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Abstract. Glycine at the interface of a pyrite surface (001) FeS2, and bulk water at high pressure and

temperature conditions relevant to the “iron-sulfur world” scenario of the origin of life is investigated

by theoretical means. Car-Parrinello molecular dynamics is used in order to study the desorption

process of the zwitterionic form of this amino acid using two different adsorption modes, where

either only one or both oxygens of the carboxylate group are anchored to surface iron atoms. It is

found that the formation of stabilizing hydrogen bonds plays a key role in the detachment process,

leading to longer retention times for the bidentate adsorption mode. In addition, the chemical reactivity

of this heterogeneous system is probed by calculating the Fukui functions as site-specific reactivity

indices. The most prominent targets for both nucleophilic and electrophilic reactions to occur are

surface atoms, whereas the reactivity of glycine is only slightly affected upon anchoring.

Keywords: amino acids, Car-Parrinello molecular dynamics, hydrogen bonds, origins of life, pyrite

surface

Introduction and Motivation

The emergence of complex biomolecules on earth, eventually resulting in the first
forms of life, remains an intriguing puzzle to scientists across disciplines (Fry,
2000). Its explanation with the existence of a primordial soup has been advocated
at least since the 1920s, with origins reaching back as far as Pasteur’s experiments
on broths at the end of the nineteenth century (Deamer and Fleischaker, 1994).
The pioneering experiments of Miller (Miller, 1953; Bada and Lazcano, 2003)
have established this hypothesis as one of the most prevalent paradigms since the
1950s. But in the 1990s another general class of scenarios, those involving mineral
surface based reaction systems, see e.g. Refs. (Bernal, 1951; von Kiedrowski, 1996;
Fry, 2000; Severin, 2000; Hazen, 2001; Dörr et al., 2003; Saladino et al., 2004),
enjoys fresh impetus, partly in view of the stimulating work of Wächtershäuser
(Wächtershäuser, 1988a; Wächtershäuser, 1992), which is however controversially
discussed (de Duve and Miller, 1991; Bada and Lazcano, 2002; Wächtershäuser,
2002).
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The basic premise of Wächtershäuser’s so-called “iron-sulfur world” (ISW)
hypothesis (Wächtershäuser, 1988a,b, 1990, 1992, 1994, 1998) is that the first
biomolecules were synthesized at high pressure/high temperature thermo-dynamic
conditions near sub-sea volcanoes, the so called hydrothermal vents. In this envi-
ronment an abundance of iron-sulfur minerals is found, which serves the prebiotic
chemistry in two important ways: (i) as an electron and energy source, and (ii) as
a reaction environment which, via surface adsorption, activates and concentrates
the reactants of the prebiotic chemistry, thus allowing for increasingly complex
surface reaction systems. High pressures furthermore facilitate polymerization re-
actions, which are not favorable under the diluted primordialsoup conditions. This
has been demonstrated by Huber and Wächtershäuser (Huber and Wächtershäuser,
1998) with the formation of dipeptides from amino acids in the presence of (Ni,
Fe)S minerals at relatively mild conditions (2 bar and 100 ◦C), see also Ref. (Huber
et al., 2003). This key biochemical reaction is normally very unfavorable in aqueous
solution, making this finding a major success of the ISW theory. Recently (Cody
et al., 2004) have concluded from CO insertion reactions that other iron-sulfide
phases, like the much more prevalent pyrite, FeS2, could also serve as catalysts.

