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Water greatly impacts on the nhanomechanical
degradation of functionalized surfaces

Martin E. Zoloff Michoff, (& +* Przemystaw Dopieralski ‘2 § and Dominik Marx

The functionalization of gold nanoparticles by attaching polyethylene glycol (PEG) chains via sulfur-based
anchors is a popular approach in technological and nanomedicinal applications. Still, the molecular
mechanisms of nanomechanical degradation of such PEGylated gold interfaces exposed to aqueous
environments remain unknown. Using isotensional ab initio simulations we find that water plays a pivotal
role in both purely mechanical rupture and mechanochemical degradation scenarios. These are not
determined by force transduction, but rather by distinct interactions of water molecules with the
chemical anchors that attach PEG to gold. Based on these insights, shielding against solvation by water is
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Introduction

Functionalization of surfaces by chemical bonding of tailored
molecules is a simple and yet powerful way to produce custom-
made materials with specific and tunable properties. Biomi-
metic self-assembled membranes in lithium-sulphur batteries,*
biocompatible electrodes,>® temperature or strain sensors,**
ultrathin gold films for stretchable electronics,” and coated
nanocarriers for targeted drug delivery®*° are just a few exam-
ples of the broad scope of such applications.

The design of these molecules is of utmost importance since
they not only protect the material, but also influence its inter-
actions with the surrounding media and, in particular, also
affect the material as such through specific hybrid metal-
organic interfacial interactions via their anchoring
junctions.”™ Functionalization based on polyethylene glycol
(PEG) units, commonly dubbed as “PEGylation”, is a broadly
used technique to create functionalized and biocompatible
surfaces.'"'*** Particularly PEGylated gold nanoparticles have
been successfully developed to prevent immune response in
nanomedicine with enhanced colloidal stability for cancer
treatment.'>” PEG coatings can be further functionalized in
order to bind, for instance, large antibodies to gold nano-
particles as effective biosensors.” Such PEG chains are
customarily attached to gold species using sulfur (S)-based
anchoring groups, such as thiols and the more strongly
binding bidentate thioctic (or lipoic) acid group (TA) that offers
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expected to significantly increase their stability toward mechanically-assisted degradation.

two instead of only one covalent metal-molecule junction to
firmly anchor PEG-TA on gold species.">*

In any real application, the key issue is the stability of the
capping layers including their shelf life, as shown for surface-
functionalized porous silicon nanoparticles,*® sulfonated
magnetic carbon-cobalt nanoparticles,* and
perchlorotriphenylmethyl-modified gold surfaces*” to name but
a few. Specifically for PEGylated gold, the relative stability of
different mono- versus bidentate S-functionalities as anchors
has been explored in detail.*®*** Although most of this work is
focused on the structural integrity and thermodynamic stability
of Au-S interfaces, there are some experimental**?* and
theoretical®®*** studies that address the critical role of their
nanomechanical stability. More importantly, also the solvent
and notably water has been recently found to greatly influence
the stability of such hybrid interfaces.*>*® This is similar to what
has been discovered in the realm of biomechanical processes,
where water has been demonstrated to play a crucial role in
mechanically activated disulfide bond cleavage.”* Still, the
impact of solvent effects on the mechanical stability and
chemical degradation mechanisms of metal-organic junctions
and interfaces has not yet been addressed, including our own
investigations,*>*>** and thus remains terra incognita. There-
fore, we set out to investigate the impact of an aqueous envi-
ronment at ambient conditions, present in virtually all
applications of functionalized metal-organic interfaces, on
nanomechanical degradation. Our chosen model, depicted in
Fig. 1, consists of a PEG-TA molecule anchored on a gold slab
embedded in an explicit water environment. Ab initio molecular
dynamics (AIMD) simulations® were carried out to study, on
one side, the purely mechanical degradation process of the
hybrid metal-organic interface, and on the other, the mecha-
nochemical reactivity towards the nucleophilic attack of OH™
towards the anchoring S atoms, thus leading to molecular
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Fig. 1 Computational PEG-TA model, see text, covalently anchored
on the Au(111) surface together with all H,O molecules subject to
periodic boundary conditions; note that the initial surface contains an
additional Au adatom as detailed in the text while this snapshot visu-
alizes the situation where a second Au atom has already been lifted out
of the surface due to pulling the molecule away from the surface as
visualized and analyzed in subsequent figures. The relevant Au and S
atoms are labeled and the orange circle marks the subsystem high-
lighted in configurational snapshots depicted in subsequent figures.

detachment from the surface. Most notably, we discover that
water plays an overriding role in processes that occur right at
stressed metal-organic junctions - thus leading to very different
rupture and degradation scenarios from those hitherto known.

