 3 to 4 times faster than
DTGS
Price Inexpensive Several times higher than
DTGS
Usage Ordinary FTIR High-end FTIR
spectrometers spectrometers

Table 11-1: Table showing the comparison between DTGS and MCT detectors for FTIR
spectroscopy.
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Procedure:

IR spectra for the samples prepared in this thesis work were recorded using two different
IR spectroscopy instruments:

A Bruker Vector 22 instrument with a DTGS detector, using a resolution of 4 cm™ and
accumulating 64 scans was used for a set of experiments carried out at the Department of
Chemistry at University of Torino. The self-supporting pellets of the samples were placed in a
traditional IR cell with CaF, windows and equipped with a valve to be connected to a vacuum
line (residual pressure < 1.0 x 10° mbar) where the experiments of adsorption/desorption were
carried out in situ.

In addition, a Bruker Vertex 80 spectrometer equipped with MCT detector under a

RapidScan mode using a resolution of 4 cm™ and accumulating 250 scans to have a good signal
to noise ratio was used for another set of experiments at the LRS at Sorbonne University. The
samples in self-supporting pellets form were placed between two transparent calcium fluoride
CaF2 windows sealed with a paraffine film.
In order to obtain a wider spectral window, KBr-IR spectra for the silica samples were also
recorded in the transmission mode using Bruker Vertex 80 (MCT detector, resolution of 4 cm”
! with the accumulation of 250 scans). The spectra were measured in potassium bromide KBr
pellets with a concentration of the sample in the pellet of a few percent by weight. The
absorption of a pellet of pure KBr was used as a background.

The data collected were normalized to the intensity of the signals in the 2100-1700 cm"
! range due to a combination and overtone of vibration modes of bulk materials in order to
render differences in intensity independent of differences in the thickness of the pellets.

Nature of the IR information:

Infrared (IR) spectroscopy was the major technique adopted in this thesis work for in

situ characterization of the growing peptides chains throughout glycine deposition as well as
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peptides folding. IR is highly sensitive, compared to other spectroscopic methods, to the H-
bonding state and conformation of the different peptide groups. It has proven to be a useful and
powerful technique in the study of protein structures, providing not only qualitative information
on the presence of functional groups in organic compounds but also a quantitative estimation
of the protein secondary structures yielding important structural and dynamical information of

the peptides. 182

11.1.1.2. Attenuated total reflection infrared spectroscopy

Principle of the technique:

Attenuated total reflection infrared (ATR-IR) spectroscopy is a non-destructive
technique used to get a qualitative analysis of samples with little or no sample preparation. ATR
is easily miniaturized as it can provide high-quality spectra of samples with a diameter less than
a millimeter. This technique is based on a total internal reflection phenomenon. The sample is
placed in contact with an ATR crystal, where an IR radiation is directed through the ATR crystal
to the surface of the sample at a certain angle 0 so that the light is totally reflected (Figure 11-

2).183 In order to have a total internal reflection, the incident radiation angle O must exceeds the

value of the critical angle 0 defined as follows: sin 6, = % where, n1 and nz represent the

1

refractive index of the ATR crystal and the sample respectively.

Consequently, for the total reflection to occur, the refractive index of the crystal must be higher
than that of the sample. Therefore, high refractive index materials of good hardness are selected
for the ATR crystal such as diamond, zinc selenide, and germanium.*8®8 Upon internal
reflection, a part of the incident IR beam, called the evanescent wave, penetrates the sample to
a depth (dp) of few micrometers and is partially adsorbed by the sample. Due to the interaction

between the sample and the penetrated beam, a selective attenuation of the radiation results
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where the beam loses energy at the wavenumbers where the sample adsorbs infrared radiation.

This leads to the generation of the infrared spectrum for the sample. 18

evanescent wave

sample P n, .

ATR crystal to detector

incident IR reflt_ec'Fed
radiation radiation

Figure 11-2: Schematic representation of total internal reflection in ATR-IR system,183

Procedure:

ATR-IR spectra for silica samples were recorded using Bruker Vertex 80 spectrometer
equipped with a mono-reflection diamond Bruker, A225/Q-DLST ATR device. The refractive
index of the diamond is 2.4. Measurements were carried out with a RapidScan mode using a
DTGS detector with a mirror speed of 20 kHz. The spectral window recorded was from 4000-
200 cm™* using a resolution of 2 cm™ while accumulating 200 scans for a better signal to noise
ratio.

Nature of the ATR information:

In this work, ATR is used to analyze different silica samples as it allows to obtain
information on the nanostructure of the material, by analysis of characteristic behaviors of its
building units SiO4 through the asymmetric stretching of longitudinal optic vasio), asymmetric
stretching of transverse optic vastro), Symmetric stretching (LO+TO) vs, and bending 6 motions

of the Si-O-Si bonds, in addition to the Si-(OH) stretching, and which exhibit different main
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bands at around 1188, ~1100, ~800, ~450, and ~966 cm™ respectively in an ATR-IR

spectrum. &

11.1.1.3. Raman spectroscopy

Principle of the technique:

The Raman spectroscopy measurements consist in illuminating the sample with a
monochromatic laser beam which results in a scattered light upon interaction with the sample
molecules. After interacting with the sample, the incident light scatters in all direction. The
majority of the scattered light still has the same frequency of the incident one, and this is known
as Rayleigh scattering. However, a small amount of the scattered light acquires a distinct
frequency from that of the excitation source, this results in the construction of the Raman
spectrum because this shift in energy results from the interactions between the incident
electromagnetic waves and the vibrational energy levels of the molecules in the sample. When
the incident frequency is higher than the one of the scattered light, one speaks of “Stokes lines”
whereas when the frequency of the scattered light is higher, “anti-Stokes” lines are seen (Figure
I1-3). The Raman spectrum of the sample is constructed by plotting the intensity of the shifted
light versus its frequency difference from the incident light, and each band corresponds to a
specific vibrational frequency of a bond within the molecule. A lot of information can be
provided from a Raman spectrum about the quantity of the components present deduced from

the intensity of the spectrum, the stress and strain states inferred from the peak shift, etc.6-187
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Figure 11-3: Schematic representation of the Raman Spectroscopy scattering*e®

Procedure:

A Kaiser microscope optical system (RXN1) equipped with a charge-coupled detector
was used to measure Raman spectra for silica surfaces (in pristine form or thermally treated at
different temperatures) at room temperature. The laser beam working at 785 nm was focused
by adjusting the microscope to an objective of 50X long working distance (8 mm) lens. The
spectral window was in the range of 3200-150 cm, obtained with an incident laser power of
10 mW, resolution of 4 cm™, 10 seconds acquisition time while accumulating 30 scans for each
spectrum.

Nature of the Raman information:

Raman spectroscopy is used in this thesis work to study the difference in structural
properties of various silica surfaces. Different features of the silica surface related to silanol
groups and siloxane rings can be detected through the different specific Raman spectral bands.
The evolution of the silanol groups can be estimated from the band present in the 960-990 cm™
! range related to the Si-(OH) stretching. The breathing vibration modes of the 4- and 3-

membered rings, designated as D1 and D2, are represented by their characteristic bands at 495

44



and 607 cm™ respectively. The bending motions of the oxygen atoms of the Si-O-Si angle in
the network, a key band in the understanding of silica structure, is represented by the R-band
peaked at around 440 cmt 188189

11.1.2. Thermal techniques

[1.1.2.1. Thermogravimetric technique

Principle of the technique:

Thermogravimetric analysis consists in recording weight changes of a solid sample
submitted to a (generally linear) temperature ramp. It is often coupled with differential thermal
analysis (DTA) that records the exothermic and endothermic heat flows corresponding to the
thermal events.

Procedure:

Thermogravimetric analysis was carried out using a TA instrument with a STD Q600
analyser. TGAs were performed with a heating rate of 1 °C/min under dry air flow (100
mL/min). The samples of (poly)Gly/silica analyzed by TGA are used in form of crushed pellets.
Quantification of adsorbed peptides was evaluated by correcting the weight loss between 130
and 400°C for the corresponding value for the blank sample.

Nature of TG information:

TGA is used in this thesis to calculate the number of silanol groups on the surface of
pristine silica or calcined at different temperatures. This is performed by heating blank silica
samples from room temperature to 800 or 1000 °C; the number of silanol groups is deduced
from the weight loss of water stemming from silanols condensation. In addition,
(poly)Gly/silica systems were also analyzed by TGALt. Three main events were observed to take
place: desorption of physisorbed water which occurs on silica for T<100 °C, amide bond

formation with the elimination of water, and oxidative decomposition of the organic compounds
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from the surface. Since this decomposition is quantitative, the integration of the differential
thermal gravimetry (DTG) profiles provides an estimate of the amount of peptides formed on
the surface during polymerization.

11.1.3. Physicochemical techniques

11.1.3.1. N2 physisorption (gas-volumetric analysis)

Principle of the technique:

N2 physisorption is a non-destructive technique used to obtain information on the
surface area, pore volume, and pore diameter of a solid material. It consists of a gas-solid
adsorption phenomenon that involves intermolecular (Van der Waals) forces. The
measurements are conducted on a volumetric basis at constant temperature (77 K) and are
preceded by vacuum outgassing to remove all physisorbed species from the surface of the
sample. This is followed by Nitrogen N2 gas introduction in successive amounts and the system
is allowed to reach equilibrium pressure following which the adsorbed amount is measured.
The corresponding isotherm of the material is then depicted point by point where each point is
determined by measuring the volume of nitrogen gas adsorbed or desorbed.

Procedure:

N2 adsorption/desorption isotherms of silica samples were recorded using Belsorp-
max (BEL JAPAN) apparatus. 70 to 80 mg of the sample were enclosed in a specific glass
tube and degassed under vacuum at 250 °C for 2 h (residual pressure 10 mbar) on a
Belprepll-vac unit. The adsorption isotherms were then obtained by introducing stepwise

known volume of N2 into the cell then evacuating the cell progressively.
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Nature of information from N> physisorption:

The values of the surface areas of pristine or calcined silica samples were calculated
automatically from the instrument software following the Brunauer-Emmet-Teller (BET)

method by applying the following conventional linear equation:

P
PR __ 1  C-1 P
nx(l_Pﬂo) Ny XC ny, XC P,

where,
= P/Po is the reduced pressure (total pressure over the saturating vapor pressure of the
adsorbate) deduced from the isotherm curve (x-axis);
= nisthe volume of gas adsorbed (expressed at standard temperature and pressure)
deduced from the isotherm curve (y-axis);
» nmis the specific monolayer capacity;
= Cisthe BET constant which is exponentially related to the energy of monolayer
adsorption.
Subsequently, the BET surface area is calculated based on the following equation:

N, X Ny X o,

As(BET) — m

where,
= ageeT) IS the BET specific surface area of the adsorbent of mass m (g),
" N is the volume adsorbed at monolayer coverage (ml),
= Nais the Avogadro’s number (6.023*10%° molecules-mol ™),
" om IS the molecular cross sectional area taken by the adsorbate molecule in the

complete monolayer (cm (N2): 0.162 nm?).1%

11.1.3.2. X-ray diffraction
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Principle of the technique:

X-ray Diffraction (XRD) is a non-destructive technique used to investigate crystalline
phases. An incident X-ray beam is directed toward the solid material, which diffracts part of it;
the intensity of the diffracted X-ray is recorded as a function of the diffracting angle. Diffraction
takes place when the angle between the incident X-ray and a crystallographic plane (reticular
plane) is identical to the one between this plane and the diffracted X-ray (Figure 11-4). More
specifically, Bragg’s law!®! states that constructive interference, and thus the observation of a

diffracted beam, will be observed when the following equation is satisfied: 2d sin & = nA;

where d is the distance between two planes of the same crystallographic family (A) with indices

hkl; 0 is the half of the diffraction angle; n is the order of diffraction (equal to 1); and A is the

wavelength of the radiation.

Incident X-rays Diffracted X-rays

g
>
:}/

2d sin®

Constructive interference when
nA=2d sinB
Bragg’'s Law

Figure 11-4: Schematic representation for X-ray Diffraction (XRD)

Procedure:

The samples in this thesis work were characterized by X-ray powder diffraction patterns
recorded on a PANalytical X'Pert diffractometer using a Cu Ko (A = 1.5405 A) radiation source
and working at 30 mA and 40 kV. The diffractograms were recorded for 20 angles ranging from

10 to 45°, with a step size of 0.01° and a dwell time of 1 s per step.

48



Nature of XRD information:

The silica supports we used are amorphous and thus do not diffract X-Rays. However,
when dealing with the adsorption of amino acids on silica surface, some systems may show the
existence of a bulk crystalline phase along with adsorbed amino acids. This bulk phase
formation takes place when the adsorption sites on the surface of the support become saturated.
XRD technique is used in this thesis for the identification of the saturation point which can be
detected through the formation of Bragg peaks on the smoothed background of amorphous
silica. The appearance of such peaks on a diffractogram indicates the formation of a crystalline
amino acid phase. The nature of the crystalline phases is determined through a comparison
between the XRD patterns of the solid material analyzed and the diffraction patterns of the

standard powder XRD files available in the International Center for Diffraction Data (ICDD).

11.1.4. Analytical techniques
11.1.4.1. Mass spectrometry

Principle of the technique:

Mass spectrometry (MS) is an analytical technique employed for qualitative and
quantitative chemical analysis. It consists in the measurement of the mass-charge ratio (m/z) of
any analyte of organic or inorganic nature which has been previously ionized. The m/z ratio is
a dimensionless number and represents the relative mass m of an ion on the unified atomic scale
divided by the charge number z.1%2 High-resolution mass spectrometry (HR-MS) technique is
coupled with an analyzer such as the Orbitrap type. The mass analyzer has the shape of a spindle
and it involves a central electrode and two surrounding semi-electrodes. A high-voltage DC is
gradually applied to the central electrode, which results in the generation of a special geometry
electrostatic field in the Orbitrap. Due to the central electric field, the ions inside the Orbitrap

start a circular orbital motion around the central electrode. Simultaneously, the ions follow the
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horizontal and vertical directions along the central electrode. The external electrode limits the
orbital change of the ions and identifies the induce electromotive force generated by the ions’
oscillation. A differential amplifier detects the signal which is then converted to the oscillating
frequency of each ion by the FT converter. After that, an ultra-high resolution m/z is calculated

(Figure 11-5).1%
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Figure 11-5: Schematic representation of the structure and the signal converter manner for
Orbitrap mass analyzer.%®

Procedure:

Analyses by high-resolution mass spectrometry were performed using an LTQ Orbitrap
mass spectrometer (Thermo Scientific) equipped with an atmospheric pressure interface and an
electrospray ionization (ESI) source. The source voltage was set to 4.48 kV. The heated
capillary temperature was maintained at 265 °C. The tuning parameters adopted for the ESI
source were as follow: capillary voltage 0.02 V, tube lens 24.77 V; for ions optics: multipole
zero offset — 4.28 V, lens zero voltage — 4.36 V, multipole zero offset —4.28 V, lens 1 voltage

— 13.69, gate lens voltage -8.84 V, multipole 1 offset -18.69 V, and front lens voltage -5.09 V.
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The mass accuracy of recorded ions (vs. calculated) was + 1 mmu (without internal calibration).
The samples, added to 100 pL. of a 0.1 M HCOOH aqueous solution, were delivered directly to
mass spectrometer via Hamilton microliter syringe at a constant flow (10 puL/ min).

Nature of MS information:

The supernatants obtained from the washing of the prepared samples in this thesis were
subjected to MS analysis, as complementary information to the FTIR technique in order to
detect the number of monomers and type of components present in the resulting solutions. This
provides useful insights about the product of the polymerization reaction as it is possible to
deduce the length of the peptide chains, detect the presence of the cyclic dimer DKP or even

identify remaining monomers.

11.2. Experimental protocols

11.2.1. Pre-treatment of silica materials

Here we provide a general presentation of sample preparation procedures that will be
further elaborated in the following chapters. Silica samples were subjected to thermal
treatments carried out in a muffle furnace. SiO2 powder was pressed in the form of self-
supporting pellets before being introduced in the furnace at room temperature (rt) with a ramp
of 30 min up to 450 °C and kept at this temperature for 2.5 h. The temperature was then cooled
down to rt.

A higher temperature treatment was also carried on where another set of pellets previously
treated at 450 °C was then ramped for 30 min up to 700 °C, kept at this temperature for 2.5 h,
and then left to cool down to rt. Only in one case (Aerosil380), silica was subjected to an even
higher temperature (850 °C). To do so, a pellet of silica pre-treated at 450, and 700 °C was
further ramped for 30 min to 850 °C, kept again for 2.5 h at this temperature and left in the

furnace until the temperature cooled down at rt.
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Prior to any FTIR measurements, silica samples were outgassed at room temperature or at 160
°C in order to remove physisorbed water molecules from the surface. This is done either under

vacuum using a pyrex vacuum cell or under argon flow using a U-shaped cell.

11.2.2. Monomers adsorption from the gas phase

The adsorption of Gly from the vapor phase on silica using the chemical vapor deposition
method (CVD) was done using two different types of cells: a vacuum cell and a U-shaped cell
under argon flow.

In the first case, a vacuum cell was used composed of two main parts: one was dedicated
for the thermal treatment and the other was an IR-transparent part equipped with CaF, windows.
The pressed SiO, sample was put in a gold frame as a holder. First, the silica pellet was placed
in the thermal treatment part of the cell connected to a vacuum line, where a tubular furnace
was adjusted around the corresponding part of the cell for treatment at 160 °C. The temperature
was measured by means of a thermocouple placed in contact with the external surface of the
cell (Figure 11-6, A).

Once the temperature was cooled down, the gold frame holding the pellet was moved to the
transparent part in the bottom, for IR spectroscopic measurements in situ (Figure 11-6, B).

After outgassing, the silica pellet was moved again to the thermal treatment part where it was
placed next to a Gly pellet and heated up to 160 °C in static vacuum for 2.5 hrs where Gly
started to sublimate and adsorb on the silica pellet. During this process, the valve connecting
the cell to the vacuum line was closed and the cell was kept in contact with a liquid-nitrogen
trap in order to remove the generated water formed during Gly condensation reaction (Figure

11-6, C).
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Figure 11-6: Gly adsorption from vapor phase using the vacuum cell on silica surface.?®

For CVD under argon flow, 200 mg of silica support were introduced in a U-shaped cell
and placed on its sintered glass bed, while 30 mg of Gly were placed upstream, in the U-shaped
part of the cell. The system was first subjected to an outgas at rt for 2 h under a 100 ml/min
argon flow to remove physisorbed water before the start of the reaction. The cell was then
placed in a tubular oven controlled by a temperature programmer. A linear temperature ramp
of 1 °C/min was applied up to 160 °C and this temperature was kept for 20 h under argon flow,

then the sample was left to cool down to rt (Figure 11-7).
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Figure 11-7: Gly adsorption from vapor phase using the U-shaped cell on silica surface.

11.2.3. Monomers adsorption from liquid phase

Gly monomers were deposited on silica surfaces from water solutions using the incipient
wetness impregnation (IW1) procedure, derived from the field of supported catalysis synthesis.
Briefly, the required amount of Gly monomers were dissolved in ultrapure water and the
resulting Gly solution was added to the silica support respecting a ratio of 10 ml of Gly solution
for 1 g of silica. This resulted in a homogeneous slurry without a separate liquid phase, which
was left to dry under a slow nitrogen flow at rt overnight. The Gly/silica system was then dried
under vacuum then introduced in U-shaped cell (shown above in Figure 11-7) for outgas at rt
for 10 h under a 100 ml/min argon flow. Subsequently, the U-shaped cell, still under the same
argon flow, was placed in a tubular oven coupled with a temperature programmer for thermal
activation of the system. A controlled linear temperature ramp of 1 °C/min was applied to reach
a final value of 160 °C where a plateau was maintained for 30 min. The temperature was then
cooled down to rt and the resulting sample was stored in a desiccator for future characterization

by different techniques.
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Chapter III: Emergence of order in origins-of-life

scenarios on mineral surfaces: polyglycine chains

on silica
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The work presented in this chapter is published as a peer-reviewed article in Langmuir, 2022

El Samrout, O., Fabbiani, M., Berlier, G., Lambert, J. F., & Martra, G. (2022). Emergence of
Order in Origin-of-Life Scenarios on Mineral Surfaces: Polyglycine Chains on
Silica. Langmuir 2022, 38, 50, 15516-15525

The polymerization of amino acids to peptides on oxide surfaces has attracted interest,
owing to its high importance in bio-technology, prebiotic chemistry and origin of life theories.
However, its mechanism is still poorly understood. We tried to elucidate the reactivity of
glycine (Gly) from the vapor phase on the surface of amorphous silica under controlled
atmosphere at 160 °C. IR spectroscopy reveals that Gly functionalizes the silica surface through
the formation of ester species which represent, together with the weakly interacting silanols,
crucial elements for monomers activation and polymerization. Once activated, B-turns start to
form as initiators for the growth of long linear polypeptides (poly-Gly) chains and which
elongate into ordered structures containing both B-sheet and helical conformations. The work
also points on the role of water vapor in the formation of further self-assembled B-sheet

structures that are highly resistant to hydrolysis.
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I11.1. Introduction

The polymerization of amino acids (AAs) to peptides has attracted significant attention
for a long time due to its importance in various fields ranging from biological applications!**!%,
and green syntheses development**!'?, to the study of the origin of life.*>*® A number of studies
have suggested methods for polymerization in the absence of activating agents, such as the use
of multiple wetting and drying cycles'!”"'71% on bulk AAs. Peptide bonds formation can also
be accomplished by gently heating unactivated amino acids at relatively low temperatures at

23,25,144,199

the interface of inorganic oxide materials such as silica, or titania , a scenario that is

considered of high interest in prebiotic chemistry. In his seminal work, Bernal'®

proposed a key
role for mineral surfaces in promoting peptide bond formation. In fact, their effect is twofold.
Thermodynamically, they make polymerization favorable by allowing conditions of low water
activity and kinetically, they exhibit catalytic effects, by increasing the reaction rate at a given
temperature.®®!%” The surface-catalyzed peptide bonds formation is also of high relevance in
several fields such as bio/nanotechnology, drug delivery and biomineralization.