Although the mechanism of the conversion of amino acids into dipeptides in the
experiment of Huber and Wächtersh äuser is not yet understood, a sine qua non
condition is obviously that the amino acids remain adsorbed on pyrite for a sufficient
time span. This crucially depends not only on the chemical (i.e. electronic structure)
and physical (e.g. morphology) properties of the surface itself, but also on solvent
interactions involving the amino acids (i.e. competitive formation of hydrogen
bonds at the extreme ISW conditions). Experimentally, however, the debate has
been focused on the cationic or anionic nature of the pyrite surface at a given pH
of the solution (Bebie et al., 1998; Cody, 2004). A study of such a reaction system
is furthermore complicated by a quite unusual environment, i.e. extremely hot and
pressurized water at the water-pyrite interface. Fortunately, conditions which may
be difficult to reproduce in a laboratory might easily be tackled “in silico”. Thus, the
calculation and analysis of microscopic quantities by computer simulation could,
in principle, rationalize what de Duve and Miller call “random chemistry in two
dimensions” (de Duve and Miller, 1991).

However, the computational literature on this subject is, at best, very scarce.
Even outside this particular field, theoretical studies of amino acids adsorbed on
surfaces are quite limited. Although density functional calculations of potential
energy surfaces have been reported for glycine on copper (Nilsson and Pettersson,
2004), adenine on copper (Preuss et al., 2005) and adenine on graphite (Ortmann
et al., 2005) surfaces, they typically focus on the surface-vacuum interface. A
notable exception, although with a different aim, is a Car-Parrinello simulation of
several amino acids including glycine on wet titanium oxide up to room temperature
(Langel and Menken, 2003).

The water-pyrite interface has been studied as such since recently. Molecular
dynamics computer simulations of the interface between water molecules and a
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(001) pyrite surface (Philpott et al., 2004) showed that water molecules do not des-
orb in the temperature range 225–425 ◦C. In addition, the molecules are found to
be attached via their oxygen atom, Owat, to an iron atom and via only one (Philpott
et al., 2004) or both (de Leeuw et al., 2000) of the hydrogen atoms, Hwat, to sulfur
atoms of this pyrite surface. The formation of a shorter and a longer hydrogen bond
with surface sulfur atoms was also confirmed by ab initio molecular dynamics of
monolayer systems (Stirling et al., 2003b), which in addition established the ex-
istence of hydrogen bonds between the adsorbed water molecules themselves, see
also Ref. (Stirling et al., 2003a). These latter calculations also provided precious
informations on the electronic structure of the water monolayer on pyrite by finding
that the highest occupied molecular orbitals (HOMOs) are mainly the iron dxy, dxz,
and dyz orbitals, i.e. nonbonding t2g orbitals, while the lowest unoccupied molec-
ular orbitals (LUMOs) are mainly sulfur sp3 orbitals with contributions of iron eg

orbitals. Interestingly, when the surface is dry, the latter contribution becomes pre-
dominant as dz2 orbitals do not participate in binding the water molecules anymore.
These observations tend to support the possibility of nucleophilic attacks involving
the sulfur atoms if the surface is wet.

Here, we continue our simulation study of glycine at the water-pyrite interface
at ISW conditions, see Ref. (Boehme and Marx, 2003) for a short preliminary note.
Using the Car-Parrinello ab initio molecular dynamics method (Car and Parrinello,
1985; Marx and Hutter, 2000) allows us to analyze changes in electronic structure
of both the (001) surface of FeS2 and glycine as well as the interplay with dynamical
effects such as solvation and most importantly hydrogen bonding. In particular we
exploit the power of Fukui functions as local measures of chemical reactivity (Parr
and Yang, 1989; Chermette, 1999; Vuilleumier and Sprik, 2001) in order to judge
possible activation scenarios due to anchoring amino acids on pyrite surfaces at ISW
conditions; see Ref. (Chattaraj, 2001) for a warning concerning the applicability of
these descriptors to charge-controlled interactions. In addition we estimate roughly
the retention time of glycine on the pyrite surface by analysing several trajectories
of Car-Parrinello (CP) molecular dynamics (Car and Parrinello, 1985) simulations.
The goal of our line of research is to offer eventually microscopic insights into the
biophysical chemistry of such systems, which might be useful in order to scrutinize
aspects of the ISW proposal.

