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1 Introduction

Dependence of lactose adsorption on the exposed
crystal facets of metals: a comparative study
of gold, silver and copperf

*3 J. Christian Schon® and Juan Cortés (2 ¢

Nathalie Tarrat,
In this theoretical work, we investigated the adsorption of a lactose molecule on metal-based surfaces,
with a focus on the influence of the nature of the metal and of the type of exposed crystal facet on the
adsorbed structures and energetics. More precisely, we considered three flat crystallographic facets of
three face-centered cubic metals (gold, silver, and copper). For the global exploration of the energy
landscape, we employed a multi-stage procedure where high-throughput searches, using a stochastic
method that performs global optimization by iterating local searches, are followed by a refinement
of the most probable adsorption conformations of the molecule at the ab initio level. We predicted
the optimal conformation of lactose on each of the nine metal-surface combinations, classified the
many low-energy minima into possible adsorption modes, and analyzed the structural, electronic
and energetic aspects of the lactose molecule on the surface, as well as their dependence on the
type of metal and exposed crystal facet. We observed structural similarities between the various
minimum-energy conformations of lactose in vacuum and on the surface, a rough correlation between
adsorption and interaction energies of the molecule, and a small charge transfer between molecule and
surface whose direction is metal-dependent. During adsorption, an electronic reorganization occurs at
the metal-molecule interface only, without affecting the vacuum-pointing atoms of the lactose
molecule. For all types of surfaces, lactose exhibits the weakest adsorption on silver substrates, while
for each coinage metal the adsorption is strongest on the (110) crystal facet. This study demonstrates
that the control of exposed facets can allow to modulate the interaction between metals and small
saccharides.

tons per year (50% of the population consumes milk or milk-
based products on a daily basis),"® only few studies have been

In recent years, numerous investigations have explored the
biotic/abiotic interface from a fundamental point of view.'™
The influence of the exposed facets of metal-based materials
on molecular adsorption and reactivity is an active field
of research, particularly in the context of environmental
chemistry,” biology'®™* and catalysis."* > Nevertheless, very
little is known about the influence of the exposed facets of
metal-based materials on the adsorption of molecules con-
tained in dairy products.

Taking the example of milk, whose worldwide production
in liquid or powder form amounts to more than 600 million

“ CEMES, Université de Toulouse, CNRS, 29 rue Jeanne Marvig, 31055 Toulouse,
France. E-mail: nathalie.tarrat@cemes.fr; Tel: +33 5 6752 4347

> Max Planck Institute for Solid State Research, Heisenbergstr. 1, 70569 Stuttgart,
Germany

¢ LAAS-CNRS, Université de Toulouse, CNRS, 31400 Toulouse, France

t Electronic supplementary information (ESI) available: Cartesian coordinates of

all DFT structures. See DOI: https://doi.org/10.1039/d4cp01559b

2134 | Phys. Chem. Chem. Phys., 2024, 26, 21134-21146

devoted to the evaluation of its interaction with contact
surfaces during transport, processing, packaging or use.’”*°
For most species, milk mainly contains water, proteins, fats
and lactose.”® The interaction between metal-based surfaces
and peptides/proteins has been the subject of a number of
studies.>*> As far as fats are concerned, there are studies
of the interaction between steel and fatty acids used as
lubricants, or investigations involving metal nanoparti-
cles.>* Concerning lactose, this carbohydrate has been at the
heart of many scientific studies for the past sixty years, due to
the phenomenon of lactose maldigestion discovered in the
1960s, usually referred to as lactose intolerance,**® and to its
frequent use as filler or soluble diluent in pharmaceutical
formulations.”” However, no studies describing the inter-
action between a lactose molecule and a metal-based surface
have been reported. The only studies dealing with the lactose-
metal interaction explore its interaction with the metal cations
contained in milk such as Zn**?® or the relations between its

This journal is © the Owner Societies 2024


https://orcid.org/0000-0002-0909-0001
https://orcid.org/0000-0002-4660-0306
http://crossmark.crossref.org/dialog/?doi=10.1039/d4cp01559b&domain=pdf&date_stamp=2024-07-27
https://doi.org/10.1039/d4cp01559b
https://rsc.li/pccp
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cp01559b
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP026031

Open Access Article. Published on 19 July 2024. Downloaded on 7/29/2025 12:02:34 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

chemical properties and its efficiency as iron corrosion
inhibitor.>®

To contribute to filling this gap, we have performed compu-
ter simulations to investigate the interaction between lactose
and metal surfaces with a focus on the influence of the type of
exposed crystal facet. The model systems we consider consist
of a lactose molecule adsorbed in vacuum on the three most
stable crystallographic facets ((111), (100), (110)) of three face-
centered cubic (fcc) metals: gold (Au), silver (Ag) and copper
(Cu). These metals have been chosen to establish the theore-
tical proof that the type of metal and facet exposed can play an
important role in the adsorption of a diary molecule such as a
sugar, intuitively thought to adsorb only very weakly on a
surface. The three chosen metals are not frequently used in
the production processes of everyday products but they allow us
to investigate the effect of variation in electronic structure only
and the joint effect of variation in electronic and atomic
structure. Indeed, gold and silver have different electronic
structure but the same bulk lattice constant (agslq = 4.0796 A
and aSF., = 4.0855 A),** while copper in addition differs from
the other two in its atomic structure as its lattice constant is
smaller by about 11% (aSshper = 3.62 A).*"

To investigate the interaction between the lactose molecule
and the metal surfaces without introducing any pre-concep-
tions or biases, it is necessary to globally explore the energy
landscape of the lactose molecule on the nine different metal
surfaces in order to identify stable conformations of the
system.?* These predicted structures can then be classified into
typical adsorption modes, followed by their detailed analysis.
Ideally, this should be done on an ab initio level of theory
throughout, i.e., by taking into account the electronic structure
of the system at all stages of the investigation. However, the
prohibitive cost of these ab initio calculations in terms of
computational resources prevents an exhaustive exploration
of the potential energy surface. Indeed, global energy land-
scape explorations can be carried out at the ab initio level
only for small surface adsorbates such as single atoms or
molecules containing a few atoms.**”* To circumvent this
problem, one strategy consists in setting up a multi-stage
procedure in which the global exploration stage is carried
out at a lower level of theory allowing high-throughput
searches, followed by a refinement of the most probable
adsorption conformations of the lactose molecule at the
ab initio level. With that in mind, we used a multi-stage
approach that we had recently developed to study the adsorp-
tion and self-organization of two other disaccharides,
sucrose®® and trehalose,*® on a copper surface.

