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1. INTRODUCTION

Mankind has always been fascinated with the mystery of the origin of life. Scientists
have been trying for centuries to solve and understand the process of the formation of life as
known on our Earth today. In 1938, a new theory in the “The Origin of Life” was published by
Oparin.! Based on this work, the prebiotic chemical evolution theory was developed. According
to the ever-expanding theory of prebiotic evolution, from simple precursors, such as Hz, H20,
N2, NHs, CO, and COg, through a complex network of prebiotic chemical reactions under
plausible conditions occurred the formation of several building blocks of biomacromolecules,
such as nucleotides and amino acids. To confirm this theory, Miller? built an apparatus to model
the atmosphere of the early Earth, in which CH4, NHs, H2O and H> were circulated. His
experiment was a success, as he was able to identify different amino acids. During the last
decades there has been an increasing amount of both theoretical and experimental evidences
suggesting that hydrogen cyanide (HCN) and its hydration product formamide (HCONH., FA)
might have played a key role in the prebiotic evolution. Matthews et al. sketched in their works®
a HCN based world, where polypeptides and polynucleotides, formed from HCN polymers,
were the precursors of both proteins and nucleic acids. Laboratory and extraterrestrial studies
suggest that HCN polymerization is a universal process that proceeds in our days as well as in
the past in the interstellar medium (ISM) on planetary bodies or even satellites. Hence, we
arrived to another significant question: was life born on Earth or somewhere else? The above-
mentioned facts suggest the existence of protein-based life in an Earth-like environment also
elsewhere in the Universe.

The Swedish chemist Svante Arrhenius proposed the radiopanspermia hypothesis in
1903.% According to this, seeds of life travelled by solar radiation to Earth. Or6 published in
1961 his hypothesis, according to which comets impacting the primitive Earth could be the
source of terrestrial materials, including some important precursors for prebiotic synthesis.®
Current astrochemical research address the question how prebiotic molecules happened to reach
the early Earth, creating the opportunity for the formation of life as we know it, and whether
this process could happen elsewhere in the Universe. Many molecules of interest for exobiology
have been detected in comets: Comet Hale-Bopp showed hydrogen cyanide, formaldehyde
methane, acetylene, formic acid, acetonitrile, hydrogen isocyanide, isocyanic acid,
cyanoacetylene, and thioformaldehyde content.® These findings indicate that molecules in
cometary grains could have played an important role of organic materials reaching the primitive
Earth.

Formamide is present in galactic centers,’ star-forming regions of dense molecular
clouds,® high-mass young stellar objects,® the interstellar medium?® and comets.!* Of all the
molecules that can be found in space, the frequently detected formamide is one of the most
significant one in regard to the prebiotic evolution. High energy particles, heat, electromagnetic
radiation, and radioactive decay continuously interact with simple chemical precursors to yield
new complex derivatives. If the activated molecule can interact with the proper reactant, then
amino acids, nucleobases, sugars, lipids, and carboxylic acids can emerge very easily as
synthesizable molecules.!> Formamide is a key precursor molecule, as it has an amide
functional group to form chains of amino acids and build up proteins. It is a precursor of
carboxylic acids, amino acids, and sugars, furthermore in the presence of an energy source, it
promotes the synthesis of adenine, guanine, cytosine, and uracil, which are the four nucleobases
of ribonucleic acid.® However, under the extremely low densities present in the interstellar
medium, sufficient formamide chemistry requires strong local enhancement of the formamide
concentration. Such areas of locally high formamide concentration can again be expected at the
surfaces of icy objects, such as cometary* or interstellar'® dust grains that are frequently covered



by low density amorphous ice (LDA). It is important to note that if formamide is formed on
solid surfaces, its gas-phase detection and the subsequent (photo)chemistry processes would
thus strongly depend on the formamide interaction with water molecules (WAT).1®

Similarly to water, formamide is also a network-forming liquid,'” they both form
continuous and extensive hydrogen-bonding network. Hence, these molecules can locally
substitute each other in the hydrogen bond network, although such substitution may change the
topology of the network. Due to these similar properties of the two neat liquids, mixtures of
formamide and water are often thought to be examples of the ideal mixture.'® Indeed, these two
compounds are fully miscible with each other,*® and the thermodynamic properties, such as the
energy, entropy and free energy of their mixture depend almost linearly on the composition.
The change of the energy and enthalpy occurring upon mixing the two compounds in any
proportion turned out to be very close to zero both in experiments?®?* and in computer
simulations.?

Neat liquid formamide?® and its aqueous mixtures?* have been studied by computer
simulation methods on several occasions, due to their aforementioned great importance.
However, in simulating liquid mixtures, one has to encounter the problem that potential models
that work perfectly for the respective neat liquids might be incompatible with each other,
resulting in a poor reproduction of the properties of the mixtures. If the thermodynamic driving
force behind the miscibility of the two compounds is small, then limited miscibility of certain
model pairs of the two fully miscible compounds may occur.?® Since the mixing of water and
formamide is close to the ideal mixing,?°%2 the thermodynamic changes occurring upon their
mixing are expected to be rather small. Consequently, the thermodynamic driving force of this
mixing must be small, which makes the above issue — concerning the compatibility of the
potential models with each other and their ability to reproduce full miscibility — particularly
important for these mixtures.