Computational Approach

MODELING AND METHODOLOGY

All electronic structure calculations and ab initio simulations were performed
within Kohn-Sham density functional theory using the PBE (Perdew et al., 1996)
exchange-correlation functional and the CPMD code (Marx and Hutter, 2000;
CPMD, 2004). The closed-shell Kohn-Sham valence orbitals were expanded in
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TABLE I

Calculated and experimental structural data of bulk pyrite

Method Fe PPa S PPa Cutb Nc
k ad S-Se Ref.f

PBE US USd 25 64 5.404 2.191

PBE USsc US 25 64 5.403 2.184

PBE USsc USd 25 64 5.411 2.195

PBE USsc USd 25 8 5.410g 2.190

PBE USsc USd 25 64 5.410g 2.194

PBE USsc USd 25 216 5.410g 2.194

exp. 5.416 2.161 Stevens et al. (1980)

exp. 5.407 2.135 Will et al. (1984)

aPP = pseudopotential, US = Vanderbilt ultrasoft (Vanderbilt, 1990; Laasonen et al., 1993), suffix

sc = semicore, suffix d = additional d-projector.
bEnergy cutoff for plane wave expansion in Rydberg.
cNumber of k-points.
dCell constant in Å.
eS-S dumbbell bond length in Å.
f“This work” if no reference is specified.
gKept constant.

a plane wave basis set in conjunction with Vanderbilt’s ultrasoft pseudopotentials
(Vanderbilt, 1990; Laasonen et al., 1993) to describe the core electrons. Our bench-
mark calculations on bulk pyrite (see Table I) indeed show that a low energy cutoff
of 25 Ry could reproduce the experimental cell parameter and the dumbbell-like
S-S pair bond length. In these test calculations, semicore states for iron improved
the convergence of the wave function optimization and an additional d-projector
for sulfur increased the accuracy of the results so that both features were retained
for all calculations.

An orthorhombic supercell of ≈ (10.8 × 10.8 × 18.9) Å was used. The (001)
pyrite surface is represented by nine atomic layers (24 Fe and 48 S atoms), with the
three lowest layers held fixed at optimized bulk positions. One glycine molecule and
a lamella consisting of 35 water molecules was added which, at the thermostated
temperature of 500 K, corresponds roughly to an expected pressure of ≈200 bar
(i.e. 20 MPa).

Two ab initio molecular dynamics trajectories were launched for a monodentate
adsorption mode and one for a bidentate setup. The former is characterized by
attaching the carboxylate group of glycine to a surface iron atom via only one of the
two oxygen atoms, whereas both bind to the surface in the bidentate configuration,
see below for details. In all cases, the carboxyl group is deprotonated and the
ammonia group is protonated resulting in an overall charge neutral system. In all
three simulations, ISW conditions were reproduced by applying a temperature of
500 K via a Nosé-Hoover thermostat; the pressure of approximately 200 bar has
been determined only very roughly by the number of water molecules and the
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available volume in the supercell. The mass of deuterium was assigned to hydrogen
atoms in order to allow long time steps of 0.145 fs and 0.193 fs. In addition, the
fictitious kinetic energy of the orbitals was controlled by a Nosé-Hoover thermostat
as well in order to keep the electrons close to the instantaneous Born-Oppenheimer
surface (Marx and Hutter, 2000).

Adsorption Scenarios

In aqueous solution, the stable form of glycine is the zwitterionic one. The free-
energy changes associated to the intramolecular proton transfer of glycine in water
(at room temperature) were probed by ab initio simulations (Leung and Rempe,
2005). Two distinct adsorption modes of zwitterionic glycine are considered in this
study.

The first one is monodentate (see Figure 1, top row), implying that the carboxy-
late group of glycine is attached to a surface iron atom via only one oxygen atom
(Ogly). This adsorption mode features also a weak hydrogen bond connecting the
ammonium group of glycine to a sulfur atom (Boehme and Marx, 2003). The second
adsorption mode is bidentate as depicted in the bottom row of Figure 1, as both
oxygen atoms of glycine are attached to the surface. This latter mode is expected
to be stronger than the monodentate one, although the later formation of a peptide
bond in the presence of a second glycine molecule seems more difficult.