Computational details

Preliminary molecular calculations were carried out using the
Gaussian program package® together with our in-house
implementation to add constant external forces in order to
explore the stretching response of PEG models with different
chain lengths (see Section S-I in the SI for a full account). Once
our specific PEG-TA model as analyzed herein has been defined,
it was first anchored on a gold surface. Our Au(111) surface
model consists of a 5 x 6 slab of 4 gold layers with one addi-
tional Au adatom placed at a hollow site, resulting in a total of
121 Au atoms, where the bottom-most layer is kept fixed at the
optimized lattice positions throughout. We stress that it has
been well established for a long time that gold adatoms are
broadly present on reconstructed Au(111) surfaces in experi-
ments and that they play a key role in the Au-S bonding motif;
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in particular the herringbone-reconstructed (111) surface acts
as a source of reactive gold adatoms that drive thiolate self-
assembly®*~* as reviewed in detail.>*** The underlying reason is
that such adatom defects provide under-coordinated, and thus
strongly interacting, reactive anchoring sites for thiolates on
reconstructed gold surfaces at typical experimental conditions.
In other words, attaching the PEG-TA molecule somewhere on
a flat, pristine Au(111) surface would provide an unrealistic
model to study nanomechanical degradation processes. Thus,
on our gold surface model, the PEG-TA molecule was anchored
by means of two S-Au bonds in a tweezer-like arrangement in
which the Au adatom is located in between the two S atoms.
This particular bonding motif was chosen in such a way as to
resemble the S-Au-S pattern exhibited by thiol-based SAMs on
Au(111) surfaces at low coverage in the stripe phase® and has
been optimized in the absence of stretching.

This initial optimized geometry, see Fig. 2a, was subse-
quently subject to isotensional and isometric pulling proce-
dures (we refer the interested reader to a comprehensive review
article on computational covalent mechanochemistry for
background and discussion of these different stretching tech-
niques®). At this stage, Quantum Espresso software® (PWscf)
was used for optimizations. The PBE®* density functional and
Vanderbilt's ultrasoft pseudopotentials®* were employed. This
particular electronic structure setup has been carefully vali-
dated in previous work*** for very similar hybrid metal-organic
interfaces in vacuum. The optimized structures from iso-
tensional stretching of the PEG-TA molecule perpendicular to
the surface at constant normal forces of 1.0 and 1.6 nN are
shown in Fig. 2b and c, respectively, where a second Au atom
gets extracted out of the gold surface in line with earlier work.

As can be seen, applying a constant external force of F = 1.0
nN in the direction perpendicular to the Au(111) surface is
necessary to fully stretch all soft degrees of freedom. At this
stage, a gold atom is also pulled out of the surface. When the
external force is increased to 1.6 nN, this Au atom is completely
extracted from the surface. Notably, when the force was

Fig.2 Isotensional stretching of PEG-TA normal to the Au(111) surface
in vacuum. Configuration snapshots of the optimized structures ob-
tained (a) in the absence of external force and by applying a constant
external tensile force of (b) F = 1.0 and (c) 1.6 nN to the carbon atom in
the terminal —CHsz group of the PEG-TA species in the direction
perpendicular to the gold slab surface. Note the Au adatom placed at
a hollow site in the initial configuration depicted in panel (a) and the
second, extracted Au atom in panel (c) as a result of mechanical
pulling, see text and the configuration depicted in Fig. 1 subject to full
solvation by water molecules.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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subsequently decreased to 1.2 nN this structure remained
stable, thus representing a stable plastic deformation of the
initial bonding pattern due to isotensional stretching. In the
early stages of the isometric pulling procedure (refer to Section
S-ILA in the SI), a remarkably similar structure, in which
a second Au atom is pulled from the surface, is produced
(namely structure 2 in Fig. S2). This representative geometry,
which will play an important role in nanomechanical detach-
ment scenarios, was then solvated using a total of 144 water
molecules, as described in detail in Section S-III of the SI. For
these dynamical AIMD simulations® at finite temperature that
involve the explicit solvent molecules, we have made use of the
efficient Car-Parrinello propagation scheme® as implemented
in the CPMD program package,* see Section S-IV. The under-
lying electronic structure has been computed on-the-fly simi-
larly as in the aforementioned static PWscf calculations, see
above for details, using the spin-restricted PBE*' exchange-
correlation functional. The periodic supercell for all AIMD
simulations was an orthorhombic box with dimensions of a =
31.995 A, b = 15.150 A, ¢ = 14.580 A that resulted from the initial
setup procedure described in detail in the SI. A timestep of
0.0484 fs was used together with Nosé-Hoover thermostating of
both nuclei and electrons, with the atomic masses of all
hydrogens substituted by deuterium masses to allow for more
efficient propagation. For the nuclei, a temperature of 400 K was
chosen as it has been shown in the literature to be the value that
should be used to describe the structural and dynamical prop-
erties of liquid water at ambient conditions in conjunction with
the PBE functional.®

For the purely mechanical detachment of the PEG-TA from
the Au surface subject to explicit solvation by liquid water, we
performed AIMD simulations with our in-house modified
CPMD code that allows for the inclusion of an arbitrary
constant external force, which acted on the carbon atom of the
terminal methyl group pointing in the direction perpendicular
to the surface, as indicated by the F arrow in Fig. 1. The
advantage of this well-established isotensional stretching
technique over the usual isometric approach (as reviewed
earlier”) is the ability of the former to perfectly control the
magnitude of the normal tensile force acting on the C-terminus
of the PEG-TA chain that is covalently attached to the gold
surface. The isotensional approach also provides access to
force-transformed free energy surfaces®® as validated and
successfully applied previously.***’-**¢ Notably, tensile forces of
a few nN as required to break covalent bonds®” and thus applied
in our study are routinely reached in AFM experiments
including their operation in isotensional constant force
mode.>