Among all inorganic materials, silica is one of the most important and abundant minerals
on Earth’s crust, likely present in the primordial Earth. According to literature'*?, most of the
oldest rocks on Earth during Archean and Precambrian are cherts (silica) or are silicified. This
suggests a high mobilization of silica even in the Hadean, where alkaline silica-rich seas and
lakes most likely occur. The bare silica surface is characterized by two main chemical
functionalities: silanol (Si-OH) groups and siloxane (Si-O-Si) bridges, whose distribution,
nature and density depend on the preparation method and thermal treatment, and are directly
responsible for the hydrophilic/hydrophobic character of the surface and its physico-chemical
behavior towards (bio)molecules.!**!4 According to the literature, silica is highly suitable as a

platform for oligomerization.'”® However, the mechanism of peptide formation on silica is still

poorly understood. One convenient way to study the mechanism of this reaction is to carry it

S7



out at the gas (amino acid vapor) /solid (silica surface) interface by chemical vapor deposition
(CVD), where the influence of water may be minimized. In this setting, infrared spectroscopy
under controlled atmosphere may be used as a characterization method. It is a powerful
technique that provides useful and detailed information on the chemical transformation of the
amino acids during the reaction. In contrast, amino acids reactions are more difficult in the
presence of water that can initiate competing reactions in the system under study.”® Adsorbing
amino acid from gas phase may be relevant for astrochemical scenarios; interestingly, the
possible occurrence of polymerization reactions on the surface of space dust grains is suggested
by the recent discovery of a protein analog (hemolithin, involving chains of Gly and hydroxy-
Gly residues) of extraterrestrial origin inside a meteorite.?%

For years, glycine (Gly), the simplest amino acid, which can be formed in high
quantities from gas-phase reactions and Miller-Urey-type experiments representing potential

abiotic syntheses in diverse environments®!, has been used as a reference molecule to study

AA/silica systems without the additional complexity introduced by the lateral substituent. This

172,202 164,167,203

has led to a fruitful interplay between experimenta and computational works
dealing with amino acids polymerization on mineral surfaces. Furthermore, recent studies
suggested that Gly may have been formed in pre-solar environments and/or inside meteorite
parent bodies, which has made it extensively studied in astrochemistry as it could provide
insights into the processes that took place prior, during and following the formation of the Solar
System. !

One recent study published by Chien et al.?** highlighted the ester-mediated peptide
formation as an efficient pathway for the formation of amino-acid enriched oligomers.
Regarding the interaction of amino acids vapors with silica, early research® suggested that ester
linkages that may be formed during adsorption, also known as surface mixed anhydrides

(SMA), play the role of “activated intermediates” in the oligomerization of amino acids.!!
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Surface esters were originally thought to form through the esterification of the surface silanols
by a carboxylic acid to form chemisorbed species on the surface.?”> However, Rimola et al.!®
established, in their computational work, that only highly strained two or three-membered rings
on the silica surface ((Si-O)2 and/or (Si-O)3) should be reactive toward a carboxylic moiety.
Other surface groups that could play an important role in amino acids oligomerization on a
silica surface are silanol pairs. Rimola et al. suggested recently®* that the amide bond formation
reaction specifically occurs at specific weakly interacting Si-OH pairs, separated by a distance
between 4 and 6 A and known as nearly-free silanols (NFS).

In the present work, we aim (i) to study experimentally the surface modifications during
the adsorption and reaction of a carboxylic moiety on a silica surface to form ester species; (ii)
to investigate the role of ester species and NFS groups in the formation of linear poly-Gly
produced by a continuous feeding of Gly from the vapor phase and (iii) to assess how the
presence of these active sites on the surface affects the secondary structure and mobility of

poly-Gly on amorphous silica.

111.2. Experimental Section

111.2.1. Materials

The commercial highly pure pyrogenic silica powder AEROSIL OX 50 (AOX50) (provided
by Evonik, SiO; content > 99.8 wt %) with a specific surface area (SSA) of 50 m2.g™! was used
in the present work. Glycine (99 %) from Sigma-Aldrich was used as received. Formic acid
(FA) and deuterated water D20 (99.90 atom % D) were high-purity products obtained from
Sigma-Aldrich. The vapors of these chemicals as well as those of Milli-Q water (Millipore
system) were admitted onto the sample in the IR vacuum cell after several freeze-pump-thaw

cycles.
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111.2.2. Pre-treatment of the silica materials

Amorphous AOXS50 silica has been selected for this work because according to Raman

206 it contains a significant number of strained

spectroscopy measurements reported in literature,
rings that could constitute reactive sites for the peptide formation reaction. In addition, its
specific surface area of 50 m?.g! is high enough to obtain clearly detectable IR signals of surface
species.>* Moreover, the used amorphous silica has been used in several works dealing with the

89.120 and had been previously demonstrated to cause the

abiotic polymerization of amino acids
formation of linear oligopeptides from amino acids.?

A conventional IR cell for in situ measurements in transmission mode, was used. This cell was
equipped with a valve to connect it to vacuum lines (residual pressure 1x107 mbar), and
composed of two main parts: one was dedicated to the thermal treatment and the other was an
IR-transparent part with CaF, windows for IR spectroscopic measurements. The temperature
was measured by means of a thermocouple placed in contact with the external surface of the
cell.

Silica AOX50 powder was pressed in the form of three self-supporting pellets denoted
as AXq), AX, F-AX. The pressed SiO; sample was put in a gold frame as a holder. The first
two samples, AX) and AX, were just outgassed in the IR cell connected to a conventional
vacuum line, respectively at room temperature (rt) or at 160 °C for 2 h (the latter treatment
should allow to attain a complete surface dehydration before the start of glycine adsorption and
polymerization reaction). These two SiO2 pellets were prepared for comparison with the formic
acid-treated sample, designated as F-AX.

To prepare the F-AX sample, a silica pellet was first outgassed at 160 °C for 2 h in the
IR cell to attain a high dehydration level and to remove surface species such as H>O, carbonates,

etc. FA vapor (48 mbar) was admitted on the sample which was then directly heated at 160 °C

for 2 h in the closed IR cell. Subsequently, the pellet was again outgassed in the IR cell at beam
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temperature (bt) (ca. 50 °C) overnight. After that, water vapor (20 mbar) was admitted on the
sample for 20 min before being outgassed for 30 min at bt then for 2 h at 160 °C. This sequence
of FA adsorption, heating at 160 °C, outgassing at bt, water contact then outgassing, was
repeated for 3 successive runs. After each successive step, an IR spectrum was measured in-

situ.

111.2.3. Glycine adsorption procedure from the gas phase

For Gly sublimation and adsorption in situ in the IR cell, we used a similar method to
Martra et al. based on chemical vapor deposition (CVD).? In summary, after outgassing, the
silica sample (AX 1), AX, or F-AX) was moved to the thermal treatment part for the start of the
sublimation reaction where it was placed next to a Gly pellet and heated up to 160 °C in static
vacuum for 2.5 h so that Gly started to sublimate and adsorb on the silica pellet. During this
process, the valve connecting the cell to the vacuum line was closed and the cell was kept in
contact with a liquid-nitrogen trap in order to remove water formed during Gly condensation
reaction. After 2.5 h, the temperature was decreased to rt and the pellet was moved to the IR-
transparent part for IR measurements. The (contact with Gly vapor/IR spectra recording)
sequence was repeated until reaching 20 h of sublimation in total (steps of 2.5 h). The samples
obtained after Gly adsorption were referred to as G/AXqt), G/AX, and G/F-AX.

The sublimation procedure was followed by: (i) exposure to H>O vapor for 20 min with a
subsequent outgas for 30 min at bt, (i1)) H/D exchange by exposure to D>O vapor with a
subsequent outgas for 30 min at bt. The D20 adsorption/desorption cycle was repeated until

invariance of the IR spectra was observed.

111.2.4. Analysis of the products extracted by washing and of the washed samples

After the experiments of contact with Gly vapor followed by exposure to H2O vapor and

H/D exchange were performed on the three different samples (AX), AX, F-AX), the pellets
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were removed from the IR cell and each of them was ground manually in an agate mortar before
suspending it in 0.5 ml of Milli-Q water. The three suspensions were shaken for 10 min by a
Vortex mixer then centrifuged at 10,000 rpm for 10 min. For each sample, the supernatant was
recovered and the solid was extracted four more times using the same volume of water. The
first two aliquots of the aqueous solutions were mixed and analyzed by high-resolution mass
spectrometry.

As regards the solid phase, the washed sample of G/F-AX was dried under a flow of
nitrogen then pelletized and put in an IR cell for subsequent measurements in order to observe
any organic matter remaining on the surface. First, the sample was outgassed at bt before the
admission of D>O vapor in the vacuum line for several adsorption/desorption cycles until

invariance of IR spectra.

111.2.5. Infrared (IR) spectroscopy

Throughout the treatment procedure, the pellets were monitored by means of in situ IR
spectroscopy. The spectra were collected with a Bruker VECTOR22 instrument (resolution 4
cm’!, DTGS detector) at bt (~ 50 °C) by accumulating 64 scans to obtain a good signal to noise
ratio. The spectra were reported in the absorbance mode after scattering correction.

Integrated areas of the amide I band were calculated with the OPUS software (Bruker
Optics GmbH) using the Levenberg-Marquardt algorithm. The peak fitting was performed

using Gaussian and Lorentzian function.

111.2.6. High-resolution mass spectrometry (HR-MS) analysis

The washing solutions obtained were analyzed by high-resolution mass spectrometry
using an LTQ Orbitrap mass spectrometer (Thermo Scientific) equipped with an atmospheric
pressure interface and an electrospray ionization (ESI) source. The source voltage was set to

4.48 kV. The heated capillary temperature was maintained at 265 °C. The tuning parameters
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adopted for the ESI source were as follow: capillary voltage 0.02 V, tube lens 24.77 V; for ions
optics: multipole zero offset — 4.28 V, lens zero voltage — 4.36 V, multipole zero offset — 4.28
V, lens 1 voltage — 13.69, gate lens voltage -8.84 V, multipole 1 offset -18.69 V, and front lens
voltage -5.09 V. The mass accuracy of recorded ions (vs. calculated) was = 1 mmu (without
internal calibration). The samples, added to 100 pL of a 0.1 M HCOOH aqueous solution, were
delivered directly to mass spectrometer via Hamilton microliter syringe at a constant flow (10

pL/ min).

111.2.7. X-ray Diffraction (XRD)

The samples were characterized by X-ray powder diffraction patterns recorded on a
PANalytical X'Pert diffractometer using a Cu Ka (A = 1.5405 A) radiation source and working
at 30 mA and 40 kV. The diffractograms were recorded for 26 angles ranging from 10 to 45°,

with a step size of 0.01° and a dwell time of 1 s per step.

111.2.8. Thermal gravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) of crushed pellets was carried out using a TA
instrument with a STD Q600 analyser. TGAs were performed with a heating rate of 1 °C/min
under dry air flow (100 mL/min). Quantification of adsorbed peptides was evaluated by
correcting the weight loss between 130 and 400°C for the corresponding value for the blank

sample.

111.3. Results And Discussion

Amorphous AEROSIL OX 50 SiO; powder has been used as it was selected in several
previous studies dealing with amide/peptide bond formation.’**® In these studies, Gly
sublimation temperature was optimized at 160 °C, and therefore this temperature was selected

to pre-treat the silica sample under vacuum (this silica sample is hereafter labeled as AX after
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this treatment) and in the presence of formic acid (labeled as F-AX; IR spectra recorded after
the pre-treatment of silica samples are shown in Figure Al- 1 in the Appendix 1.

In situ IR spectroscopy under controlled atmosphere was used to follow the surface
modifications during the adsorption and reaction of formic acid (FA) on silica and during the
successive steps of Gly deposition (adsorption and polymerization) on the two pre-treated silica

samples (hereafter noted as G/AX and G/F-AX).

111.3.1 Adsorption and reaction of formic acid on the silica surface at 160 °C

FA, the simplest carboxylic acid, was adsorbed from vapor phase on the silica surface
pre-treated at 160 °C (AX). FA vapor (48 mbar) was dosed at rt on AX which was then heated
at 160 °C for 2 h, still in the presence of the acid, and finally outgassed overnight (residual

pressure 10 mbar) at infrared beam temperature (bt).
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Figure 111-1: IR spectra of F-AX for the first run: (a) after treatment in FA vapor (48 mbar) at
160 °C for 2 h; (a - e) after outgassing overnight at bt until invariance of spectra; (f) after
contact with water vapor (20 mbar) for 30 min followed by outgassing at bt; (g) after
outgassing at 160 °C for 2 h. The spectrum of bare SiO, after outgassing at 160 °C for 2 h
(AX) 1s subtracted as a baseline. In panels B, B’ and B”’, the intensities are enhanced for the
sake of clarity.

Figure III-1 shows the difference spectra during the outgassing of the first adsorption
cycle (curves a to e) of the sample F-AX. At low wavenumbers, the infrared profiles show the
progressive decrease in intensity of the band at 1727 cm™ attributed to the vco of FA. At high

wavenumbers, a signal at 2942 cm™! and a shoulder at 3070 cm™! are assigned to the vcn and vou
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of the same molecule. The vch and von bands are close to their position in FA dimers according
to the literature, while the vco is significantly redshifted.?’” After prolonged outgassing (curve
e), the vco signal is conserved, in contrast to what was previously reported for FA adsorbed at
rt (i.e., without thermal treatment) on the same silica surface.?* Its redshift as compared to the
vapor phase forms (about 15 cm™ with respect to the dimer, 39 cm™ with respect to the
monomer)*’” suggests the occurrence of a strong interaction with the silica surface. The overall
behavior of the infrared signals upon outgassing is compatible with the fact that the treatment
at 160 °C has favored the formation of strongly bonded surface ester species Sisut—O—C(=0)—
H, as observed in the case of acetic acid.?® In addition no evidence of the formation of formate
was detected on the surface,'*? excluding a strong electrostatic interaction.

In the vou region, the silanol pattern is affected by the presence of FA molecules on the
surface. During outgassing (curves a to e), the progressive decrease of the broad positive band
centered at 3330 cm™! (curve a), attributed to H-bonded silanols, is accompanied by the recovery
of the negative profile peaking at 3744 cm™!, where weakly interacting silanols are found.

Even after long outgassing (Figure III-1 A’, curve e), some of the intensity of the band
of weakly interacting silanols is not fully restored. Noticeable residual intensities are left in the
region of isolated (3747 cm™) and nearly free silanols (3744 - 3742 cm™).2% This suggests that
resilient ester species (with vco around 1727 cm™) were formed through a reaction with this
type of silanols.

At the end of the adsorption/desorption cycle, water vapor (20 mbar) is contacted with
the sample and outgassed at bt prior to a final outgas at 160 °C for 2 h, the spectra at the end of
each outgas being shown in Figure III-1 B, B’.

After contact with water vapor and rt outgassing (curve f), vco undergoes an important
decrease in intensity, leaving a signal at 1712 cm™ of residual adsorbed FA molecules. Contact

with water probably promotes the hydrolysis of a large fraction of the surface ester species, but
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since outgassing is performed at bt, the FA molecules remain H-bonded with a vco at 1712 cm™
I; they are probably H-bonded to NFS groups (strong negative signal at 3744 cm™, positive
signal for corresponding H-bonded silanols at 3300 cm™).

After the final outgassing at 160 °C (curve g), only the underlying signal of the non-
hydrolyzed ester species is left (apparently those that were formed on terminal silanols), while
the NFS previously H-bonded to FA are restored. This high temperature outgassing removes
the residual FA molecules leaving only some leftover surface esters at 1727 cm™'. The
preferential recovery of the NFS (Figure III-1 B’) indicates that indeed on these species, FA is
able to react and be hydrolyzed depending on the chemical environment it is interacting with.

The described sequence of FA adsorption, heating at 160 °C, outgassing at bt, water contact
then outgassing, was repeated for 3 successive runs in the hope to increase the amount of surface

esters (corresponding IR spectra in the vco region reported in Figure Al- 2, Appendix 1).

111.3.2. Gly deposition and polymerization on silica surfaces in CVD conditions

Gly vapor was then adsorbed at 160 °C for 20 h by CVD on AX and F-AX following
the procedure adopted by Martra et al.>>. Figure III-2 shows the IR spectra recorded after 20 h

CVD (with steps of 2.5 h) for both samples, named G/AX and G/F-AX.
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Figure I11-2: IR difference spectra resulting from Gly sublimation by CVD at 160 °C measured
from 2.5 h (a) to 20 h (h) (gray curves show intermediate sublimation steps of 2.5 h) on the two
samples: G/AX and G/F-AX. The corresponding spectra of the materials obtained before the
start of CVD process are subtracted as baselines.

At low frequency, the infrared profiles of both samples show a progressive increase in
intensity of the bands formed in the 1700-1600 and 1570-1470 cm™ ranges (curves a to h),
identified as amide I and amide II respectively.?” These bands exhibit higher intensities for
G/F-AX for each step until 20 h CVD (curve h for each sample). The presence of the amide II
band is characteristic of the formation of linear peptides rather than of cyclic products.?® In
addition, the appearance of a band in the 1760-1750 cm™! range, indicates the formation of
surface ester groups involving Gly molecules [Sisur —O—C(=0)-CH>-NH-R].2>%16° Their
behavior will be further discussed in the comments to Figure I1I-5.

At high frequency, the infrared profiles for both samples display bands in the 3315-3307
and 3080-3100 cm™! ranges which correspond to vau in poly-Gly species, designated as amide

A and B respectively. They progressively increase in intensity and narrow in shape with

68



increasing contact times, and are more intense and narrower for G/F-AX than for G/AX after
20 h CVD. This is an indication of the formation of peptides with more ordered self-assembled
structures on G/F-AX.?* The XRD pattern of the final samples (G/AX and G/F-AX, Figure Al-
3 in Appendix 1) indicates that after 20 h CVD, no crystalline glycine (or crystalline peptides)
is present in the sample: we are exclusively dealing with adsorbed species.

The relative amount of peptides may be evaluated from the integrated area of the amide
I band (Figure Al- 4 in Appendix 1). For all three samples (G/F-AX, G/AX, and G/AX)), the
temporal evolution of peptide bands can be roughly fitted with straight lines with non-zero
intercepts. This would be compatible with the fast initial formation of small linear chains that
elongate with a constant growth rate. On G/F-AX, peptides are significantly more abundant
than on G/AX for the same time of Gly sublimation, with G/AX) showing the smallest
amounts. Thus, the FA modified sample is the most efficient platform for peptide formation
and growth.

Quantifying the absolute amount of surface peptides from IR is more difficult. Yet, TGA
data (Figure Al- 5 in Appendix 1) on the final pellet (taking into account the desorption
efficiency, vide infra) indicate that the maximum amount of peptides after 20 h CVD is about
3.25% by weight with respect to the silica support. This value would translate to a density of
Gly residues of 6.9 per nm?. In Figure A1- 3, this value was used as a basis to provide a y-axis
graduated in units of Gly residues density, supposing that the extinction coefficient of polyGly

species remained constant.
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Figure III-3: HR-MS spectra of the solutions resulting from washing (with pure water) of the
samples produced by adsorbing Gly from the vapor phase onto the three samples: G/AX),
G/AX, and

G/F-AX.

Numbers on the black bars are the m/z values of singly protonated species derived from(-Gly-
)n peptides. The number of monomers present in the peptides detected on the samples is
indicated in italics above the corresponding signal.

High Resolution Mass spectrometry (HR-MS) analysis of the peptides desorbed from
silica surface by washing with ultrapure water (Figure III-3) reveals the formation of longer
poly-Gly chains containing at least 20 (m/z = 1159 for (Gly)20H") monomers for G/F-AX
compared to oligomers up to 11 (m/z = 646) monomers units formed on G/AX, coherent with

what was reported by Martra et al.?>

for a similar sample, and only 5 (m/z = 304) monomers for
G/AXy. Thus, the longer (desorbed and solubilized) chains are observed for samples that
showed the more organized peptides based on the amide A and B bands. It must be underlined

that washing with water only allows solubilization of ca. 24% of the formed peptides (see later),

indicating that a considerable fraction of the Gly polymerization products are strongly bonded
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to the surface, likely through the surface ester group in [Sisur— O—C(=0)-CH>-NH-R ] (band at
1760-1750 cm™"). Thus, not much can be deduced from the high intensity of the Gly monomer
and Gly-Gly dimer signals: these species may just be the easiest to desorb. The weak signal of
the cyclic dimer (m/z = 115) with respect to the linear dimer is worth mentioning, however. It
confirms that, contrary to what is often observed after aqueous phase deposition, the cyclic

dimers are not a predominant product.
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Figure I1I-4: Enlarged sections in the 3760 - 3700 cm™ range of IR spectra measured on: F-
AX, G/AX, and G/F-AX.

Panel (I) shows the direct IR spectra of Si-OH populations present on the surface after the first
and last step of contact with (1’ and 3”) FA or (a’ and h’) Gly. The dotted spectra refer to the
corresponding material before any reactant contact (AX for the first two sets and F-AX for the
last one).

Panel (II) shows the corresponding difference IR spectra, obtained using the corresponding
spectra before contact with the desired reactant (dotted curves in panel I) as baselines.

When focusing on the silanols region (Figure I11-4), it appears that the first silanols to

disappear upon contact of a pristine surface with either FA (F-AX) or Gly (G/AX) were the
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isolated terminal silanols, as witnessed by a negative signal at 3748 cm™'. Later on, the NFS are
also affected (negative signal at 3742 cm™). In contrast, when Gly was deposited on the FA
pretreated sample (G/F-AX), only the NFS groups were affected even at the start of the
deposition. This could be expected since in this sample, isolated terminal silanols are apparently
already esterified with FA, even after hydrolysis and outgassing (cf. discussion of Figure III-
1). Thus, the behavior of G/AX is different from that of G/F-AX in the first deposition steps,
but the two become similar at later CVD steps.

