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ABSTRACT: This first-principles study investigates the interac-
tions between amino acids and various types of montmorillonite
clay surfaces, including a pristine surface, a surface with an oxygen
vacancy, a surface with a silicon vacancy, and an Fe-doped surface.
Our results show that all clay surfaces exhibit negative binding
energies, indicating that the interaction between clay and amino
acids is thermodynamically favorable. Among them, the surface with
a Si vacancy displays the most negative binding energy,
corresponding to the strongest interaction. We also examine the
reactions between two alanine molecules to form a dipeptide
molecule through the elimination of a water molecule in the
absence of clay surfaces. The transition state search suggests that a
proton transfer plays a critical role in the peptide bond formation
based on structural and energetic features observed along the reaction path. Circular dichroism spectra computed for reactant,
intermediate, and product states show distinct chiral signatures. Wave packet dynamics calculations indicate that quantum tunneling
might be the mechanism underlying the reduced activation energy at low temperatures. These findings oCer insight into the
physicochemical processes at clay−amino acid interfaces and support the design of clay-based materials with applications in
biotechnology and prebiotic chemistry.

Adsorption of biomolecules onto mineral surfaces1−4 has
attracted increasing attention in recent years due to its

broad implications in materials science,5 biocatalysis,6−8 and
prebiotic chemistry.9 In particular, clay minerals have emerged
as compelling platforms for studying interfacial phenomena
owing to their high surface area, structural heterogeneity, and
tunable surface chemistry.9 Among them, montmorillonite
(MMT),10−12 a 2:1 smectite clay composed of layered
tetrahedral−octahedral−tetrahedral sheets,13 has been widely
studied due to its unique physicochemical properties and its
role as a model material for adsorption and catalysis studies.
The weak van der Waals interactions that hold these layers
together14 and the isomorphic substitutions within the layers
give rise to a net negative charge, which is typically balanced by
exchangeable interlayer cations, such as Na+, Mg2+, or
Fe3+.13,15−17 These characteristics provide a favorable environ-
ment for the adsorption and potential chemical transformation
of small biomolecules, such as amino acids.18,19 Mineral
surfaces could serve as catalysts for biomolecular polymer-
ization.20 Clay minerals can concentrate, stabilize, and even
activate biomolecular building blocks under various geo-
chemical conditions.21−23 For example, dry-wet cycles21,23
have been shown to facilitate peptide bond formation for
amino acids adsorbed on clay surfaces. Peptide bond formation

is a fundamental biochemical process. It involves the formation
of an amide group in a dipeptide through the elimination of
water and condensation of two amino acids.24 Experimental
and theoretical investigations25−31 suggest that amino acids
interact with clays through a combination of electrostatic
attraction, hydrogen bonding, van der Waals forces, and, in
some cases, coordination with metal ions present in the clay
matrix. These interactions are modulated by environmental
parameters, such as pH, temperature, and ionic strength,
highlighting the complex nature of biomolecule−clay inter-
faces.32
Despite several published observations,1,5,33−35 a detailed

mechanistic understanding of how structural variations in clay
minerals influence biomolecular adsorption and reactivity
remains incomplete. Density functional theory (DFT)36−41

can be used to calculate the interaction energies, electron
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distributions, and potential energy surfaces (PESs) associated
with biomolecule−surface interactions. A DFT-based tran-
sition state search42,43 allows for the identification of reaction
pathways and the estimation of activation barriers, oCering
insight into the feasibility of surface-mediated chemical
transformations. Spin-polarized DFT calculations enable the
study of clay minerals containing paramagnetic centers with
enhanced surface reactivity.44
Here, we investigate the molecular-level interactions

between amino acids and MMT surfaces. The amino acid is
a dipeptide molecule formed between two alanine molecules.
Alanine is a simple amino acid with well-characterized
behaviors and has been used as a model in protein folding.45,46
We consider various types of surfaces, including a pristine
surface, a surface with an oxygen vacancy (MMT-VO), a
surface with a silicon vacancy (MMT-VSi), and an Fe-doped
surface (Fe-MMT). For Fe-MMT, we consider the high spin
(HS) state, as it shows the lowest total energy compared to the
other spin states according to our previous work.47 We also
examine the reactions between two alanine molecules to form
the dipeptide molecule in the absence of clay surfaces.
DFT calculations were carried out with the Vienna Ab initio