In these constant force AIMD simulations we first performed
equilibration runs at a given force value for typically 1-2 ps. We
typically observed that the so called “mechanical coordinate
(M.C.)”, i.e. the vertical distance from the fixed Au bottom layer
to the terminal carbon, was already stable after such rather
short propagation. At this point a snapshot was taken to be the
initial configuration for a run in which the external force was
increased by an increment of 0.2 nN. This process was repeated
starting with a force value of 1.2 nN up to a value of 3.4 nN, at
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which, as is described in detail below, the complete detachment
of TA-PEG from the surface was observed. At each force value,
a total of 8-10 ps of AIMD production runs was accumulated in
order of have meaningful statistical results. To study the
mechanochemical reactivity in alkaline conditions, a water
molecule about 3.5 A away from a given S anchoring atom was
selected to be deprotonated and thus become a OH™ species.
This nucleophile will covalently attack the PEG-TA/Au(111)
junction in aqueous solution in various ways at finite tensile
forces to probe the mechanochemical reactivity of the S-Au
anchor as analyzed in detail in the “Results and discussion”
section. However, a well-known practical limitation of any AIMD
simulation is that it cannot access as such the rather long
timescales required to observe the breaking and formation of
strong covalent bonds since the thermal energy is much smaller
than the energy barriers that separate reactants from products.
Thus we have employed as usual a well-established enhanced
sampling (“rare event”) technique in conjunction with dynam-
ical isotensional AIMD simulations.*”***® Specifically, we have
used the ab initio thermodynamic integration technique based
on the so-called “blue moon” sampling®”® adapted to the
framework of AIMD simulations.*® The reaction coordinate in
all the isotensional AIMD simulations performed in this work
has been the distance between the selected sulfur atom, either
S(1) or S(2), and the oxygen atom from the attacking nucleo-
phile, i.e. OH™. We note in passing that in the thermodynamic
integration approach, alternative reaction pathways were not
necessary to be considered since the simulations consistently
favored the two primary dissociation routes while not exploring
alternative pathways. Moreover, in the case of pure mechanical
detachment, also no additional bond breaking events were
observed beyond those described.

Finally, a well-acknowledged fundamental issue when
dealing with hydroxide ions in aqueous environments,
OH ™ (aq), is that this ion undergoes Grotthuss-like structural
diffusion, thus easily exchanging the particular oxygen atom
that hosts the charge defect with others during the reactive
AIMD simulations as is well known.”>”> Hence any reaction
coordinate that is based on identifying and constraining the
particular oxygen atom of the initial OH™ ion will be unsuc-
cessful in view of structural diffusion of that charge defect since
Grotthuss diffusion leads to easy exchange of the specific
oxygen atom that is the basis of the hydroxide defect; we note in
passing that the very same problem occurs for the hydrated
proton in water, H'(aq). To circumvent this problem we have
implemented a well-known algorithm? to deal with this situa-
tion in an elegant way as proven to be successful in the original
work.” This algorithm is meant to prevent any proton transfer
from any solvent water molecule to the OH™ ion, and thus the
structural component to the total diffusion of OH™ is avoided.
To this end, whenever the distance between the oxygen of the
hydroxide and any hydrogen of any close by H,O molecule is
smaller than 1.3 A the relative momentum vector of the corre-
sponding pair is reversed in that algorithm.”
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Results and discussion

As we have anticipated, in this work, we investigate solvent
effects on (i) purely mechanical degradation processes as well as
on (ii) mechanochemical reactivity of PEGylated gold interfaces
toward chemical degradation all fully embedded in liquid water
to mimic realistic conditions. All our results, as we discuss in
detail below, point to solvation effects as being the key aspect in
opening new reaction pathways that were not observed in
vacuum in earlier work.*’ These chemical interactions of water
molecules with the molecular anchor sites that attach PEG to
gold overrule the physical effect of force transduction as we will
demonstrate. Thus, solvation is a fundamental aspect that must
be considered in any computational work that aims to investi-
gate the nanomechanical stability of gold surfaces at realistic
wet-chemical conditions that have been functionalized using
sulfur-based anchors, such as PEGylated gold interfaces.

Mechanical degradation of PEG-TA on Au

Let us start with analyzing the purely mechanical detachment
process. In the pre-stretched starting configuration, see SI
Section S-II, one sulfur atom of the bidentate thioctic acid, S(2),
is attached to a single gold atom in the surface, Au(1), while S(1)
is connected to two adatoms, Au(2) and Au(3), thus forming
a triangular motif, see Fig. 1. The evolution of the hybrid metal-
organic junction as a function of F, i.e. along the mechanical
detachment pathway, consists of a series of elastic deformation
regimes highlighted as gray areas in Fig. 3a and b. The change
from one elastic regime to the next one occurs via sudden
plastic deformation events (marked by white regions) which
happen in between the maximum and minimum force values,
respectively, of the two subsequent elastic regimes. Elastic
regimes are consistent with various Au-Au and/or Au-S bonds
being continuously stretched to different lengths, whereas
plastic transformations are characterized by specific Au-Au
and/or Au-S bonds being formed or broken discontinuously as
visualized in Fig. 3b together with the configuration snapshots
in panel (c). For instance, the plastic deformation observed
when the force is increased from 2.0 to 2.2 nN is due to the
sudden breaking of the S(1)-Au(2) bond after having reached its
maximal elastic elongation of =2.8 A resulting in a distance
jump to 3.5 A.

