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ABSTRACT: In this work, we have theoretically determined the
one-electron oxidation potentials and charge transfer mechanisms
in complex systems based on a self-assembled monolayer of guanine
molecules adsorbed on a gold surface through different organic
linkers. Classical molecular dynamics simulations were carried out
to sample the conformational space of both the neutral and the
cationic species. Thus, the redox potentials were determined for the
ensembles of geometries through multiscale quantum-mechanics/
molecular-mechanics/continuum solvation model calculations in
the framework of the Marcus theory and in combination with an
additive scheme previously developed. In this context, conforma-
tional sampling, description of the environment, and effects caused
by the linker have been considered. Applying this methodology, we
unravel the phenomena of electric current transport by evaluating the different stages in which charge transfer could occur. The
results revealed how the positive charge migrates from the organic layer to the gold surface. Specifically, the transport mechanism
seems to take place mainly along a single ligand and driven with the help of the electrostatic interactions of the surrounding
molecules. Aside, several self-assembled monolayers with different linkers have been analyzed to understand how the nature of that
moiety can tune the redox properties and the efficiency of the transport. We have found that the conjugation between the guanine
and the linker, at the same time conjugated to the gold surface, gives rise to a more efficient transport. In conclusion, the established
computational protocol sheds light on the mechanism behind charge transport in electrochemical DNA-based biosensor
nanodevices.

■ INTRODUCTION
In the last few decades, there has been a considerable increase
in the applications of DNA. Despite the fact that DNA is
primarily a biochemical macromolecule used for storing the
genetic code of an organism, its transversal applications are
numerous.1 In this article we take advantage of two of them.
The first one is the use of DNA strands as nanowires,2,3 which
has been extensively studied in recent years. DNA has the
ability to transport electric charge along its strand, making it a
suitable macromolecule for conduction purposes. Conse-
quently, DNA can be anchored to an electrode or other
device that transfers a hole or an electron to the DNA strand
so that it can migrate along its nucleobases. On the other hand,
an ensemble of DNA strands can also be adsorbed onto a
metallic surface to form a self-assembly monolayer (SAM),4−7

which can be used for molecular detection.8,9 This is typically
known as DNA-based biosensors.10−13

In general terms, a sensor is a device that can qualitatively or
quantitatively detect the presence of a chemical species of
interest in a sample. It usually consists of a receptor, which
traps the analyte, a transducer, which converts the nature of the
chemical signal into a measurable one, and a signal processing
device, which measures the transformed signal. Specifically, a

biosensor is a type of sensor whose receptor is constituted by a
biomolecule. These particular sensors are becoming increas-
ingly popular in many fields, such as health services,14−18

control assurance,19−22 or environment,23,24 due to the vast
number of gadgets that can be designed.25,26 In addition, the
most commonly used biosensors employ electrochemical
techniques in the detection task,27,28 which are typically
based on the formation and/or destruction of one or more
electrochemical species.29,30 This means that the electro-
chemical species interacts with the bioreceptor transferring
electrons and following a reduction−oxidation type of reaction.
For a successful design of a DNA-based biosensor, there are

several important considerations to be addressed. First, the
surface can induce conformational changes in the DNA
structure that can affect the efficiency of the electron transfer
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process and the sensitivity of the biosensor. To avoid these
issues, it is important to carefully choose the immobilization
conditions, to ensure that the DNA retains its native structure
and remains stable on the surface.31 Various methodologies
can be employed for this purpose,32 but the most efficient
approach involves anchoring the DNA strand using a linker,
typically based on a functionalized small thiol. It has been
demonstrated that thiolated organic molecules strongly adsorb
onto gold surfaces due to the favorable Au−S interaction.33,34

Furthermore, in electrochemical biosensors, both the DNA
strand and the substrate exchange a hole or an electron, so it is
essential to gain insight into the operating mechanism that
allows such current exchange, as well as the redox properties of
the system at the different stages of the process. In particular,
redox properties such as the one-electron oxidation potential
and how the charge is delocalized along the SAM are crucial
factors to be considered. In a DNA strand, it has been shown
that electron transfer mainly occurs between nucleobases in
water, making the determination of the redox properties of
these moieties of paramount importance.35−46 From these
results, it can be observed that guanine is more susceptible to
oxidation. In a previous study, we elucidated the one-electron
oxidation potential of a simplified model of a DNA-based
biosensor based on a SAM composed of guanine residues,
along with a complete protocol for accurately calculating this
property within these systems.47 The results showed that the
reducer character of the nucleobase increases when it is placed
on a SAM, leading to a more effective biosensor. In this
manuscript, we use the proposed methodology and computa-
tional protocol to obtain useful chemical information
concerning mechanistic details of the charge transfer process
in the organic-metal interface region; thus providing
information on the functioning at the molecular level of
DNA-based electrochemical biosensors. In particular, we
examine three different examples of a simplified model of a
DNA-based biosensor, in which guanine molecules are
anchored to a Au(100) surface forming a SAM. The
immobilization technique previously mentioned has been
utilized, and we consider that the nucleic residue is assembled
onto the surface through three small thiolated linkers: an
alkane, an alkene and an arene (see Figure 1). The main aim of
this study is to determine the various manners in which a
positive charge can be transferred when it reaches the
nucleotide of a DNA strand located close to the surface.
Thus, we are referring to the last step of the biosensing
mechanism: the charge transfer between the DNA strand and
the metallic substrate. However, other previous steps such as
the transport along the DNA strands and the factors that affect
to this phenomenon were deeply analyzed in some previous
works.48,49 A comparative analysis of the delocalization of the
positive charge has been also conducted, which has allowed us
to discern charge transfer mechanisms at the interface.