Simulation Package (VASP)48 using the Perdew−Burke−
Ernzerhof (PBE)49 exchange−correlation functional. Spin-
polarized DFT + U50 calculations were performed for Fe-
doped slabs to account for the 3d electrons, whereas spin-
restricted DFT calculations were employed for the other
systems. Binding energies (Eb) were calculated for all slabs
with the adsorbates. We also implemented the climbing image
nudged elastic band (CI-NEB) method51−53 to identify
reaction pathways between two alanine molecules to form a
dipeptide molecule in the absence of MMT surfaces. Wave
packet dynamics54 was used to investigate quantum tunneling
eCects across the reaction barrier. Activation energies were
derived using a modified Arrhenius55−58 approach fitted to
temperature-dependent reaction rate constants. Atomic models
were constructed using a pyrophyllite-based MMT structure
with the formula of Al2Si4O10(OH)2. A 2 × 2 × 1 supercell was
constructed by replicating the unit cell. Periodic boundary
conditions were applied in the x, y, and z directions. A vacuum
layer of 10 Å was added in the z direction to minimize spurious
interactions. Clay models with vacancies were constructed by
removing one oxygen or silicon atom from the surface layer.
For the Fe-MMT model, one Al atom was replaced by one Fe
atom, corresponding to the impurity concentration of 12.5%. A
dipeptide molecule along with a water molecule were adsorbed
per surface. Additional computational details are provided in
the Supporting Information.
Figure 1 shows the geometry-optimized structures for

various models. Based on the optimized structures, binding
energies are calculated as Eb = EA@S − ES − EA, where EA@S is
the total energy of the MMT slab with an adsorbate, ES is the
total energy of the clean slab, and EA is the total energy of
isolated adsorbate molecules. The binding energies represent
the interaction energy between adsorbates and respective clay
surfaces rather than values normalized per atom. These binding
energies are derived from total electronic energies, referred to
here as total energies, calculated at 0 K using DFT, without
thermal, vibrational, or entropic corrections. The calculated
binding energies are −0.66, −0.64, −1.58, and −0.48 eV for
pristine MMT, MMT-VO, MMT-VSi, and Fe-MMT, respec-
tively (see Figure 1). All clay surfaces exhibit negative binding
energies, indicating that the interaction between clay and

amino acids is thermodynamically favorable. Among them, the
surface with a Si vacancy displays the most negative binding
energy, corresponding to the strongest interaction. The
summary of binding energies for various systems is reported
in Table S1. Note that the commonly reported binding
energies for physisorption range from 0 to −0.41 eV.59 This
indicates chemisorption for the slab with a Si vacancy and
physisorption for the other slabs.
We also conducted Bader charge analysis60 for various

MMT slabs with adsorbates (see Table S2). The slabs exhibit
positive Bader charge values, while the adsorbates show
negative values, indicating electron transfer from the
adsorbates to the slabs. For MMT-VSi, roughly 0.75 e is
transferred from the adsorbate to the slab, which is
characteristic of chemisorption. In contrast, the other slabs
exhibit only a negligible charge transfer, consistent with
physisorption. Thus, the Bader charge analysis supports our
interpretation based on binding energy results.
Adsorption of amino acids on clay minerals alters electronic