As the force is further increased from 2.4 to 2.6 nN, the
interface is modified by the breaking of Au-Au bonds resulting
in Au(3) being lifted from the surface. This is even more
pronounced upon increasing F to 2.8 nN, with the concurrent
breaking of the S(2)-Au(1) bond, setting up the stage for the
final detachment. As F increases to 3.2 nN, Au(3) is lifted far
away from the surface while the S(1)-Au(3) bond remains strong
with the concurrent breaking of the Au(2)-Au(3) bond (upper
open green triangle). In addition, also the S(2)-Au(1) bond
breaks at this stage leaving Au(1) within the gold surface, which
ultimately leads to an upright Au(2)-S(2)-Au(3)-S(1) zig-zag
chain pattern that now defines the metal-molecule contact, as
illustrated by the configuration corresponding to the still intact
junction at 3.2 nN in Fig. 3c, just before detachment occurs.
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This particular bonding pattern is characteristic of the high
force regime, ie. above 3 nN, leading to a highly stressed
junction where thermal fluctuations readily induce the final
breaking of the gold-PEG anchor, thus leading to the complete
detachment of the molecule from the Au surface that yields two
different products as depicted in the rightmost snapshots of
Fig. 3c.

Most interestingly, two qualitatively different mechanical
detachment channels are observed: one in which the rupture of
the junction takes place by ripping apart the Au(2)-Au(3) bond
as a result of applying sufficient mechanical stress, pathway I.
This generates a 6-membered ring-like gold-molecule complex
consisting of three C atoms of the thioctic acid (TA) and its two S
atoms which bind the Au(3) atom in a tweezer-like ---S-Au-S---
arrangement after detachment as illustrated in the rightmost
lower (F = 3.2 nN) configuration shown in Fig. 3c. In stark
contrast, pathway II leads to a chemical isomerization process
involving an H atom transfer reaction from a carbon to S(1) that
occurs just prior to S(2)-Au(2) and S(2)-Au(3) bond breaking,
now leaving all Au atoms attached to the surface as depicted in
the rightmost upper (F = 3.4 nN) inset of Fig. 3c. How can these
very different mechanical degradation pathways I and II be
rationalized? The key turns out to be water. Thermal fluctua-
tions of this liquid can lead to vastly different solvation patterns
of the stretched gold-molecule junction as quantified by the
analysis of the number of hydrating water molecules; see
Section S-VI.A for computational details. In scenario II, one
sulfur atom, S(1), is much exposed to solvent molecules which
allows for non-covalent interactions (hydrogen bonding) of S(1)
with as many as 2.1 water molecules on average, see the upper
S(1) histogram for F = 3.4 nN in Fig. 3d. Such significant sulfur-
water non-covalent bonding produces a marked weakening of
the covalent S(1)-Au(3) bond, which ultimately leads to the
detachment of the molecule without any attached Au atom. In
stark contrast, the two S atoms are significantly less solvated in
scenario I (by only 1.7 and 1.3 water molecules on average, see
the full lower S histograms for F = 3.2 nN in Fig. 3d). This
reduced solvation number (resulting in reduced non-covalent
bonding), in turn, strengthens the covalent S(1)-Au(3) bond,
leading to the breaking of the Au(2)-Au(3) bond and the
detachment of Au(3) together with the molecule in the tweezer-
like complex.

Refined analysis is based on computing the hydration
numbers of the two anchoring sulfur atoms S(1) and S(2) due to
nearby water molecules; it is computed from counting the
number of hydrogen atoms from water molecules within
a suitable distance cutoff of 2.9 A from the respective sulfur
atom during the very process of detachment. While at the lower
force, F = 3.2 nN, both sulfur atoms have similar hydration
numbers before the final detachment of the molecule occurs, it
is found that the S(1) sulfur is better solvated after rupture. At
the higher force, 3.4 nN, the situation is the opposite: in this
case the sulfur atom S(1) is better solvated than S(2) before
rupture sets in, while they acquire a quite similar solvation shell
after detachment.