The simulated models and the methodology used are pre-
sented in Section 2. Next, the most relevant lactose adsorption
modes on the different metal surfaces identified by our multi-
stage computational approach are described and discussed in
Section 3, both from an energetic and a structural point of view.
The dependence of the adsorption on the metal and on the
exposed metal facet is analyzed, and the charge reorganization
at the molecule-surface interface is discussed. A final section
presents the conclusions and perspectives of this work.

This journal is © the Owner Societies 2024
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2 Methodology and
computational details
2.1 Systems

2.1.1 The metal surfaces. The model metal surfaces con-
sidered in this work consist of low energy (111), (100) and (110)
surfaces of three face-centered cubic metals: gold (Au), silver
(Ag) and copper (Cu). The (111) surface is very compact and flat
and has a six-fold symmetry. The (100) surface, also flat, is less
dense and has a four-fold symmetry. Finally, the (110) surface,
which is the least compact one, differs greatly from the two
others in that it is crenellated and has a two-fold symmetry.

2.1.2 The lactose molecule. Lactose (B-O-p-galactopyrano-
syl-(1-4)-b-glucopyranose®”) is a neutral molecule containing
12 carbon, 11 oxygen and 22 hydrogen atoms arranged in two
six-membered rings, a p-galactose and a p-glucose, linked by a
B-1,4 glycosidic linkage®® (see Fig. 1). Whereas the galactose
unit can only have the B-pyranose form, the glucose unit can
adopt two isomeric forms, either a-pyranose or B-pyranose;
thus, one speaks of o-lactose and p-lactose, respectively.
The difference between the two lies in the configuration of
the hydroxyl group of the anomeric hemiacetal carbon of the
glucose ring. In a-lactose, this hydroxyl group is in axial
position, while in B-lactose it is in equatorial position (see
Fig. 1). In aqueous solution, the two forms interchange until
they reach an equilibrium, with the transition from one form to
the other involving a mutarotation reaction.*® At room tem-
perature, the ratio between the two forms is about 40:60 for
a- and B-lactose, respectively.’® In this work, we have arbitrarily
chosen to deposit a lactose molecule in its anomeric o form on
the metal surfaces.

The flexibility of the two six-membered ring units allows for
two low-energy forms for each unit commonly referred to as the
“chair” and the “boat” conformation, respectively. The choice
of the initial lactose structure for our global exploration was

OH OH

B-1,4
glycosidic
linkage

B-Galactose
B-Glucose

Fig. 1 The lactose molecule, formed by a galactose and a glucose linked
by a B-1,4 glycosidic linkage. The two pairs of dihedral angles used to
characterize this linkage are depicted in red (¢, ) and pink (¢n, ¥n). The
galactose unit can only have the B-pyranose form and the glucose unit can
adopt two isomeric forms, either a-pyranose, in which the hydroxyl group
of the anomeric hemiacetal carbon of the glucose ring is in axial position,
or B-pyranose, in which it is in equatorial position. These two forms lead to
a-lactose and B-lactose, respectively.
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based on a comparison at the DFT level of the four different
possible combinations of these two conformations of galactose
(Gal) and glucose (Glc), ie., a comparison of the Gal-chair/
Glc-chair, Gal-chair/Glc-boat, Gal-boat/Glc-chair and Gal-boat/
Gle-boat structures. The most stable structure was found to be
Gal-chair/Gle-chair, in agreement with the literature.*' More-
over, we note that the glucose ring can exist in two chair
conformations.*' The interconversion between these two con-
formers is a very fast reversible process that is extremely
difficult to detect;*' thus, we arbitrarily chose one of the two
conformers. To have an estimate of the stability of this lactose
conformation once deposited on a metal surface, we performed
an ab initio molecular dynamics simulation of 1 ps at 500 K in
which the lactose molecule was initially deposited on a Cu(111)
surface in this Gal-chair/Gle-chair conformation. We did not
observe any significant conformational change. Furthermore,
we note that the conformational transformations of the lactose
molecule in the gas phase have been studied on the empirical
potential level, and it was found that the chair-chair conforma-
tion is the global minimum and is the most stable conforma-
tion up to quite high energies.*

2.1.3 Structural descriptors. The commonly used descrip-
tors of the conformation of lactose are the values of two torsion
angles characterizing the glycosidic linkage, for which two
alternative choices are found in the literature,** > denoted as
(¢, ¥) and (¢u, ¥u) (see Fig. 1). The usual convention to define
these four dihedral angles is:

e ¢: Gal-O - Gal-C1 - O - Gle-C4’

e |: Gal-C1 - O - Gle-C4’ - Gle-C5’

e ¢y Gal-H1 - Gal-C1 - O - Gle-C4'

e y: Gal-C1 - O - Gle-C4’ - Gle-H4'

Based on the results of our calculations, we found that low-
energy conformations of lactose on metal surfaces can be
classified into a number of distinct adsorption modes, which
can be described using a three-component notation A-B-C. The
first and the last terms concern the orientation of the galactose
(A) and glucose (C) units. If the OH group linked to carbon C4
(resp. C1’) point toward the surface, the orientation unit will be
denoted “D” (for down). If it points toward the vacuum side,
it will be denoted “U” (for up). The middle term (B) concerns
the oxygen atom of the glycosidic linkage. If it points toward the
surface, the structure will be denoted “V”. If it points to the
vacuum side, it will be denoted “A”. We note that for the case
of Gal-chair/Glc-chair conformations, this description encom-
passes all stable low-energy adsorption modes identified on the
energy landscape.