properties, often shifting energy levels and modifying the
bandgaps. Figure S1 shows the density of states (DOS) of
various slabs with adsorbates. Fe-MMT shows the smallest
HOMO−LUMO gap (between the highest occupied molec-
ular orbital and the lowest unoccupied molecular orbital) due
to Fe 3d orbital contributions, consistent with studies showing
that transition metal doping introduces midgap states and
enhances conductivity.61 Surface defects also aCect electronic
structures. MMT-VO exhibits a smaller gap than MMT-VSi,
indicating that oxygen atoms play a greater role in defining the
clay’s band structures. Their absence leads to the appearance of
localized states within the gap. In contrast, the MMT-VSi
model exhibits the largest gap. This large gap can be attributed
to the structural role of silicon atoms, which, while critical for
the clay framework, contribute less directly to electronic states
near the Fermi level. As a result, removing a Si atom introduces
fewer midgap states compared to oxygen vacancies or
transition metal dopants, leading to a broader energy
separation between HOMO and LUMO.
We then investigated the peptide bond formation of isolated

alanine molecules in the absence of clay surfaces. The reaction
pathway, transition state geometry, and barrier height are
determined from CI-NEB calculations (see Figure 2). The
reported mechanisms of peptide bond formation under gas-
phase and solvated conditions involves carbonyl carbon of one
alanine molecule undergoing nucleophilic attack by amino
nitrogen of another.62 Our results show that, along the reaction
pathway, the amino group of one alanine gradually approaches
the carboxyl group of the other. At the transition state, a four-

Figure 1. Optimized geometries of various clay structures with
adsorbates. Panels a, b, c, and d correspond to pristine MMT, MMT-
VO, MMT-VSi, and Fe-MMT, respectively. White spheres represent
H; cyan spheres represent C; blue spheres represent N; red spheres
represent O; yellow spheres represent Si; pink spheres represent Al;
and magenta spheres represent Fe.
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membered ring is formed, consisting of nitrogen and hydrogen
from the amino group and carbon and hydroxyl oxygen from
the carboxyl group. The interatomic distance between
hydrogen and oxygen is 1.32 Å, whereas the interatomic
distance between hydrogen and nitrogen is 1.24 Å. This

hydrogen has a Bader charge of −0.54 e. The negative Bader
charge value means that the species is donating electrons,
suggesting that the species being transferred is a proton rather
than a hydrogen radical. As the reaction progresses, the four-
membered ring breaks as the proton transfers to hydroxyl

Figure 2. Peptide bond formation of isolated alanine molecules in the absence of clay surfaces from CI-NEB calculations. (a) Transition state
geometry with labels for selected interatomic distances. (b) Interatomic distances along the reaction path. (c) Minimum energy path leading to the
formation of a dipeptide molecule through the elimination of a water molecule. R, IS, TS, and P represent the reactant, intermediate, transition, and
product states, respectively. (d) Geometries of representative structures along the reaction pathway.

Figure 3. Density of states for the (a) reactant, (b) transition state, (c) representative intermediate, and (d) product along the peptide formation
pathway. The labels indicate HOMO−LUMO gaps. The magenta shaded areas correspond to occupied states, while the unfilled areas correspond
to unoccupied states.
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oxygen, leading to the release of a water molecule. The
distance between the carbon and nitrogen atoms decreases,
ultimately resulting in the formation of a peptide bond. At the
transition state, hydrogen is positioned nearly equidistant
between the nitrogen and oxygen atoms, creating a symmetric
potential energy barrier. This configuration suggests the
possibility of quantum tunneling, as hydrogen, due to its low
mass, can traverse the energy barrier through quantum
mechanical eCects rather than overcoming it classically.54 It
is worth noting that, although MMT has been experimentally
implicated in promoting peptide bond formation and polymer-
ization21,23 under prebiotic conditions, we did not model the
reaction pathways on MMT surfaces in the current study.
Instead, the surface interaction results presented here focus on
the binding behavior of the product state (a dipeptide
molecule and a water molecule) of the peptide formation
reaction on various MMT surface models. The peptide bond
formation pathway is provided as a mechanistic reference for
future studies that may investigate surface-mediated reactivity
more directly.
Partial charge densities for HOMO and LUMO of reactant,