This important observation is analyzed and quantified in
detail in Fig. 4. It is seen that at F = 3.2 nN, sulfur S(1) is

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Panel (a): evolution of the mechanical coordinate (M.C., defined as the distance from the bottom-most Au layer to the terminal C atom) as
a measure of stretching the metal—-organic junction at the interface as a function of normal tensile force F. The gray areas highlight the different
elastic regimes that are separated by plastic deformation events (highlighted using white background) that occur between the respective forces
that delimit subsequent elastic regimes (see text). The open symbols at F = 3.2 and 3.4 nN refer to the M.C. after full detachment of PEG-TA from
Au(111) has occurred with the two respective product configurations depicted on the right side in panel (c). Panel (b): evolution of important S—Au
distances (see Fig. 1 for atom labeling) and Au(2)-Au(3) bond distance along the mechanical detachment process as a function of F. The open
symbols at F = 3.2 and 3.4 nN again refer to the corresponding detachment products. Panel (c): representative configuration snapshots with
a focus on the relevant atoms at this metal—organic interface (refer to orange circle in Fig. 1) at relevant force values as indicated by the arrows in
panel (a) including the detachment products obtained at F = 3.2 and 3.4 nN. Panel (d): hydration number histograms (see Section S-VI.A for
computational details) of the two anchoring S atoms at F = 3.2 and 3.4 nN right before final detachment, see insets in panel (c) for representative

configurations.

similarly solvated before and after the mechanochemical
detachment (see two bottom insets in this figure) while S(2)
hydration drops down after the detachment and mostly two
water molecules are in the first hydration sphere. It should be
noted that the histograms displayed here for the hydration of
both S atoms in the situation before breakage differ from those
shown in Fig. 3d because, in this case, only a very short portion
of 3000 sampling steps just before the breaking event was
analyzed, whereas in the other case, a much longer AIMD
simulation was taken into account to provide averaged
information.

Since the hydration number of the sulfur atoms is deter-
mined by thermal fluctuations of the local solvation environ-
ment and thus by ensemble statistics, it is expected that both
pathways are observed upon purely mechanical breaking of the
gold-PEG anchor. From previous work of such junctions in
vacuum,* it is known that mechanical detachment of the TA
molecule from gold in the absence of water leads to the tweezer-

© 2026 The Author(s). Published by the Royal Society of Chemistry

like ---S-Au-S--- arrangement, which is what we find here only if
the S atoms are weakly interacting with water, leading to
scenario I. Thus, we discover that mechanical degradation,
where no gold atoms are ripped off from the surface together
with the detached molecule, provides a novel detachment
pathway that is enabled by the presence of solvating water
molecules significantly interacting with the anchoring sulfur
atoms and, thereby, weakening the respective S-Au bonds. That
latter solvation-induced non-covalent sulfur-water interaction
effect - with its decisive impact on mechanically stressed and
thus weakened covalent sulfur-gold interactions - is obviously
not existing in the absence of water, i.e. in the gas phase,* while
it is expected to offer a major mechanical detachment channel
that is operational in typical wet lab environmental conditions.

Reactivity of PEG-TA on gold under mechanical stress

Having discovered that water plays a crucial role in purely
mechanical degradation processes, we now ask if water also

RSC Mechanochem.
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Fig.4 Statistical analysis of the hydration of the two sulfur atoms by water molecules shortly before and after mechanical detachment at F = 3.4
and 3.2 nN (see rightmost panels in Fig. 3c). Panel (a): evolution of the hydration numbers of sulfur atoms S(1) (red line) and S(2) (black line) shortly
before (yellow background) and after (blue background) the breaking event, F = 3.4 nN (top) and F = 3.2 nN (bottom). Panel (b) (top): hydration
number histograms of S(2) at F = 3.4 nN before (left) and after (right) breaking. Panel (b) (bottom): hydration number histograms of S(1) at F = 3.2
nN before (left) and after (right) breaking. Panel (c): hydration number histograms of the two sulfur atoms at the two respective forces F = 3.4 nN
(top) and F = 3.2 nN (bottom) averaged over the full depicted sampling interval before and after detachment.

impacts on the mechanochemical reactivity of PEGylated gold
surfaces. Since PEGylation is much used in nanomedicinal
applications involving gold-based drugs, we consider the fact
that physiological pH is slightly basic,”*”* implying an excess of
solvated hydroxide ions, OH (aq). These ions, in turn, are
known to attack sulfur sites in aqueous environments
(following what is called a nucleophilic reaction mechanism); as
usual only a single OH ™ ion is included in the AIMD simulation
supercell to investigate the very local chemistry that occurs if
this nucleophile attacks the sulfur-gold anchor site in alkaline
aqueous environments. In total, we studied four different OH ™ -
assisted mechanochemical degradation processes of our fully
solvated metal-organic interface as visualized in Fig. 1, namely
attack on S(1) and S(2) at constant tensile stresses of F = 1.2 and
2.0 nN. These two tensile forces were chosen for two reasons:
first of all, they are within the typical range of forces used in
single-molecule force spectroscopy experiments to study
mechanochemical processes in AFM-type setups.>»®%

RSC Mechanochem.

Secondly, they allow us to disclose the relevant reactive mech-
anochemical degradation scenarios at representative “lower”
and “higher” forces while not simply breaking the junction “by
brute force” as already found above in purely mechanical
degradation scenarios (recall Fig. 3).