To the best of our knowledge, no computer simulation study has targeted so far the
liquid-vapor interface of formamide-water mixtures as well as ice surfaces containing adsorbed
formamide molecules, although the above questions concerning the mixing of these molecules
and the fate of formamide in the modern atmosphere as atmospheric pollutant®” as well as the
biomimetic modelling of polypeptides are closely related also to the behavior of formamide at
the surface of dense aqueous phases. To contribute to the prebiotic evolution, concentration
enrichment of formamide is also essential. These phenomena may take place at interfaces like
water or ice in the atmosphere of Earth or in the interstellar medium, as in the case of HCN.%2°
The detailed understanding of the adsorption of formamide at the surface of crystalline (In) ice
at tropospheric temperatures (i.e., around 200 K) is important from the point of view of
atmospheric chemistry. On the other hand, its adsorption on LDA ice under interstellar
conditions is a process of relevance in astrochemistry, with a special importance also in the
field of the above discussed prebiotic evolution. However, due to the extreme conditions,
experimental investigation of these problems is far from being straightforward.

Computer technology is unstoppably and essentially spreading to all different branches
of science. In our days, computer simulation allows us to make models about such complicated
systems that was never possible before, and get an insight into their properties at the atomistic
level, even in cases when experiments are too dangerous, expensive, difficult, or impossible to
perform, such as under the extreme conditions of the interstellar medium. This way, computer
simulation methods provide us with the resource to determine macroscopically measurable
properties and to interpret macroscopic phenomena based on the knowledge of the microscopic
properties of the studied systems. In statistical mechanics, computer simulation is able to
provide exact results for problems, while only approximate results are achieved if other,
theoretical methods are utilized. Hence, computer simulations can act as numerical experiments
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in testing theories. Comparing the results of the simulation with experimental results, on the
other hand, provides the opportunity of verifying the models used in the simulation.

1.1. Aim and Objectives

As presented in the introduction, there are still knowledge gaps in the leading theories
in connection with the formation of life, including the role of formamide. To reach an effective
formamide enrichment which is necessary for playing a role in the biomolecule synthesis,
accumulation of formamide molecules has occurred. This can be explained with the sometimes
extreme and complex environments including interfaces. The aim of this doctoral dissertation
is to interpret the phenomena occurring at interfaces of formamide-water binary systems using
computer simulation methods at ambient and cold condition.

To achieve this purpose, first a formamide-water model pair has to be selected to
reproduce the real thermodynamic properties of the binary mixtures. Therefore, the
thermodynamics of mixing formamide and water are studied by Monte Carlo simulation
applying five widely-used formamide and three water models. The performance of the different
model combinations considered is evaluated according to their ability to reproduce full
miscibility, and by comparing the calculated energy of mixing to the existing experimental
data.?%2! The formamide-water model pair with the best performance will then be applied for
simulations in further investigations of this thesis.

Since other prebiotic precursor molecules show enrichment at the interface of their
aqueous mixtures®, the liquid—vapor interface of formamide—water mixtures is promising for
accumulation. Hence, the properties of the interface of formamide agqueous mixtures covering
the entire composition range from neat water to neat formamide are then investigated by
molecular dynamics simulation and surface analysis. The adsorption of formamide in the
surface layer, the density profiles, the lateral self-association, orientation and the dynamics of
the surface molecules, as well as their lifetime and diffusion at the liquid surface will be the
subject of detailed analysis and discussion.

Alternative to the formamide enrichment at vapor/liquid interface of formamide-water
mixtures, adsorption of formamide at cold surfaces was investigated which may have
importance in the prebiotic evolution, as well as might support panspermia theory. The
adsorption of formamide both at the surface of crystalline (In) ice (at 200 K) and at the surface
of LDA ice (at 200, 100, and 50 K) is simulated by the Grand Canonical Monte Carlo method.
The adsorption isotherms, density profile of the adsorption layer, as well as binding energy and
surface orientation of the adsorbed molecules that belong to the first molecular layer are
investigated and discussed in detail.

2. COMPUTATIONAL METHODS

Regarding the simulation work, first the Monte Carlo simulation carried out to
investigate the thermodynamics of mixing of water and formamide with the paring of five
different formamide and three widely used water models. The thermodynamic changes during
the mixing have been calculated along a thermodynamic cycle (Figure 1). In the method of
thermodynamic integration (T1),3! the difference of the Helmholtz free energies (A) between
states X and Y is calculated as an integral along an arbitrarily chosen path connecting the two
states:

A=A, - A, = Ka/g—;’ﬂm 1)



where A is the coupling parameter that describes this path, its value being 0 in state X and 1 in
state Y. The non-fictitious state in our case is 4 = 1 (T=298 K). Simulations have been
performed at six (virtual) temperatures and nine compositions for each model combination and
also for the neat systems.
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Figure 1: The calculation of the free energy of mixing along a thermodynamic cycle.