representative intermediate, and product states can be seen in
Figure S2. In the reactant state, the HOMO is primarily
localized on one of the alanine molecules. As the reaction
proceeds, the HOMO gradually shifts to the other alanine,
where it remains after peptide bond formation in the resulting
dipeptide. The LUMO is initially delocalized over both alanine
molecules with a dominant contribution from the same alanine
as the HOMO in the reactant state. As the reaction progresses,
the minor LUMO contribution from the second alanine
decreases. In the final dipeptide, the HOMO and LUMO
become spatially separated, each localized on diCerent parts of
the molecule. This evolution of charge density highlights the
redistribution of frontier molecular orbitals during peptide
bond formation. The shifting HOMO indicates a change in

nucleophilic character between the monomers, while the final
separation of HOMO and LUMO in the product reflects the
formation of a more electronically stable, less reactive
molecular system.
The barrier height is about 2.04 eV. Once the barrier is

overcome, the peptide bond forms, replacing weaker non-
bonded interactions with stronger covalent bond. This bond is
further stabilized by resonance delocalization, which imparts a
partial double-bond character to the C−N linkage. As a result,
the product has a lower overall potential energy than the
reactant, making the reaction exothermic (Figure 2c). Our CI-
NEB calculations focus on neutral alanine molecules,
corresponding to gas-phase conditions. In aqueous or polar
environments, however, alanine exists in its zwitterionic form
(−NH3

+ and −COO−),63,64 which could alter reactivity,
transition state geometry, and barrier height by enhancing
electrostatic interactions or modifying nucleophilicity.
DOS is computed for the reactant, transition state,

representative intermediate, and product along the reaction
pathway, as shown in Figure 3. The transition state structure
shows the smallest HOMO−LUMO gap of 3.81 eV, indicating
a highly reactive electronic configuration. The reactant and
intermediate states exhibit slightly larger gaps of 4.05 and 4.00
eV, respectively, while the final product has the widest gap of
4.38 eV, reflecting its enhanced electronic stability. In addition
to the gap size, the DOS profiles reveal diCerences in the shape
and distribution of states near the Fermi level. The reactant
shows broader peaks near LUMO, suggesting a delocalized
electron density and higher reactivity. As the system progresses
to the product, the states become more localized and sharply
defined, indicating reduced reactivity and a more stable closed-
shell configuration. The absence of midgap states and the
widening energy separation from HOMO to LUMO further
support that the product and intermediate are less electroni-
cally reactive than the initial reactant. Overall, the DOS

Figure 4. Wave packet dynamics for the peptide bond formation of isolated alanine molecules in the absence of clay surfaces. (a) Snapshot of the
wave packet dynamics at 300 K. V(x), the PES, is based on results from CI-NEB calculations. (b) Probability of product formation versus time at
various temperatures. (c) Wave packet dynamics as a function of position and time at 300 K. The dashed line represents the expectation value. The
blue colors represent low-intensity values, while the yellow colors represent high-intensity values. (d) Calculated rate constants versus temperatures
(red circles) and the fitting (black dashed line) by a modified Arrhenius equation with A′ = − 17.35, B = 35.85, and C = 0.18.
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evolution across the reaction sequence aligns with the expected
electronic reorganization during peptide bond formation and
highlights a clear trend from reactive to stable configurations.
To further elucidate reaction mechanisms, we computed

circular dichroism (CD) spectra65,66 for reactant, intermediate,
and product states along the reaction pathways. We also
computed CD spectra for L- and D-alanine, which are mirror
images of each other. Note that, throughout this paper, the
alanine model refers to L-alanine unless explicitly stated
otherwise. Simulated CD spectra (Figure S3) of various
structures along the reaction pathways show distinct chiral
shifts, reflecting structural changes in the chiral environment
during the peptide bond formation. The correspondence
between CD spectral variations and key geometrical changes
(e.g., bond formation and proton transfer) reinforces the
interpretation of the transition state structure as a highly
dynamic stereochemically sensitive point along the reaction
coordinate. Notably, mixing D- and L-alanine leads to a
reduction in the CD signal intensity, indicating a loss of overall
chiral coherence in the system. This observation suggests that
stereochemical purity may influence the reaction ekciency,
highlighting the importance of chirality in peptide-forming
pathways. Thus, CD spectroscopy oCers an independent
spectroscopic validation of the transition state features
observed in structural and energetic analyses and deepens
our understanding of how chirality influences peptide-forming
mechanisms.
CI-NEB calculations provide us with a minimum energy