2.2 Computational methods

2.2.1 Global exploration. We applied the IGLOO (iterative
global exploration and local optimization) algorithm*® to glob-
ally explore the energy landscape of systems composed of
a lactose molecule deposited on a metal surface, aiming at
finding a representative set of low-energy conformations.
IGLOO is a stochastic method that performs global optimiza-
tion by iterating local searches. More precisely, IGLOO iterates
three stages: (1) the global exploration is performed via
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View Article Online

Paper

4748 that tend to cover

multiple rapidly-exploring random trees
low-energy regions of the conformational space, (2) nodes of
the trees contained in mutually exclusive volumes are selected
and the corresponding conformations are subject to local
minimization, (3) clustering is applied to the resulting local
minima, aiming to identify a set of low-energy basins. The
lowest-energy conformation in each cluster is selected as a root
for the next iteration of the algorithm, which repeats these
three stages until convergence. We have successfully applied
IGLOO in previous work,*>?® and an improved version of
IGLOO has been recently presented by Margerit et al.,*® show-
ing good performance compared to other global exploration
methods.

For the energy evaluation during the global exploration, we
applied an in-house implementation of an AMBER-like force
field*® using parameters generated with the GLYCAM mole-
cular modelling library (GMML)* for the lactose molecule.
The accuracy of the parameters and coefficients of this simple
molecular-mechanics-based force-field was evaluated and
tuned using DFT calculations. The interaction between the
molecule and the metal surface, again tuned via comparison
with DFT calculations, consisted of Lennard-Jones type inter-
actions plus electrostatic terms modelled via mirror charges.
The degrees of freedom of the molecule during the global
exploration phase were reduced: only the six parameters defin-
ing the pose (position and orientation) of the molecule with
respect to the surface and the dihedral angles of the lactose
molecule were considered as free variables as far as the global
optimization was concerned. Since ab initio molecular dynamics
performed at 500 K showed no change in the rings’ conforma-
tion, these rings were considered as rigid bodies at this stage.
Low-energy conformations resulting from this exploration were
selected for further refinement at the DFT level.

2.2.2 Local refinement. DFT minimization was performed
employing the Vienna ab initio simulation package (VASP*'~>%)
with PAW pseudopotentials,®"*® using periodic boundary con-
ditions. A given periodic cell is periodic both in the parallel
(x and y axes) and perpendicular (z axis) directions to the
surface. To avoid interactions between the molecule and the
periodic images, two molecules of two adjacent periodic boxes
were separated by at least 12 A along the x and y axes, and a
vacuum region was introduced along the z-axis. The thin film
used to simulate the metal surfaces contained 4 metal layers,
the lowest one being kept fixed and all other atoms (3 metal
layers + the lactose molecule) being allowed to relax uncon-
strained. A conjugate-gradient algorithm was used to relax
the atomic positions. Since the size of the supercell was large
enough, the Brillouin zone sampling in reciprocal space
restricted to the I' point was sufficient to ensure good conver-
gence of the total energy. A plane-wave kinetic energy cutoff of
500 eV was employed and the convergence criterion was set up
so that the maximum atomic force was less than 0.01 eV A™".
For dealing with the partial occupancies around the Fermi level,
a Methfessel-Paxton smearing was used with ¢ = 0.01 eV.”® The
DFT functional used, optB86b-vdw, belongs to the dispersion-
corrected vdw-DF family, developed by Dion et al.®” In this family,

This journal is © the Owner Societies 2024
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Table 1 (Top) a-lactose minima in vacuum Miny®“: IGLOO (resp. DFT) total energy E'°'©° (resp. EPFT) in eV and dihedral angles ¢y, ¥, ¢ and  in
degrees. (Bottom) XRD and DFT structural data from the literature

Name EIGLOO qﬁ_({}LOO l//}_IGLOO d)IGLOO l//IGLOO EDFT ¢3FT l,b]]?[FT ¢DFT l//DFT
Miny® 0.0 174.1 3.6 55.4 —122.0 0.0 178.6 —2.1 60.5 —-121.8
Miny* 0.05 50.4 -13.5 —68.2 ~132.0 0.34 49.6 -12.5 ~70.3 -131.6
Miny® 0.18 22.8 —28.8 —95.8 —-147.3 0.36 26.9 -32.0 —93.3 -150.3
Minj2 0.28 6.0 178.6 —~112.6 60.2 0.37 10.3 179.1 ~-109.1 61.5
Miny?® 0.39 -17.5 -37.3 —136.2 —155.8 0.50 15.8 —48.8 -103.6 —165.6
Ref. Method a-Lactose ¢ v

Fries et al.®® XRD Monohydrate —92.6 —143.0
Platteau et al.® XRD Anhydrous —85.9/—87.3 —160.9/—153.0
Marquez et al.** DFT Anhydrous —90.4 —157.0

the van-der-Waals interaction is directly obtained from the elec-
tron density by adding a non-local term to the local correlation
functional. For evaluating electron transfers, Bader charge ana-
lyses were performed on electron densities.”®*°

2.3 Energy definitions

The adsorption energy of the lactose molecule on a given metal
surface was calculated as

— surf lact
Eads - Etot - Erelax - Erelax (1)

Here, E. is the energy of the system containing the metal slab
and the lactose molecule in the periodic cell, i, the energy
of the metal slab relaxed without the lactose molecule, and
EBSt the energy of the most stable conformation of the lactose
molecule in vacuum.

The deformation energy of the lactose molecule was

calculated as
Edet = Esp" — Erciax ()
where E&S" is the energy of the lactose molecule in its adsorbed
geometry computed in vacuum.
The deformation energy of the metal slab was calculated as#
Eder' = Esp'" — Ereiax 3)
with E53™ being the energy of the metal slab in its grafted
geometry.

Finally, the interaction energy between the molecule and the
surface was calculated as

— lact surf _ lact surf
Eint - Eads - Edef - Edef - Etot - Esp - Esp (4)

3 Results and discussion

After an exploration of the accessible conformations in vacuum
of the lactose molecule chosen for this study (cf: Section 2), we
will present the most likely adsorption conformations on the

i Note that this energy cannot be directly compared between two surfaces; it only
allows to evaluate the contribution of the surface deformation to the total
adsorption energy. To compare this value between two systems, it must be
divided by the surface area.