The formamide potentials considered include the united atom OPLS model,* the all-atom
OPLS/AA model®® modified by Pérez de la Luz et al.>* (OPLS/AA_mod), the model belonging
to the CHARMM force field, and those proposed by Cordeiro® and by Macchiagodena et al.®’
(MMPB). For water, we consider the three-sitt SPC/E® and four-site TIP4P* and
TIP4P/2005 potentials. It should be noted that, without additional testing, the CHARMM
force field is supposed to be used in combination with the SPC/E, while OPLS with the TIP4P
water model. However, the present work represents a far more stringent test of all possible
combinations of the above models. All models considered are pairwise additive; the interaction
energy of two molecules, i and j, being within the center-center cut-off distance, is calculated

as:
[24 Q a,
uij =2 2 b +4e,p p| | 2 2
-1 = i, j lia, i liat, jp
Here indices « and £ run over the N; and N; interaction sites of molecules i and j, respectively,
o IS the vacuum permittivity, riqjs is the distance of site & on molecule i from site £ on
molecule j, g~ and gg are the fractional charges corresponding to the respective interaction sites,
while gqp and oup are the energy and distance parameters, respectively, of the Lennard-Jones
interaction of sites « and g, related to the corresponding parameters of the individual sites
through the Lorentz-Berthelot rule,** i.e., sup = (g28)'? and oup = (cutop)/2.

Molecular dynamics simulations of the liquid-vapor interface of formamide-water
mixtures of different compositions, including the two neat systems, have been performed on
the canonical (N,V,T) ensemble at the temperature of 300 K. The basic simulation box has
contained 4000 molecules. The simulations have been performed at the following mole ratios
for FA: 0%, 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90% and 100%. At the beginning of
each simulation, the required number of water and formamide molecules have been placed in a
basic simulation box the edges Y and Z of which have been 50 A, while the length of the X edge
has roughly corresponded to the density of the liquid phase. After proper energy minimization,



these bulk liquid systems have been equilibrated. Then the X edge of the basic box has been
increased to 300 A, resulting in a system containing the liquid-vapor interface. All results have
been averaged over the two liquid-vapor interfaces present in the basic box. The intrinsic
surface of the liquid phase has been determined on the sample configurations by the ITIM
method.*? In the ITIM analysis, a probe sphere of the radius of 1.25 A has been moved along
test lines parallel with the X edge of the basic box, arranged in a 125 x 125 grid.

- ] . 2%

Figure 2: Equilibrium snapshot of the 50% FA system (X > 0 A half of the basic box). The first
(blue), second (red) and third (green) molecular layer. The bulk phase represented by grey color

The adsorption of formamide at the surface of both Iy and LDA ice has been simulated
on the grand canonical (u, V,T) ensemble by the GCMC method. Simulations involving
amorphous ice have been performed at the temperatures of 50, 100, and 200 K, while adsorption
on Inice has only been simulated at 200 K. To obtain the adsorption isotherms, with each
adsorbent and every temperature a set of GCMC simulations have been performed in which the
chemical potential, p, of formamide has been systematically varied. The number of the adsorbed
formamide molecules has then been determined as a function of the chemical potential. The X,
Y, and Z edges of the rectangular basic simulation box have been 100 A, 35.926 A, and 38.891
A, respectively, axis X being perpendicular to the macroscopic plane of the ice surface. We
have identified the first layer formamide molecules adsorbed at the surface of amorphous ice
using the ITIM method. The first layer formamide molecules identified this way are also
indicated in Figure 3.

‘ . “‘ - L5 Pt =N = =
State | State Il State llI State IV
4=-63.54 kJ/mol 1=-53.98 kJ/mol =-48.99 kJ/mol 1=-47.74 kJ/mol

Figure 3: Equilibrium snapshots of the system at 50K, both from top (top line) and side (bottom line) views, as
obtained at four different chemical potential values from our simulations. Water molecules (red), first layer
formamide molecules (blue) and outer formamide molecules (yellow).
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3. RESULTS

3.1. Miscibility and Thermodynamics of Mixing of Different Models of Formamide and
Water

To obtain an appropriate model pair, what is able to reproduce the experimental
properties of the formamide-water binary system, the chosen force fields which describe
formamide (OPLS, OPLS/AA_mod, CHARMM, Cordeiro and MMPB) and water (SPC/E,
TIP4P and TIP4P/2005) systems have to be compatible with each other. To test these model
pairs, the Helmholtz free energy (A), energy (U), and entropy (S) change accompanying the
mixing of neat liquid in formamide-water systems have been calculated. including the two neat
systems. These results plotted in Figure 4. The free energy of mixing is negative in every case,
indicating that the mixture is always thermodynamically more stable than the two separate neat
liquids (Figure 4.a). The magnitude of A™ is rather small, being always below 2 kJ/mol. For
comparison, the value of RT is about 2.5 kJ/mol at 298 K. Similarly, small values are obtained
for U™ and S™ in every case, their values being always within RT/2 and R, respectively. As a
consequence, the obtained A™*, U™* and S™ values are also rather close to each other as
obtained with different model combinations, their difference never exceeds 1.3 kJ/mol, 1.8
kJ/mol, and 3.5 J/mol K, respectively.

The energy of mixing (Figure 4.b) shows a qualitatively different behavior in the case of
OPLS/AA_mod model compared to other FA models. It is always below zero in mixtures of
the OPLS/AA_mod model, but it is positive in all other cases. Although the deviation from the
experimental values?®?! is roughly of the same magnitude with all formamide models
considered, the experimental data supports the qualitative behavior of the OPLS, CHARMM,
Cordeiro, and MMPB models rather than that of OPLS/AA_mod in this respect. Thus,
according to the experimental data,?>?* the observed negative free energy of mixing of water
and formamide is of entropic origin, as the energy of mixing is very small and positive.
Consistently, the entropy of mixing is found to be positive for all model combinations.