path between reactant and product states on a PES for the
peptide bond formation reaction. However, CI-NEB is a
classical method and cannot describe quantum eCects, such as
zero-point energy, tunneling, and wave function delocalization,
which might be important for light atoms, such as hydrogen,
due to uncertainty in position and momentum. Here, we
carried out nuclear wave packet dynamics calculations to
quantify the degrees of freedom related to hydrogen motion.
The procedure of wave packet dynamics calculations can be
found in ref 54, which was published by some of us. The
modeled reactions focus on proton transfer, incorporating
quantum corrections to proton translational motion during
collisions. The calculations at 300 K (panels a and c of Figure
4) show the Gaussian wave packet evolving along the PES
(0.0−5.3 au of length), which is obtained from CI-NEB
calculations. Our results show the splitting of the wave packet,
indicating that part of it passes through the PES to form the
product, while the other part is reflected, preserving as the
reactant. The splitting confirms quantum superposition eCects.
As shown in Figure 4b, product formation probability increases
with the temperature. Initially, tunneling probability rises
linearly with time and then plateaus (>200 au of time) as the
system reaches a steady state. At an extremely high
temperature, the probability jumps to 0.1, highlighting the
role of thermal energy in enhancing tunneling.67
The high-temperature wave packet dynamics calculations

reflect extreme conditions and bridge classical and quantum
reaction dynamics.68 A modified Arrhenius fit (Figure 4d)
yields activation energies Ẽa(T) from ∼0.0077 eV (300 K) to
∼0.022 eV (1000 K), significantly lower than the classical value
of 2.04 eV, indicating strong tunneling contributions. Despite
low reaction yields, these low barriers suggest that tunneling-
driven pathways may dominate under high-energy condi-
tions.69 However, factors such as reactant availability and
competing pathways can still limit the overall ekciency. Details

about the wave packet dynamics, such as wave packet
propagation scheme and activation energy, are provided in
the Supporting Information.
In summary, this study provides insight into the adsorption

of amino acids on various MMT clay surfaces, including a
pristine surface, a surface with an oxygen vacancy, a surface
with a silicon vacancy, and an Fe-doped surface. All clay
surfaces exhibit negative binding energies, indicating that the
interaction between clay and amino acids is thermodynamically
favorable. Among them, the surface with a Si vacancy displays
the most negative binding energy, corresponding to the
strongest interaction. The surface with a Si vacancy shows
characteristics of chemisorption, whereas the other surfaces
show characteristics of physisorption, highlighting the catalytic
potential of these interfaces. We also investigate the peptide
bond formation of isolated alanine molecules in the absence of
clay surfaces. Our results show a barrier height of about 2.04
eV and that, at the transition state, a four-membered ring is
formed, consisting of N and H from the amino group of one
alanine and C and hydroxyl O from the carboxyl group of the
other alanine. We also calculate electronic structures and CD
spectra for reactant, intermediate, and product states along the
reaction pathways and found distinct features for each
structure. This reinforces the interpretation of the transition
state structure as a highly dynamic, stereochemically sensitive
point along the reaction coordinate. Complementary wave
packet dynamics indicates that quantum tunneling contributes
to reduced activation energies, which could be a key
consideration for understanding reaction kinetics under
prebiotic or thermodynamically mild conditions. These
findings are expected to advance the fundamental under-
standing of biomolecule−clay interactions and oCer practical
insights for designing clay-based catalytic systems.
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