This journal is © the Owner Societies 2024

(111), (100) and (110) crystallographic facets of gold, silver and
copper predicted by our exploration method. The structure of
the predicted adsorbates and the associated energetics will be
discussed, together with the effect of the metal substrate and of
the exposed crystal facet on lactose adsorption. Finally, the
charge reorganization at the lactose-metal interface will be
examined.

3.1 Lactose in vacuum

IGLOO was applied to identify a representative set of low-energy
conformations of an o-lactose molecule in the Gal-chair/Gle-
chair structure in vacuum. The algorithm was run 10 times with
different seeds for the initialization of the random number
generators. The results of these runs were consistent at finding
various low-energy conformations, and in agreement with the
literature.”” Clustering of the accumulated results of all the
runs of IGLOO provided five clusters of low-energy conforma-
tions. The ¢y, Yu, ¢, and ¥ angles and the relative energies of
the representative members of these clusters are presented in
Table 1 together with the data relative to the DFT refinement of
these structures. The energy range (0.4 eV for IGLOO and 0.5 eV
for the DFT calculations), the global minimum (Min}*°) and the
energetic hierarchy between the conformers are the same with
both energy functions. Only two noticeable differences appear:
DFT calculations found an energy gap (0.34-0.37 eV) between
the most stable structure (Min}*°) and three almost isoener-
getic conformers (Miny*°, Min3y*° and Min}>¢) whereas IGLOO
found a very small first gap (0.05 eV) and conformers exhibiting
more distinct energy levels. The DFT grouping into three energy
levels is consistent with the number of hydrogen bonds present
in the structures. As can be seen in Fig. 2, Min}?¢ contains
three intramolecular hydrogen bonds, Miny*‘, Min}*® and
Min}* contain two, and Miny*® contains only one. As these
intramolecular hydrogen bonds can be considered strong on
the basis of the distances between the atoms involved, we can
estimate that each of them stabilizes the system at a few
hundred meV, which is consistent with the energy differences
observed.®!

Concerning the dihedral angles, their values are very similar
for both energy functions for conformers Min}®°, Min3®
Miny*¢ and Min}*°, with a maximum difference of 5.1° and

Phys. Chem. Chem. Phys., 2024, 26, 21134-21146 | 21137
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;- Vac
Min;

;- Vac
Min,

;Vac
Ming
Fig.2 The five low-energy vacuum conformations Miny3%s,s of
a-lactose localized by the IGLOO exploration and subsequently minimized
using DFT. Carbon atoms are depicted in green, oxygen in red, hydrogen in
white and H-bonds using yellow dashed lines.

an average variation of 2.4°. Isomer Miny*¢ undergoes a larger

structural variation during the DFT minimisation, resulting in
a modification of the four dihedral angles by 21.8° on average.
If we compare our results with structural data in the literature,
obtained from X-ray diffraction (XRD) measurements of mole-
cular crystals of lactose,®*®® we find that the experimental ¢
and  angles are more similar to those of Min}*® than to those
of the global minimum MinY*¢ (see Table 1). This is not very
surprising as the presence of neighbours within the crystal may
have a great influence on the ranking of the minima, in
particular due to the formation of intermolecular hydrogen
bonds within the crystal (possibly accompanied by the breaking
of intramolecular hydrogen bonds). Note that the DFT study
performed by Marquez et al.** gave results in very good agree-
ment with experiments; however, these authors did not per-
form a global optimization but started directly from the
experimental structure and locally minimized it. Therefore,
the results presented here are aimed to provide a more general
picture of the most probable conformations of lactose in
vacuum.

3.2 Lactose on metal surfaces - adsorption modes

The same global optimization procedure was applied to predict
the low-energy conformations of the lactose molecule in the
Gal-chair/Gle-chair structure on the nine different metal-
surface combinations: (111), (100), (110) facets for each of
the Au, Ag and Cu substrates. The most stable adsorbates
systematically belong to four families of adsorbate orientations:
U-A-U, D-V-D, D-A-U and U-V-D. These structures are shown
in Fig. 3 for Au, Ag and Cu. Their corresponding energies and
structural parameters are gathered in Table 2. Note that when
there were several structures with very similar energies for one
of the four types of deposition conformation, we chose the most
stable one. In contrast, U-A-D and D-V-U structures were
found only in rare cases and they were systematically of higher
energy than the others. Finally, none of the low-energy local
minimum conformations belonged to one of the two remaining
feasible adsorption modes, which would be classified as D-A-D
and U-V-U.

2138 | Phys. Chem. Chem. Phys., 2024, 26, 21134-21146
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In this context, an interesting question arises: what would
happen if lactose molecules were deposited on the surface
directly with one of the five types of low-energy conformations
in vacuum, instead of following the global optimization proto-
col? We find that different adsorption modes can be envisaged
depending on the conformer that is adsorbed. For example,
isomer Min}?® could give rise to a D-A-U or a U-V-D adsorp-
tion, conformers Miny>¢, Miny* and Miny*® to U-A-U or
D-V-D, and isomer Min}*° could lead to U-A-D or D-V-U.
These observations compare well with the results of the global
optimization; in particular, we will show later that the observed
adsorbates of type U-A-U or a D-V-D have the angular char-
acteristics of Miny>® and Miny®‘, and not of Miny® - the one
with the highest energy in vacuum. We note that adsorbates
corresponding to the deposition of a Miny *-type isomer
(U-A-D and D-V-U) appeared rarely during the global optimi-
zations, and only with unfavorable energies.

The energetic ranking of the different adsorption modes for
each metal-surface combination is summarized in Table 3.
Interestingly, the D-V-D and U-A-U modes, i.e., those which
would result from the deposition of conformers Miny*,
MinY¥* or Miny?°, are found to be the most stable ones in
7 out of 9 cases and the U-V-D and the D-A-U modes, ie.,
those which would appear for the deposition of isomer Min}"°,
are most stable in 3 out of 9 cases (U-V-D and U-A-U having
essentially the same energy in the case of Au(110)). These
results lead to the conclusion that there is no unanimously
preferred adsorption mode, but one can note that the D-V-D
mode is usually either the most stable or competitive, and the
U-A-U mode corresponds to the most frequent lowest-energy
alternative. In contrast, the two other modes (U-V-D and
D-A-U) exhibit higher energies in the majority of cases,
although this should not be considered a systematic outcome,
since they correspond to the most stable conformations in a
few cases.