REACTIVITY MEASURES

In order to shed light on a possible activation of the adsorbed glycine molecules
due to interactions with the surface, eight configurations were sampled from the
various trajectories, four for each adsorption mode, and the corresponding electronic
“Fukui functions” were calculated. These functions are generalizations of “frontier
orbitals” known from molecular orbital theory within density functional theory.
They probe locally the electronic response to small changes in the total number
of electrons within a fixed nuclear configuration, and indeed reduce to the LUMO
and HOMO densities in lowest order (Yang et al., 1984), i.e. when the density
and thus the Kohn-Sham orbitals are not relaxed upon this change. The Fukui
functions as local electronic response parameters are defined as (Parr and Yang,
1989; Chermette, 1999; Vuilleumier and Sprik, 2001)

f ±(r) = lim
N ′→N±

∂ρ(r)

∂ N ′

∣∣∣∣
R

(1)

where ρ(r) is the electron density at r, R is the fixed ionic configuration, and
N ′ is the fractional number of electrons approaching the integer number N from
above and below for f + and f −, respectively; these functions are normalized,∫

dr f ±(r) = 1. Also called “site reactivity indices”, they are used to identify
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Figure 1. Fukui functions governing electrophilic attack, f −(r) (left column) and nucleophilic attack,

f +(r) (right column) with glycine in the monodentate mode (top row = before desorption, middle
row = after desorption) and in the bidentate mode (bottom row). Color code for Fe = green, S =
yellow, C = black, N = blue, O = red, H = grey; f − = cyan isosurface, f + = orange isosurface.

potential target locations for nucleophilic attack (cf. f +(r), i.e. when electrons
are added locally at r) or electrophilic attack (cf. f −(r), i.e. upon local electron
removal). In fact, a Fukui function is just a normalized local softness (Chermette,
1999), the normalization factor being the (global) softness, which can be expressed
in terms of ionization potential and electron affinity. Here, we use the efficient plane
wave implementation of Fukui functions in CPMD (Marx and Hutter, 2000; CPMD,
2004) based on variational density functional perturbation theory by Vuilleumier
and Sprik (Vuilleumier and Sprik, 2001). For technical reasons the Fukui functions
were computed using dual-space Gaussian pseudopotentials (Hartwigsen et al.,
1998) with a cutoff of 100 Ry in conjunction with the BP86 (Perdew, 1986; Becke,
1988) functional.
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Results and Discussion

MONODENTATE ADSORPTION MODE

Mechanism
Two independent ab initio simulations at ISW conditions were performed start-
ing from the monodentate configuration (see Figure 1, top). For the first trajec-
tory (Boehme and Marx, 2003), the desorption process of glycine occurred after
about 1.5 ps, which can be followed in detail by plotting the Fe–Ogly distance (see
Figure 2a).

The origin of the desorption of glycine can be correlated with the formation
of a hydrogen bond between a solvent water and Ogly (resulting in a Ogly–Owat

distance of about 2.7 Å according to Figure 2a) which makes the Fe–Ogly interaction
weaker. This event is analyzed in more detail in Figure 2(b) where the stretching
and fluctuations of Owat–Hwat covalent bond upon hydrogen bond donation as well
as the concurrent decrease of the Ogly–Owat–Hwat angle to the favorable value of less
than 10◦ are apparent. It is interesting to note that this particular water molecule is
actually adsorbed on the pyrite surface as well (its adsorption process can also be
observed in Figure 2(a)), binding to an iron atom that belongs to the opposite side
of the same groove (see Figure 3).

Finally, the desorption is achieved when the ammonium group unbinds as well
from the surface, about 0.5 ps after the former detachment.