A similar behavior between the last CVD steps in G/AX and the first steps in G/F-AX
is also evident in the evolution of the amide A, amide I and amide II bands (compare curve x
and curve y in Figure III-2). This suggests that the reaction of the carboxylic group of Gly on
AX at 160 °C modifies the silica surface in the same way as the carboxylic group of FA does.
In other words, Gly dosed on silica by CVD does not only act as a reactant for polymerization,
but also as a surface modifier in forming surface esters.

A more in-depth analysis of the behavior of G/F-AX during Gly polymerization (Figure
ITI-5, panel 1) allows to observe a negative correlation between the evolution of NFS groups
(negative peak at 3742 cm™') and that of the ester groups (positive peak at 1750-1760 cm™)
throughout the 20 h CVD, while the peptide bands (amide I and II) are progressively increasing.
To better appreciate the trend, we plotted the double difference spectra between successive
CVD steps (Figure III-5, panel II). In all these spectra, a negative NFS signal corresponds to a
positive ester one, and vice versa. This suggests that NFS are specifically converted to esters,
and conversely that the destruction of esters may regenerate NFS (and isolated silanols

especially in the first CVD steps).
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111.3.3. Self-assembly and secondary structures of poly-Gly

Further information about the growth and evolution of polypeptides on the silica surface
can be obtained by a closer analysis of the amide I band for G/F-AX, whose position strongly
depends on the secondary structure of the peptides. After the first 2.5 h CVD (curve a, Figure
I11-5, Panel I), the amide I band is symmetrical and peaks at 1671 cm™!. This falls in the typical
range of B-turns conformations (1680-1665 cm™) and definitely outside the ranges of helices
(1657-1649 cm), B-sheets (1694-1681; 1641-1623 cm™ ranges) and even of disordered
structures (1642-1647 cm™).21%213 Starting from the following 2.5 h CVD step (curve b, Figure
II1-5, Panel I), a significant increase in the intensity of amide I and II bands is detected,
suggesting that poly-Gly chains progressively become long enough to exhibit structure as the
reaction proceeds. The evolution of their secondary structures along 20 h CVD is detected from
the change in shape of the amide I band in the double difference spectra (Figure III-5, Panel II);
the components of this band may be identified from the computation of the second derivative
of the spectra (Figure Al- 6). From 5 h till 20 h CVD, poly-Gly chains containing B-sheets and
helices are formed in different quantities besides pB-turns conformations. Some non-ordered
structures are also formed during some intermediate CVD steps, on the basis of a minimum at
1642 cm! in the corresponding second derivative (Figure Al- 6 in Appendix 1). In parallel, the
narrowing of the vnu band (“amide A” in Figure I1I-2) in the spectra of G/F-AX starting from

5 h CVD constitutes additional evidence of the formation of ordered structures.?
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Figure I1I-5: Enlarged sections of IR spectra during Gly sublimation by CVD at 160 °C for 20
h (in 2.5 hr steps, from 2.5 h (a) to 20 h (h) sublimation) on G/F-AX:
Panel (I) shows the 3760 — 3700 cm™! (containing Si-OH stretching vibrations) and the 1820 —
1450 cm™! ranges (containing the ester, amide I and amide II vibrations), using the spectrum
before contact with Gly as baseline correction.
Panel (II) shows the double difference IR spectra, in the 3760 — 3700 cm™' and in the 1820 —
1450 cm! ranges (difference between each step and the previous one).
The colored bars refer to the expected ranges for amide I in B-turns conformations (blue),
helices (green) and B -sheets (orange).

During the first 5 h of CVD, the formation of a significant amount of B-turns is detected.
They are probably grafted on the surface by ester groups (positive band in 1750-1760 cm’!
range, Figure III-5, Panel 11, curve b-a). Each of these ester species would be formed by reacting
with one silanol of the NFS pair (negative band pointed at 3743 cm™') and probably stabilized
by hydrogen bonding with the second silanol of the NFS (Figure III-6 A), although on G/AX

additional adsorption on isolated silanols may occur. This may appear in contradiction with

calculations by Rimola et al. showing that ester formation between Gly and silanol is
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endergonic!®; however, this reaction is a condensation implying water elimination, and in
conditions of low water activity it may still be possible.

The B-turn configuration that predominates in the initial stage involves four Gly
monomers and can be stabilized by its terminal -NH> group pointing towards the silica surface

and thus allowing H-bond to silanols (Figure I11-6 A).2!4
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Figure 111-6: Suggested scheme for (A) B-turn, (B) ligation and B-sheet structures formation.

As regards the mechanism of the peptide bond condensation, esterification of the Gly

carboxylic terminus is expected to decrease the electron density on the ester carbon atom,
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favoring a nucleophilic attack from the amine terminus of another Gly molecule, although the
complete story probably also involves participation of neighboring H-bonded silanols (scheme
1A).'% Another difficulty is that if the mechanism involved a Gly coming from the gas phase,
it should result in desorption of the Gly residue, or of the polyglycine chain, that was initially
bound to the surface as an ester.

We suggest that after a certain threshold of ester density on the surface, the grafted
chains start to interact with each other (curves c-b, d-c, Figure I1I-5, Panel II); then, the terminal
amino group of one surface-linked chain attacks the activated ester function of another poly-
Gly chain (Figure I1I-6 B).®” This results in the destruction of some esters and regeneration of
the corresponding NFS and isolated silanols (negative band in 1750-1760 cm™ range and
positive one at 3743 and 3747 cm’!, respectively). The substantial chain growth entailed by
these condensations results in the formation of B-sheets conformations as major elements. After
this process that might be called “ligation”, the regenerated NFS can form ester groups with
gas-phase Gly again, then giving rise to new B-turn chains (curve e-d, Figure III-5, Panel II).
At later stages (curves g-f and h-g, Figure I1I-5, Panel II), the surface is largely occupied by
ordered structures that continue to elongate under continuous feeding of Gly monomers in
keeping with the progressive increase in intensities of amide I and II until 20 h CVD (Figure
II1-5, Panel 1).

Finally, one can wonder why FA pretreatment causes the surface to accumulate more
poly-Gly chains. If, as we suggested, NFS groups play an important role in chain growth, it
could mean that FA treatment creates more NFS. This could indeed be the case because FA
could react with constrained siloxane rings, yielding after hydrolysis pairs of silanols that would

be in the NFS range.'®

111.3.4. Effect of hydration/dehydration cycles on grafted poly-Gly
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Since Martra et al. have reported that poly-Gly rearrange on the TiO> surface to form
self-assembled aggregates when contacted with water vapor,>> G/F-AX (Figure 1II-7) and
G/AX (Figure Al- 7) were exposed to water vapor (20 mbar) directly after the end of 20 h CVD
to study the events that occur upon hydration. For G/F-AX, the IR profile collected after
outgassing the excess of water vapor (Figure I1I-7, Panel I, curve b) shows a slight narrowing
in the vai band of poly-Gly in the 3315-3307 cm™! range and the appearance of a component at
1640 cm! in the region of the amide I band. The change in the vnu band upon hydration is more
significant on G/AX (Figure A1- 7) that initially (before exposure to water vapor) showed less
ordered structures than G/FA-X.

Subsequently, D>O adsorption/desorption cycles were performed after water vapor
admission. Significant changes are observed on the spectrum collected after outgassing D>O at
bt (Figure I1I-7, Panel I, curve c). The amide I band at 1640 cm™! changes in shape and increases
in intensity. This band has a small NH in-plane bending component, and shifts by a few cm™!

upon deuteration:>!!

a precise analysis is difficult in a situation where deuterated and non-
deuterated NH probably coexist. A more obvious evolution occurs in the region of the amide II
mode (mostly a combination of NH in-plane bending and CN stretching). The original band
located at about 1528 cm! is partly, but not entirely consumed, while a new band attributable
to the amide II” mode of deuterated peptide linkages appears at 1466 cm™'. Moreover, in the vnu
region, only the narrow component at 3307 cm™ is left upon D>O vapor admission; the broader
component at 3400 cm™' completely disappears. These observations strongly suggest that the
amide links in the poly-Gly chains belong to two different populations, one that is susceptible
to H/D exchange, and another one that is not, being inaccessible and/or stabilized by strong H-
bonding. The second explanation sounds more likely since this population gives sharp bands

characteristic of well-ordered structures. Both narrow bands in the amide I and in the vNu

regions that resist the H/D exchange are more intense in G/F-AX in comparison with G/AX.
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This would reflect the higher amount of ordered poly-Gly formed on G/F-AX compared to
G/AX. The second derivatives of the spectra (Figure I1I-7, Panel II, curve c¢) seem to indicate
that random coils (1642 cm™) are transformed into B-sheets (1617, 1636, 1684, 1694 cm™) and
helices (1650, 1657 cm™") after H/D exchange while some B-turn initiators (1669, 1677 cm™)

are still present at the surface.
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Figure III-7: Panel (I): IR spectra of G/F-AX submitted to successive treatments: (a) directly
after Gly sublimation for 20 h, (b) after subsequent contact with water vapor (20 mbar) and
outgassing for 30 min at bt, (c) after H/D exchange and then outgassing of D>O for 30 min at
bt and (d) after sample washing with ultrapure water followed by H/D exchange (then bt
outgassing).

The spectrum of the material obtained before the start of the CVD process is subtracted as a

baseline.
Panel (I) shows the second derivative of the IR spectra (a), (c) and (d) in the amide I region.

In order to assess the stability of the self-assembled aggregates formed on the surface,
G/F-AX was washed with ultrapure water, then dried at rt and outgassed at bt before performing

an H/D exchange. IR measurements (Figure II1-7, Panel I, curve d) show that the vnu band at

79



3307 cm™! becomes even narrower and is not affected by H/D exchange. Moreover, the peptides
bands are still present with significant intensities, and the minima of the amide second
derivative spectra (Figure I11-6, Panel II, curve d) are compatible with the presence of B-sheets
(1617, 1627, 1633, 1679, 1687, 1694 cm™!) with some helices (1642, 1650, 1657 cm™) and P-
turns (1666, 1671 cm™) conformations.?!! This confirms that the formed poly-Gly are in highly
packed aggregates, anchored on the silica surface by ester bonds, which resist not only
hydration and H/D exchange from the gas phase, but also washing in the presence of liquid
water 215216
The extraction yield of the washing procedure, used to analyze the products with HR-
MS, has been evaluated by comparing the integrated areas of the IR spectra of the materials
obtained after H/D exchange performed after adsorption of Gly and after subsequent washing
with water (curves ¢ and d, respectively), focusing on the 1570-1490 cm™ range, where the
signals exclusively due to poly-Gly are present. For G/F-AX, the extraction yield has been
estimated to be ca. 24%. In other words, 76% of the non-exchanged amide-containing
molecules of the self-assembled structures resist washing and remain chemisorbed on the
surface.
It is worth noting here that according to the literature, peptide chains with B-sheet
structures are characterized by a high resistance to hydrolysis compared to helical and random-
coil conformations. This long lifetime suggests the possibility of acting as stereo-selective

templates for further peptide deposition in the emergence of primordial life.!’

111.4. Conclusion

In comparison to previous studies, the novelty of the present work lies first in a deeper
characterization of the successive steps of poly-Gly formation on silica surface. In CVD

conditions, Gly seems able to bind covalently to the surface through the formation of ester
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bonds at the expense of (probably) strained rings, isolated silanols and nearly-free silanol (NFS)
pairs. Esterification of isolated silanols appears irreversible, while NFS seem able to
interchange between esterified and free forms and thus to play a special role in surface
reactivity. From these ester moieties, longer chains are formed, first in B-turns configurations,
and later, through a process probably involving the ligation of neighboring chains, in longer
and more ordered secondary structures including B-sheets. The density of chains can be
increased by previous formic acid treatment.

The observation of secondary structures and their evolution through time are a second
important observation with obvious interest for the rise in structural complexity at the origins
of life. After a long enough reaction time with gas-phase Gly, a large part of the surface is
occupied by highly organized poly-Gly chains that resist desorption and deuterium exchange.

An important question is why this system yields long linear polymers while many other
studies have only reported the formation of the cyclic dimer diketopiperazine (DKP). This will
be addressed in a forthcoming publication. As a general conclusion, the complexity of the
phenomena observed proves the interest of bringing a surface science approach to the study of

the origins of life.
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Chapter IV: Polypeptide chain growth mechanisms

and secondary structure formation in glycine gas-

phase deposition on silica surfaces
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The work presented in this chapter is accepted for publication in the Journal of Physical
Chemistry B, December 2022.

Peptide formation by amino acids condensation represents a crucial reaction in the quest
of the origins of life as well as in synthetic chemistry. However, it is still poorly understood in
terms of efficiency, and reaction mechanism. In the present work, peptide formation has been
investigated through thermal condensation of gas-phase glycine in fluctuating silica
environments, as a model of prebiotic environments. In situ IR spectroscopy measurements
under controlled atmosphere reveal that a humidity fluctuating system subjected to both
temperature and water activity variations results in the formation of more abundant peptides
compared to a dehydrated system subjected only to temperature fluctuations cycles. A model is
proposed in which hydration steps result in the hydrolysis and redistribution of the oligomers
formed during previous deposition in dry conditions. This results in the formation of self-
assembled aggregates with well-defined secondary structures (especially B-sheets). Upon
further monomers feeding, structural elements are conserved in newly-growing chains, with
indications of templated polymerization. The structural dynamics of peptides were also
evaluated. Rigid self-assembled structures with a high resistance to further wetting/drying
cycles and inaccessibility to isotopic exchange were present in the humidity fluctuating system,
compared to more flexible structures in the dehydrated system. The resistance and growth of
self-assembled structures were also investigated for an extended duration of Gly deposition

using isotope labeling.
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1VV.1. Introduction

Among the different types of biomolecules reactions on mineral surfaces, amide/peptide bond
formation through the condensation of amino acids is of high relevance due to its direct
applications in various sectors ranging from bio/nanotechnology, and drug delivery®*, to the
quest of the origins of life®®. A lot of research works have been devoted to study the mechanism,
rate of amino acids polymerization reaction and the self-assembly of resulting peptides. In
particular, in the field of prebiotic chemistry, systems consisting of a solid (mineral) surface,
water and amino acid (AA) monomers were critically analyzed and evaluated for this reaction,
including solid-gas, solid-liquid, solid-liquid-solid (mineral + aqueous solution + ice) and solid-
liquid-gas, and so-called “fluctuating systems” undergoing wetting/drying (WD) cycles.
However, the conclusions of these studies are most often purely empirical due to the lack of
clear experimental data to support specific mechanisms for condensation and polymerization
reactions. Each of these systems may be considered to represent the idealization of a particular
prebiotic environment and in particular, the solid-gas system is representative of a dehydrated
lagoon floor produced after the evaporation of the liquid phase.1% One simplified experimental
model to carry out the adsorption and polymerization of amino acids from the gas phase is by
using chemical vapor deposition (CVD), a solvent-free method that can be conducted in mild
reaction conditions without the use of activating agents?®. The fluctuating solid-liquid-gas
system with wetting-drying cycles simulates in the lab natural prebiotic variations of the
experimental conditions that may have occurred on the prebiotic earth such as daily fluctuations
of temperatures and seasonal fluctuations of humidity where hydration (flooding, tidal
variation, rainstorms) and dehydration (evaporation, or exposure to the sun under prebiotic
conditions) take place in a cyclic manner.88:108

It has been long ago suggested by Lahav et al.1® that such fluctuating systems with both

water content and temperature fluctuations should constitute the most favorable and
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geologically relevant settings for prebiotic condensation reactions. The argument, which has
been rephrased several times,?8 is that the drying phase drives the condensation reaction by
removing water, a product of the condensation reaction, while the wet phase promotes the
diffusion of reactants on the solid surface for a better reaction efficiency. Indeed,
polymerization of various amino acids and their mixtures on several mineral phases subjected
to WD cycles has been observed experimentally to yield oligopeptides up to at least the
pentamers.t1%219 In particular, an experimental study dealing with the thermal condensation of
Glycine (Gly) in fluctuating clay environments!® showed that a system subjected to cyclic
variations in both temperature and water content resulted in a higher yield of oligopeptides, as
compared with one undergoing only temperature fluctuations (in this case, applied on wet
systems).
Apart from peptides formation, the biomolecules-mineral-water interface is also important for
prebiotic chemistry as it can promote the self-assembly of biomolecules, a possible step toward
the formation of more complex structures. The study of self-assembling peptides has undergone
a significant growth since the early 1990s due to their relevance in a large number of areas such
as tissue engineering, biomedicine, synthetic biology and beyond.?2%221 Many studies have also
demonstrated the self-assembly of peptide systems in the synthesis of nanomaterials. For
instance, polyGly chains about 16 units long can form self-assembled aggregates containing
both helical and B-sheet secondary structures on oxide surfaces including TiO2 and amorphous
SiO2, upon contact with water vapor after CVD deposition.?® The natural abundance and low
cost of silica stimulate current efforts to find catalytic routes for condensation and
polymerization reaction on its surfaces.?*?

A previous paper has dealt with the initial steps of glycine polymerization on the silica
surface upon deposition from the gas phase.??? In the present work, we aim to study the effect

of different environmental conditions on the extent and rate of the polymerization reaction and
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especially on the self-assembly of three systems composed of amorphous silica (AX), a model
of one of the most common mineral surfaces available on primitive Earth and other
extraterrestrial bodies, glycine (Gly), the most prevalent amino acid in the earliest proteins, and
water, the predominant solvent on the early Earth’s surface. Namely, the three systems were
subjected separately to: a) temperature fluctuations (TF) during chemical vapor deposition
(CVD), b) both TF and humidity fluctuations (HF) cycles, and c) TF and HF cycles for an
extended time of CVD (35 h) while using a silica surface subjected to conditions of high-water
activity before the start of the polymerization. The types and relative concentrations of the
secondary structures formed during the intermediate cycles of polymerization were assessed.
Furthermore, the structural dynamics of the polypeptides were studied for the three systems,
and related with the kinetics of H/D exchange.

Infrared (IR) spectroscopy was the major technique adopted in this work for in situ
characterization of the growing peptides chains throughout glycine deposition. IR is highly
sensitive, compared to other spectroscopic methods, to the H-bonding state and conformation
of the different peptide groups. It has proven to be a useful and powerful technique in the study
of protein structures, providing not only qualitative information on the presence of functional
groups in organic compounds but also a quantitative estimation of the protein secondary
structures yielding important structural and dynamical information of the peptides.18

While multinuclear solid-state NMR has been successfully used to amino acids
transformations on silica,*®%223 it can only be applied after completion of the whole reaction,
and it is difficult to avoid re-exposure to air. In the same way, circular dichroism (CD), also
commonly used to study the secondary structures of proteins, requires a prior extraction of the
peptides from the surface to study their secondary structures. IR spectroscopy on the other hand,
does not require extensive sample preparation or extraction and can be applied without exposure

to air.?!> Moreover, the use of isotope labeling during IR spectroscopy measurements on
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biomolecules may help identify subtle conformational changes in the peptide secondary
structures and probe specific local structures dynamics in the system, using deuterated water

(D20) instead of light water (H20) or amino acids labeled with 3C, N, etc.??*

IV.2. Experimental Section

1VV.2.1. Materials

A pyrogenic amorphous silica Aerosil OX 50 (AX) (SiO2 content > 99.8 wt%, specific
surface area 50 m2.g%), provided by EVONIK was used. Natural abundance glycine as well as
13C (99 atom% **C) and °N-enriched (98+ atom% °N) glycine were purchased from Sigma-
Aldrich. Deuterated water D-O (99.90 atom % D), a high-purity product obtained from Sigma-
Aldrich and Milli-Q water (Millipore system) were subjected to several freeze-pump-thaw

cycles before admitting them in the IR cell through the vacuum line.

1VV.2.2. Dehydration of the silica surface

Silica pellets were outgassed in vacuum in the IR cell at room temperature (rt) or 160
°C (designated later as AXr and AX1eo respectively) to remove the physisorbed water molecules

and reach a good surface dehydration level.

IV.2.3. Gly adsorption from the gas phase under temperature fluctuations (CVD with
TF)

After dehydration of the silica surface under vacuum, glycine (Gly) sublimation and
polymerization on the silica surface were carried out at 160 °C using the chemical vapor
deposition (CVD) method described by Martra et al.?>. Briefly, the pre-treated pellet of silica,
held in a gold frame, was placed next to a pellet of Gly within a section of the IR cell acting as
a reactor; a tubular furnace was placed around this part to heat it to 160 °C under a static

vacuum. The temperature was measured and controlled using a thermocouple placed on the
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external part of the cell during the reaction. The IR cell was connected to a liquid nitrogen trap
to remove any water generated during the reaction from the system. For IR spectra collection,
the temperature was cooled down to room temperature (rt) and the silica pellet was moved to
the part of the cell equipped with CaF> windows.

The sublimation of Gly on the silica surface was performed in successive steps as
following: (i) heating the experimental device (silica and Gly pellets) from room temperature
to 160 °C for 2.5 h; (ii) cooling from 160 °C to room temperature (rt) for 14 h; (iii) repetition
of the steps (i) and (ii) n times (n = number of temperature fluctuation cycles). After each cycle,
the sample was subjected to in situ IR measurements to follow the chemical transformation of

the amino acid on the surface.

IVV.2.4. Hydration fluctuations (HF) cycles procedure, and H/D isotopic exchange

Before water vapor exposure, the sample, held in a gold frame in the IR cell, was
outgassed under vacuum at rt until the residual pressure (< 10 mbar) was achieved. Water
vapor under saturating pressure was then admitted at rt to the surface of the sample which was
kept under water vapor while collecting in situ IR spectra until invariance of spectra (ca. 15
min). After that, the water vapor was removed by outgassing at rt until the invariance of spectra.
For H/D isotopic exchange, the same procedure was followed using D20 vapor, for many cycles
until invariance of in situ IR spectra.