Figure 4.c also includes the entropy change corresponding to ideal mixing. The obtained S™*
values are rather close to this ideal term (shown as dotted line); their difference never exceeds
2.5 J/mol K, and, considering the OPLS, Cordeiro, and MMPB models, this difference always
remains below 1 J/molK, being within the error bars of the calculation. Both the energy and
entropy of mixing values turned out to be very close to the term corresponding to ideal mixing
(i.e., 0 for U™ and -R[xra InXea + (1- XFa) IN(1- xea)] for S™X) for every model combination and
at every composition. Based on the nearly linear dependence the Helmholtz free energy, energy,
and entropy of the liquid phase on xra, the mixing of these to compounds is nearly ideal.

The negative value of A" is a necessary but not sufficient condition of miscibility; the
two components are fully miscible with each other, if the value of the D parameter in the
following inequality is positive in the entire composition range:

0*(A™ /2RT) N

D =1+ X, Xg 0 3)

A

To determine the D(xra) data for the different model combinations, instead of numerical second
derivative of the A%/RT, we fitted the Margules equation:*3
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Figure 4: Helmholtz free energy of mixing (a), energy of mixing (b), entropy of mixing (c) and composition
dependence of the parameter D (d) of the SPC/E (top panel), TIP4P (middle panel), and TIP4P/2005 (bottom

panel) models of water with the OPLS (black), OPLS/AA_mod (red), CHARMM (green), Cordeiro (dark

free energy of ideal mixing is shown by dotted line in diagram (a). Experimental data of the energy of
mixing?®?! is shown by a thick line in diagram (b), the entropy of ideal mixing is shown by dotted line in

blue), and MMPB (light blue) models of formamide. Zero value is indicated by dashed line and the Helmholtz

diagram (c). The average kinetic energy of the molecules along one degree of freedom of RT/2 is also shown

for reference by orange bars. The inset (d) shows the calculated A®* data (full circles), together with their
Margules fit for mixtures of the OPLS/AA_mod model of formamide with the SPC/E (orange) and
TIP4P/2005 (magenta) water models.
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The D(xra) curves obtained with the different model combinations considered are shown in
Figure 4.d. As is seen from the figure, the OPLS model of formamide shows immiscibility with
all of the water models. Further, the D(xra) curves obtained using the Cordeiro and MMPB
formamide models in combination with any of the three water models considered are very close
to zero. Further, full miscibility of these model combinations might also depend on the details
of the simulation (e.g., long range correction, the use of rigid model, etc.). The D values
obtained using the OPLS/AA_mod formamide model with any of the three water models
considered remains safely above zero in the entire composition range, indicating that the
OPLS/AA_mod model is indeed fully miscible with all these three water models. On the other
hand, as it has been pointed out previously, these model combinations are qualitatively
incompatible with existing experimental data®®?! in respect to the energy of mixing. The
CHARMM and TIP4P/2005 models exhibit a narrow miscibility gap in the xra range of about
0.4-0.55, while the CHARMM model of formamide is fully miscible with both the SPC/E and
TIP4P water models. Further, as seen from Figure 4.b, these model combinations are also
qualitatively compatible with the experimental data?®?! concerning the sign of the energy of
mixing. Considering also the fact that the experimental energy of mixing data is somewhat
better reproduced when the SPC/E rather than the TIP4P model of water is used, the CHARMM
model of formamide had been selected in combination with the SPC/E water model for the
subsequent investigations.

3.2 Liquid—Vapor Interface of Formamide—Water Mixtures

After the section of the model pair that best describes the mixing properties of
formamide and water, the molecular dynamics simulations of the liquid-vapor interface of
formamide-water mixtures of different compositions were performed using this model
combination. As is seen, not only the mass density profiles change smoothly between the liquid
and vapor phase, but the number density profiles of both molecules also show rather little
structure at the interface, apart from a tiny peak occurring at the liquid side of the interface on
the formamide density profiles in the systems of low formamide mole fraction (Figure 5).
Hence, formamide does not show considerable adsorption at the surface of its aqueous
solutions.

The density profiles of the individual molecular layers beneath the liquid surface can be
very well fitted by Gaussian functions (Figure 5. bottom panel). The width of these Gaussians,
o, can serve as an estimate of the width of the corresponding layer. The o values obtained in
the first, second, and third molecular layer beneath the surface in the various systems (denoted
by o1, oL2, and o3, respectively) are summarized in Table 1. It is seen that upon approaching
the interface the o values become smaller, indicating that the corresponding molecular layers
get progressively more compact. Thus, the second and third layers are 3-5% and 5-10% thicker
than the first layer in every case. This finding is suggests the presence of a strong hydrogen-
bonding network in the surface layer, which can partly compensate the energy loss of the
surface molecules due to the vicinity of the vapor phase, and which makes the surface layer
unusually compact.