An alternative route to desorption is observed in the second trajectory, where
the desorption starts with the breaking of the weak hydrogen bond that linked
the ammonium group to one surface sulfur atom. The process can be observed in
Figure 4, where the S–N and Fe–Ogly distances are monitored.

Whereas the detachment of the ammonium group occurs in one step around 2 ps,
the carboxylate group is observed to re-attach to the surface. Thus, the desorption
of the latter requires a second step setting in at ≈3 ps, which then allows the
molecule to fully desorb from the surface. This two-step mechanism can actually
be explained by two successive attacks of a single water molecule. Indeed, one of
the water molecules forms during the simulation two successive hydrogen bonds
between each of its hydrogen atoms and the oxygen atom of glycine attached to the
surface (see Figures 5a, b, where very small Ogly–Owat–Hwat angles were observed
during each time window).

This analysis clearly shows that there is a correlation between the approach of
the hydrogen atoms forming the hydrogen bonds and the two-step detachment of
glycine. More precisely, some distinct features corresponding to long OH bonds are
concurrent to increases of the Fe–Ogly distance, i.e. to a weakening of the interaction
of the carboxylate group and the surface. It is assumed that the first hydrogen bond
did not last long enough for the carboxylate group to desorb, whereas the second
hydrogen bond attack gave rise to a more durable weakening.
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Figure 2. (a) Desorption process for the monodentate mode. Fe–Ogly distance: circle, Ogly–Owat

distance: square, S–Owat distance: diamond. (b) Hydrogen bond attack responsible for the desorption

process in the monodentate mode. Owat–Hwat distance = circle, Ogly–Owat-Hwat angle = square.
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Figure 3. Hydrogen bond attack of an adsorbed water molecule onto one of the oxygen atoms of a

monodentate adsorbed glycine.

ACTIVATION

The Fukui functions f +(r) and f −(r) as defined in Equation (1) should reveal,
better than the corresponding LUMO and HOMO frontier orbitals, the influence
of an adsorbed glycine on the reactivity of the pyrite surface. In addition, they
should detect if some sites of glycine could be preferential targets for nucleophilic
or electrophilic reactions. A general striking difference between all our computed
Fukui functions and the corresponding frontier orbitals (not shown) is that the
contributions to the latter are exclusively localized on the pyrite surface, while the
Fukui functions are richer in that they are more delocalized showing additional,
albeit small, contributions in the solvent and at the glycine molecule itself.

However, before we analyze the results obtained when glycine is present near the
surface, it is suitable to describe the “bottom” face of the slab, which corresponds
more or less to an unperturbed water-pyrite interface, albeit with fixed surface atoms
(see the upper water-pyrite interfaces in the top and middle row panels of Figure 1).
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Figure 4. Two-step desorption process for the monodentate mode. S–N distance: square, Fe–Ogly

distance: circle.

One notes that the electrophilic f −(r) Fukui functions depicted in the left column
(as well as the corresponding HOMO orbitals, not shown) of this water-pyrite
interface are dominated by iron t2g orbitals contributions, possibly with additional
ones located on surface sulfur atoms, i.e. on the ridge. This observation is only
partially in accord with an earlier HOMO orbital analysis (Stirling et al., 2003b)
of pyrite covered with a water monolayer (i.e. one water molecule on each surface
iron), where no contribution stemming from surface sulfur atoms is observed. On
the contrary, a LUMO is found which is mainly composed of sulfur p orbitals
whereas all our f +(r) Fukui functions (and LUMO orbitals) are mainly eg iron
orbitals contributions. This clearly means that in the present liquid-surface interface,
at variance with the mono-layer setup, the water molecules are too far from the
surface for a bond stabilizing the dz2 orbitals to be formed. And indeed, the average
Fe–Owat distance is 2.28 Å (and not all adsorption sites are actually occupied),
whereas a distance of 2.13 Å was found in the monolayer study (Stirling et al.,
2003b). Here, thermal motion is certainly a first contributing effect, as we have
chosen a rather high temperature of 500 K according to ISW conditions, while
in the monolayer the structure has been fully optimized which mimicks very low
temperatures. More importantly, the present system features a bulk water-pyrite
interface so that additional hydrogen bonds between bulk solvent molecules and
directly adsorbed interfacial water, being of greater strength than surface S–Hwat

interactions, tend to destabilize the water-surface interactions and thus drag water
molecules away from the surface. Incidentally such effects were already mentioned