Analyzing the shapes of the four classes of adsorbates with
the lowest energies, the side views presented in Fig. 3 show
that, from an overall morphological point of view, the lactose
molecules adsorbed according to the U-A-U and D-V-D modes
adopt an overall flat shape, whereas those adsorbed according
to the D-A-U and U-V-D modes are bent, regardless of the type
of metal. These two types of morphologies correspond to
intervals of torsion angles (see Table 2). Indeed, for the flat
molecules, the angles ¢, ¥, ¢y and Yy lie between —92.3° and
—67.3°, between —161.6° and —125.0°, between 26.8° and 51.8°
and between —43.2° and —6.3° respectively. Such torsion
angles would correspond to the deposition of Miny*¢ and
Min}**type conformers, thus excluding Miny*. As expected,
the bent molecules exhibit torsion angles that may be consis-
tent with the deposition of Miny**-type conformers, with tor-
sion angle values for ¢,,¢; and Yy in the intervals 57.4° to
71.4°, —126.5° to —116.8°, 175.3° to —172.9° and —6.8° to 3.9°,
respectively.

Considering the distance between the lactose molecule and
the surface, we note that the molecule is generally closer in the
case of the (110) surfaces. Indeed, the number of hydrogen and

This journal is © the Owner Societies 2024
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Fig. 3 Lactose molecule adsorbed on M(100), M(110) and M(111) with M = Au, Ag, Cu. Top and side views of the predicted local minima are shown.

oxygen atoms located at a distance smaller than 3.0 A from the
metal surface (N3 °) and the number of hydrogen or oxygen
atoms separated by less than 3 A from a metal atom (N¥;5™°) are
systematically larger for this surface (see Table 2). This differ-
ence is due to the crenellated nature of this surface, which
allows the molecule to get closer. In contrast, there is no
noticeable difference between the (100) and (111) surfaces with
respect to the proximity of the molecule. If we look in more
detail at the interatomic distances between the metal atoms on
the surface and the oxygen atoms of the lactose molecule, we
can see that the distance is systematically shorter in the case of
copper than in the case of gold and silver on the three types
of facets. Furthermore, the Cu-O distance is shorter on
the (110) surface and similar on the (100) and (111) facets.

This journal is © the Owner Societies 2024

The differences between the gold-oxygen and silver-oxygen
distances are less systematic: the Ag-O bond is shorter than
the Au-O bond in the case of the (100) facet, but they are
similar on the other two facets. The distance between the
hydrogen atoms and the closest metal atoms is also generally
shorter for the copper surface than for the gold and silver ones,
and for all three metals, the distance is shorter on the (110)
facet than on the (111) and (100) facets.

3.3 Lactose on metal surfaces - effect of deposition metal and
exposed facet

The most stable adsorbates we identified are always slightly less
favorable on silver than on gold and copper, as measured by
their adsorption energies (see Table 2). Concerning the
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Table 2 a-lactose molecule adsorbed on M(100), M(110) and M(111) with M = Au, Ag, Cu: DFT adsorption E,q4s and interaction E;,, energies in eV,

surf

act and of the surface ESUY

deformation energies of the molecule Edgs

in eV, dihedral angles ¢y, Y, ¢ and i in degrees, number of hydrogen N4=3° and
oxygen N5=3C atoms located at less than 3.0 A from the metal surface, number of hydrogen N&=3©
from a metal atom, minimal M—H di" and M—O dji"s distance in A, charge of the lactose molecule g

or oxygen N&=3° atoms separated by less than 3 A
<t and surface metal atoms d-band center energy

&g With respect to the metal slab Fermi level in eV before (clean surface) and after (d-band center of the silver atom closest to an oxygen atom of the