A first surprising finding is that a significant increase in the
tensile stress from 1.2 to 2.0 nN does not enhance the reactivity
toward mechanochemical degradation: the free energy barriers
are found to be very similar at the two forces, compare the
dashed to the solid lines in the yellow region of Fig. 5, for the
attack on both anchoring atoms S(1) and S(2) distinguished by
black and red curves, respectively. This observation is totally
different to what is known for the attack by OH™ on mechan-
ically stretched sulfur bonds in biomolecules, where a signifi-
cant barrier-lowering and, thus, force-dependent chemical
activation has been found.*”™* Interestingly enough, our simu-
lations reveal that one of the sulfurs, namely S(2), is far more
susceptible to attack by OH, yielding an activation free energy

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Mechanochemical reactivity of the S—Au anchor at hybrid
metal—-organic PEGylated gold interfaces toward chemical degrada-
tion subject to explicit solvation in ambient liquid water. Free energy
profiles AF associated with nucleophilic attack by the OH (aqg) ion on
sulfur atoms S(1) (black lines) and S(2) (red lines) at two constant
stretching forces of F = 1.2 nN (solid lines) and 2.0 nN (dashed lines) in
ambient aqueous solution; the yellow region highlights the transition
state regime. The left and right top insets show the hydration number
histograms of the oxygen atom of OH™ in the initial (reactant) and final
(product) state, respectively, at F = 1.2 nN, while the configurations in
the bottom insets visualize the reaction site of the respective states for
OH™ attacking sulfur S(2), see text.

ca. 30% lower with respect to that of S(1), see red versus black
lines in the yellow region of Fig. 5. Thus, although these two
chemical degradation pathways are both essentially force-
independent, they differ by as much as =10 kcal mol™" in
activation energy. Considering thermal activation at ambient
conditions, ie. k = A, exp[—AFi/kBT], this corresponds to
a significant acceleration of the degradation rate by many
orders of magnitude along the S(2) versus the S(1) attack
channel. Moreover, although increasing the tensile force from
F = 1.2 to 2.0 nN does not result in any noteworthy reaction
acceleration (compare again solid and broken red lines Fig. 5),
the energetically favored S(2) channel leads to different reac-
tions products at both forces, see Fig. 6 for visual analysis based
on representative snapshots along the different mechano-
chemical degradation pathways depending on force and
attacked sulfur site. As one can see, while at F = 1.2 nN the
Au(2)-S(2) bond breaks with the PEG-TA molecule still being
attached to the gold surface, two different detachment mecha-
nisms and thus pathways appear at 2.0 nN: one resulting in a 5-
membered ring with an intramolecular disulfide bond (with no
gold atoms detached from the surface) and another one with
a 6-membered ring with one gold atom retrieved from the
surface, see the labeled configurations in Fig. 6. In the latter
case, the well-known gold adatom mobility on Au(111) surfaces
at ambient temperatures generates a situation where one gold
atom sticks much out of the surface and, being so exposed, can
readily insert into the S(1)---S(2) contact to form two Au-S bonds
which leads to the 6-membered ring with its covalent S(1)-
Au(3)-S(2) bonding motif, see bottom configuration at F = 1.2
nN Fig. 6.

Our observation of pronounced coordination number fluc-
tuations of these exposed gold adatoms is fully consistent with

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.6 Overview of all reactants and products at the two forces, F=1.2
and 2.0 nN, for the OH ™ -assisted reactive mechanochemical degra-
dation processes of our fully solvated metal—organic interface, see
text. The attack on the S(1) and S(2) sulfurs at these two constant
tensile stresses are shown.

the well-established fluxional character of gold nanoparticles at
room temperature.”® In addition, this fluxionality has been
shown to impact the reactivity of gold clusters at the level of
reaction pathways and barriers.”” As a result, different reaction
pathways leading to different reaction products can be opened
depending on thermal fluctuations as a result of the high
mobility in particular of low-coordinated gold atoms at ambient

RSC Mechanochem.
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conditions. This is illustrated with the help of the snapshots
and graphs compiled in Fig. 7 whereas we refer the interested
reader to SI Section S-VI.B.3 for a comprehensive and detailed
analysis. As one can readily see based on Fig. 7, the fluxionality
and thus mobility of the low-coordinated gold adatoms right at
the stretched (and thus stressed) metal-molecule junction in
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Fig. 7 Analysis of key configurational changes (top panel snapshots)
and structural parameters (bottom panel graphs) along the two distinct
reactive decomposition pathways 1 and 2, see labeling, observed at
a constant stretching force of F = 2.0 nN due to nucleophilic attack by
OH™(aqg) (highlighted using a red oxygen sphere while the solvation
water is transparent), see text. Left bottom panel graphs: analysis of the
reactive detachment process leading to formation of the 6-membered
ring (with one gold atom detached) and thus no disulfide bond
formation along path 1; see the respective top panels for represen-
tative configuration snapshots. The upper graph shows the evolution
of the S(1)-S(2) distance while the inset visualizes the metal-molecule
junction with atom labeling. The middle graph depicts the corre-
sponding evolution of the vertical distance of the two important gold
atoms (Au(2) and Au(3)) w.r.t. the fixed bottom layer of gold atoms. The
bottom graph provides the concurrent evolution of the coordination
numbers of these two gold atoms 2 and 3 with respect to the other
gold atoms. Right bottom panel graphs: analysis of the reactive
detachment process leading to extraction of the 5-membered di-
sulfide ring (i.e. with no gold atoms detached from the surface) along
path 2; see the respective top panels for representative configuration
snapshots. The properties analyzed in the upper, middle and bottom
graphs are the same as for path 1. Note that the x-scales provide the
AIMD sampling steps in the relevant sampling intervals where the
critical events take place along each pathway. The snapshots and
graphs of this figure illustrate the discussion of the key findings in the
text while their detailed discussion is presented in SI Section S-VI.B.3.
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aqueous solution at room temperature can lead to different
mechanochemical degradation pathways and products depic-
ted (top) in terms of snapshot sequences, while comparing the
left versus right distances and coordination numbers involving
the two sulfur atoms and the mechanistically important gold
atoms in the bottom graphs provide the detailed correlations
along path 1 versus path 2, respectively. Of course, full detach-
ment of PEG-TA from the surface eventually takes place in any
case, but the gold surface gets destroyed in one scenario by
extracting gold atoms together with the molecule, whereas the
surface remains intact in the other pathway since only the
organic molecule as such gets detached. Incidentally, hydration
numbers of OH™ are also found to change considerably, namely
from essentially four in the reactant state to a single coordi-
nating water in the product state, which is an enormous change
in the hydration pattern. Thus, hydration numbers will be
analyzed in detail in what follows.