■ MATERIALS AND METHODS
Computational Details. Due to the complexity of the system

under study, formed by a self-assembled monolayer (SAM) of organic
molecules adsorbed on a gold surface, we apply a dynamical protocol
to populate an ensemble of conformations along the potential energy
surface using classical molecular dynamics (MD). Properties are then
computed by averaging the value obtained over all populated
conformations by means of a multilayer QM/MM/COSMO scheme.
In this work, oxidation potentials are computed using the Marcus
theory50−55 (see details on the methods in the Supporting
Information). The QM/MM/Continuum calculations for both the

neutral and cationic forms of the SAMs, were carried out using the
NWChem software package.56 The PBEOP functional57−59 was
selected to describe the QM region for its proven accuracy in these
types of systems,46,47,60 the LANL2DZ61 basis set for Au atoms and
the 6-311G(d)62,63 for the other atoms was used. Notice that the
systems under study contain a metallic substrate and an organic layer.
Both moieties should be described properly, although their nature is
completely different. In general, metals are better described with GGA
functionals such as PBE57,58 while this functional is not the best one
for the description of organic molecules. As a result, a good proven
compromise can be reached if the PBEOP functional is used.
Moreover, the basis set is large enough to obtain accurate values of
the redox properties that are being studied and, simultaneously, small
enough to make the calculations computationally affordable. The
addition of diffuse functions to the basis set was tested, but very
similar results were obtained, so we decided not to include them to
save computational cost. Finally, the aqueous solvent was modeled
using the COSMO approach.64,65 constrained DFT66 was employed
for the cationic calculations to constrain the positive charge in the
desired fragment.

The SAM models were created using a previously established
protocol, which was described in earlier studies.47 We have chosen the
Au(100) surface; being one of the most stable surfaces of this metal, it
has a work function 0.1 eV lower than the most stable Au(111)67 and
this might have some influence on the redox properties and charge
transfer mechanism. Classical MD simulations were performed using
the AMBER20 software package68,69 to sample the conformational
space of the potential energy surface of both the neutral and the
cationic species of each SAM. The systems were built using
AmberTools 2070 and several in-house developed scripts. In general
terms, force field parameters for both the neutral and cationic forms of
each organic molecule were developed based on QM calculations
performed using the PBEOP functional (see Supporting Information).
Each SAM was solvated in a tetragonal simulation box of around (41
× 41 × 45) Å3, which contained 1441 water molecules modeled using
the TIP3P solvation model.71 For the SAMs that held a cationic
organic molecule, a chloride anion was added to neutralize the system,
and the Joung and Cheatham parameters were used to describe it.72

Figure 1. Scheme representing the SAM with the charge transfer
process under study. The three ligands, composed by the guanine and
the linkers, are represented separately. Color code: C atoms in gray, N
in blue, O in red, H in white, S in green, Au in yellow and the cyan
surface represents the water solvent.
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After setting up the different systems, the same dynamic protocol
was applied to all of them using classical MD. It is worth to note that
the motion of sulfur and gold atoms was restrained by a force constant
of 50 kcal/(mol · Å2) throughout the protocol. The protocol began
with a minimization procedure during 10000 steps, in which the
steepest descent algorithm73 was used for the first 5000 steps, and the
conjugate gradient algorithm for the last 5000 steps.74 Next, a
constant volume (NVT) progressive heating to 300 K was carried out
for 500 ps, using the Langevin thermostat to control the temperature
with a collision frequency of 2 ps−1. Then, an additional 500 ps
simulation was run at 300 K in the NVT ensemble. Following this, a 1
ns simulation was carried out in the NPT ensemble to balance the
volume of the system and achieve the correct density. Finally, a 500 ns
production simulation was run in the NPT ensemble with the CUDA
version of pmemd. To maintain a constant pressure of 1 bar, the
Berendsen barostat with anisotropic position scaling and a pressure
relaxation time of 2 ps was employed. An interface in the xy plane was
established to balance the pressure. During the entire protocol, the
particle-mesh Ewald method75 with a grid spacing of 1.0 Å was used
to compute the electrostatic interactions, and a 10 Å cutoff was
chosen for the nonbonded interactions. The SHAKE algorithm76−78

was used to restrain the bonds involving hydrogen atoms, and a time
step of 2 fs was used during the heating, equilibration, and production
stages.