lactose molecule) adsorption

Surface  Structure  Fags  Eine  Edt  Edf  n Ym ¢ v Nio® N diwm o duls 4 e
Au(100) Clean surf. —3.28
U-A-U —-1.531 —2.038 0.489 0.019 364 —25.73 —83.1 —144.1 11/2 7/1 2.490 2.798 0.03 -—3.23
D-V-D —-1.737 —2.235 0.464 0.034 43.1 —6.3 —-76.0 —125.0 8/5 7/4 2.560 2.727 0.02 —3.24
D-A-U —1.354 —2.012 0.614 0.044 -—-173.0 2.9 69.7 —117.6 7/3 6/1 2.366 2.730 0.00 -—3.31
U-V-D -1.276 —1.908 0.517 0.115 178.7 —-3.8 61.6 —123.9 8/2 5/2 2.311  2.747 0.05 —3.23
Au(110) Clean surf. —3.16
U-A-U —-1.957 —2.521 0.483 0.080 27.3 —28.2 —91.0 —145.1 12/5 9/3 2.321  2.490 0.09 -—3.28
D-V-D —-1.900 —-2.624 0.651 0.073 41.5 -18.0 —-77.8 —135.9 11/7 6/4 2173 2.597 011 -3.17
D-A-U —1.554 —2.293 0.682 0.057 -—-176.0 —-3.8 67.1 —124.1 10/5 9/4 2.466 2.764 0.04 -3.23
U-V-D —-1.958 —2.435 0.377 0.100 —178.8 —-3.4 64.6 —123.9 9/4 6/4 2.291 2.522 0.12 -3.19
Au(111) Clean surf. -3.35
U-A-U —-1.458 —1.961 0.486 0.017 34.5 —26.9 —85.2 1454 8/1 6/1 2.501 2.743 0.02 —3.32
D-V-D —1.456 —1.883 0.407 0.020 42.7  —12.5 —-76.9 —131.0 7/2 6/0 2.442 3.156 —0.05 —3.36
D-A-U -1.718 —2.177 0.410 0.049 -176.3 0.7 66.3 —119.5 6/2 4/2 2.536 2.535 0.04 —3.38
U-V-D —-1.417 —-1.873 0.425 0.032 —179.9 —4.5 63.7 —126.4 7/3 7/2 2.433 2.758 0.02 —3.32
Ag(100) Clean surf. —3.80
U-A-U —-1.353 —1.783 0.410 0.019 34.7 —43.2 —85.5 —161.6 7/1 6/1 2.399 2,558 —-0.11 -3.71
D-V-D —1.636 —2.246 0.572 0.038 29.2 —-26.1 —90.2 —146.2 8/5 7/4 2.419 2.687 —-0.15 —3.75
D-A-U —-1.358 —1.954 0.555 0.041 —175.5 —-0.5 68.1 —120.7 6/4 5/2 2.441 2.475 —0.06 —3.77
U-V-D —1.390 —-1.894 0.469 0.035 —175.9 —6.3 67.7 —125.7 8/4 5/4 2.472 2.596 —0.09 —3.80
Ag(110) Clean surf. -3.91
U-A-U —1.829 —2.381 0.495 0.056 32.4 —42.0 —87.1 —159.7 11/5 8/3 2.300 2.484 —0.08 —3.96
D-V-D —-1.904 —2.615 0.652 0.059 51.8 —11.2 —67.3 —129.6 10/7 8/5 2.187 2.587 —0.11 —3.86
D-A-U —-1.478 —2.287 0.757 0.052 —175.6 —5.2 66.8 —124.3 9/5 6/3 2.284 2.531 —-0.12 —3.89
U-V-D —-1.290 -—-2.107 0.762 0.055 —172.9 3.9 71.4 —116.8 10/4 7/4 2.342  2.588 —0.08 —-3.97
Ag(111) Clean surf. -3.91
U-A-U —-1.313 —-1.744 0.402 0.029 27.7 —38.8 —-90.8 —156.4 6/2 6/2 2.321 2.822 —-0.11 —3.86
D-V-D —1.349 —1.834 0.458 0.028 43.1 —-12.9 -76.1 —131.6 8/4 7/1 2.543 2972 —-0.18 -—3.86
D-A-U —1.013 —-1.926 0.841 0.072 175.3 0.4 57.4 —119.8 6/3 5/2 2.710 2.458 —0.05 —4.00
U-V-D —-1.274 —-1.702 0.401 0.028 —178.2 —0.5 65.2 —121.7 7/3 4/3 2.281 2.683 —0.08 —3.87
Cu(100) Clean surf. —2.36
U-A-U —1.484 —2.219 0.687 0.047 32.5 —28.1 —86.3 —145.5 8/2 8/2 2.173 2.204 —-0.09 -2.31
D-V-D —-1.557 —2.109 0.484 0.068 44.0 -16.6 -75.9 -—135.7 8/3 7/3 2.154 2.369 —-0.18 -—2.30
D-A-U —1.463 —2.049 0.520 0.066 —175.1 0.4 68.5 —120.6 9/2 7/2 2.182 2.318 —-0.13 —2.32
U-V-D —-1.698 —1.858 0.108 0.052 —178.4 2.7 64.3 —117.0 6/2 5/2 2.144 2.306 —0.09 —2.35
Cu(110) Clean surf. —2.55
U-A-U —2.054 —2.820 0.640 0.126 36.2 —40.0 —83.2 —157.2 11/4 9/3 1.968 2.146 —0.08 —2.59
D-V-D —1.902 —2.527 0.553 0.072 50.6 —15.2 —69.4 —134.2 9/5 7/5 2.085 2.178 —-0.15 —2.60
D-A-U -1.871 —-2.611 0.670 0.070 —176.3 —6.8 67.4 —126.5 8/3 6/3 2171 2.114 —-0.15 —2.59
U-V-D —-1.812 —-1.981 0.110 0.060 175.3 1.2 57.6 —118.3 9/3 7/2 2.183 2.154 —0.08 —2.66
Cu(111) Clean surf. —2.44
U-A-U —1.447 —1.956 0.468 0.040 43.8 —19.9 —75.5 —138.8 10/1 9/1 2.490 2.234 —-0.09 -2.43
D-V-D —1.570 2.206 0.581 0.056 26.8 —29.1 —-92.3 —146.9 7/4 7/4 2.231 2.315 —-0.11 —-2.38
D-A-U —-1.508 —2.260 0.685 0.067 178.7 —-1.5 62.3 —121.1 9/3 7/2 2.333 2.187 —-0.09 -—-2.47
U-V-D -1.373 —1.926 0.508 0.045 —178.6 —-2.4 64.7 —123.9 8/3 8/2 2.499 2.234 —0.07 —2.42

competition between the two latter metals, copper wins on the
(110) surfaces and gold on the other two. For each metal,
the adsorption energies vary in the same way as a function of
the surface, with |[ESGY| > |ESY| > |EGLY|. Tt is interesting
to note that this variation is inverse to that of the atomic
density psurf of the metal facets, with pSitf, (111) > psurt
(100) surf

> patom (110).

21140 | Phys. Chem. Chem. Phys., 2024, 26, 21134-21146

This greater stability of the adsorbate on the (110) surface
can also be seen in Fig. 4, where the adsorption and interaction
energies for the nine metal-surface combinations are plotted,
presenting in each case the lowest energy for each of the four
main adsorption modes. Furthermore, we see from the graph at
the bottom of Fig. 4, which shows the variation of the inter-
action energy as a function of adsorption energy, that overall