Having established that mechanochemical degradation
based on nucleophilic attack of OH™ on sulfur S(2) in water is
greatly favored over S(1), we now try to uncover how this can be
understood - finally providing insights into how to control
degradation of PEGylated gold surfaces in realistic environ-
ments. Guided by the widely accepted idea that optimum force
transduction is expected if the attacked bonds are perfectly
aligned with the applied tensile force as to maximize their
stretching, activation and weakening, we analyze the Au-S-F
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Fig. 8 Analysis of geometrical parameters for nucleophilic attack by
the OH ™ (aqg) ion on sulfur atom S(2) at constant forces. Panel (a): left
upper and lower panels depict the bond length distribution functions
of Au(1)-S(2) (black line), Au(1)-Au(2) (blue line) and Au(2)-S(2) (red
line) in the reactant and product state, respectively, at F = 1.2 nN. The
right upper panel presents the alignment angle distributions in the
reactant state between the Au(1)-S(2) (black line), Au(2)-S(2) (red line),
Au(2)-S(1) (broken green line) and Au(3)-S(1) (green line) bonds and
the vector of the tensile force (F = 1.2 nN) normal to the gold surface.
Panel (b): alignment angle of important Au—S bonds with respect to
the force vector at F = 2.0 nN as in panel (a) (left) and representative
snapshots (in the right spheres) of reactant (left) and product (right)
states observed during the simulation. See also Fig. 6 and Section S-
VI.B for full analysis of all different scenarios discussed in the text.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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angle distributions for S(2) reactivity in Fig. 8 at F = 1.2 nN and
2.0 nN and for S(1) reactivity in Fig. 9 also at both forces.
Surprisingly, the Au(2)-S(2) bond involving the most reactive
sulfur atom (orange distributions) features the worst collinear
alignment with the tensile direction given by F at these two
forces, while all other anchoring bonds are much closer to 180°.
Thus, taking the alignment with respect to the applied force as
an indicator of mechanochemical reactivity, one may conclude
that at F = 1.2 nN the Au(1)-S(2) bond should be most active,
while it should be the other Au(3)-S(1) bond at F = 2.0 nN. But
unexpectedly, the worst aligned bond breaks orders of magni-
tude faster, which is counter-intuitive. Even more, the S(1)
sulfur atom is the one that is directly attached to the PEG-TA
chain along which the stretching force is applied, so that the
respective S(1)-Au bond should be more prone to mechanical
activation. Thus, we must conclude that the well-known force
alignment-reactivity relationship does not provide an under-
standing of the mechanochemical degradation of PEGylated
gold interfaces.

Therefore, as a result of these surprising findings, we
consider again the role of water. Indeed, thorough analyses of
the accessibility of all four Au-S bonds (as explained in detail in
SI Section S-VI.C) reveals that only two of them are spatially
accessible by water molecules, and thus prone to attack by OH™
via the H-bond network, whereas the other two are fully blocked
by atoms of the PEG-TA molecule and thus shielded against
attack by this nucleophile, see Table 1. These two water-exposed
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Fig. 9 Analysis of geometrical parameters for nucleophilic attack by
the OH™(aq) ion on sulfur atoms S(1) at constant forces. Panel (a): left
upper and lower panels depict the bond length distribution functions
of Au(3)-S(1) (black line), Au(2)-Au(3) (blue line) and Au(2)-S(1) (red
line) in the reactant and product state, respectively, at F = 1.2 nN. The
right upper panel presents the alignment angle distributions in the
reactant state between the Au(1)-S(2) (black line), Au(2)-S(2) (red line),
Au(3)-S(1) (green line) and Au(2)-S(1) (broken green line) bonds and
the vector of the tensile force (F = 1.2 nN) normal to the gold surface.
Panel (b): alignment angle of important Au—-S bonds with respect to
the force vector at F = 2.0 nN as in panel (a) (left) and representative
snapshots (in the right spheres) of reactant (left) and product (right)
states observed during the simulation. See also Fig. 6 and Section S-
VI.B for full analysis of all different scenarios discussed in the text.