AB INITIO SIMULATIONS OF DESORPTION AND REACTIVITY OF GLYCINE 373

Figure 5. (a) First hydrogen bond attack within the two-step desorption process for the monodentate

mode. Fe–Ogly distance = circle (left axis), Hwat–Ogly distance = square (left axis), Hwat–Owat

distance = diamond (right axis). (b) Second hydrogen bond attack within the two-step desorption

process for the monodentate mode. Fe–Ogly distance = circle (left axis), Hwat–Ogly distance = square

(left axis), Hwat–Owat distance = diamond (left axis).



374 R. POLLET ET AL.

when an extra layer was added on top of the monolayer (Stirling et al., 2003b).
Concerning the Fe–Owat distance, we also observe that any eg orbital contribution
to f +(r) (governing nucleophilic attacks) becomes outward-distorted whenever the
(electronegative) oxygen atoms of those water molecules that surround the iron site
are far from it in a given configuration.

Concerning the other face of the slab, Fukui functions were studied for both
the adsorbed and the detached glycine molecule at the water-pyrite interface. In the
monodentate absorption mode a configuration was sampled from the 4 ps trajectory
after about 1.5 ps (see Figure 1, top row). Correspondingly, another configuration
was sampled just after the desorption process has taken place at 3.6 ps (see Figure
1, middle row). Overall, the Fukui functions have barely changed in comparison
to the opposite face, i.e. w.r.t. the “neat” water-pyrite interface. In Figure 1 (top
left), the missing contribution on the surface sulfur atom is actually present in the
corresponding HOMO. However, the shape of the f +(r) Fukui function (top right)
is not outward-distorted anymore, indicating that the presence of glycine near the
surface slightly inhibits nucleophilic attacks on iron atoms. Still, such a distortion
was indeed observed for another desorbed configuration, extracted from the other
monodentate trajectory. Even though these distortions seem less frequent around
the glycine adsorption site it is interesting to note that the iron site where this
outward contribution can be observed is located in an adjacent groove. From our
observations, we can therefore conclude that the (nucleophilic) approach of another
glycine molecule would probably lead to reactants in neighboring grooves. As for
the glycine molecule, despite slightly bigger contributions to both f +(r) and f −(r)
when it is still adsorbed on pyrite, these seem too small (if one compares with the
contribution located on each solvent molecule for example) to prove any activation
for this monodentate adsorption mode.

BIDENTATE ADSORPTION MODE

Mechanism
No full desorption occurred for the bidentate mode during the entire ab initio
molecular dynamics simulation covering 9 ps. Still, each of the two oxygen atoms
of the carboxylate group has temporarily detached itself from the pyrite surface,
but not both at the same time (see Figure 6a for an example during our simulation).

The first detachment can be attributed to the weakening of the Ogly–Fe interaction
due to the formation of a hydrogen bond between a neighboring water molecule and
the detaching oxygen atom. This can be observed precisely in Figure 6b, where the
Ogly–Owat–Hwat angle gets lower than 10◦ and the Owat–Hwat bond length increases
just before the oxygen detaches. Taken together, this clearly shows that the dynamics
of hydrogen bonds between water and glycine are crucial in the desorption process.
However, it seems that glycine is more firmly attached to the surface in the bidentate
mode.
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Figure 6. (a) Transient detachments for the bidentate mode = Fe–Ogly,1 and Fe–Ogly,2 (where Ogly,1

and Ogly,2 are the two oxygen atoms of the carboxylate group of glycine) distances. (b) Evidences

of the hydrogen bond attack of a solvent water molecule onto one of the oxygen atoms = Owat–Hwat

distance = circle, Owat–Hwat–Ogly angle = square.
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Before we analyze the possible activation of glycine, we want to emphasize
that in the context of ISW scenarios, such a conformation is nevertheless a worse
candidate for the formation of diglycine compared to the monodentate mode be-
cause the −NH+