This journal is © the Owner Societies 2024
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Table 3 For each metal-surface pair, we present the adsorption modes
of the lactose molecule ranked by increasing energy, together with the
associated energy differences (in eV), with the global minimum taken as
reference. The four colors correspond to the four adsorption modes, and

serve as visual cues

System no.1 no.2 no.3 no.4
Au(100) D-V-D U-V-D
0.0 0.206 0.384 0.461
Au(110) U-V-D D-V-D
0.0 0.001 0.058 0.404
Au(111) D-V-D U-V-D
0.0 0.259 0.262 0.301
Ag(100) DV-D | UV-D
0.0 0.246 0.277 0.282
Ag(110) D-V-D U-V-D
0.0 0.075 0.426 0.614
Ag(111) D-V-D U-V-D
0.0 0.036 0.075 0.336
Cu(100) U-V-D D-V-D
0.0 0.141 0.214 0.234
Cu(110) D-V-D U-V-D
0.0 0.152 0.183 0.243
Cu(111) D-V-D U-V-D
0.0 0.062 0.122 0.196
Au eAg eCu
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Fig. 4 Adsorption (top) and interaction (middle) energies of the lactose
molecule on the different facets of gold (yellow), silver (grey) and copper

(brown) surfaces; the correlation between the two energies is shown at the
bottom.
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there appears to be a rough correlation between adsorption and
interaction energies for the nine metal-surface pairs. However,
we note several exceptions, for which the adsorption energy E,qs
of the lactose molecule is either much lower (e.g., U-V-D
on Cu(100) and on Cu(110); see Table 2) or much higher
(e.g., U-V-D on Ag(110) and D-A-U on Ag(111); see Table 2)
than the value expected from the correlation diagram. From
Table 2, we see that for the conformations associated with these
two groups of outliers, the deformation energies E2t are either
much lower or much higher than the average deformation
energy (0.522 eV), respectively. Let us recall that the interaction
energy equals the adsorption energy after subtracting the
deformation energies of the surface (Efj‘éﬁf) and of the molecule
(E5SH) (see eqn (4)). The surface deformation energy being
systematically very low (see Table 2), an outlier value in the
lactose deformation energy is directly reflected in a deviation
from the adsorption vs. interaction energy correlation plot.
If we focus solely on the lowest-energy structure, i.e., the global
minimum, for each metal-surface pair, then the ranking of the
three types of surface by the adsorption energy and by the
interaction energy are the same for Ag and Au substrates,
whereas for Cu the order of the two rankings is reversed for
Cu(111) and Cu(100).

Preferential adsorption on the (110) facet compared to the
(111) and (100) ones has already been reported in the litera-
ture for DNA bases,” N-containing ligands®® or ampicillin
antibiotics®” deposited on gold surfaces, and for organic con-
taminants adsorbed on palladium surfaces.’® In the case of
aromatic molecules, different types of interaction have been
reported as a function of the metal surface, with physisorption
found only on (111) facets and a partial chemisorption on (110)
facets.®® The differences between facets are sometimes more
nuanced, with similar adsorption energies found for methoxy,
methanethiol and methylamine radicals on Au(110) and
Au(100) facets.” Beyond the adsorption of molecules on pure
metals, facet-dependent properties have also been reported

concerning molecular adsorption or assembly on oxides® 74

and catalytic properties of metal and oxide surfaces.®">'>707*

Considering now the effect of the metal type on the adsorp-
tion of a given molecule, we note that while in the case of
lactose we observed that the adsorbates are slightly more stable
on gold and copper than on silver, this order changes for
aromatic molecules, for which a more favorable binding was
reported in the case of Au(111), followed by Ag(111) and then
Cu(111).°>”° Interestingly, in the case of the adsorption of
atomic oxygen on cuboctahedral nanoparticles in the diameter
range of 0.7-3.5 nm, the opposite is observed: the most favor-
able adsorption occurs on copper, a median on silver and the
least favorable on gold,”® in agreement with the well-known
oxidation resistance of Au.

To explain the differences in adsorption strength of mole-
cules on various metallic surfaces, two related arguments are
frequently mentioned in the literature. The first concerns the
under-coordination of the metal adsorption sites, whether in
the case of extended surfaces’” or nanoparticles.”® The more
the site is undercoordinated, the stronger the adsorption.
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This hypothesis is compatible with our data for lactose, where
the (110) facet exhibits the most undercoordinated metal atoms
among the three facets investigated. The second argument
concerns the position of the d-band center of the metal with
respect to the frontier orbitals (HOMO and LUMO) of the
molecule, often described as a relevant factor for determining
adsorption site preference.” In this theory, often referred to as
the d-band center model, the higher the metal d-band center,
the stronger the molecule-metal bonding. This assumption is
based on a decrease in the filling of the antibonding states
when the d-band center is higher in energy. As a corollary, the
lower the d-band center, the weaker the bonding. However, in
the case of lactose, the variation of the energy level of the
d-band center of the metal surface atoms is not correlated with
that of the adsorption energies for silver and copper (see
Table 2 and Fig. 4). This lack of agreement is probably linked
to the fact that the d-band model has been developed to predict
the strength of a bond formed between a transition metal
surface and a small molecule. Thus, the model reaches its
limits of plausibility when the size of the molecule is such that
the contribution of dispersive forces to the interaction, and
thus to the adsorption energy, becomes non-negligible.

3.4 Lactose on metal surfaces - charge reorganization at the
interface

The electronic density at the lactose-metal interface is shown
on the left part of (Fig. 5) for the case of the lactose molecule
adsorbed on Cu(110) via the U-A-U mode. These isosurfaces
highlight the presence of electron density between several
oxygen and hydrogen atoms of the lactose molecule and the
copper surface. The electronic density re-organization that
occurs when depositing the molecule on the metal surface is
shown as isosurfaces on the right part of this figure. This
density re-organization is obtained by subtracting the electro-
nic density of the surface and the molecule in vacuum from the
one of the whole system. (Fig. 5) demonstrates that only the
electronic structure of the molecule moiety facing the surface is
impacted by the adsorption, with the majority of the electronic
reorganisation taking place at the interface. The electronic
reorganisation observed at the interface is reflected in the
computed adsorption energies, which are characteristic of
strong adsorption, where the highest adsorption energies
found on the nine metal-surface combinations ranged from
—1.349 to —2.054 eV.