© 2026 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Mechanochemistry

Table 1 Spatial accessibility of important gold—sulfur bonds by
solvation water, namely Au(3)-S(1), Au(2)-S(1), Au(2)-S(2) and S(2)—
Au(l), providing either favorable or unfavorable local environments for
nucleophilic attack by OH™ in water based on the solvent-accessible
volume region (see S| Section S-VI.C for background and details of this
analysis) calculated at two constraint values within the initial (reactant)
state (i.e. £ = S(n)---OH™ as reported in the left column) based on the
corresponding trajectories from the ab initio thermodynamic inte-
gration simulations (obtained from isotensional “blue moon” AIMD as
explained in Sl Section S-V) at constant forces of F = 1.2 nN (denoted
as @l.2 nN) and F = 2.0 nN (@2.0 nN) for both attack pathways, thus
involving either sulfur S(1) or S(2). The data are normalized such that
100% (and 0%) denote full accessibility (or full blocking) of the reaction
cone as also defined in the SI

Au(3)-S(1) Au(2)-S(1) Au(2)-S(2) Au(1)-S(2)

S(2)@1.2 nN

S--OH=377A 0% 16.1% 68.9% 0%
S---OH =2.92A 0% 1.7% 100.0% 0%
S(2)@2.0 nN

S--OH =3.06 A 0% 41.1% 68.9% 0%
S--OH=285A 0% 97.8% 100.0% 0%
S(1)@1.2 nN

S--OH=3.69A 0% 22.6% 73.8% 1.9%
S--OH=285A 0% 23.1% 66.7% 1.1%
S(1)@2.0 nN

S---OH =3.48A 0% 5.6% 66.0% 0.3%
S---OH=2.85A 0% 9.7% 68.4% 8.0%

gold-sulfur bonds are indeed found to be Au(2)-S(1) and Au(2)-
S(2). Additionally, stretching of the PEG-TA molecule does not
change the shielded nature of the two other bonds, which
remain buried independently of tensile stress. Further analyses
based on quantifying the solvent-accessible volume of all four
bonds unveils that Au(2)-S(2) is the most exposed to the solvent
and, therefore, most accessible by OH™ for chemical attack as
quantitatively analyzed in Table 1. A closer look at these data
provides the explanation why only one of these two bonds is
preferred: when analyzing the reaction cone where the Au-S---X
distance does not exceed 4.5 A (see Section S-VI.C for defini-
tion), the spatial accessibility of these Au(2)-S(1) and Au(2)-S(2)
bonds is drastically different, see their values in Table 1. Based
on this comparison, one can immediately see that only in the
case of the Au(2)-S(2) bond the reaction cone remains open,
thus providing access for nucleophilic attack, while the other
bond Au(2)-S(1) is found to be blocked by some other parts of
the PEG-TA molecule. In other words: our analysis shows that
the most accessible bond, having the largest solvent-accessible
volume region open for attack by OH™, is the Au(2)-S(2) bond.
Since that is the bond which features the worst alignment with
the force direction, we then find that it is not the efficient
transduction of the mechanical force via stretching the PEG-TA
molecule that determines the rate of mechanochemical degra-
dation of PEGylated gold surfaces, but rather the specific
chemistry at the hybrid metal-organic anchor.

RSC Mechanochem.
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Conclusions and outlook

Our extensive ab initio simulations of PEGylated gold surfaces in
aqueous environments subject to tensile stress reveal a wealth
of purely mechanical detachment processes in the first place.
Water is found to greatly impact on purely mechanical detach-
ment, leading to degradation of the metal-organic interface
where no gold atoms get dissolved. The mechanistic reason is
that water molecules can non-covalently interact with the
anchoring sulfur atoms (via hydrogen bonding), which signifi-
cantly weakens the covalent gold-sulfur bonds that therefore
break more easily, thus leaving all gold atoms on the surface.
This scenario is not found at gas phase conditions where gold
atoms get detached from the surface, whereas it is highly rele-
vant for purely mechanical degradation of PEGylated gold
interfaces in realistic aqueous environments. In addition, their
reactive mechanochemical degradation at alkaline pH condi-
tions occurs at a much lower stress due to nucleophilic attack of
the sulfur-gold anchor by solvated hydroxide ions, OH (aq). In
stark contrast to the expectation that the bond best aligned with
the external force vector (i.e. along the tensile direction) gets
most activated and thus breaks most easily - in view of optimal
transduction of the applied mechanical force - it is found that
water fully governs this scenario as well: it is the most solvent-
exposed bond that breaks orders of magnitude faster, the
reason being that this local water environment paves the
pathway best for nucleophilic attack of sulfur by the solvated
OH ™ (aq). With regard to applications, our mechanistic insights
suggest to chemically shield the anchoring sites of PEGylated
gold interfaces against solvation by water in order to signifi-
cantly increase their stability toward mechanically-assisted
degradation processes.
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