To further analyze the arrangement of the surface molecules around each other, we
investigated the possibility of their lateral microscopic self-association within the surface layer.
For this purpose, we have projected the centers-of-mass of the surface layer molecules to the
macroscopic plane of the interface, YZ, and calculated the area distribution of the VVoronoi cells
of these projections. In a two-dimensional set of seeds, the Voronoi cell of a given seed is the
locus of the points in the plane that are closer to this seed than to any other one.** If the seeds
are evenly distributed in the plane, the area of their Voronoi cells, A, follows a gamma
distribution,® i.e.,



P(A) =a A" Lexp(—1pA) . (4)

In this equation, v and p are free parameters, while the factor a normalizes this probability
distribution to unity. If the seeds show considerable self-association, leaving large empty areas
between them, the VVoronoi cells of the seeds located at the boundary of these empty domains
are considerably larger than those being inside the self-associates. As a consequence, the
corresponding P(A) distribution deviates considerably from eq. 4, exhibiting a long,
exponentially decaying tail at large area values.*® The Figure 6. shows the P(A) distribution,
when one component is disregarded, the resulting distribution is broader than that obtained by
considering both components, and gets progressively broader with increasing mole fraction of
the disregarded component. More importantly, the P(A) distributions obtained by considering
only one of the components can always be reasonable well fitted by eq. 4. Yet, slight deviations
of the simulated data from eq. 4. is only seen at large A values in the systems of low FA
concentration, indicating that no considerable self-association of the like molecules occurs even
within the surface layer. In other words, water and FA molecules turn out to be miscible with
each other on the molecular scale even at the surface of their mixtures. This behavior of FA is
in accordance with the claim that the mixing of FA with water is nearly ideal 82647
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Figure 5: Number density profile of the water (top panel) corresponding to the_ projections of the surface molecules
and formamide (second panel) molecules as well as the to the macroscopic plane of the surface; all surface
mass density profile of the entire system (third panel) and molecules (top panel); formamide molecules (middle
of the surface layer of the liquid phase (bottom panel) panel), Wat(_er molecu_les (bqttom panel). So_lld lines show
along the interface normal axis, X. All profiles shown are the best fit to the simulation data according to eq. 4.
averaged over the two interfaces present in the basic
simulation box.



Table 1: Various Properties of the Systems Simulated?®

Tourdl PS w/ps DyA%pst
sysem oA oA aw/A water  FA water  FA water  FA
0% FA 3.79 12.5 - 8.0 - 0.547 -
10% FA 3.97 4.08 4.22 11.3 67.8 11.7 13.3 0.448 0.393
20% FA 4.08 4.27 4.46 11.1 59.8 13.6 15.8 0.422 0.366
30% FA 4.15 4.37 455 11.1 55.0 14.9 17.9 0.412 0.345
40% FA 4.20 4.42 459 11.3 53.1 17.8 19.1 0.360 0.336
50% FA 4.27 4,50 4.63 11.3 51.0 17.8 20.3 0.376 0.331
60% FA 4.28 450 461 11.0 49.9 19.8 21.6 0.353 0.323
70% FA 4.31 452 4.61 11.3 49.2 20.3 22.3 0.356 0.324
80% FA 4.32 4,54 4.60 11.6 48.9 19.7 24.0 0.380 0.312
90% FA 4.42 461 4.66 11.3 48.9 18.8 244 0.408 0.316

100% FA 4.34 - 48.9 - 26.0 - 0.307

8Error bars affect the last shown decimal digit.

The full description of a rigid molecule relative to an external plane requires two
independent orientational variables in our case the cos$ and ¢. Therefore, the full description
of the orientational statistics can only be done through the bivariate joint distribution of these
two variables.*®“® In order to analyze the orientational distribution relative to the macroscopic
plane of the liquid surface, YZ, here we define the local Cartesian frames as illustrated in Figure
7.a. Furthermore, to investigate also the effect of the local curvature of the liquid surface on the
preferred orientations, we have also calculated the P(cos 9, ¢) orientational distributions, besides
the entire surface layer, also in its separate regions A, B, and C (Figure 7.b). These regions are
defined through the mass density profile of the surface layer as follows. Region B covers the X
range in which the density of the surface layer exceeds half of its maximum value, while regions
C and A cover the X ranges located closer to and farther from the bulk liquid phase, respectively.
The preferred orientations, obtained from the orientational distribution denoted as Iw (for water)
and Ira (for formamide) and illustrated in Figure 7.c, correspond to the parallel alignment of
the respective molecules with the macroscopic plane of the surface, YZ. The observed
preferential alignment of both molecules with the macroscopic plane of the surface enables
them to form a strong hydrogen-bonding network at the liquid surface.

Both molecules prefer somewhat different orientations at the tips of the crests (region A) and
in the bottom of the troughs (region C), i.e., at the strongly positively and negatively curved
portions, respectively, of the molecularly rough liquid surface. The water molecule is tilted
from the parallel alignment with the YZ plane, and points towards the bulk liquid phase (in
orientation 14 ) and towards the vapor phase (in orientation () with its H atoms (Figure 7.c).

Further, in region A the preferred orientation of the FA molecules, marked here as llra, is tilted
somewhat from the YZ plane, pointing with the CHO group to the vapor, and with the NH>
group to the liquid phase. In region C, the corresponding orientation, marked here as Illra, is
perpendicular to the macroscopic plane of the surface, and the NH2 group points straight to the
vapor phase (Figure 7.c). Possible hydrogen bonding patterns of neighboring surface FA and
water molecules, both aligned in one of their preferred orientations, and their relation with the
local curvature of the molecularly rough surface are illustrated in Figure 7.d.