For each neutral and cationic trajectory of the SAMs, a specific
number of snapshots were randomly selected from the last 350 ns of
the production trajectories using the MoBioTools package.79 To
calculate the vertical ionization energies (VIEs) of the neutral species,
QM/MM/COSMO calculations were performed. The QM region
was chosen to have different sizes depending on the situation
described, as mentioned in the Supportiong Information. Specifically,
we determined in our previous work the optimal QM region to reach
a compromise between computational cost and accuracy. For these
calculations, the explicit solvent molecules were removed from the
snapshots and replaced by the COSMO solvation model. This choice
can be justified as follows: in our previous work we performed a
convergence study concerning the number of explicit water molecules
that should be included to reach a constant value of the one-electron
oxidation potential of these systems.47 However, many water
molecules should be added to the QM region increasing considerably
the computational cost of our protocol. To overcome that problem,
some tests were conducted replacing the explicit water molecules by a
continuum solvation model, which gave similar values of the redox
potential to the one computed with explicit water molecules. For the
cationic trajectories, the vertical attachment energies (VAEs) were
computed using the same QM/MM/COSMO scheme, and by
introducing constrained density functional theory for the cationic
version of the SAM. All calculations were carried out using the
PBEOP functional and 6-311G(d) basis set with NWChem.

In order to calculate the one-electron oxidation potential of each
system, the additive scheme strategy, previously proposed,47 was
applied (see details in the Supporting Information). In this approach,
the effect of having gold atoms and additional nucleobases and linkers
in the QM region is calculated in independent calculations and,
therefore, it is assumed that such effects are additive and do not show
cooperativity. Notice that when we state that gold atoms are included
in the QM region, we only accounted for the closest four gold atoms
to the organic molecule also described quantum-mechanically. This
can lead to some error in the determination of the potentials but still
it will provide better results than the lack of QM description. Thus, a
larger number of gold atoms in the QM region would probably give
rise to more reliable results. In addition, it is also important to
highlight that we are not taking into account the back-polarization of
the gold surface. However, all these features would imply a significant
increase of the computational time and, as a result, we have to reach a
compromise between accuracy and computational cost. Despite these
limitations, in previous works, we have demonstrated that the
inclusion of cooperativity effects to our protocol gave similar results to
those obtained when this feature was neglected.47 Analysis of the hole
distribution was carried out based on the atomic charges obtained

from the QM/classical final energy calculations with PBEOP/6-
311G(d). The hole distribution in the QM region allowed by
constrained DFT was obtained from the differences in atomic charge
between each geometry in the cationic and neutral states. Addition-
ally, the relationship between structure and energetic terms was
conducted using in-house scripts and associating the parameters for
each geometry to its VIE (VAE).

Finally, we have computed atomic charges, electron density
redistribution upon molecular adsorption, and binding energy for
the systems under study with DFT including periodic boundary
conditions. We used the VASP package80−85 for these simulations
(see details in the Supporting Information).

■ RESULTS AND DISCUSSION
One-Electron Oxidation Potentials: Horizontal vs

Vertical Charge Transfer Mechanisms. Our discussion
will begin with an overview of the different mechanisms
examined in this study. Since nucleobases tend to be oxidized
rather than reduced, we have only considered the case where a
hole−a single positive charge−is responsible for the charge
transfer. Once a nucleobase of the SAM is oxidized, giving an
electron to the analyte or to another source, the former hosts a
positive charge. At that point, there is a possibility that the hole
may remain in the organic part of the SAM or flow toward the
metallic substrate giving rise to one of the five situations
displayed in Figure 2a: (I) the first step, where the charge is
located on a single nucleobase of one ligand; (II) the charge is
shared among other nucleobases in the SAM through
horizontal charge transfer; (III) the charge is vertically
transferred and is distributed along a whole ligand (nucleobase
+ linker); (IV) charge again hosted in the organic part, but in
this case among two ligands; (V) in the vertical situation, the
charge is spread on an organic ligand and at some extent is also
transferred to the metal. For each situation we have computed
the one-electron oxidation potential, in the three SAMs
considered−with thioalkane, thialkene and thioarene as linkers
− (see ΔEred in Figure 2b). Based on the results, it becomes
evident that charge transfer toward the gold surface occurs,
irrespective of the nature of the thiolated linker. For all of
them, the one-electron oxidation potential decreases drastically
when the hole is allowed to access the metallic surface (see
purple bars in Figure 2b). This implies that the system’s ability
to donate an electron increases considerably if the hole can be
partly accommodated in gold atoms.
Furthermore, when comparing the three studied systems, the