IV.2.5. Wetting/drying (WD) cycles with liquid water

After the experiments involving Gly adsorption and H>O and D.O vapor exposures, the
sample pellet was removed from the cell, manually ground in an agate mortar, then suspended
in 0.5 ml of Milli-Q water. The suspension was shaken by a vortex mixer for 15 min, then
centrifuged for 10 min at 10000 rpm. After removal of the supernatant, the solid was subjected
to a second washing. The two aliquots of the agueous solution obtained were mixed for analysis

by high-resolution mass spectrometry.
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The same procedure of wetting/drying cycles was applied to a bare silica before any Gly
deposition.
After washing, the solid samples were dried under nitrogen flow then pelletized again and

introduced in the IR cell for subsequent IR measurements after outgassing at rt under vacuum.

IVV.2.6. Description of the samples

Three systems were prepared under different combinations of treatments as following:

a) Gtr/AXieo: (i) dehydration of silica at 160 °C for 2 h under vacuum; (ii) 8 cycles of
CVD with TF between rt and 160 °C (corresponding to a total time of 20 h Gly
sublimation).

Gtr/AX 1 was also prepared for the sake of comparison, using the same procedure but
with a dehydration at rt instead of 160 °C before CVD.

b) Grrur/AXueo: (i) dehydration of silica at 160 °C for 2 h under vacuum; (ii) 3 cycles of
CVD with TF between rt and 160 °C; (iii) several cycles of HF; (iv) 5 cycles of CVD
with TF between rt and 160 °C (corresponding to a total time of 20 h Gly sublimation).
In other words, this sample differed from Gtr/AXi1e0 by the insertion of HF cycles
between the 3 and 4™ steps of Gly CVD.

c) Grrrr/AXwp: (i) WD cycles of the silica support; (ii) 8 cycles of CVD with TF between
rt and 160 °C; (iii) several cycles of HF; (iv) several cycles of WD; (v) 6 cycles of CVD
with TF between rt and 160 °C (corresponding to 35 h Gly sublimation in total).

All samples were subjected to HF cycles followed by H/D exchange at the end of the

polymerization reaction.

IV.2.7. Infrared (IR) spectroscopy

IR spectra were recorded using a Bruker Vector 22 instrument with a DTGS detector at

beam temperature (bt) (ca. 50 °C) in a spectral window of 400 - 4000 cm™ using a resolution
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of 4 cm™? and accumulating 64 scans to have a good signal to noise ratio. For the IR
measurements, the powder of pristine silica (or of samples obtained after the thermal treatment)
was pressed into self-supporting pellets and placed in a traditional IR cell with CaF, windows,
equipped with a valve to be connected to a vacuum line of a residual pressure of ca. 1.0 x 10

mbar where all experiments of adsorption/desorption were carried out in situ.

1V.2.8. X-ray diffraction (XRD)

X-ray powder diffraction patterns for the samples were recorded on a PANalytical
X'Pert diffractometer using a Cu Ka (A=1.5405 A) radiation source and working at 30 mA and
40 kV. The diffractograms were recorded with a scanning range set between 10 and 45° 20, a

step size of 0.01° 20, and a dwell time of 1 s per step.

1VV.2.9. High-resolution mass spectrometry (HR-MS)

The supernatant obtained from each washing suspension was removed and used for
analysis by high-resolution mass spectrometry using an LTQ Orbitrap mass spectrometer
(Thermo Scientific) equipped with an atmospheric pressure interface and an electrospray
ionization (ESI) source in negative ion mode. The source voltage was set to 4.48 kV. The heated
capillary temperature was maintained at 270 K. The mass accuracy of recorded ions (vs.
calculated) was £ 1 mmu (without internal calibration). The samples were delivered directly to
the mass spectrometer via a Hamilton microliter syringe at a constant flow (10 uL/ min). Data
acquisition and processing were performed using the Xcalibur software.
1V.2.10. Peak fitting

The IR spectra were analyzed using OriginPro 2018 (OriginLab Corporation,
Northampton, MA, USA). Non-linear fitting of the peaks in the spectral data was performed
using a peak analyzer (adopting the Levenberg-Marquardt algorithm). Baseline corrections

were executed using a second derivative (zeroes) method to find anchor points and determine

90



the baseline. Hidden peaks were specified using a second derivative method followed by
smoothing with the 30- 40 points Savitsky—Golay function of a polynomial order of 2. The peak

fitting was then carried out using the Gaussian function. (Equation (1));

Ae —41In(2)(x—xc)>

2
Y=Y+ = M
W an 2

where yo = offset, A = area, Xc = center, W = Gaussian full width at half maxima (FWHM).

The baseline, peak center, and peak width parameters were fixed and released during fitting to
help initializing the parameters. The iteration procedure was stopped when the best fit was
reached (reduced 2 < 1 x 107°). The secondary structures contents are reported as integrated
areas of the corresponding fitted bands. Their percentage was evaluated by dividing the areas
assigned to a specific secondary structure by the total area under the amide I band (most
commonly used band to study the secondary structure of peptides, 1600-1700 cm™). The
assignments of the various components were made using the ranges corresponding to structural
elements as reported in Barth’s review.?? Note that the B-sheet structure gives rise to two
components in separate ranges due to excitonic splitting, and that amide | deconvolution is

facilitated in the case of polyglycine by the absence of absorption due to side chain groups.??®

1V.3. Results And Discussion

Amorphous silica of the AEROSIL type has been used in several works dealing with
the abiotic polymerization of amino acids.?>'?%%?7 |n our study, we selected the amorphous
AEROSIL OX 50 (AX) silica, characterized by a specific surface area (SSA) of ca. 50 m2.g*,
high enough to get clearly detectable IR signals of the surface species, and which had been

previously demonstrated to cause the formation of linear oligopeptides from amino acids.?
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1V.3.1. Difference in the polymerization reaction between a system subjected to
temperature fluctuations and another one subjected to both temperature and humidity
fluctuations

After dehydration of the silica at 160 °C under vacuum for 2 h, two samples were
prepared with different procedures as explained in the experimental section: one subjected to
temperature fluctuations (TF) during the adsorption of Gly monomers on the surface by CVD,
and the other one to both TF and hydration fluctuations (HF) cycles. The samples are labeled
as Grre/AXie0 and Grrrr/AXie0, respectively.
The IR difference spectra of Gre/AXis0 and Grrrr/AX160 Samples during the successive cycles

of the 20 h CVD are presented in Figure V-1 A and B respectively.
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Figure 1V-1: IR difference spectra resulting from Gly sublimation at 160 °C by CVD carried
out from 2.5 h (a) to 20 h (h) on the two samples: A) Gte/AX1e0, Gly adsorbed on silica pre-
treated at 160°C, and B) Gtrur/AX160, Gly adsorbed on silica pre-treated at 160 °C and
subjected to intermediate HF cycles during CVD.

In panels A’ and B’, the intensities in the silanols OH stretching region are enhanced for the
sake of clarity. Gray curves show intermediate sublimation steps of 2.5 h. Light blue curves
show intermediate CVD steps of 2.5 h following the HF cycle (bold blue curve (w)).

The corresponding spectrum of the material obtained before the start of CVD process (AXz160)
IS subtracted as a baseline.

From the first CVD cycle, the amide 1 (1700-1600 cm™) and amide 11 (1570-1470 cm™) bands
are observed, corresponding to vco/dnH and dnH/ven Vibrations respectively. The high intensity

ratio of amide Il to amide I is an indication of the formation of linear peptide chains instead of
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cyclic ones, while the band at 1760-1750 cm™ may be assigned to ester groups®® formed
between the peptide chains and surface silanols.??? Each step of glycine CVD causes an increase
of the ester groups (positive signal in the difference spectra of Figure 1VV-1A and B) together
with a decrease of the nearly-free silanols (NFS) associated with the band at 3743 cm™ 208
(negative signal in the difference spectra of Figure IV-1A’ and B’): both ester and NFS
represent crucial elements for monomers activation and polymerization.??? Further
confirmation for the formation of linear peptides can be found in the amide A (3315-3307 cm”
1y and B (3080 cm™) bands that arise from the v in the peptide units. In this sample, the amide
A signal is broad and probably composite.

Both treatments illustrated in Figure 1V-1 A and B start with three cycles of glycine CVD, and
indeed the spectra up to that point are very similar, confirming the reproducibility of the
experiment.

After the first three CVD cycles, Grrrr/AX160 Was subjected to HF cycles, resulting in spectrum
(w) in Figure IV-1 B, recorded after outgassing under vacuum, which shows significant changes
in the von pattern and in the shape of the peptide bands. For the von region (Figure 1V-1B”), the
admission/outgas of the water vapor results in modifications of the negative band in the silanol
groups region, which indicates that the interaction of the silica surface with water vapor
changed the Si-OH population. More specifically, NFS consumed during the first CVD steps
are restored (the signal at 3743 cm™ becomes less negative), and isolated silanols are removed
(sharp negative signal at 3747 cm™). Regarding the peptide bands, an important change in the
shape and intensity of the amide I band is seen with the appearance of separate components at
1638 and 1690 cm, associated to the formation of B-sheet conformations??® (more discussion
on this matter in Figure 1V-2). Moreover, a significant narrowing of the amide A band occurs
along with a further increase in the intensity of the amide Il band. This is coupled with a strong

decrease in the intensity of the ester band, although it does not disappear completely (Figure
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IV-2 B, b’). When glycine CVD resumes, the amide | and 1l bands for Grrrr/AXz1e0 €Xhibit an
important, and abrupt increase with respect to the sample Gtr/AX160 (See Figure A2-1 in
Appendix 2). Later on, the amide | intensity increases at the same rate in both samples. The
narrow amide A component keeps growing during the subsequent steps for Grenr/AX160 While
a broader component becomes apparent at higher wavenumbers (around 3400 cm™). While the
band associated to the ester groups (1760-1750 cmt), which represent the anchors of the peptide
chains to the silica surface, undergoes a continuous increase in intensity along the 20 h CvVD
for Gre/AX160 (Figure 1V-2 A, a’), resuming CVD after the HF cycles (Gtene/AX160) abruptly
restores it to a rather high intensity, after which only a negligeable increase is observed (Figure
IV-2 B, b).

All of these observations can be explained by the following scenario: glycine CVD causes both
an increase in the length of already existing peptide chains by monomers condensation, and the
appearance of new chains by ester formation with NFS centers.??? Ester formation is normally
slow because access of the Gly monomers to the surface is partly hindered by the growing
peptide chains. When water vapor is admitted, some of the ester links are hydrolyzed and the
corresponding peptide chains are detached from the surface. They become partly mobile and
able to rearrange, forming regularly H-bonded aggregates with other chains. These highly self-
organized aggregates are characterized by the narrow amide A band, and a specific signature in
the amide | and Il regions (see below). When glycine is readmitted, newly freed, NFS-rich
regions on the surface quickly react with glycine monomers to form nucleating sites for
additional chains, following which both aggregated and newly formed chains start growing
again. More specifically, we believe that these two types of chains correspond to the two
components in the amide A region: well-organized, regularly H-bonded chains to the narrow

band at 3300 cm™ as already mentioned, and more disordered, weakly H-bonded chains to the
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broader band around 3400 cm™. This correlation of the amide A position with the H-bonding

state is in line with previous observations?? and theoretical calculations.?*°

A
204a)
[Jrandom
164 [C_]p-turn
[ p-sheet
12 4

Integrated area of amide |
o]
L L

A
-

ol m f.hf.ﬂ

] a')

6_ 11
' H

Integrated area of ester
o
1

oL L1 1] L
0.0 25 75 100 125 1. 175 20.0
B Time (h)

© 20 b)|:|rzandom -

2 1 [Cptum 1

516 1 p-sheet A [

g - 3,-helix - [

g 124 [Jintermolecular f-sheet

5

L 54

o

i

H

_olm dl rﬂ

9 T v T T T

8 1P

6 69 [[Jester

[0

@

& 47

e

(0]

o)

oy - ITl H -

= 00 25 H 100 125 150 175 20.0

Time (h)

Figure 1VV-2: Evolution of (a) and (b) the absolute intensities of the different types of secondary
structures and (a’) and (b’) integrated area of ester groups as a function of time during Gly
deposition by CVD during the different cycles on the two samples: A) Gtr/AX160 and B)
Grrrr/ AX160.

The different integrated areas are obtained as a result of a peak fitting done on the ester (1760-
1750 cm™) and amide 1 (1700-1600 cm™) bands.
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The amide | band is very sensitive to the secondary structure of peptides and often used
to identify it. Therefore, for each CVD cycle, we identified, separated and quantified its
components using an enhanced peak fitting method based on the second derivative of the IR
profiles. The absolute intensities of each secondary structural components are reported for both
Gtr/AX160 and Grrrr/AX1e0 in Figure 1V-2 (A a and B b, respectively). The relative contents
of the different secondary structures (see experimental part) have also been evaluated as
percentage values for both samples. The integrated areas of the ester bands, already discussed
above, are also reported as a function of the CVD time (Figure IV-2 A a’ and 2 Bb).

The quantitative analysis of the secondary structures shows the fast initial formation of
random and B-turn conformations, representing about 45 and 55% respectively of the total
amide | band after the first CVD cycle. For the following two CVD cycles (up to 7.5 h CVD),
the amount of B-turn conformations increases progressively (up to 77%) at the expense of the
random structures. For Gte/AX1eo (Figure 1V-2 A a), a significant transition is observed after
10 h CVD, where the polyGly chains start forming more ordered structures, consisting of [3-
sheets, while random chains have disappeared. The relative proportions of B-sheets and -turns
vary little until the end of the 20 h CVD, where the proportion is 42% to 58%.

On Grrur/AX 160, the distribution of secondary structures is similar to Gte/AX1eo for the first
three cycles of CVD (Figure V-2 B b), confirming the reproducibility of the observations. The
HF cycles applied after that promote the significant formation of ordered structures, including
42% p-sheet and 30% intermolecular B-sheet while random coils disappear and B-turn
conformations fall down to only 28% of the total band area (Figure 1\V-2 B). This is the stage
where the integrated area of the ester band exhibits a significant decrease.

The following five CVD cycles show a mixture of ordered structures containing both B-sheets
and 31-helices as polyglycine Il (PG 11)2162%1-2% jn comparable amounts (49% to 51% at the

end of the 20 h CVD). This is coherent with the fact that N-terminal domains are usually rich
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in 31-helices formed due to self-assembly of peptides that results from hydration with a
subsequent hydrogen bond formation. 1223/

One may wonder why 31-helices are formed in high quantity after the water exposition step,
while only B-sheets are encountered in the sample that did not undergo such a step. One
possibility is that detached chains formed by hydrolysis may either agglomerate to existing [3-
sheets (whose absolute abundance indeed increases) through the formation of hydrogen bonds
of N-H~0=C among neighboring chains, or rearrange independently of them to form 3:-helices,
which would not strongly interact with the surface. When CVD resumes however, the amounts

of both types of secondary structures grow constantly, indicating that they can both impart their

structure to newly formed chains. These transformations are sketchily summarized in Figure

IV-3.
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Figure 1VV-3: Suggested scheme for the polymerization of peptides on amorphous silica
during Gly CVD with intermediate HF cycles.

It is important to underline that during this step, pre-formed polyglycine chains exert a twofold
templating influence on the newly formed ones. First, as already stated, they define the type of
secondary structure that the latter will adopt. Second, judging from the absolute values of the
amide |1 components in Figure 1V-2, the agglomeration of new Gly monomers is faster and
reaches higher final amount in Grtrrr/AX1e0, containing 3i-helices and B-sheets, than in
Gtr/AX160. Therefore, it seems likely that gas-phase Gly monomers have a higher probability
of condensing with the growing end of the corresponding chains because they are pre-

positioned by H-bonding, in a form of template-directed synthesis.?*® In the origins of life field,
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template-directed polymerization has long been tested for growing RNA chains?®, but it is more
surprising to find it at work for polypeptide chains. Note that if this interpretation is correct, the
promoting effect on polyGly chain growth at this stage would only be indirectly due to the silica
surface, as opposed to the direct implication of surface groups observed at the beginning of

CVvD.???

IVV.3.2. Structural dynamics of the peptide chains revealed by H/D exchange

After Gly CVD for 20 h, both Gtr/AX160 and Grrrr/AX1eo Were exposed to HF cycles
followed by D>O vapor exposure until invariance of in situ IR spectra. The admission/outgas
of water vapor on both samples at this stage results in a significant change in the peptide bands
of the IR signals (data not shown). These changes in amide A, amide | and amide Il bands were
more clearly evidenced after subsequent D,O adsorption/desorption cycles until invariance of

spectra (Figure 1VV-4, panel I, spectra A and B).
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Figure 1V-4: Panel (I) represents the IR difference spectra obtained (a and b) directly after Gly
sublimation on silica for 20 h; (A and B) after subsequent H/D exchange and then outgassing
of D20 at bt until invariance of spectra, on the two samples: Gtr/AX1e0 and GrrHr/AX160
respectively. For Gtrrr/AX160, spectra obtained after a first washing with liquid water at rt (B”)
and a second washing with liquid water while heating at 70 °C (B’’) on Gtrrr/AX160 are also
displayed.

Panel (1) represents the evolution of the amide Il band area during D20 adsorption/desorption,
after the end of the HF cycles (corresponding to time 0 for A and B) or after the end of the WD
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cycles (at time 0 for B’ and B’’). In each case, band intensities have been normalized to a value
of 1 attime =0.

For both Gtr/AX1e0 and GrrHr/AXi1eo, after 45 minutes of H/D exchange (curves A and B
respectively), the amide Il band exhibits a decrease in intensity while a new band appears at
1466 cm™ corresponding to the amide I vibration of the deuterated peptide linkages, sometimes
called amide II’ (this band is strongly displaced due to its significant NH bending component).
It is noteworthy, however, that the original amide Il linkages do not disappear completely,
indicating that some protonated peptide links cannot be exchanged. This suggests that part of
the peptide moieties is inaccessible to D20 diffusion.

The IR profiles after H/D exchange also exhibit a narrow amide A band (3307 cm™) as
compared to the spectra (a and b) collected directly after Gly sublimation by CVD; in
Grrrr/ AX 160, that clearly contained one narrow and one broad component, the broad component
at 3400 cm™ has disappeared. In line of our previous assignments, this would mean that the
weakly H-bonded structures can be exchanged by D.O, while the strongly H-bonded ones resist
exchange, as might have been intuitively expected. The deuterium-exchanged counterpart of
the amide A band appears at around 2760 cm™.

The amide | band (around 1670 cm?) is not expected to be strongly shifted by H/D exchange,
but still it undergoes a change in shape and intensity with a shift of its maximum to 1651 cm™
as a result of a decoupling of vibrations due to the transformation of some N-H moieties in
amide I to N-D ones.®

Both phenomena are more clearly marked for Grrrr/AX160 (curve B, Figure IV-3, Panel I) as
compared to Gtr/AX160 (curve A, Figure 1V-4, Panel 1) which reflects the higher amount of
ordered self-assembled structures formed on the surface of the former. In order to study the
resistance of these self-assembled structures on Grrrr/AX160 to harsher treatments, the sample
was subjected to a first set of several cycles of wetting/drying (WD) with liquid water at rt

followed by a second set of several cycles of wetting with liquid water at 70 °C. The IR profiles
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recorded after invariance of spectra at the end of each set (Figure V-4, Panel I as curves B’ and
B’ respectively) show a further significant change in shape, increase in intensity and
appearance of a sub-band at around 1638 cm™ for the amide | band. The latter is not due to
adsorbed water because no strong absorbance is observed in the 3000-3500 cm™ region (O-H
stretching), and it probably corresponds instead to the formation of more B-sheet structures.?*°
Meanwhile, the narrow amide A band at 3307 cm™ increases in intensity while the amide I
band shows resistance to deuteration (smaller ratio of the deuterated to the protonated species,
as compared to the sample that had not been submitted to WD cycles). The latter feature may
be explained by the fact that WD cycles induce the formation of a higher amount of ordered
and tightly packed aggregates®® that prevent the diffusion of the D,O molecules. These
aggregates cannot be desorbed from the silica surface by washing with liquid water even at high
temperature. Indeed, long oligoglycine peptides have a low water solubility?16241:242: they have
more affinity for other polyglycine chains than for the aqueous phase.

In order to obtain more information on the structural dynamics (flexibility and degree of solvent
accessibility of the formed peptides), the kinetics of H/D exchange in peptide links was
followed by monitoring the residual intensity of the amide 11 band as a function of the sample
exposure time to D20 during all the intermediate cycles of adsorption/desorption. The fraction
of non-exchanged residues calculated following Eq. (2) is plotted as function of D>O exchange

time in Figure IV-4, Panel 11,243 244

Amide Il
Amide I1,q ( )

Fraction of non-exchanged residues =
where Amide Il,:and Amide 11,0 represent the integrated area of amide Il band at time t or
time 0 of D20 exchange respectively.

The amide H/D exchange rate is faster in Grr/AX160 (curve A) than in Grrrr/AXi1eo (curve B).

After the first 15 min of D20 adsorption/desorption cycles, around 41% of the amide groups of

polyGly on Gtr/AX160 Were deuterated, while only 23% were exchanged in Grrrr/AX16o.
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We also quantified the different types of secondary structures that evolved during the H/D
exchange performed after 20 h CVD and hydration (Figure V-5 A and B) and after WD cycles
at rt (Figure 1VV-5, B”) and at 70 °C (Figure IV-5, B”), since the kinetics of the amide H/D could

be related to the rigidity of the peptide secondary structures.
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Figure 1V-5: Evolution of the integrated area of the different types of secondary structures at
the end of the HF cycles (time 0) and during subsequent D>O adsorption/desorption (time > 0)
on the two samples: Gtr/AX1e0 (A), and Grrre/AX160 (B), and after washing of the latter with
liquid water at rt (B’) and at 70 °C (B”’).

The different integrated areas are obtained from peak fitting in the amide I band range (1700-
1600 cm™).