To investigate the dynamics of the molecules within the surface layer, we have
calculated their survival probability and mean residence time as well as their lateral diffusion
coefficient, Dy, within the surface layer (Table 1). The survival probability, L(t), is defined as
the probability that a molecule that belongs to the surface layer at to will stay in this layer up to
to+t. The mean surface residence time values, zurf, are collected in Table 1. for both molecules.
As is seen, formamide molecules stay considerably, i.e., 4-6 times longer at the liquid surface
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than waters. Further, while the mean surface residence time of the water molecules does not
show any apparent composition dependence, the =y value of FA clearly decreases with
increasing formamide concentration, being about 30% smaller at the surface of neat formamide
than in the 10% FA system. This finding indicates that the presence of water stabilizes the stay
of the formamide molecules at the surface of the liquid phase of their mixtures.
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Figure 7: (a) Definition of the local Cartesian frames fixed to the individual water (left) and formamide
(right) molecules. (b) definition of the regions A, B, and C of the surface layer. (c) lllustration of the
orientations preferred by the water and formamide molecules in the entire surface layer as well as in any of
its separate regions A, B, and C, relative to the surface normal vector (pointing, by our convention, towards
the vapor phase), X. (d) Hlustration of possible hydrogen bonding alignments of water and formamide
molecules, both oriented according to their preferences, in portions of different local curvatures of the surface
layer. The solid curved is a schematic representation of the liquid surface.

The diffusion time, m, of the molecules within the surface, obtained for the water and
FA molecules in the different systems simulated are also included in Table 1. As is seen, for
water, zurf IS larger than = only at the surface of the neat system; these two time scales are
roughly equal in the 10% FA system, while in the systems of higher formamide concentration
the lateral diffusion of the water molecules clearly occur on a larger time scale than their mean
surface residence time, indicating that water molecules typically leave the surface of these
systems before they could make considerable diffusion there. Since the mean surface residence
time of the water molecules is insensitive to the composition of the system, the reason for this
behavior is the increase of m with increasing formamide concentration. In other words, our
finding indicates that formamide molecules stabilize the water molecules at their position in the
surface during the entire time scale of their stay at the surface of such mixtures. It is also seen
that, for formamide, zurf is always noticeably, i.e., by a factor of 2-5 larger than m, indicating
that formamide molecules do diffuse at the liquid surface of their aqueous mixtures. The lateral
surface diffusion coefficient of formamide is rather insensitive to the composition, as it only
exhibits a slight decrease in the entire composition range with increasing FA mole fraction. It
is also seen that the surface diffusion of the FA molecules is considerably slower in their
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aqueous mixtures than that of the water molecules at the surface of neat water, i.e., where they
do exhibit a noticeable diffusion at the liquid surface.

These findings, in the absence of large self-association of the formamide molecules at
the surface at any composition, mean from the prebiotic evolutionary point of view that under
the examined conditions the enrichment of formamide is not significant at the surface of its
aqueous solution. Therefore, its participation in biomolecular synthesis at the vapor-liquid
interface of formamide-water systems is not justified.

3.3 Adsorption of Formamide at the Surface of Amorphous and Crystalline Ices under
Interstellar and Tropospheric Conditions.

Another important area concerning the investigation of this binary system, beside the
liquid-vapor interface, is the adsorption of formamide at various ice surfaces. The adsorption
isotherms obtained from the Monte Carlo simulations are shown in Figure 8.a. in the form of
number of adsorbed formamide molecules as a function of their chemical potential. As is seen,
the isotherm obtained on Iy ice rises continuously up to the chemical potential value of about
—60 kJ/mol. This rising part is followed by a plateau in the p range of about —60 to —57 kJ/mol,
corresponding to an adsorption monolayer. This monolayer is rather stable, as evidenced by the
fact that it exists in an about 3 kJ/mol wide range of chemical potentials. The plateau is followed
by a very steeply rising part of the isotherm, corresponding to multilayer adsorption. This
steeply rising part of the isotherm ends at the chemical potential value of about —56 kJ/mol,
where the basic box becomes filled with formamide molecules. The plateau observed between
—60 and —57 kJ/mol on Iy ice is missing on LDA ice. This finding suggests that the corrugated
geometry of the LDA surface promotes multilayer adsorption. As a consequence, multilayer
adsorption on LDA starts at p values at which the adsorbed monolayer is still stable on Ix ice.
The shape of the (N) («) isotherm does not change noticeably with the temperature; it is simply
shifted to higher chemical potential values as the temperature decreases.