3 9‘)4
33683@@% @ ﬁﬁm

O~ ) Q;;r”\’~{
Fig. 5 Isosurfaces of the electronic density (isovalue 0.03 e A=) (left), and
of the electronic density difference (isovalues +0.0018 e A~% in yellow and
—0.0018 e A=3 in cyan) (right), for the U~A-U orientation of the lactose
molecule adsorbed on Cu(110).
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To confirm that the nature of lactose adsorption on the three
studied metals is chemisorption, the atom-projected density
of states were computed for the U-A-U orientation of the
lactose molecule on the (110) surfaces. For each of them, the
d-projected density of states of the metal atom and the
p-projected density of states of the oxygen atom are depicted
in Fig. 6 for the pair of atoms with the smallest interatomic
distance (dys). For the three metals, a hybridization between
the metal d orbital and oxygen p orbital is observed, confirming
chemisorption. To evaluate the influence of adsorption on the
position, relative to the Fermi level, of the d-band center of the
metal atom implied in dmin its d-band center was calculated
for the 36 metal-surface-adsorption structure combinations for
comparison with the one of the corresponding clean metal
surface (see Table 2). We can observe that the effect of lactose
adsorption on the center of the metal d-band is very weak
whatever the metal-surface combination, with a shift between
—0.12 and +0.09 eV.

The charge transferred between the metal and the molecule
is very small, with a maximum value of 0.12e for gold and 0.18e

Au
O_

PDOS (Arb. units)

PDOS (Arb. units)

PDOS (Arb. units)

-8 -6 -4 -2 0 2
Energy (eV)

Fig. 6 p-Projected density of states for oxygen atom (red line) and
d-projected density of states for gold (yellow), silver (grey) and copper
(brown) surface atoms for the pair of atoms with the smallest interatomic
distance (dfi"o, cf. Table 3) in the case of the U~A-U orientation of the
lactose molecule adsorbed on (110) surfaces. The dotted line at £ = 0 eV
indicates the Fermi level.
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for silver and copper (Table 2). In the case of silver and copper,
the electron transfer occurs from the metal to the molecule.
In the case of gold, it occurs in the opposite direction, ie.,
from the molecule to the surface, except for one of the struc-
tures. Such a dependence of transfer direction on the metal
constituting the surface has already been reported in the case
of tetraphenylporphyrin adsorbed on Au(111), Ag(111) and
Cu(111).”° For a given metal, subtleties in the direction and
magnitude of charge transfer have been described in the case of
DNA bases on gold nanoparticles, for which the transfer was
found to depend on the kind of exposed metal facet.®®

In summary, most of the electronic reorganization takes
place at the lactose-metal interface during adsorption - the
nature of which is chemisorption -, and the charge transfer
direction depends on the metal. The atoms of the lactose
molecule pointing towards the vacuum side are not affected
by the adsorption.

4 Conclusions and perspectives

In this study, we have performed global explorations of the
energy landscape of a lactose molecule, in the Gal-chair/Glc-
chair structure, in vacuum or placed on the (111), (110) and
(100) facets of fcc Au, Ag, and Cu substrates. Using the IGLOO
algorithm, we predicted not only the global minimum but
several other low-energy conformations of the lactose molecule
both in vacuum and adsorbed on each of the nine metal-surface
combinations. The predicted low-energy adsorbed structures
cluster into four main groups, which can be related to the most
likely conformations of lactose in vacuum. The most stable
representatives of these four groups were found below a thresh-
old energy located between 0.196 and 0.614 eV above the most
stable minimum for each metal-surface pair. No unanimously
preferred adsorption mode was found on the surfaces. However,
even though this observation is not systematically true, some of
those, in which the molecule adsorbs in a flat mode on the
surface, seem to be favoured over those in which the molecule is
bent. As expected, the distance between the molecule and the
surface is shortest for the crenellated facet (110), while the (111)
and (100) surfaces appear to have similar molecule-surface dis-
tances. This distance was found to be shorter for copper than for
silver and gold.

The adsorption was found to be strongest on the (110)
surface of the three studied coinage metals (with adsorption
energies of —1.958 eV for gold, —1.904 eV for silver and
—2.054 eV for copper, respectively). This is followed by
the (100) one (—1.737 eV for gold, —1.636 eV for silver and
—1.698 eV for copper, respectively), with the most unfavourable
being the (111) in all cases (—1.718 eV for gold, —1.349 eV for
silver and —1.570 eV for copper, respectively). Ag surfaces were
systematically found to be the least favorable ones, despite the
similarity in atomic structure between gold and silver. This
finding highlights the importance of metal electronic structure
in the adsorption of small saccharides on metal surfaces.
Moreover, the non-applicability of the classic d-band center
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model in the case of lactose suggests a non-negligible contribu-
tion of the van der Waals forces to the lactose-metal surface
interactions. The readjustment in the electron density of the
lactose molecule when placed on the surface was investigated.
The reorganization was found to be concentrated on the atoms
that are in closest contact with the surface atoms, adsorption
having been found to be chemical in nature. The electron
density located at the outer atoms far away from the surface
(facing the vacuum) essentially experienced no change during
adsorption. The charge transfer occurring at the metal-mole-
cule interface is small (with a maximal transfer of 0.18 electron)
and metal-dependent.

This study demonstrates that optimal conformations of the
lactose molecule on the surface can still be related to optimal
conformations in vacuum. This validates many modeling
approaches that rely on the simple deposition of the optimal
vacuum conformations onto the surface followed by a simple
local optimization. However, this work highlights that taking
into account only the global minimum of the conformations of
the molecule in vacuum in such a placement-based approach
would have been insufficient for determining the global mini-
mum conformation of the molecule on the surface. Further-
more, it is crucial for such a type of study to employ many
different starting conformations corresponding to low energy
minima in vacuum. Clearly, the predictions obtained in this
work pose a great challenge and opportunity for experimental-
ists, who are provided with a target for deposition experiments
of single lactose molecules followed by, e.g., atom-level resolved
measurements of the structure of the deposited molecules.
Regarding possible insights for practical applications, this
study demonstrates the importance that the machining of
metal parts, and therefore the control of exposed facets, can
have on their interaction with everyday molecules. In future
computational work, an important issue will be to quantify the
contribution of dispersion forces to overall adsorption and to
assess whether surface reconstruction phenomena have an
effect on the facet-specificity of sugars, as has been observed
in the case of peptide adsorption on gold.*°
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