Quite unexpectedly, the final HF cycles caused the destruction of the 31-helices that had been
present after CVD in Grrrr/AX160 (52% after 20 h CVD, Figure IV-2B), and were replaced by
less organized structures: B-turns (32%) and random coils (20%; Figure 1\VV-4B, time = 0). This
IS not unprecedented as proteins adsorbed on solid surfaces have been observed to lose their 3:-

helices structural elements to random coils and turns upon exposure to water?*. In Gre/AXieo,

the B-turns that represented the majority structure after CVD (58% after 20 h CVD, Figure IV-
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2A\) decreased to around 31%, probably transformed into random coils (28%; Figure V- 4A,
time = 0).

The remaining B-sheets represented 41% of the total secondary structures in Gtr/AX160 and
48% in Grrur/AX1eo (Figure 1V-5 A and B, time=0).

Altogether, after the HF cycles, the proportions of different secondary structure components
were similar in Gte/AX1e0 and Grrrr/AX160, although the global intensity of the amide bands
was higher in the latter.

It might have been expected that the exchangeable fraction of peptide chains corresponds to the
B-turn and random conformations since they present disordered, shorter and/or more flexible
structures that should allow easier DO diffusion. At the end of the H/D exchange treatments,
the exchanged percentage of peptide chains reached 52% for Gtr/AX1s0 and 38% on
Grrrr/AX1e0 (Figure 1V-4, Panel 1), as compared to 76% and 67% respectively for the B-turn
+ random coils (Figure V-5 A and B, respectively at time = 45min). The trend is the same for
the two observables, but the exchanged amounts remain smaller than the disordered
configurations contents. Possibly, even some of the disordered structures are not quickly
exchangeable, but precise quantification could also be complicated by differences in the
extinction coefficients.

A further complication is that during D20 exchange (Figure 1VV-5 A and B, time > 0), the amount
of B-sheet slightly decreased while those of B-turns and random coils increased for both
samples. D20 vapor, like H>O vapor in the HF cycles, seems to turn ordered into disordered
structures, but the kinetics of this disordering is slow.

GrrHe/ AX 160 Was submitted to WD cycles at rt, and while heating at 70 °C. A conspicuous effect
of these washing treatments is the disappearance of the random coil components in the
deconvolution of the amide | (Figure IV-5 B and B’). Most likely, these correspond to rather

short, and therefore more soluble chains that may be eliminated by washing. The peptide chains
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remaining on the surface are well-ordered, strongly H-bonded aggregates, consisting in a
majority of B-sheets (around 60% of the integrated amide | area, Figure IV-5B” and B”’), as
was already apparent from the discussion of Figure 1V-4, and therefore the amount of H/D
exchange is limited (25% after 45 min; Figure 1\V-4, Panel II, curves B’ and B’’ respectively).
In addition, the exchange kinetics is slower with respect to what is observed before WD cycles

(Figure 1V-4, Panel 11, curves A and B).

1VV.3.3. Effect of HF and WD cycles on Gly deposition for extended durations.

In the following part, we study the deposition of glycine on strongly hydrated silica surfaces. It
is known that the nature and local arrangements of the silica surface groups (silanols and
siloxane rings) may induce either a hydrophobic or a hydrophilic behavior, respectively
characterized by a heat of water adsorption lower or higher than the latent enthalpy of
liquefaction (44 KJ.mol™).2%® In fact, it has been found that the surface density of silanol groups
on the amorphous silica surface is simply related with the hydrophobic/hydrophilic character:
a silica surface with 4-5 Si-OH/nm? is hydrophilic since water molecules adsorb through strong
H-bonding to silanol sites, while a surface with 1-2 Si-OH/nm? is hydrophobic because most
water molecules interact with the siloxane bridges.#14%247 Sjlica AX50 has a well-defined heat
of water adsorption estimated to ca. 40 KJ.mol?, i.e., below the latent enthalpy of
liquefaction*®; thus, it may be considered as somewhat hydrophobic due to a relatively low
concentration of silanol groups. This native silica, after outgassing at rt, is labeled as AX. In
parallel, another sample was prepared where several WD cycles were applied to the silica
support, also followed by an outgas under vacuum at rt (labeled hereafter as AXwp). The
corresponding IR profile obtained, compared to that of AX: in Figure A2- 2, showed a strong
decrease of the band at 3747 cm™ accompanied with a significant positive broad band centered

at 3450 cm™, which indicates the transformation of the isolated silanols to H-bonded ones due
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to their interaction with adsorbed water. This was coupled with the appearance of an intense
narrow band peaked at 3742 cm™ that corresponds to the formation of nearly-free silanols
(NFS). Indeed, several studies have demonstrated that the contact of silica with H,O at room
temperature can result in the fast opening of the highly strained siloxane bridges such as (SiO).-
3 to give two vicinal (weakly H-bonded) silanol sites.®924%2% Thus, AXwp constituted an
appropriate sample to study the effect of NFS on the polymerization reaction.

The IR profiles collected after successive steps of Gly sublimation for a total of 20 h CVD
(Figure A2- 3, and Figure IV-6 a to h) show that Gre/AXwp exhibits higher intensities of the
characteristic bands of linear peptides (amide I, amide I1), as compared to Gte/AX:t. The amide
A band is also more intense, with two components at 3400 cm™ (originally predominant) and
3300 cm* (developing later). Furthermore, a certain amount of zwitterionic Gly monomers are
formed on the surface during polymerization as shown by the appearance of bands at 1595 and
1413 cm™ that may be assigned to vas coo” and vs coo” 0f Gly monomers respectively!?’ — these
bands were not present in the previously discussed samples that had been pretreated at 160 °C,
and therefore the stabilization of zwitterionic glycine is probably correlated with the presence
of adsorbed water.1” In the silanols region (inset of Figure A2- 3), the NFS groups were
selectively removed during Gly deposition on Gre/AXwp (negative band at 3742 cm™), while
this removal is accompanied by the formation of new isolated silanols due to the condensation
of some siloxane rings on Gte/AXupon heating at 160 °C during CVD (positive band at 3747
cm for isolated silanols in parallel with a negative band at 3742 cm™ for NFS). This reflects
that Gte/AXwp, with more NFS which constitute essential elements for monomers activation

and polymerization???, represents a more efficient platform for the formation of polyGly chains.
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Figure 1V-6: IR difference spectra on Grrrr/AXwo resulting from Gly sublimation at 160 °C
by CVD with TF cycles measured from 2.5 h (a) to 20 h (h); (i) after DO
adsorption/desorption cycles at bt until spectral invariance; (j) after wetting/drying cycles
with liquid water and outgassing at rt; (k) after subsequent DO adsorption/desorption cycles
at bt; a second set of ®N-Gly sublimation at 160 °C with TF cycles, by CVD measured from
2.5 h (1) to 15 h (q); (r) after D2O adsorption/desorption at bt until spectral invariance.

Gray curves show intermediate sublimation steps of 2.5 h.

For all spectra, the spectrum of the silica support before the start of CVD process (AXwp) has
been subtracted as a baseline.

After the first 20 h sublimation under TF cycles, the Gte/AXwp sample was subjected
to HF cycles followed by H/D exchange until invariance of spectra. At this stage, the sample is
designated as GtrHr/AXwp. The spectrum (Figure 1V-6, curve i) shows a change in shape and
intensity of the amide | along with a decrease in intensity of the amide Il band that is however
not completely suppressed by the H/D exchange, as well as a narrowing of the amide A band
(disappearance of the broad component at 3400 cm™) together with the appearance of the D-

exchanged counterpart at 2760 cm™. These phenomena are similar to those observed previously
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on Gte/AX1e0 (Figure 1V-4), which were rationalized by selective D exchange of the weakly H-
bonded, disordered chains leaving the strongly H-bonded agglomerates in the protonated form.

Subsequently, the sample was subjected to WD cycles followed by an outgas at rt
(Figure 1V-6, curve j) and another H/D exchange until invariance of the spectrum (Figure 1V-
6, curve k). The IR profile at this stage shows a significant change in the shape of amide | which
is now dominated by sub-bands centered at 1693 and 1636 cm™, characteristic of B-sheets. The
narrowing of the amide A band and the resistance of the amide 11 band to H/D exchange confirm
that these B-sheet secondary structures are now preponderant. The XRD pattern recorded at this
point (Figure A2- 4, curve a) shows that no crystalline Gly are present on the surface. In fact,
the bands at 1595 and 1413 cm™ that we had assigned to monomeric glycine are no longer
detectable at this stage (Figure V-6, curve j), suggesting that most monomeric glycine has been
desorbed by the WD treatment. The analysis by Mass Spectrometry of the supernatant collected
after several washings of Gtrrr/AXwp indeed reveals that only Gly monomers (98%) and Gly-
Gly and DKP dimers (2%) were desorbed from the surface upon washing while the polyGly
resist the WD cycles and remain on the surface.

To study whether these self-assembled aggregates and the silica support remain active
to promote further polymerization and elongation of the polyGly chains, two further sets of Gly
sublimation by CVD with TF cycles were applied for 15 h after the WD treatment on different
Grrnr/ AXwo pellets, using isotopically labeled glycine (**N in Figure 1V-6 or 3C-Gly in Figure
A2- 5). Isotope labeling is a useful tool for vibrational spectroscopy analysis: it does not only
facilitate bands assignment, but also makes it possible to probe specific local structures and
dynamics, giving information on the mechanism of peptide aggregation and folding.182243251-
253 Substituting specific atoms in a molecule by isotopes of low natural abundance results in

altering the vibrational frequencies of moieties that involve this atom, without changing their
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chemical properties. The expected isotopic shift Av is calculated using Eq. 3 where ma, mg, mc

and mp are the reduced masses of atoms A, B, C, and D.182

B B _ _  |mams(mctmp)
Av = Va-p = Vc-p = Va-B (1 m> (3)

Uniform N labeling downshifts the amide Il by around 14 cm™, while the amide A band,
which arises from the vnn in the peptide units, is downshifted by ca. 8 cm™ and the amide I by
only ca. 1 cm™. Experimental observations for the amide | are in agreement with these weak
displacements.

The IR profiles of Grerne/ AXwo collected during the second set of Gly CVD (using *°N-
Gly with TF cycles; Figure V-6, curves | to g) show a further increase in the intensity of amide
I and amide 11 bands with a downshift of around 12 cm™ for the latter. This is in line with the
progressive formation and prolongation of °N-labeled linear polyGly chains on the surface.
The amide 11 band must be the sum of components corresponding to N and *°N-containing
peptide regions, which are difficult to discriminate due to their small separation.

The amide A clearly shows the two components at 3300 and 3400 cm™, both increasing
in intensity along the deposition. The ester band exhibits an increase for the first 5 h CVD and
then tends to a plateau. Since the ester band intensity is indicative of the number of covalent
anchoring points for the polyglycine chains, it would mean that new anchored chains on the
surface form only at the beginning of deposition, probably on the surface liberated by the WD
treatment, while after 5 h, polymerization proceeds through the ligation of additional monomers
to already existing chains. Further HF cycles followed by H/D exchange until invariance of
spectra (Figure V-5, curve r) reveal again a resistance to exchange of the polyGly chains in
self-assembled structures on the surface (preservation of the narrow component of the amide A
along with a resistance of a part of the amide 1l band and appearance of narrow sub-band at
1636 cm™* for amide 1), while the disordered structures are fully deuterated (disappearance of

the broad amide A component at 3400 cm™?).
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A different isotopic enrichment experiment was carried out on a separately synthesized
Grrne/ AXwo pellet, using glycine isotopically labeled with $3C, instead of °N, for the second
set of TF (after a first set of TF and HF cycles using *2C Gly, followed by WD). The main
interest of this experiment is to discriminate between the sub-bands of the secondary structures
already formed during the first set of TF cycles and remaining on the surface after washing
(which therefore contain 12C), and the ones of newly formed secondary structures during the
second set, where 13C labeling downshifts the amide | band components by ca. 38 cm™. Curve
fitting of the IR spectra collected during the second set of CVD of 2*C-Gly in TF cycles (Figure
A2- 5, integrated areas as a function of time) reveals that after the WD cycles, the polyGly that
remain chemisorbed on the surface contain 56% *2C p-sheet and 44% 2C B-turns. When
proceeding with a second set of TF cycles, the first 2.5 h results in a transformation of the '2C
B-turn into 12C B-sheet structures, which increase in concentration. In parallel, new **C polyGly
[-sheet structures are formed on the surface, at the exclusion of other secondary structures.
Their concentration further increases with CVD time while the *2C B-sheet content remains
constant, as would be expected.

The integrated intensities of the ester bands are also plotted in Figure A2- 5. The *2C
ester groups that had resisted WD cycles remain unaffected during the subsequent CVD steps:
they constitute the anchors of the self-assembled structures that have not been removed by the
WD treatments. However, another band develops immediately upon CVD resumption that can
be assigned to newly anchored chains, containing Si-O-*CO- links. These new ester links form
on regions of the surface previously liberated by the WD treatment, as outlined in Figure IV-3.
This means that a significant part of the newly formed *3C-marked B-sheets belong to freshly-
nucleated chains. Yet these do not pass through an intermediate, disordered state as in the first
set of CVD steps. The surface density of 12C B-sheet templates must be sufficient to impose

immediate structuring of the additional chains.
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1VV.4. Conclusion

Systems consisting of silica, glycine in the gas phase and water were subjected to cyclic
variations in temperature and water activity to study the effect of various experimental scenarios
on peptide elongation and structuring. A fluctuating system subjected to both temperature
fluctuations (TF) and hydration fluctuation (HF) cycles represents a more favorable
geochemical setting for the polymerization reaction as compared to a system subjected only to
TF. The dehydration steps are necessary to thermodynamically drive the condensation-
polymerization reaction between glycine monomers and pre-existing polyglycine chains. The
role of the hydration steps is more complex. Exposure to water appears to hydrolyze some of
the surface ester links that bind polyglycine chains to the silica surface, re-establishing the
corresponding NFS (nearly-free silanols) anchoring sites. At the same time, the freed chains
partly aggregate to pre-existing polyglycine nuclei with a -sheet secondary structure, and
partly form 3i-helices, probably weakly adsorbed. Further glycine deposition steps at low water
activity causes the growth of these aggregates and the formation of new chains, with a higher
amount of peptides and a higher level of structuring than in a sample not submitted to hydration.
This may constitute an element of justification for the efficiency of often applied wetting-and-
drying cycles. However, we are dealing with systems of much higher complexity than would
be expected. The effect of water exposure will differ according to the state of the surface and
growing chains, which depends on the succession of treatments applied: thus, if exposure to
water happens before the beginning of CVD, it promotes the temporary stabilization of glycine
monomers as zwitterions. We will deal in a later publication with the effect of initial surface
state and different glycine deposition procedures on its reactivity.

The structural dynamics of the oligopeptide chains was also studied by H/D exchange and the
application of washing steps. The B-sheets structural elements proved to be very resilient: they

were inaccessible to deuterium exchange, and they were not desorbed and hardly perturbed
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even by liquid water at high temperature, while other structural elements with weaker H-bonds
could be exchanged by D20 in a few tens of minutes at room temperature. These conclusions
were comforted by experiments with isotopically enriched glycine deposition. It is interesting
to notice that the applied experimental approach is complementary to the mass spectrometry
analysis of products detached from the surface of the catalysts, which often shows the formation
of DKP, Gly monomers and dipeptide forms. The strong interaction of the poly(Gly)
aggregates, coupled to their low solubility points to the importance of studying the surface
bound interface environment and not rely only on measurements made in solution.

From the point of view of prebiotic chemistry, the systems investigated here go further than a
polymerization of amino acids, which had been observed many times. Secondary structure
elements that appear in current proteins represent a higher level of structuring, one that is
indispensable for protein function. It is particularly intriguing that these systems showed some
hints of templated peptide growth on B-sheets, i.e., the transmission of information from nuclei
to growing chains.

It will be interesting in the future to study the formation of secondary peptide structures on
silica surfaces from more complex and diverse monomers, although this will complicate the

analysis of IR profiles.
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V. Chapter V: Cyclic or linear? Parameters

determining the outcome of glycine polymerization

in silica surface prebiotic scenarios
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The work presented in this chapter is submitted to Chemistry - a European Journal,
December, 2022.

The parameters that determine the formation of linear peptides and cyclic dimers
(diketopiperazine, DKP) on silica surfaces of different surface area, silanol and siloxane ring
populations, controlled by thermal treatments, are investigated upon glycine deposition from
gas and liquid phases. The formed products were characterized by infrared and Raman
spectroscopies, X-ray diffraction and thermogravimetric analysis. The results reveal the
importance of “nearly-free” silanols to form ester centers as primers for the formation of linear
peptides over DKP, on surfaces with medium silanol density (1.4 to 2.7 nm?). Quenched
reactivity is seen on isolated silanols (density < 0.7 nm?), while silanols involved in hydrogen
bonding (density of 4.5 nm) weakly interact with Gly resulting in its cyclization to DKP.
Deposition of glycine from liquid phase may also form both DKP and linear polymers,
depending on its loading and silica surface. These conclusions demonstrate the complexity of
glycine surface chemistry in the polymerization reaction and highlight the interest of a surface

science approach to evaluate geochemical prebiotic scenarios.
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V.1. Introduction

The interfacial process between biomolecules and mineral surfaces including silica-
based materials is a subject of paramount interest due to its direct implication in promising
fields such as bio-nanotechnology®*, green chemistry!®®, biomedical sensors?> and peptide-
based pharmaceutics.?® It is also of high importance in the field of prebiotic chemistry where
it has long been suggested that mineral surfaces play a key role in the peptide bond formation
reaction through the condensation between two amino acids'®, a critical step in the formation
of the first biopolymers on the primitive Earth at the origin of life. To date, several experiments
have been carried out to study the amino acid polymerization reactivity on various oxide
surfaces, considered as adequate approximations to primordial Earth mineral surfaces. For
instance, only a dimerization of glycine (Gly) to linear GlyGly and cyclic diketopiperazine
(DKP) with yields higher than 10% was obtained upon heating Gly on TiO> at 120 °C for 1-35
days.?®® On alumina, GlyGly was produced along with minor amounts of DKP and triglycine
after dry heating of Gly for seven days at 85 °C.%%” DKP has been the major product obtained
upon dry heating of Gly on silica, after a selective adsorption procedure (on Aerosil
A380)8114120 or 3 chemical vapor deposition (CVD) under vacuum at around 200 °C.*! The
cyclic dimer has been also the main product obtained when different amino acids (i.e. Leu, Val,
Ala, etc.) other than Gly where deposited from an aqueous phase followed by a single step
heating.2>®2%° In contrast, only linear poly-Gly chains up to 11 mers were formed using CVD
on an amorphous silica Aerosil 50 of a smaller specific surface area.?®

The existence of diverging results suggests that the nature of the condensation products of
amino acids polymerization (linear peptides or cyclic product) on the surface of oxides strongly
depends on the reaction conditions, such as the reaction time, the reaction temperature, the
deposition method of the adsorbate, the reactive surface sites on the particular type of silica

used as a support and the glycine loading.® In order to unravel the effect of different factors,
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we have chosen to address a specific (oxide) mineral-amino acid combination and to investigate
their interaction while systematically varying the reaction conditions. Gly was chosen in this
work because it is considered as a reference molecule in many theoretical'® and
experimental®*?° studies dealing with peptide formation. Amorphous silica, a mineral of high
natural abundance, low cost, prebiotic significance, and high importance in many potential
nanotechnology applications>>2%, has been considered as a good candidate to study the amino
acid polymerization reaction. The surface of silica is characterized by two main surface
functional groups, silanol groups and siloxane bridges. The amount of silanol groups directly
depends on the type of the silica and the calcination/activation temperature of the surface, and
it determines the hydrophilic/hydrophobic character of the material ?®* However, in contrast to
ordered crystalline materials, the surface chemistry of amorphous silica is very hard to
investigate. A detailed knowledge of the structure of amorphous silica and especially of its
surface properties would provide a better understanding of the polymerization reactivity of
amino acids.

In the present work, we performed experiments of Gly adsorption on amorphous fumed
silica surfaces of different surface areas, and Gly deposition on the surfaces was carried out
either from the gas (by Chemical Vapor Deposition, CVD) or from the liquid phase (by
Incipient Wetness Impregnation, IWI). For gas phase deposition, the silica materials were
thermally pre-treated at variable temperatures while for liquid phase deposition, different
concentrations of Gly solutions were used. To elucidate the parameters that determine the nature
of the condensation products (linear peptides or cyclic ones), several techniques including
transmission Fourier transform infrared (FT-IR) spectroscopy, attenuated total reflection (ATR-
IR) spectroscopy, Raman spectroscopy, thermogravimetric analysis (TGA), X-ray diffraction
(XRD), and N2 physisorption were employed. In particular, we attempt to clarify the role of the

different functional groups of silica in the polymerization reaction.
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V.2. Experimental section

V.2.1. Materials

Amorphous silicas Aerosil OX 50, Aerosil 200, and Aerosil 380 (designated as A50, A200, and
A380) of nominal specific surface areas 50, 200 and 380 m2.g™ respectively, provided by
Evonik (with SiO2 content > 99.8 wt%), were used as supports. Glycine (Gly) (99%), purchased
from Sigma-Aldrich was used as received. Ultrapure Milli-Q water was used for the preparation

of the amino acid solution for the liquid phase deposition.

V.2.2. Thermal Treatment of silicas

The silica samples were subjected to different thermal treatments carried out in a muffle
furnace. The SiO2 powder was pressed in the form of a self-supporting pellet before being
introduced in the furnace at room temperature (rt), heated with a 30 min ramp up to 450 °C and
kept at this temperature for 2.5 h. The temperature was then lowered down to rt. Another set of
pellets treated in this way was then ramped for 30 min from 450 °C up to 700 °C, kept at this
temperature for 2.5 h, and then left in the furnace to cool down to rt. Only for A380, a fresh
pellet previously pre-treated at 450 and 700 °C was further ramped for 30 min to 850 °C, kept
again for 2.5 h at this temperature and left to cool down to rt. The supports obtained were labeled
as Ax(r), where x represents the specific surface area of the corresponding pristine silicaand T

refers to the temperature of the thermal treatment.