In order to further analyze the adsorption isotherms, we have converted them to the more
conventional 7°vs. prel form. The obtained 7~ (prer) isotherms are shown in Figure 8.b. As is seen,
at 200 K, the isotherms start rising almost linearly; this rise gradually decreases turning into a
plateau, and the plateau part is followed by a second, steeply rising part of the isotherms. The
first rising part corresponds to the gradual building up of the first molecular layer; the plateau
reflects the presence of a more or less saturated monolayer, while the second, steeply rising part
corresponds to multilayer adsorption. At lower temperatures, the plateau of the isotherm gets
progressively shorter and occurs at lower surface densities, suggesting that multilayer
adsorption starts before the complete saturation of the first molecular layer. Thus, the obtained
isotherms represent a transition between type Il and type Il isotherms (both describing
multilayer adsorption) according to the IUPAC convention. Considering that type Il isotherms
correspond to systems where the adsorbate—adsorbent interaction is considerably stronger,
while type 111 isotherms correspond to systems where it is considerably weaker than the lateral
interaction between the adsorbed molecules, this result is in a clear accordance with earlier
claims* and with our previous findings that the mixing of water and formamide is nearly ideal,
and hence there is no marked difference between the interactions of the like and unlike
molecules. Furthermore, it is also seen that the steepness of the first, rising part of the isotherm,
corresponding to the building up of the first molecular layer, increases very strongly with
decreasing temperature, which results in a very sharp rise of the low temperature isotherms
even at extremely low prel Values.
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On the basis of the behavior of the obtained isotherms, we have selected four chemical potential
values in each system, at which sample configurations have been collected for detailed analyses.
The lowest of these chemical potential (state 1) always corresponds to only a few adsorbed
molecules per surface. At the second u value chosen (state I1), formamide molecules form an
unsaturated monolayer but cannot be isolated from each other, while at the third p value (state
I11) they form a more or less saturated monolayer. Finally, the largest of the chosen chemical
potential values (state 1V) corresponds to multilayer adsorption in every case. The chemical
potential values corresponding to these states are indicated in Figure 3.
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The mass density profiles of all formamide molecules as well as of only those forming
the first molecular layer at the ice surface along the surface normal axis, X, are shown in Figure
9, as calculated in states 1-1V in the various systems considered. The obtained profiles show no
substantial amount of formamide is located in the vapor and in the bulk ice phase. For reference,
the mass density profile corresponding to the outmost portion of the ice phase is also indicated.
It is also seen that the ordered structure of I, ice implies also a clear layering of the adsorbed
formamide molecules in the case of multilayer adsorption, while this layering is effectively
screened by the corrugated surface of LDA ice. The comparison of the profiles corresponding
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to all formamide molecules and to only those belonging to the first molecular layer reveals that
not even traces of multilayer adsorption occur in states I-Ill. Further, since the saturated
adsorption monolayer can be very well estimated by the first molecular layer in state 1V, it is
also evident that the adsorption monolayer in state 111 is clearly not yet saturated in any case
(see also Figure 3). Since state 111 has always been chosen as the point immediately preceding
the sharp rise of the isotherm, this finding is in a clear accordance with our earlier claim that
multilayer adsorption starts before the first monolayer gets saturated.
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Figure 10: (a) Definition of the local Cartesian frame.

200K (b) Preferred orientations of the formamide molecules at

the surface of In and LDA ices. (c) Possible H-bonding
arrangements of the surface formamide molecules with

e their formamide neighbors as well as with surface water

40 45 50 . ;
X/ A molecules. The dashed lines denote hydrogen bonding,
and X is the macroscopic surface normal

crystalline ice

Figure 9: Mass density profile of the adsorbed
formamide molecules (solid lines) as well as solely of
their first molecular layer (circles) in states I (red), 11

(green), 111 (blue), and 1V (orange). LDA ice at 50 K (top
panel), 100 K (second panel), and 200 K (third panel); In
ice at 200 K (bottom panel).

The orientational preferences of the formamide molecules have been determined the
similar way then in the case of the liquid-vapor interface. The preferred alignments Iraand Ilea
of the formamide molecules are illustrated again in Figure 10. The preference of the formamide
molecules for these orientations can be understood by considering the possible hydrogen bonds
they can form with each other as well as with the surface water molecules in these alignments.
Since all the hydrogen-bonding directions of the formamide molecule lay also within the
molecular plane, formamide molecules of alignment Ira can easily hydrogen-bond to each
other; a formamide molecule of orientation Ira can form up to four such hydrogen-bonds with
its formamide neighbors. Further, since the surface of LDA ice is corrugated on the molecular
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length scale, two neighboring surface formamide molecules of alignment llra, located at
different depths along the macroscopic surface normal axis, X, can also form a hydrogen-bond
with each other in such a way that the molecule being farther from the bulk ice phase along this
external axis is the hydrogen-donor, while the one being closer to the bulk ice phase is the
hydrogen-acceptor partner. These possible hydrogen bonds between two surface formamide
molecules, both aligned in one of their preferred orientations, are illustrated in Figure 10.c.

A formamide molecule of orientation Ira, laying also parallel with this plane, can thus
easily form up to four hydrogen-bonds also with surface waters of this alignment. Moreover,
even at the surface of I ice, a slight deviation from the alignment Ira as well as from a preferred
water orientation and/or a slight distortion of the linearity of the hydrogen-bond can also lead
to the formation of several hydrogen-bonds between surface waters and Ira aligned formamides.
Furthermore, a formamide molecule of alignment llra, being tilted from the surface plane, can
easily donate both of its NH> hydrogen atoms to surface water molecules aligned in two of their
preferred orientations. These possible hydrogen-bonding patterns between surface water and
first layer formamide molecules are also illustrated in Figurel0.c.

To characterize the energetic background of the adsorption, we have calculated the Uy
binding energy of the first layer formamide molecules. Further, besides Uy, its contributions
coming from the interaction with the ice phase and with the other formamide molecules,

denoted here as ug)ceand Ut')at, respectively, have also been calculated. The binding energy

distributions obtained at 200, 100, and 50 K are shown in the Figure 11.a, b and c respectively.
In state 1, the P(uic) distribution of the 200 K systems exhibits a single peak around —100

kJ/mol. With increasing chemical potential, this peak shifts to higher energies, often being split
into two distinct peaks or exhibiting a shoulder. These peaks and shoulders typically occur
around the energy values of about —75 kJ/mol, —50 kJ/mol, and —25 kJ/mol, in the case of state
IV and Inice even a small peak of P(yjcc) around zero energy is seen. Considering that the

energy of a hydrogen bond is roughly —25 kJ/mol, this finding indicates that in state I, first layer
formamide molecules typically form four hydrogen-bonds with the ice phase, and the number
of their hydrogen-bonded water neighbors gradually decreases with increasing surface density.
The P(u/?") distribution exhibits a very high and narrow peak at zero energy in state I; this peak