3 group is screened by solvating water molecules. Furthermore the
dynamical flexibility of the latter lowers the reaction probability with respect to
the monodentate mode, where both reacting groups assume rather fixed positions
in space. Interestingly, a possible interconversion between the two modes could be
initiated in the bidentate mode by the detachment of a single oxygen atom while
the remaining one would serve as a pivot point.

Activation
A configuration was extracted from the trajectory after 5.7 ps where both oxygen
atoms of the carboxylate group were anchored to the pyrite surface. The corre-
sponding f −(r) and f +(r) Fukui functions are shown in Figure 1 (see bottom
row). In comparison with the monodentate mode, the activity of the carbon atom of
the carboxylate group seems slightly increased, as expected. As for the (not shown)
monodentate-adsorbed configuration previously mentioned, we find that one of
the iron atoms located in an adjacent groove exhibits a large outward-distorted
contribution, and therefore becomes the preferential target for nucleophilic attacks
(possibly another adsorption, see previous discussion). Interestingly, for another
configuration (extracted after 0.85 ps), we observe such a distortion on an iron
site located in the same groove, which paves the way for an alternate approach of
another glycine.

Conclusions and Outlook

Car-Parrinello molecular dynamics simulations indicate that the retention time of
a zwitterionic glycine molecule at the ideal (001) surface of pyrite at “iron-sulfur
world” conditions, i.e. in the presence of hot and pressurized bulk water, greatly
depends on its adsorption mode. When the glycine molecule is attached to the
surface via a single oxygen atom, i.e. in the monodentate adsorption mode, des-
orption appears to be a very efficient and thus fast process. This can be correlated
with preferential formation of hydrogen bonds with surrounding water molecules,
which appear to greatly stabilize the detaching amino acid in its zwitterionic state.
On the other hand when the glycine molecule is attached to the surface via both
oxygen atoms of its carboxylate group, i.e. in the bidentate mode, such hydrogen
bonds need to be formed simultaneously with both atoms for the desorption to be
activated. Alternatively, such stabilizing hydrogen bonds could be formed one after
the other, thus resulting in a slower detachment process. In the present simulation,
we only observed temporary detachments of one carboxylate oxygen, and therefore
no full desorption of glycine in the bidentate mode. In general, it is found that the
detailed hydrogen bond dynamics play a pivotal role in determining the retention
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and desorption properties of small peptides at the water-pyrite interface. As for the
chemical activity of the glycine molecule, the calculation and analysis of Fukui
functions revealed that its reactivity is only slightly affected by adsorbing it on the
surface. The surface itself remains the most prominent target for both nucleophilic
and electrophilic reactions to occur, in particular the iron atoms. However, the ac-
tivity of the carboxylate carbon of glycine is slightly increased in the bidentate
adsorption mode, compared to the monodentate one. Therefore the reaction proba-
bility with respect to a neighboring second glycine molecule might be sufficiently
high if the spatial orientation is favorable.

An alternative route to immobilize an amino acid on the surface would be to
add a COS group to glycine, in order to fix the resulting carbothioacid onto the
pyrite surface (Huber and Wächtershäuser, 1998). Furthermore, surface defects are
expected to strongly impact on the adsorption mode of glycine on pyrite. Thus,
the breaking-up of bonds in the sulfur-sulfur dimers, variations of the coordination
number of iron atoms, and the creation of defects in general should be considered
in the future. Stimulated by the present results, work along these lines is currently
in progress.
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