V.2.3. Gly adsorption on silica supports from the gas phase

Gly deposition on the silica surfaces was performed using chemical vapor deposition (CVD) at
160 °C for 20 h. In summary, 200 mg of each silica support (in the pristine form or after thermal
treatment), were introduced in a U-shaped cell and placed on its sintered glass bed, with 30 mg

of Gly placed upstream in the cell. The system was first subjected to an outgas at rt for 2 h
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under 100 ml/min argon flow to remove most of the physisorbed water before the start of the
reaction. The cell was then placed in a tubular oven controlled by a temperature programmer.
A linear temperature ramp of 1 °C/min was applied up to 160 °C and this temperature was kept
for 20 h under argon flow, then the sample was left to cool down to rt. The samples obtained
after Gly deposition from the gas phase are denoted as G/Ax).

For the sake of comparison, a set of pellets of A50 (rt, pre-treated at 450 and 700 °C) were
subjected to Gly deposition from the gas phase, also using CVD but performed in an IR cell

under vacuum using a method detailed by Martra et al.?>222

V.2.4. Gly adsorption on silica supports from the liquid phase

Gly monomers were deposited on silica surfaces from water solutions using the incipient
wetness impregnation (IW1) procedure, derived from the field of supported catalysts synthesis.
Briefly, the required amount of Gly monomers were dissolved in ultrapure water and the
resulting Gly solution was added to the silica support respecting a ratio of 10 ml of Gly solution
for 1 g of silica. This resulted in a homogeneous slurry without a separate liquid phase which
was left to dry under nitrogen flow at rt overnight. For each type of silica surface, a series of
samples with increasing Gly weight loadings from 0.5 to 5% was prepared. The different
Gly/silica systems were dried under vacuum then introduced in a U-shaped cell for outgas at rt
for 10 h under a 100 ml/min argon flow. Subsequently, the U-shaped cell, kept under the same
argon flow, was placed in a tubular oven coupled with a temperature programmer for thermal
activation of the system. A controlled linear temperature ramp of 1 °C/min was applied to reach
a final value of 160 °C where a plateau was maintained for 30 min. The sample was then cooled
down to rt and stored in a desiccator. Such samples are labeled as Gy/Ax, where y refers to the

Gly weight loading and x represents the specific surface area of the pristine silica used.
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V.2.5. Infrared (IR) spectroscopy

IR spectra of the Gly-silica samples were recorded using a Bruker Vertex 80 spectrometer
equipped with a MCT detector under a RapidScan mode using a resolution of 4 cm™ and
accumulating 250 scans to have a good signal to noise ratio. The samples in the form of self-
supporting pellets were placed between two IR-transparent calcium fluoride CaF, windows
sealed with a parafilm.

KBr-IR spectra for the silica samples (in pristine form or thermally treated at different
temperatures) were also recorded in the transmission mode using Bruker Vertex 80 (MCT
detector, resolution of 4 cm™ with the accumulation of 250 scans). The spectra were measured
in potassium bromide KBr pellets with a sample concentration in the pellet of a few percent by
weight. The absorption of a pellet of pure KBr was used as a background.

For the samples prepared using the IR cell under vacuum for Gly deposition in the gas phase,
IR spectra were recorded using a Bruker Vector 22 instrument with a DTGS detector, using a
resolution of 4 cm™ and accumulating 64 scans. The self-supporting pellets of the samples were
placed in a traditional IR cell with CaF, windows, equipped with a valve to be connected to a
vacuum line (residual pressure < 1.0 x 10° mbar) where the adsorption experiments were

carried out in situ.

V.2.6. Attenuated total reflection infrared (ATR-IR) spectroscopy

ATR-IR spectra for the silica samples (in pristine form or thermally treated at different
temperatures) were recorded using a Bruker Vertex 80 spectrometer equipped with a mono-
reflection diamond Bruker, A225/Q-DLST ATR device. The refractive index of the diamond is
2.4. Measurements were carried out with a RapidScan mode using a DTGS detector with a
mirror speed of 20 kHz. The spectral window recorded was from 4000-200 cm™ using a

resolution of 2 cm* and accumulating 200 scans for a better signal to noise ratio.
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V.2.7. Raman Spectroscopy

Raman spectra were recorded at rt using a Kaiser microscope optical system (RXN1) equipped
with a charge-coupled detector. The laser beam working at 785 nm was focused by adjusting
the microscope to an objective of 50X long working distance (8 mm) lens. The spectral window
was 3200-150 cm*; spectra were collected with an incident laser power of 10 mW, resolution

of 4 cm™, 10 seconds acquisition time, and accumulating 30 scans for each spectrum.

V.2.8. Specific surface area measurements

Specific surface areas of the silica samples were determined from the N2 adsorption isotherms
recorded at 77 K using Belsorp-max (BEL JAPAN) apparatus. Before measurements, the
samples were degassed under vacuum at 250 °C for 2 h (residual pressure 10* mbar) on a

Belprepll-vac unit. Specific areas values were obtained using the BET equation.

V.2.9. X-ray diffraction (XRD)

XRD patterns for the samples obtained after Gly deposition from gas and liquid phases were
recorded on a PANalytical X'Pert powder diffractometer using a Cu Ka (A=1.5405 A) radiation
source generated at 30 mA and 40 kV. The diffractograms were recorded with a 20 scanning

range of 10 to 45°, a step size (20) of 0.01°, and a dwell time of 1 s per step.

V.2.10. Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) of crushed pellets was carried out using a TA instrument
with a STD Q600 analyzer. TGAs were performed with a heating rate of 1 °C/min under a 100
mL/min dry air flow. Quantification of adsorbed peptides was evaluated by correcting the

weight loss between 130 and 400 °C for the corresponding value for the blank sample.
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V.3. Results and Discussion

Three types of fumed silica surfaces (Aerosil A50, A200, and A380) were used to study the
product of the polymerization reaction of Gly when deposited from gas and liquid phases. In
the former case, the silica supports were treated at 450, 700, and 850 °C before Gly deposition,
in order to modulate their surface properties (silanol and siloxane concentration and nature) and
correlate the surface structure to the changes in reactivity. For the Gly adsorption from the
liquid phase, only pristine materials were used since it is expected that the exposure to liquid

water would undo much of the thermal transformations by re-hydroxylating the surface.

V.3.1. Gly deposited on silica from the vapor phase

V.3.1.1. Silica supports

BET and TGA analysis

Specific surface areas of the silica supports measured by applying the BET method to
N2 physisorption isotherms are reported in Table V-1. The SSAs remain unchanged for A50
and A200 samples (and close to the nominal values) even after calcination at 700 °C. For A380,
a decrease of 11% is seen after a thermal treatment at 700 °C. A more significant decrease of
about 30% is recorded after a calcination at the higher temperature of 850 °C. This decrease

probably results from sintering of the nanometric silica particles.?%2

SSARET (mz.g'l)
sample A50 A200 A380
pristine 47 197 387
calcined at 450 °C 52 195 371
calcined at 700 °C 52 195 343
calcined at 850 °C 270

Table V-1: Specific Surface Area (SSAgeT) of silica samples (A50, A200, and A380) in the
pristine form and after calcination in air at 450, 700 and 850 °C.

Thermogravimetric analysis (TGA) was employed as a one-step, fast, and simple

263

method to estimate the OH density on the different silica supports=>° in the pristine form and
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after the different thermal treatments. The number of silanol groups was estimated from the
weight loss between 100 and 800 °C because, for silica, the weight loss occurring before 100
°C is associated to the desorption of the physisorbed water from the surface, while the weight
loss between 100 and 800 °C is due to the irreversible condensation of surface silanol groups
forming siloxane bonds.?%

Since almost all silanols in Aerosil-type materials are located on the surface, their amount in a
sample is given by the product of the surface area (cf. Table VV-1) and the surface density. Table
V-2 lists the silanol surface densities of all samples. It can be seen that the higher the surface
area, the higher also the silanol density. This is understandable since the synthesis conditions
that cause the most silanol condensation induce both the formation of larger particles by
sintering (and thus a low surface area) and a transformation of silanols to siloxanes on the
remaining exposed surface. According to Zhuravlev the density of 4.5 silanols per nm? observed
on untreated Aerosil380 corresponds to a “fully hydroxylated silica surface”.?%°

For each support, there is a marked decrease in the silanol groups density upon calcination. On
calcined A50, the total amount of silanols becomes too low to be quantified by this technique;

A200 and A380 reach silanols densities as low as the untreated AS50 after calcination,

respectively at 450 and 700 °C.

Number of OH groups / nm?
Sample A50 A200 A380
pristine 1.4-1.5 2.7 45
calcined at 450 °C not measurable 1.6 2.0
calcined at 700 °C not measurable 0.7 14

Table V-2: Number of silanol (OH) groups / nm? for silica samples (A50, A200, and A380)
in the pristine form and after calcination in air at 450 and 700 °C, calculated using
thermogravimetric analysis.

Raman spectroscopic studies
Raman spectroscopy has been used to understand important structural properties of

amorphous silicas at the molecular scale.'8189206.266 The Raman spectra of the different silica
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supports (A50, A200, and A380) in pristine form and calcined at 450, 700 and 850 °C are
reported in Figure V-1 (panels A, B, and C respectively). All spectra are normalized with respect
to the 800 cm™ band, whose intensity and shape hardly change with thermal treatment as it

corresponds to the LO and TO (longitudinal and transverse optic) network vibrations stemming

from the vsym (Si-O-Si).
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Figure V-1: Raman spectra recorded for A) A50, B) A200, and C) A380 silica samples; pre-

treated each at different temperatures: (a) rt, (b) 450, (c) 700, and (d) 850 °C for 2.5 h. The
spectra are normalized at 800 cm, a band characteristic of the silica network.

Different features of silica can be detected from the different spectral Raman bands. The
evolution of the silanol groups is seen in the 960-990 cm* range corresponding to the Si-(OH)

stretching.?6728 The change in the populations of 4- and 3-membered rings can be followed

122



from the characteristic bands of their breathing vibration modes, respectively located at 495 and
607 cm™ and designated as D1 and D2. The R-band, peaking at around 440 cm™ for bulk silica
materials, '8 is assigned to the bending motions of the O-Si-O. It is sensitive to changes of
the silica structure that are induced by small particle size. The R-band position has been reported
to be related to the mean Si-O-Si angle.?®°

Comparing the silica materials in pristine form for each type (Figure V-1, curves a), the
amplitude of the 980 cm™ band increases in the order A50 < A200 < A380, as expected from
the silanol amounts deduced from the TG results. The R-band shifts to higher wavenumbers
with the increase of the SSA of silica, as already observed by Alessi et al.182%¢ For a given
silica, it shifts to lower wavenumbers as the sample is calcined to higher temperatures.

The change in the Raman spectrum upon calcination is most conspicuous for the silica of
highest SSA (A380, Figure V-1, panel C). For a better quantification, the integrated areas of
D1 and D2 as well as the peak position of the R-band were calculated by fitting the normalized
Raman spectra using Gaussian function and are illustrated in Figure A3-1. In this case, after
thermal treatment of the support at 450 °C, an increase in the intensity of D1 and D2 bands is
seen, which implies the increase in the number of 4- and 3- membered rings in the system
through condensation. When A380 is calcined at 700 °C (Figure V-1, Panel C, curve c), an
opposite effect is observed as the D1 and D2 bands decrease significantly. Meanwhile, as the
activation temperature increases, the R-band shifts significantly to lower wavenumber, its
position becoming close to that of A50 or A200 calcined at 450 °C. Since the position of the R-
band is related to the mean Si-O-Si bond angle, its shift to lower frequency can be interpreted
as a higher mean inter-tetrahedral bond angle. As the distribution of the Si-O-Si bond angles is
related to that of the ring sizes, this would correspond to a global shift of the ring size

distribution toward larger rings.
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When heating silica A380 at 850 °C for 2.5 h, the R-band further shifts to lower frequencies,
while only negligible changes are observed in the D1 and D2 bands, or the 980 cm™ band
(Figure V-1, panel C, curve d).

The overall behavior of A380 at temperatures higher than 450°C could be explained by the
cementing of the silica nanoparticles through the formation of necks between the adjacent
particles.?6? At the molecular level, silanol groups on originally separated nanoparticles would
fuse together, causing the formation of new, rather large rings. Recall that at 850°C, a 30%
decrease in the SSA was observed (Table V-1). This is probably due to a decrease in the
interparticular porosity related to particle growth; but Raman spectroscopy suggests that this
phenomenon starts before noticeable changes in the surface area can be detected.

A similar behavior is also seen on A200 (Figure A3-1, Appendix 3). The trend is less clear on

A50, where the D1 and D2 bands were less intense to begin with.

ATR and transmission spectroscopic studies

IR spectroscopy can provide complementary information with respect to Raman, due to
the different selection rules of the two spectroscopies. In particular IR in the ATR mode has
been used to study the structural and surface properties of silica.’% ATR-IR measurements
(Figure V-2) along with transmission measurements (Figure A3-2) on KBr-IR pellets were

carried out on the silica supports in pristine form and after the thermal treatments.
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Figure V-2: ATR-IR spectra for A) A50, B) A200, and C) A380 silica samples, pre-treated at
different temperatures: (a) rt, (b) 450, (c) 700, and (d) 850 °C for 2.5 h.

The spectra in Figure V-2 exhibit several characteristic bands at around 1188, ~1100, ~800,
~450 cm™ assigned to the LO and TO network vibrations stemming from the vasym (Si-O-Si)
(Vasym(Lo) and vasymro)) LO and TO from symmetric stretching vsym, and bending 6 motions
respectively of the Si-O-Si bonds. Furthermore, an additional band can be observed at around
966 cm™* associated to the Si-(OH) stretching of silanol groups.'85267.268

The high polarity of Si-O bonds results in an intense absorption band in the 1300-1000 cm

region from which can be derived the inter-tetrahedral Si-O-Si bond angle.?”® Many previous
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studies?’*27* have extensively related mainly the TO adsorption band of vasym(Si-O-Si) and (Si-
O-Si) to the bond angle of inter-tetrahedral Si-O-Si bonds. They have indicated that a shift to
lower wavenumber is indicative of the formation of smaller rings. In our case, both vasym(Si-O-
Si) and 6(Si-O-Si) bands exhibit a redshift along with a decrease in the band associated to vSi-
(OH) upon thermal treatments for all the silica supports and especially for the A380 support,
which is consistent with the results discussed for Raman spectroscopy (Figure V-1). This implies
an increase in the mean Si-O-Si bond angle, and consequently the formation of bigger ring

structures in the network.

V.3.1.2. Gly reactivity on silica

XRD analysis

Three types of fumed silica surfaces (Aerosil A50, A200, and A380) were used to study
Gly deposition from the gas phase. The XRD patterns of the samples (Figure A3-3) obtained
after 20 h CVD show that no crystalline Gly (or crystalline peptide) is present on the surfaces:
instead, only adsorbed species or chemically bonded??? without crystalline periodicity are
present in all silica-deposited samples.

FTIR spectroscopic studies

After 20 h Gly CVD sublimation under argon flow, all silica samples were subjected to
FTIR measurements to discriminate among the condensation products obtained after the
polymerization reaction. Difference IR spectra in Figure V-3 show that when silica A50 and
A200 are initially in pristine form or calcined at 450 °C prior to CVD, both the amide I (1700-
1610 cm™) and amide 11 (1570-1490 cm™) bands appear with significant intensities after 20 h
Gly sublimation. These two bands are indeed intense in linear peptides, while the amide Il band
should be absent for symmetry reasons in the cyclic dimers.*?° This implies that linear peptides
are formed on G/A50t), G/AS50us0) (Figure V-3, panel A, curves a and b respectively) and

G/A200¢1), G/A2003s0) (Figure V-3, panel B, curves a and b respectively). Bands in the 1400-
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1450 cm! range are related to H-C-H bending modes, and are not informative about the nature
of the formed products. On the other hand, the band in the 1750-1740 cm® range has been firmly
linked with the formation of ester groups between the peptide chains and the silanol groups on
the surfaces. These observations are in line with previously observed behavior on the support
A50.222'275

However, when the A50 and A200 silicas were calcined at 700 °C (G/A50700) and G/A200700);
Figure V-3, Panel A and B respectively, curves c), the amide | and amide Il bands after 20 h
CVD exhibited a significant decrease with respect to supports pretreated at lower temperatures
and the band related to the surface esters disappeared. Thus, high-temperature pretreatment

somehow “quenches” glycine polymerization reactivity on both samples.
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Figure V-3: Transmission IR difference spectra measured on self-supporting pellets resulting
from Gly deposition by CVD under argon flow for 20 h at 160 °C for the following samples:
(A) G/A50, (B) G/A200, and (C) G/A380; in each panel, supports were pre-treated at
different temperatures: (a) room temperature (rt), (b) 450, (c) 700, and (d) 850 °C for 2.5 h.

On A50, the effect of pretreatment temperature on glycine polymerization kinetics were studied
in more detail. Intermediate steps of 2.5 h Gly CVD were applied in a specific IR cell for in-
situ measurements, as described in our previously published papers (Figure A3-4).22227> The
results obtained in this setting are coherent with those obtained after ex situ thermal treatments

and displayed in Figure VV-3. In particular, amide I, amide Il, amide A bands and surface esters
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progressively increase during the 20 h CVD on A50, either untreated (Figure A3-4, panel A) or
pre-calcined at 450 °C (Figure A3-4, panel B). For A50 pre-calcined at 700 °C (Figure A3-4,
panel C), the amide bands are significantly smaller and appear more slowly: only traces are
formed after 10 h CVD, even though a small ester band is already present. The DKP band is
never observed. These observations in the 1400-1750 cm™ region, are correlated with those in
the silanol stretching region (higher wavenumbers panels, A’, B’ and C’). Here, negative
difference signals indicate that specific types of silanols are consumed during Gly CVD. On
A50, untreated (Figure S4, panel A’) or calcined at 450 °C (Figure A3-4, panel B’), these are
specifically the “nearly-free silanol” (NFS) groups, i.e. pairs of silanols separated by a distance
between 4 and 6 A, and resonating in the 3744-3741 cm™ range.?% It has been reported that
calcination of silica A50 at 700 °C results in the condensation of the NFS groups so that only
isolated silanol groups remain on the surface.?* Indeed, Gly CVD on G/A50(z00) does not cause
a negative difference signal in the NFS region, but instead a sharp one at 3748 cm, a position
characteristic of isolated silanols (Figure A3-4, panel C’). These NFS groups were already
highlighted in our previous work?? as being crucial partners for monomers activation for the
polymerization reaction. The results of Figure A3-4 confirm and specify this hypothesis.
Isolated silanols may serve as sites for Gly ester formation; but efficient polymerization from
the latter necessitates the presence of NFS.

The relative amount of peptides may be evaluated from the integrated area of the amide I band
(Figure A3-5 in Appendix 3). For all three samples (G/A50q), G/A50w4s0), and G/A50700), the
temporal evolution of peptide bands for G/A50ur) and G/A50u4s0y can be roughly fitted with
straight lines. On G/A50us0), peptides are significantly more abundant than on G/A50y) for the
same time of Gly sublimation, with G/A50700) showing the smallest amounts. Thus, the sample
with a support A50 pretreated at 700 °C is the least efficient platform for peptide formation and

growth.
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For A380 silica-supported samples (Figure V-3, panel C), a totally different scenario
was observed. When the A380 surface support was untreated or calcined at 450 °C prior to
CVD, only an amide | band was observed, shifted to higher wavenumber (1677 cm™) as
compared to polyglycine, with no amide 11 band (G/A380t) and G/A380(s0) Samples; Figure
V-3, panel C, curves a and b respectively). There is however a band at around 1472 cm, that
is not observed for the other silica supports. These features are characteristic of the cyclic dimer
DKP (diketopiperazine), and in particular the band at 1472 cm™ is attributable to DKP ring
stretching.2’®2"" This implies that in these two cases, mostly DKP instead of linear peptides was
formed on the surface. However, when A380 had been calcined at 700 °C, amide | (now at a
lower wavenumber, around 1670 cm™) and amide 11 (1570-1490 cm™) bands were observed
with an important growth in the ester band, indicating the formation of linear peptides on the
surface along with a significant amount of DKP, detected through the band at 1472 cm™ (Figure
V-3, panel C, curve c). In view of these results, A380 was further subjected to a pre-treatment
at the very high temperature of 850 °C. The spectra of G/A380gs0) after 20 h CVD (Figure V-
3, panel c, curve d) shows the formation of amide I and amide Il bands despite their decreased

intensities compared to G/A380700): linear peptides form in this case as well.

Thermogravimetric analysis

Thermogravimetric analysis has been used in previous studies dealing with amino acids
oligomerization on silica supports?®2232’® and especially for the Gly/SiO, system.!?® It
constitutes an accurate tool to trace the transformation of amino acids to cyclic or linear peptides

and to evaluate the amounts of adsorbed Gly and peptides on the surface. The derivative
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thermogravimetric (DTG) patterns of G/A50, G/A200, and G/A380 measured after 20 h CVD

on supports either untreated or calcined at 450 or 700 °C are displayed in Figure V-4,

A) G/AS0 B) G/A200 C) G/A380
0.002 0.001]
c 0.001 c l ¢ 281
280
- e _|b
g ° 8 281 £ 262
§ 280 3 §
O} o O
|_

5 a a

a 287 a 281 a 262

400 500 600 100 200 300 400 500 600
Temperature (°C)

100 200 300 400 500 600 100 200 300

Temperature (°C) Temperature (°C)

Figure V-4: Derivative thermograms (DTG) of samples obtained after Gly sublimation for 20
h by CVD at 160 °C under argon flow on silica: (A) G/A50, (B) G/A200, and (C) G/A380;
which supports were pre-treated each at different temperatures: (a) rt, (b) 450, and (c) 700 °C
for 2.5 hrs

In all cases, physisorbed water desorbs from the surface before 100 °C (not shown). For
G/A50 and G/A200, in pristine form or calcined at 450 °C (Figure V-4, Panels A and B, curves
a and b), a single thermal event is observed at 280-287 °C. Events in this range correspond to
the oxidative degradation of the oligopeptides formed on the surface during the CVD.??” No
events are apparent in the 140-160 °C region where peptidic condensation with the loss of water
molecules is normally observed.'?%??” This is in keeping with the nature of the CVD products
inferred from the IR spectra: whether they consist in DKP or long linear peptides, no or very few
free COOH or NH: termini are available for condensation anymore.