is still clearly seen in state 11, and traces of it exist even in state I1l. This peak corresponds to
the adsorbed formamide molecules that are isolated from each other. Interestingly, this
distribution also shows a peak at around —25 kJ/mol even in state | on LDA ice, indicating that
adsorbed molecules are not completely isolated from each other even in this state of very low
surface density. This behavior stresses the strong lateral interaction between the adsorbed
formamide molecules. It should be noted that, by contrast with the LDA ice, no such peak is
seen on P(u/2t) in state I of Iy ice, indicating that in this case the adsorbed molecules are indeed

isolated from each other. The distribution of the total binding energy, P(Up), exhibits a single
peak around —100 kJ/mol in states I-11l, reflecting the compensation of the decrease of its ice,
and increase of its lateral component with increasing chemical potential, and indicating that
adsorbed formamide molecules always prefer to form four hydrogen bonds with their
neighbors, irrespective of whether they are waters or formamides. Interestingly, in state 1V the
P(Up) peak occurs around —120 kJ/mol. This deep binding energy reflects a strong but non-
hydrogen bonding interaction of the first layer formamide molecules with those Fa molecules
which are forming the subsequent molecular layers. Considering that first layer formamides
already complete their four possible hydrogen-bonds with surface waters and in-layer
formamides in the lack of outer adsorbed molecular layers, we can conclude that this interaction
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with the subsequent layers in state IV most likely involves strong dipolar interactions, as
without that the additional, roughly —20 kJ/mol of the binding energy could not be explained.
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Figure 11: Distribution of the total binding energy (Usb) of the first layer formamide molecules (bottom
panels) as well as its contribution coming from the other formamide molecules in the system (middle panels)
and from the ice phase (top panels), as obtained at 200 K (a), 100 K (b) and 50 K (c) at the surface of In (full
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The distributions obtained at lower temperatures indicate that at these low temperatures
adsorbed formamide molecules are not at all isolated from each other even at very low surface
densities, they are very strongly interacting with each. This extremely strong affinity of the
formamide molecules for lateral interaction is in a clear accordance with the observed at the
adsorption isotherms, as discussed previously.

These results support the possible role of formamide in the prebiotic evolution theory
by suggesting the surface of ice grains in the Earth’s atmosphere as a possible location of
formamide enrichment. The atmosphere of the early and modern Earth could have thus a
possible place of the synthesis of complex biomolecules. Furthermore, due to the adsorption of
formamide on the LDA ice surface in the interstellar medium, the synthesis of new complex
biomolecules could also occur outside the Earth if initiated by high energy particles (e.g., heat,
electromagnetic radiation, etc.). Thus, these observations fit both into the prebiotic and the
panspermia hypotheses.

Conclusions in this work presented the possible locations of biomolecule synthesis due
to the thick adsorption layer of formamide. However, the "how" is still not fully clarified.
Studies in both experimental and computational chemistry have already been published
exploring possible reaction pathways in the synthesis with the help of formamide. Based on the
identified locations, the range of possible interactions and catalysts can be further narrowed.
The results of this thesis also show the importance of hydrogen bonds in the formation of
surface phenomena. These secondary bonds proved to be determining in terms of energy and
orientation properties of the surface molecules. Hence emphasizes the importance of hydrogen
bonds in the formation of life. This raises further questions about what other effects they provide
and what role can hydrogen bonds play in the synthesis of biomolecules. Furthermore, hydrogen
bonds could promote the formation of asymmetric structures in life-essential macromolecules.
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4. Thesis Points

| compared the possible combinations of five formamide and three water models by Monte
Carlo simulation and thermodynamic integration. Based on the miscibility of the
components and the thermodynamic properties, such as the Helmholtz free energy, energy
and entropy of their mixing, the most realistic representation of the formamide-water
system is found to be the pair of the CHARMM formamide and SPC/E water models.

| found the existence of an extensive, percolating hydrogen bonding network at the
liquid-vapor interface of formamide-water mixtures, in which the components are
interchangeable with each other and the molecules show full miscibility on the molecular
level. No strong adsorption or lateral self-association of any of the two components have
been detected at the surface layer. Furthermore, formamide molecules have been found to
prevent water from considerable diffusion at the liquid surface, while waters have been
found to stabilize the stay of the formamide molecules at the surface of their liquid
mixtures.

| showed that formamide and water molecules prefer parallel alignment with the
macroscopic surface plane at the surface of their liquid mixtures. These preferences can be
interpreted as the intention to minimize their free energy, hence they are oriented in such a
way that the number of hydrogen-bonds they form is maximized.

| found that the adsorption of formamide on the surface of crystalline and low-density
amorphous ices at atmospheric and interstellar conditions is a strongly favorable
phenomenon, which thus leads to a strong enhancement of the formamide concentration.
Adsorbed formamide molecules are not isolated from each other on such icy surfaces, in
addition, multilayer adsorption begins before the first layer becomes saturated. Based on
these findings, the adsorbate-adsorbent and lateral interactions turn out to be of rather
similar strengths.

| determined the orientational preferences of the adsorbed formamide molecules in the first
molecular layer at the surface of crystalline and low-density amorphous ices, which show
parallel and tilted alignments relative to the ice surface. Similar to the vapor-liquid
interface, formamide molecules try to minimize their free energy in such a way that they
form the maximum possible hydrogen-bonds with their neighbors.
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