When A50 and A200 calcined at 700 °C were used as supports (Figure V-4, panels A
and B, curves c), the peak at ca. 280 °C was barely distinguished along with another event of

low intensity in the 180-222 °C range. The latter can perhaps be attributed to the desorption of
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Gly monomers weakly bound to the surface. The integration of the bands for G/A50 and G/A200
samples reveals that the peptide loadings on G/A50+ and G/A50s0) are about 0.27 and 0.37%
by weight of silica respectively while being 1.76 and 1.50% by weight on G/A200(+ and
G/A200@s0), with only traces estimated on G/A50(700) and G/A200(700).

For G/A380, when the support used is in pristine form or calcined at 450 °C, one main peak
was observed (Figure V-4, panel C a and b) at around 260 °C. This is related to the burning off
of the resulting organic matter (consisting of DKP according to IR), at a temperature lower than
the one observed in the case of linear peptides.’?° The deposited amounts of DKP constitute
about 0.32 and 0.52% by weight for G/A380t and G/A380(s0) respectively. However, when
the A380 support is calcined at 700 °C (Figure V-4, panel C c), a major event is seen at 281 °C
corresponding to an amount of organic matter of 1.19% by weight. Thus, the TG becomes more
similar to those of low temperature-treated G/A50 and G/A200. Recall that IR spectroscopy
also indicated a similarity between these same samples, with some linear peptides formed in
G/A380(700) (Figure V-3, panel C).

The amounts of adsorbed organic matter obtained by TGA are listed for all samples in Table
V-3, expressed both as bulk loadings and in terms of surface density of Gly monomers. The

main FTIR results are also recalled there.

Gly/SiO2 sample FTIR TGA
Adsorbed organic matter
weight % mmgiloczly/g Gly/nm? Si0,
G/A50(rt) linear peptides 0.27 0.04 0.43
G/A50(450 °C) 0.37 0.05 0.59
G/A50(700 °C) quenched reactivity traces
G/A200(rt) linear peptides 1.76 0.23 0.69
G/A200(450 °C) 15 0.20 0.60
G/A200(700 °C) quenched reactivity traces
G/A380(rt) DKP 0.32 0.04 0.06
G/A380(450 °C) 0.52 0.07 0.11
G/A380(700 °C) linear peptides 1.19 0.16 0.25
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Table V-3: Main results obtained from the characterization techniques (FTIR, and TGA) for
all the G/SiO2 samples prepared by Gly deposition from the gas phase. XRD showed the
absence of crystalline phases in all samples.

V.3.2. Gly deposited on silica from the liquid phase

XRD analysis

When using the incipient wetness impregnation (IWI) deposition procedure, the weight
loading of glycine may be imposed. Different weight loadings ranging from 0.5 (only for A50)
to 5% were deposited on the three different silica samples A50, A200, and A380. After
deposition, the samples were activated for 30 min at 160 °C under argon flow. The
corresponding XRD patterns after activation are presented in Figure V-5 (panels A, B and C
for A0, A200, and A380 support respectively). It is expected that the Gly monomers are able
to adsorb on the silica surface only up to a maximum surface density known as the saturation
coverage. Above the corresponding loading, any additional Gly monomers forced to deposit

will precipitate on the surface as bulk Gly.
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Figure V-5: XRD profiles measured after Gly deposition by incipient wetness impregnation
followed by activation for 30 min at 160 °C under argon flow on silica: (A) Gx/A50, (B)
Gx/A200, and (C) Gx/A380; where x refers to different Gly monomers loadings: (a) 0.5, (b) 1,
(©) 2, (d) 3, (e) 4, or (f) 5 wt%.

The XRD patterns of Gx/A50 samples (Figure V-5, panel A) do not show any peaks of bulk Gly
at low loadings ranging from 0.5 to 3 wt% whereas for 4 and 5 wt%, such peaks appear and

grow with Gly loading. As a comparison, a physical (close-packed) monolayer of Gly (7.3

Gly/nm? based on an estimated area of the Gly molecule of 13.65 A??"® (molecules “lying flat”
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on the A50 surface) would correspond roughly to 4.5 wt% (see Table A3-1 where the theoretical
value of monolayer coverage may be compared with the surface densities of Gly/nm? for all
Gx/silica). Most of the XRD peaks observed (20 equals 17.8, 23.6, 28.3, and 30.9°) may be
assigned to bulk B-Gly whereas the ones at 15.3 and 36.6° are associated to a-Gly; this
coexistence of the two phases in high-loading samples has been reported before.!? The
observation of bulk monomeric species is also coherent with the fact that bulk glycine does not
polymerize at 160 °C, in contrast to silica-adsorbed glycine.??” For both Gx/A200 and Gx/A380
and for all Gly loadings from 1 to 5 wt%, XRD patterns (Figure V-5, panel B and C
respectively) only show the broad backgrounds of silica supports without any additional peaks.
This implies that all Gly monomers are adsorbed on the surface at least up to 5 wt% without
forming any observable crystallites. Indeed, for these samples the 5 wt% loading represents
only a fraction of the estimated Gly physical monolayer (around 18 and 35% for A200 and
A380, respectively).
FTIR spectroscopic studies

The samples Gx/A50, Gx/A200, and Gx/A380 obtained after Gly deposition by IWI
followed by activation at 160 °C for 30 min were investigated by FTIR.
The IR difference spectra of Gx/A50 (Figure V-6, panel A) show that at very low Gly loading
of 0.5% by weight (curve a), the ester, amide | and amide Il bands are formed indicating the
formation of peptide bonds on the surface. However, when the Gly loading deposited on the
surface increases (for 1 to 5%, panel A, curves b to f), the amide Il band is not detected anymore,
but instead the DKP ring stretching is observed at around 1473 cm? indicating the formation
of cyclic DKP as a major product on the surface. For curves e and f (panel A) corresponding to
4 and 5% Gly weight loading respectively, additional bands assigned to monomeric Gly appear,
which is consistent with the XRD data showing Gly crystallites. These bands probably have a

higher extinction coefficient than the amide ones, since they are already predominant in sample
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Gs/A50, where monomeric Gly accounts for at most 30% of the total deposited glycine. They
are located at 1422 and 1528 cm™, and may be associated to vs of COO™ and &s of NHsz"
respectively. As regards the vas of COO" and 3as of NHs", they are expected around 1593 and

1606 cm respectively, and may overlap with the & of H,O adsorbed on silica surface which is

located at approximately 1630 cm™.28°
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Figure V-6: Transmission IR difference spectra measured on self-supporting pellets after Gly
deposition by incipient wetness impregnation followed by activation for 30 min at 160 °C
under argon flow on silica: (A) Gx/A50, (B) Gx/A200, and (C) Gx/A380; where X refers to
different Gly monomers loading: (a) 0.5, (b) 1, (c) 2, (d) 3, (e) 4, or (f) 5 wt%.
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For Gx/A200 samples (Figure V-6, panel B), the characteristic bands of DKP are predominant
from the start, but the amide Il band develops with increasing loadings — the ratio of the amide
Il to DKP breathing bands intensities increases regularly, except for the 3% loading. Thus,
while DKP is always the main product, the probability of linear polymer formation increases
with the Gly loading. The component around 1630 cm™ related to the water bending mode is
apparently weaker with respect to A50.

For Gx/A380 samples (Figure V-6, panel C), the samples with the lowest Gly weight loadings
(1 and 2%, curves b and c) mostly show the amide | (1683-1673 cmt), without a noticeable
amide 11 component, and the DKP ring breathing bands (1473 cm™): DKP is thus the major
product. The component assigned to physisorbed water at 1630 cm™ is particularly evident on
the low loading sample. As the Gly weight loading increases (3, 4, and 5%), the amide Il band
(1560-1545 cm™) becomes conspicuous — this trend is clearer than in the case of Gx/A200.

To summarize, when glycine is deposited from the aqueous phase (IWI procedure), DKP is the
main product of thermal condensation on the low-surface A50 support, and also on the higher-
surface A200 and A380 when the glycine loading is low, while linear polymers are only formed
on high-surface supports with high glycine loadings. These findings stand in stark contrast with
those obtained for deposition from the gas phase (CVD procedure), where linear polymers were

observed on A50, and DKP predominated on A380.

Thermogravimetric analysis

The DTG traces of two unactivated samples (G2+/A380 and Gs%/A380) are presented
in Appendix 3 (Figure A3-6 and Table A3-2). In agreement with previously published data, they
exhibit a first, endothermal peak at 137-139 °C, previously shown to correspond to the
elimination of water upon amide bond formation, and a second, exothermal event with a first

maximum above 250 °C, corresponding to the oxidative degradation of the condensation
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products. The total integrated values of the two events are in good agreement with the initially
deposited glycine amounts, confirming that the thermal events are correctly attributed to Gly
and the products of its transformation. However, the intensity ratio of the first to the second peak
Is higher than the value expected if the first one was exclusively due to amide condensation,
especially for the Gzy/A380 sample (38 against 24%). It has been previously observed that when
deposited at high surface densities, part of the glycine sublimates instead of condensing.??” Thus,
even if the glycine loading after deposition and drying is known in the IWI procedure, it may be
significantly decreased after thermal activation.

Considering now the DTGs of the samples activated at 160 °C (Figure V-7), it is expected of
course that no thermal events at temperatures lower than this value should be present, and that
is what we observed experimentally. Indeed, all Gx/A200 and Gx/A380 samples, as well as the
low-loading Gx/A50, only show exothermic events starting at 227 °C or higher, previously
assigned to the decomposition of glycine polymers. In contrast, the highest-loading Gx/A50 (4
and 5%) exhibit intense weight losses at 158 and 168 °C respectively, probably corresponding
to the sublimation of glycine from the bulk crystallites present in these two samples: similar
events have been observed previously for high-loading glycine deposited on Aerosil silica by
IW1.120 Gs/A50 also shows a distinctive peak at 209 °C, perhaps corresponding to the peak at
221 °C in G4/A50; it may be due to amide condensation in the fraction of the bulk Gly crystallites
that have not yet been sublimated.

The decomposition peaks above 200 °C have different fingerprints on A380 and A200, with a
single peak at 250 °C in the first case and two components around 220 and 280 °C in the second
case. This does not seem to reflect the nature of the polymers, which are similar in both cases
according to IR, but perhaps the specifics of their interactions with the two surfaces.

Perhaps more surprising than the DTG profiles is the quantification of weight losses. While the

integration of the DTG peaks for unactivated samples gave loadings that corresponded well to
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the nominal values, the values found after thermal activation were considerably lower, even
taking into account the decrease due to condensation water loss (see Fig. SI17). This means that
a considerable proportion of the deposited glycine is lost on sublimation rather than
polymerizing (up to 54% in the highest loading sample). This is in keeping with the remark made
in the comments of Figure A3-6; furthermore, sublimation is confirmed by the observation of
cloudy white deposits on the U-cell walls downstream from the sample in the thermal activation

step.
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Figure V-7: Thermograms (DTG) of samples after Gly deposition by incipient wetness
impregnation followed by activation for 30 min at 160 °C under argon flow on silica: (A)
Gx/A50, (B) Gx/A200, and (C) Gx/A380; where x refers to different Gly monomers loading:
(@ 1, (b) 2, (c) 3, (d) 4, or (e) 5 wt%.
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General discussion

Thermally induced glycine polymerization on Aerosil-type silicas may result in the
formation of linear polymers, cyclic polymers, or a mixture of both. The outcome of the
polymerization cannot be simply related to experimental parameters. For instance, both types
of polymers are found in CVD experiments with deposition of (canonic) glycine from the gas
phase and in impregnation experiments, with deposition of (zwitterionic) glycine from the
aqueous phase. The distribution is not simply correlated to the density of glycine on the surface
either — which is not too surprising since, in the case of linear polymers, the amount of glycine
retained depends not only on the chain density, but also on the chain length.

It is probably more promising to consider the possibility that linear polymers formation depends
on the presence of particular sites that may exist on the silica surface in certain conditions.
These would have to be special combinations of silanol groups and siloxane rings.

One candidate for such sites may be small, strained rings made of 2 to 4 (SiO4) tetrahedra.'®
We did observe 3-rings and 4-rings by Raman spectroscopy through the D1 and D2 features.
Being all of the Aerosil type, our three silica supports did not differ markedly in the amount of
3- and 4-rings — if anything, they were less abundant in A50, that showed ample evidence for
linear peptide growth. There was a significant effect of thermal pretreatment of the supports on
the D1 and D2 bands. Low-temperature (450 °C) calcination caused an increase in these
features, an expected consequence of the condensation of surface silanols.'?® However,
calcination at higher temperatures unexpectedly caused them to decrease again. Figure A3-8
proposes a way in which the condensation of two strained rings might result in the formation
of larger rings; if this process happens between strained rings in two different silica particles, it
would cause necking, and explain the surface area decrease observed at the highest activation

temperature.
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At any rate, the amount of strained rings per se is not a good predictor of glycine polymerization
reactivity: for instance, untreated A380 and A380 heated at 700 °C have about the same
densities of 3- and 4-rings (Figure A3-1), but very different reactivities, as the first one forms
mostly DKP, and the second one linear polymers (Table V-3).

In contrast, the global silanols density on the surface seems to be correlated with the
transformations of glycine. In the CVD procedure, only two samples did not cause significant
amide bond formation, namely G/A50(700 °C) and G/A200(700 °C). They were also the only
two samples that did not exhibit the band at 1750-1740 cm that we assigned to silanol-glycine
esters, and the ones with the lowest silanols density (< 0.7 nm, cf. Table V-3). We can surmise
that the dearth of silanol groups prevents the interaction of gas-phase glycine with the silica
surface, as the molecule does not have any affinity for the siloxane moieties. In contrast, silanol
densities in the 1.4 to 2.7 range seem favorable for linear peptide formation — samples with such
densities include the pristine A50, which was used in our previous studies.?>??2?" Gas-phase
glycine can be grafted on these surfaces, forming ester groups, and rather long linear peptides
grow from these over several tens of hours at 160 °C. Finally, on the sample with the highest
density of silanols (A380), 4.5 nm), a large amount of DKP is formed (this is still observed
on A380(s0), With 2 silanols nm-). In our view, the simplest rationalization of these facts is as
follows. A specific type of silanol groups is required to condense with the Gly molecules from
the gas phase, providing the primers for growth of the oligopeptide chains. These groups exist
in sufficient numbers on silica surfaces with intermediate silanol densities, which therefore
constitute the best platforms for linear peptides growth. Surfaces with higher silanols densities
contain in addition other types of silanols that do not form covalent bonds with glycine
molecules. They can still activate them, perhaps by strong H-bonding, so that the adsorbed Gly

will be activated for reaction with a second Gly coming from the gas phase. Once the Gly-Gly
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dimer is obtained, it will immediately condense its two free termini to give the cyclic dimer, a
reaction that is faster than the initial amide bond formation,??” yielding the cyclic dimer DKP.

A logical candidate for the crucial, specific surface groups would be the “nearly-free silanols”
(NFS), i.e. groups of two silanols separated by a rather large distance (4 to 6 A) allowing only
a weak inter-silanol H-bond. We have demonstrated in a previous paper??? that these groups
play a special role in glycine polymerization. They can form ester groups with Gly, a property
shared with isolated silanols; but they also seem to play a specific role in the catalysis of chain
elongation, a property that isolated silanols do not share. A previous theoretical study had
indeed shown that NFS could have specific properties for the catalysis of amide bond
condensation.?* It is difficult to precisely estimate the density of NFS as a function of the overall
silanols density, since the distribution of silanols on the surface is not homogeneous. However,
it is logical to think that it should go through a maximum for intermediate silanols coverage,
and that at higher silanol densities they should be supplanted by pairs with smaller intersilanols
coverage.

Considering now the results of deposition from the aqueous phase. Here the glycine molecules
are initially in the form of zwitterions. When the amounts of glycine exceed the saturation
coverage, which is close to a physical monolayer, part of the Gly will precipitate separately
from the silica surface — this only concerns two samples, G4/A50 and Gs/A50, that may be
excluded from the discussion. For the others, by analogy with other amino acids such as leucine,
we expect that a transition to the canonical form will only occur when most or all of the
physisorbed water will be eliminated from the surface, at temperatures above 100 °C. At this
stage, it seems that a fraction of the Gly does form ester bonds with the NFS (and isolated
silanols), as witnessed by the ester bands observed in all IR spectra in Figure V-6. The
remaining Gly molecules can undergo two different fates, either condensing with the grafted

chains to give linear polymers, or with each other to give DKP. If these phenomena were
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dependent on surface diffusion, it could have been expected that the higher the glycine surface
density, the more likely the second fate is, because more concentrated Gly monomers would
stand a better chance of meeting each other than of meeting fixed primers. However, exactly
the opposite is observed: especially on A200 and A380, DKP predominates for the lowest
loadings, while linear peptides are observed for the highest ones.

Therefore, the previous reasoning must contain a flawed assumption. It probably consists in
positing that glycine condensation depends on surface diffusion. Diffusion on a dehydrated
silica surface at 160 °C is probably slow — but diffusion through the gas phase is an alternate
option. Neutral (canonical) Gly molecules formed above 100 °C have a lower adsorption
capacity on the silica surface than the initially deposited Gly zwitterions. Therefore, a
significant amount of the Gly deposited by IWI desorbs to the gas phase before 160 °C, as
amply proved by Figure S7. This gas-phase Gly might then interact with the Gly ester primers
on the surface (in an Eley-Rideal type catalytic mechanism), causing the growth of linear
oligopeptide chains. This phenomenon would be more significant for the higher-loading Gly
samples. In support of this mechanism, it may be noted that an amino acid condensation
involving passage through the gas phase has been proposed before,??’ on the basis of a different

reasoning.

V.4. Conclusion

Amino acids polymerization on silica has been well established for several decades, but
previous studies have reported conflicting results as to its outcome, usually without an attempt
at justification. In the present work, we have tried to unravel the different factors that determine
the formation of cyclic dimers or of linear polymers by comparing several silica supports with

different surface areas, varying the surface density of silanol groups by thermal pretreatments,
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and applying a procedure of deposition from the aqueous phase in addition to the CVD
procedure.

In most cases, glycine can form ester bonds with a limited number of silanols on the surface. A
subset of these ester centers can act as primers for linear chain growth, as the grafting of one
end of the growing chain prevents the otherwise entropically favored peptide cyclization. In
agreement with our previous work, we hypothesized that this subset corresponds to the “nearly-
free silanols” (NFS) separated a distance of 4 to 6 A. As the surface silanols density increases,
the amount of NFS goes through a maximum (at about 1.5 silanol.nm as global silanols
density), and the corresponding samples are the most efficient platforms for linear polypeptide
formation. Silica surfaces with much lower silanol densities are inactive; in contrast, surfaces
richer in overall silanols contain different pairs that only interact with glycine through weak
bonds, so that reaction with an additional Gly from the gas phase results in cyclization to DKP.
Deposition of glycine from an aqueous solution followed by drying may also form both DKP
and linear polymers, the latter being observed for high glycine loadings. Surprisingly, a
significant amount of glycine desorbs to the gas phase when the samples are activated at 160
°C. Immediately after aqueous deposition, glycine is zwitterionic and may be adsorbed on silica
with a rather high saturation coverage close to a physical monolayer; but after dehydration of
the surface, it isomerizes to the canonical (neutral) form, which is only retained by the surface
in smaller amounts, causing desorption. If enough glycine is desorbed in this way, it will react
to the ester primers, forming linear peptide chains.

These results show the complexity of the surface chemistry of amino acids, even the simplest
one, glycine. Starkly different outcomes are obtained depending on the glycine deposition
procedure, the glycine loading or the thermal pretreatment of the support. Obviously, a correct
evaluation of the potential of any prebiotic surface scenario necessitates a study of the systems

using the concepts and the techniques of materials and surface science. In our case, the
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elucidation of glycine surface chemistry was based on a combination of IR spectroscopy,
Raman spectroscopy, thermogravimetric analysis, X-Ray Diffraction and N2 physisorption.

Solid-state NMR would also be an interesting addition to further studies.
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General conclusion and perspectives
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Despite the big number of studies tackling the polymerization reaction from the
condensation of unactivated amino acids on oxide surfaces and especially on silica, this reaction
still faces obstructions regarding the mechanism, kinetics, selectivity and reaction efficiency.
The problems encountered are mainly related to the lack of knowledge regarding the crucial
surface sites for the reaction, the behavior of the biomolecules obtained under different
environmental conditions, and the effect of water exposure at different stages of the reaction on
the efficiency and type of the reaction product obtained.

During this PhD thesis, different experimental characterization techniques mainly in-
situ IR spectroscopy, Raman spectroscopy, X-ray diffraction, thermogravimetric analysis, Mass
spectrometry, and N2 sorption were combined to investigate different amorphous silica surfaces
along with various Gly/silica systems prepared either by Gly monomers deposition from gas or
liquid phases.

First, we have successfully presented a suggested mechanism for the polymerization
reaction through the condensation of unactivated Gly monomers after a deep characterization
of the successive steps of the reaction including adsorption, initiation, and prolongation of the
poly-Gly on silica. More importantly, we have shown the key surface sites crucial for such
reaction on the silica surface: Gly monomers seem to be able to bind covalently to the surface
through ester formation which play, along with a specific silanol arrangement, the nearly-free
silanol (NFS) groups, a key role for monomers activation. Once activated, B-turn conformations
start to form which then elongate into more complex secondary structures of mainly -sheet of
high resistance to hydrolysis, deuterium exchange and even desorption. The density of the self-
assembled peptides obtained can be increased by a formic acid treatment of the silica surface
prior to the reaction.

Second, an in depth study of the polymerization reaction under different environmental

conditions was presented and we showed that a fluctuating system subjected to both
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temperature and humidity fluctuations cycles is a more favorable geochemical setting for the
polymerization reaction compared to a system subjected only to temperature fluctuations. A
mechanism of the prolongation of poly-Gly under wetting-drying cycles was suggested where
the results revealed that the dehydration steps are crucial to thermodynamically drive the
condensation for the polymerization reaction while the hydration steps result in the hydrolysis,
reorganization of the oligomers on the surface, and the re-establishment of the NFS anchoring
sites. We demonstrated that the freed chains aggregate with pre-existing poly-Gly chains
leading to the formation of a high amount of peptides with a high level of structuring. We
justified by that the efficiency of applying wetting-drying cycles during the polymerization
reaction. The structural dynamics on the oligopeptides were also evaluated and revealed that -
sheet conformations represent very resilient structures compared to the other structural
elements. These results also suggest hints of a templated growth on -sheet through a probable
transmission of information from nuclei to growing chains.

Third, we tried to solve the apparent discrepancies found in the literature, about the formation
of linear peptides or cyclic dimers upon glycine polymerization on silica. Thus, we studied in
depth the parameters that determine the outcome of the polymerization of glycine mediated by
the surface of silica samples of different surface areas and silanol densities by applying different
thermal pretreatments. The Gly monomers deposition was done from both the gas phase using
chemical vapour deposition and the liquid phase using incipient wetness impregnation followed
by dehydration. The results evidenced the crucial role of the nearly-free silanols and ester
groups as primers to promote the formation of linear peptides over DKP. A silica surface low
on silanols shows a quenched reactivity toward peptide bond formation while a surface rich in
different types of silanols that interact with Gly monomers via weak H-bonding promotes the

cyclization of Gly monomers into DKP.

149



As for the perspectives, first, in parallel with the silica pre-treatment with formic acid
prior to the polymerization reaction investigated in details in this work, pre-treatment of silica
with succinic acid, on which | started very preliminary experiments, could be fruitful for getting
more details on the possible reactivity of the amino group of Gly monomers for the adsorption
and polymerization on silica surface. In addition, it would be interesting to improve the
efficiency of the washing of oligomers/poly-Gly chemisorbed on the silica surface by adopting
a washing procedure involving hydrofluoric (HF) acid, which could then allow a better
estimation of the real length of the peptides formed by Mass Spectrometry. Furthermore, trying
to perform the polymerization of Gly from gas phase on silica while using lower pressure for
even longer times would be interesting from the point of view of adopting plausible conditions
for the early Earth. Moreover, studying the formation of secondary peptide structures on silica
surface in fluctuating environments but using more complex and diverse monomers than Gly,
the reference amino acid, could also be interesting for future studies although it would
complicate the IR analysis. It is also of great interest to study in more depth the conditions in
which the cyclic dimer DKP behaves as a dead-end product or as a useful intermediate product
for prolongation and whether this is related to the support employed or not. Note that some
fruitful preliminary experiments were also performed regarding this idea, which suggested that

DKP could be a useful product for further prolongation of oligomers on the surface.
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Appendix 1: Emergence of order in origins-of-life

scenarios on mineral surfaces: polyglycine chains on silica

Supporting information

Adsorption and reaction of formic acid on the silica surface at 160 °C
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Figure Al- 0-1: IR spectra of the three samples: AXq1), AX, and F-AX just before the
adsorption of Gly from the vapor phase. The intensity of the spectra has been normalized with
respect to the optical thickness (mg.cm™) of the self-supporting pellets prepared for the
measurements using the pattern in the 2100-1800 cm™' range.

Discussion of Figure Al-1

IR spectra under controlled atmosphere were collected for the 3 different silica samples

(AXa, AX, and F-AX) to check their status just before the start of Gly sublimation. The spectra
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exhibit a typical pattern with two groups of signals in the range of 3780-3100 cm™ and 2100-
1500 cm™.

Based on available literature data®*?8!, the first pattern at high wavenumbers is associated to
silanol (Si-OH) stretching vOH as follows: (i) a narrow peak at 3747 cm™!, asymmetric on the
low frequency side, assigned to isolated silanols separated by more than 6 A, not involved in
any intersilanol interaction, (ii) a band in the 3700-3600 cm™' range with a maximum at 3665
cm! associated to silanols interacting via weak H-bonding (including internal Si-OH not
accessible to heavy water), (iii) a broad asymmetric feature from 3600 cm™ down to 3000 cm’!
with a maximum at 3530 cm™! assigned to H-bonding silanols located at a distance of 2.5-2.8 A
apart, and which establish mutual strong H-bonded interactions.

A higher dehydration level is reached when the outgassing is performed at 160 °C versus rt.
More H-bonding silanol and intraglobular Si-OH are condensed (a certain depletion in the broad
band starting from 3700 cm™) resulting in the formation of more isolated silanols (an increase
in the intensity of the narrow band at 3747 cm™).

The second pattern at low wavenumbers is due to combinations and overtones of symmetric and
anti-symmetric bulk modes: Vsym + Vas (1995 cm™), vsym + vas (1870 cm™) and 2 veym (1630 cm’
1. Because they are only due to bulk silica, they were used to normalize the different samples.?*
The IR profile recorded for the F-AX sample after the three runs of pre-treatment in FA shows
the persistence of a band at 1731 cm’'. This could indicate to the presence of chemisorbed
species on the surface since such species would resist prolonged outgassing. This band was more

clearly evidenced by subtracting the spectrum of bare silica, as shown in Figure I1I-2.
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Figure Al- 0-2:IR spectra of F-AX sample after the (a) 1%, (b) 2™ and (c) 3" run of pre-
treatment in FA where the sample, in each run, was contacted with FA and heated at 160 °C
for 2 h, then outgassed at bt. The spectrum of bare SiO; obtained after outgassing at 160 °C
and subsequent isotopic H/D exchange (by admission of 20 mbar D>O vapor followed by
outgassing at bt) was subtracted as a baseline.

Discussion of Figure A1- 2
IR spectroscopy measurements performed at the end of each run showed the formation
of a significant band at around 1727-1731 cm', a characteristic band of the presence of ester

species on the surface,?”> which increased in intensity after each step.

Gly deposition and polymerization on silica surfaces in CVD conditions
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Figure Al- 0-3: XRD patterns for: AX, bare amorphous silica; G/AX), glycine adsorbed on
silica outgassed at rt under vacuum; G/AX, glycine adsorbed on silica outgassed at 160 °C

under vacuum; G/F-AX, glycine adsorbed on silica pre-treated with formic acid at 160 °C
under vacuum.

Discussion for Figure Al1- 3
The XRD patterns of the samples only show the broad background of the amorphous
silica support without additional peaks. This confirms the absence of crystalline glycine after

deposition by CVD method for 20 h.
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Figure Al- 0-4: Evolution of the amide I band intensity and Gly residues density (estimated

based on TGA measurements) as function of time during Gly deposition by CVD over:
G/AX ), G/AX and G/F-AX samples.
Discussion of Figure Al- 4

Analysis of the integrated area (proportional to the concentration) of amide I versus
time (h) allows to deduce that the Gly polymerization was much more efficient on G/F-AX
sample compared to the other samples: higher values of the amide I integrated area were
reached in shorter time on G/F-AX. The corresponding Gly residues density for the 3 samples
at different CVD time is estimated based on the amount of peptide loading measured on the
washed pellet by TGA that implies the amount of peptide loading to be 3.25% by weight after

20 h CVD. This corresponds to 6.9 Gly residues/ nm?.
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Figure Al- 0-5: A) TGA and B) DTG profiles of the sample G/F-AX after washing with
liquid water at the end of 20 h CVD reaction

Discussion of Figure A1-5

The DTG profile recorded for the sample G/F-AX after washing with liquid water at
the end of the 20 h CVD reaction shows a major event at around 280 °C. This corresponds to
the burning off or destruction of the organic materials remaining on the surface. The weight
loss between 130 and 400 °C represents 2.88 % by weight for this sample. When subtracting
the weight loss of the corresponding blank silica (0.40 %), the actual peptide loading is
estimated to be around 2.48 % by weight on G/F-AX after washing. This value corresponds to
around 5.2 Gly residues/nm?. If washing with liquid water only allows solubilization of ca.
249% of the formed peptides (as stated in the main text, Figure 6) then before washing the

peptide weight loading could be concluded to be 6.9 Gly residues/nm? after 20 h CVD.

179



Self-assembly and secondary structures of poly-Gly
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Figure Al- 0-6: Second derivative in the amide I region of the double difference IR spectra
of the intermediate CVD steps from 2.5 h (a) to 20 h (h) on G/F-AX, obtained by subtracting
each step from the previous one.

Discussion for Figure Al- 6

As discussed for Figure 5 in the main text, poly-Gly chains of large-scale elements are

formed on the surface. The minima of the second derivative of the double difference spectra

represent an additional evidence for the formation of peptides containing pB-turn (1665, 1671

cm™), B-sheet (1625, 1630, 1634, 1639, 1681, 1686, 1688 cm™), and helical (1649, 1651,

1657 cm™) conformations®!® starting from 5 h till 20 h CVD on G/F-AX. Some non-ordered
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chains are also formed as indicated by the minima at around 1642 cm™! for the IR spectra at
some intermediate CVD steps.

Effect of hydration/dehydration cycles on grafted poly-Gly
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Figure Al- 0-7: Panel (I): IR spectra of G/AX sample submitted to successive treatments: (a)
directly after Gly sublimation for 20 h, (b) after subsequent contact with water v.p.(20 mbar)
and outgassing for 30 min at bt, and (c) after H/D exchange and then outgassing of D2O for
30 min at bt.

The corresponding spectrum of the material obtained before the start of CVD process is
subtracted as a baseline. Panel (II) shows the second derivative of the IR spectra a, and c.

Discussion of Figure A1-7

The general trends observed on G/AX (Figure Al- 7, Panel I) upon water vapor
admission are similar to the ones reported for G/F-AX sample (Figure I1I-7 of Chapter III, Panel
I). The second derivative of the spectra obtained after outgassing at bt following the 20 h CVD
(Figure A1- 7, Panel II, curve a) indicates, in coherence with the outcomes reported by Martra
at al.?>, that self-assembled structures containing both p-sheet (1692, 1683, 1634, 1624 cm™)
and helical (1653 cm™) conformations are formed on G/AX sample at the end of the reaction.
Some non-ordered structures are also formed on the surface (1642 cm™).
However, the second derivative of the spectrum obtained after DO exchange (Figure Al- 7,
Panel 11, curve c¢) revealed, interestingly, that the remaining oligomers were then almost similar

to the one obtained on G/F-AX sample directly after CVD (Figure 6 of the main text, Panel II,
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curve a’): more PB-sheet (1694, 1689, 1678, 1633 and 1620 cm™) and helical (1657, 1650 cm™)
structures are present while a certain amount was still in random coil (1640 cm™) 2!°. Thus, the
peptides that resist D-exchange because they are strongly H-bonded resemble those that

predominate in the sample with a higher density of adsorbed Poly-Gly.
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Appendix 2: Polypeptide chain growth mechanisms and
secondary structure formation in glycine gas-phase

deposition on silica surfaces

Supporting information
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Figure A2- 1: Evolution of the integrated area of amide I as function of time during Gly
deposition by CVD before (light grey shadow) and after (blue shadow) the HF cycles on the
two samples: a) Grrrr/AXrt and b) Grerr/AX160.

Both a’) Gtr/AXt and b”) Gtr/AX1e0, N0t subjected to any intermediate HF cycles, were
prepared and presented for the sake of comparison.
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Figure A2- 2: IR spectra of the two bare silica samples before any Gly deposition: (a) AXy,
bare silica outgassed at rt and (b) AXwp, bare silica subjected to wetting/drying cycles then
outgassed at rt. The difference of these IR spectra (b-a) shows the effect of the surface
washing on the silanol groups.

The intensity of the spectra has been normalized with respect to the optical thickness (mg.cm”
2) of the self-supporting pellets prepared for the measurements using the pattern in the 2100-
1800 cm™! range.
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Figure A2- 3: IR difference spectra after Gly CVD at 160 °C from 2.5 h (a) to 20 h (h) on the

two samples: A) Gte/AXit, Gly deposition on silica outgassed at rt and B) Gte/AXwp, Gly

deposition on silica subjected to wetting/drying cycles then outgassed at rt. The gray curves
show intermediate sublimation steps of 2.5 h.
The spectrum of the silica support before the start of CVD (AXtor AXwp, respectively) has
been subtracted as a baseline.
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Figure A2- 4: XRD patterns for Gre/AXwp after (a) ?C-Gly deposited on AXwp for 20 h by
CVD then subjected to wetting/drying cycles and outgassed, and (b) after ’'N-Gly deposited
on the same sample as a subsequent set by CVD for 15 h.
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Figure A2- 5: Evolution of the integrated area of the different types of secondary structures
and ester as a function of time during *3*C-Gly deposition for 7.5 h on Grrne/AXwo already
subjected to 20 h CVD of *2C-Gly then subjected to WD cycles.

The different integrated areas are obtained as a result of a peak fitting done on the ester and
amide | bands of the IR spectral data.
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Appendix 3: Cyclic or linear? Parameters determining the
outcome of glycine polymerization in silica surface

prebiotic scenarios

Supporting information

Gly deposited on silica from the vapor phase
Silica supports
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Figure A3- 1: A) D1 and D2 integrated areas as function of the thermal treatments; B) peak
position of the R-band obtained by fitting normalized Raman spectra, for silica A380; C) and
D) same data, for silica A200; E) and F) same data, for silica A50

IR measurements by transmission on KBr pellets
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Figure A3- 2: FTIR spectra recorded in the transmission mode on KBr pellets for A) A50, B)
A200, and C) A380 silica samples; pre-treated each at different temperatures: (a) rt, (b) 450,

(c) 700, and (d) 850 °C for 2.5 h.
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Gly reactivity on silica

XRD analysis
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Figure A3- 3: XRD profiles measured after Gly sublimation for 20 h by CVD at 160 °C

under argon flow on silica: (A) G/A50, (B) G/A200, and (C) G/A380; which supports were

pre-treated each at different temperatures: (a) room temperature (rt), (b) 450, (c) 700, and (d)

850 °C for 2.5 h,
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FTIR spectroscopic studies
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Figure A3- 4: IR difference spectra resulting from Gly sublimation by CVD at 160 °C under
vacuum on A50 silica surfaces pre-treated each at different temperatures: (A) room temperature
(rt), (B) 450, and (C) 700 for 2.5 h; measured from 2.5 h (a) to 20 h (h) (gray curves show
intermediate sublimation steps of 2.5 h) on the three samples. The corresponding spectra of the
materials obtained before the start of CVVD process are subtracted as baselines.

In panels A’, B’ and C’, the intensities are enhanced for the sake of clarity.
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Figure A3- 5: Integrated areas of amide | bands as a function of CVD time (h) for G/A50
samples prepared by in-situ CVD. Each support was pre-treated at different temperatures:
room temperature (rt), 450, and 700 °C for 2.5 h.

Gly deposited on silica from the liquid phase

Gly/nm?
weight
loading 0.5 1 2 3 4 5
(%)
A50 0.85 1.71 3.41 5.12 6.83 8.53
A200 0.41 0.81 1.22 1.63 2.04
A380 0.21 0.41 0.62 0.83 1.04

Table A3- 1: Table presenting the number of Gly per nm? silica for different samples Gx/A50,
Gx/A200, and Gx/A380. The theoretical values of monolayer (ML) coverage of Gly would
represent 4.5 weight % on A50, 18.0 weight % on A200, and 34.8 weight % on A380.
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Figure A3- 6: Thermograms (DTG) of samples after Gly deposition by incipient wetness
impregnation before any thermal activation: (a) G20/A380 and (b) Gz%/A380.

Gly/silica sample Weight loss for DTG peaks (%) Total adsorbed
peak 1 peak 2 amount of Gly (%)
G2w/A380 0.65 (137) 1.44 (255) 2.09
G3w%/A380 1.14 (139) 1.88 (255) 3.02

Table A3- 2: Table presenting the total adsorbed amount of Gly (%) on G2¢/A380 and
G3%/A380 calculated from the integration of DTG peaks of Figure S4 for the unactivated

samples.
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Remaining on surface after thermal activation
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Figure A3- 7: Amounts of organic matter remaining in the samples after thermal activation,
as a function of the nominal amount of Gly deposited. In order to correct for the water lost
upon thermal condensation, the amounts measured by DTG have been multiplied by a factor

Mm(Gly)/(Mm(Gly)-18).
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to larger rings at the molecular level.
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Résumé :

La réaction de polymérisation des acides aminés sur les surfaces d’oxydes est 1’objet d’un intérét
significatif dans divers domaines allant de la biotechnologie et de la chimie prébiotique aux théories de
I'origine de la vie. Cependant, malgré le grand nombre d'études qui ont abordé cette réaction, celle-ci
n'est toujours pas bien comprise. Cette these de doctorat est consacrée a I'étude de la réaction de
polymérisation de la glycine sur la surface de la silice amorphe en se concentrant principalement sur son
mécanisme, sa cinétique, I'effet de I'exposition a I'eau a différentes étapes de la réaction sur I'efficacité
de la réaction et le type de produit obtenu par différentes méthodes de dép6t de monomeres, le
comportement des biomolécules obtenues dans différentes conditions environnementales, etc. Les
différentes surfaces de silice et les systéemes Gly/silice préparés par dépot de monomeres a partir de la
phases gazeuse ou de la phase liquide ont été analysés en combinant différentes techniques de
caractérisation, principalement la spectroscopie IR in-situ, la spectroscopie Raman, la diffraction des
rayons X, I’analyse thermogravimétrique, la spectrométrie de masse et la physisorption de N». Les
résultats révelent que les monomeéres Gly se lient a la surface de la silice de maniére covalente par la
formation de groupes esters qui constituent, avec les groupes silanols presque libres (NFS), des sites de
surface cruciaux pour I'activation des monomeres. Une fois activés, des conformations de coudes f se
forment qui s'allongent ensuite en structures secondaires plus complexes principalement constituées de
feuillets B de haute résistance a I'hydrolyse. De plus, la formation de peptides par condensation
thermique de Gly en phase gazeuse dans des environnements fluctuants de silice (cycles de fluctuations
de température et d'humidité) s'est avérée étre un cadre géochimique favorable pour la réaction de
polymérisation. Les étapes de déshydratation favorisent thermodynamiquement la réaction de
condensation tandis que les cycles d'hydratation entrainent I'hydrolyse de certaines chaines, la
réorganisation des oligoméres en surface et le rétablissement des sites d'ancrage NFS. De tels cycles
humidification-séchage entrainent la formation d'une grande quantité de peptides avec un niveau élevé
de structuration mettant en évidence le concept d'une croissance de peptides utilisant comme « patrons »
des structures de feuillets B. Enfin, le résultat de la polymérisation de la glycine a la surface de silices
de différentes surfaces et densités de silanol a montré une dépendance a divers parameétres,
principalement la densité globale de silanols et I'état dans lequel les monomeres sont adsorbés a la
surface (zwitterions ou formes canoniques). La complexité de la chimie de surface de la glycine dans la
réaction de polymeérisation étudiée dans ce travail met en évidence I'intérét d'une approche de,science
des surfaces pour évaluer les scénarios prébiotiques géochimiques.

Mots clés : dimere cyclique, esters, adsoprtion en phase gazeuse, glycine, peptides linéaires, adsorption
en phase liquide, polymérisation, auto-assemblage, silanols, siloxanes, silice, eau.

Abstract:

The polymerization reaction of amino acids on oxide surfaces has attracted significant Interest in various
fields ranging from biotechnology, prebiotic chemistry, and origin of life theories. However, despite the
big number of studies tackling this reaction, it is still poorly understood. This PhD thesis is devoted to
study the polymerization reaction of Glycine on amorphous silica focusing mainly on its mechanism,
Kinetics, the effect of water exposure at different stages of the reaction on the efficiency of the reaction
and the type of product obtained upon different method of monomers deposition, the behavior of the
biomolecules obtained under different environmental conditions, etc. The different silica surfaces and
Gly/silica systems prepared by monomers deposition from gas or liquid phases were analyzed by
combining different characterization techniques, mainly in-situ IR spectroscopy, Raman spectroscopy,
X-ray diffraction, thermogravimetric analysis, Mass Spectrometry, and N, physisorption. The results
reveal that Gly monomers bind to the silica surface covalently through the formation of ester groups
which are, together with the nearly-free silanol (NFS) groups, crucial surface sites for monomers
activation. Once activated, B-turns conformations are formed which then elongate into more complex
secondary structures of mainly -sheet with high resistance to hydrolysis. Moreover, peptides formation
through thermal condensation of gas-phase Gly in fluctuating silica environments with both temperature
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and humidity fluctuations cycles proved to be a favorable geochemical setting for the polymerization
reaction. The dehydration steps thermodynamically drive the condensation reaction while the hydration
cycles result in the hydrolysis of some chains, the reorganization of the oligomers on the surface, and
the re-establishment of the NFS anchoring sites. Such wetting-drying cycles result in the formation of
high amount of peptides with a high level of structuring, suggesting templated peptides growth on f3-
sheet structures. Finally, the outcome of the polymerization of glycine mediated by the surface of silica
samples of different surface areas and silanol densities showed a dependency to various parameters,
mainly the global silanol density and the state of monomers (zwitterionic or neutral) when adsorbed on
the surface. The complexity of glycine surface chemistry in the polymerization reaction investigated in
this work highlights the interest of a surface science approach to evaluate geochemical prebiotic
scenarios.

Keywords: cyclic dimer, esters, chemical vapor deposition, glycine, linear peptides, incipient wetness
impregnation, polymerization, self-assembly, silanols, siloxanes, silica, water