relative reducing power appears to be proportional to the
extent of the π-system of the molecule adsorbed on the surface.
This observation can be explained by inspecting the energy
profile obtained by varying the dihedral angle around the bond
that connects guanine with the linker (see Figure 3). In the
case of the ligand with an aliphatic linker, the linker does not
contribute to the π-system of the molecule. Thus, the π-system
of this ligand is restricted to guanine, which does not directly
interact with the surface, and this SAM exhibits the lowest
reducing power when allowing the delocalization of the
positive charge to go from the ligand to the gold surface
(purple bar in Figure 2b). In ascending order, in the ligand
with an aromatic linker (thioarene), two π-systems can be
observed: that of guanine and that of the aromatic ring.
However, since the most stable configuration is nonplanar (see
dihedral scan in the Figure 3), there is a decoupling of both π-
systems. Thus, only the π-system of the aromatic ring directly
interacts with the gold surface. The existence of this interaction
may be the cause of the increased stability in hosting a positive
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charge in the SAM, resulting in a higher reducing power.
Lastly, in the case of the thioalkene, the most stable
conformation is planar, allowing the π-system to extend
throughout the ligand. Therefore, this molecule possesses a
larger π-system that directly interacts with the metal surface,
which can explain the higher reducer character of this SAM
when enabling its delocalization along a ligand and its
neighboring gold atoms.
Coming back to Figure 2, two mechanisms can be identified:

(i) the charge can be first delocalized among several
nucleobases (horizontal delocalization) and then migrate to
the surface through the linkers or (ii) it can be hosted just by
one organic residue, including the linker (vertical delocaliza-
tion) before reaching the metallic surface. In general terms,
when the positive charge has the possibility to horizontally
delocalize among several nucleobases, without considering the
linkers, the one-electron oxidation potential remains constant
(red and blue bars displayed in Figure 2b). Therefore, the
delocalization of the hole among neighboring nucleobases does
not seem to be a predominant path for charge transfer. In

contrast, when the entire ligand can accommodate such a
positive charge, the reducer character of the three considered
systems decreases slightly (green bars in Figure 2b),
supporting the idea that the hole prefers to approach the
metal surface. Even more, when the delocalization of the hole
between two neighboring ligands is allowed, considering also
participation of the linkers in such delocalization, the potential
decreases even more (orange bars in Figure 2b). Therefore, in
this case, the delocalization of the charge among complete
ligands does induce an increase in the reducer character of the
SAMs, favoring the oxidation process. Nevertheless, the most
abrupt potential change is observed when the metal substrate
hosts part of the charge. This indicates that vertical charge
transport along the SAM is favored.
Charge Localization. To disentangle the results shown in

Figure 2, an analysis of the difference in charges between the
neutral and cationic species of a system with the same
geometry was carried out. In other words, the spatial
distribution where the hole is accommodated after the vertical
ionization process was determined. Since similar results were
obtained for both VAE and VIE, for simplicity only the results
from the VIE will be discussed. Figure 4 shows in which
components of each QM region the positive charge is stored,
based on the restraints imposed with constrained DFT. Cases I
to V represents the vertical and horizontal charge migration
mechanisms previously discussed (see Figure 2). It should be
noted that the calculation of the one-electron oxidation
potential under the additive scheme was performed using
three calculations: (i) the QM region consisting of the ligand
(nucleobase+linker); (ii) including four gold atoms and one
ligand in the QM region; (iii) the QM region consisted of two
ligands. Results are given in this order in Figure 4 for each step
in the mechanism and for each linker. When the hole is not
allowed to be hosted in one of the components of the QM
region, the corresponding box is colored in black. For a
comprehensive interpretation of Figure 4, we will use case I as
an example. For the first calculation, the stored charge was
calculated separately for the nucleobase (upper box) and the
linker (lower box); accordingly, the box representing the linker
is black in those cases where the whole charge is restricted to
the guanine. In the second calculation, the upper box
represents the accumulated positive charge in the nucleobase,
the middle box represents the accumulated charge in the linker
(which is not allowed in this case), and the lower box
represents the accumulated charge in the gold atoms. Finally,
in the calculation involving two ligands, the two upper boxes
represent the accumulated charge in each of the nucleobases of
the ligands, while the lower boxes indicate the amount of hole
hosted in the linkers of the respective ligands.
In those cases where the hole can only be accommodated in

the nucleobase of the ligand, the charge distribution is trivial.
When the delocalization is strictly vertical, the vacancy is
distributed between the nucleobase and the linker along the
ligand. Approximately two-thirds of that charge is stored in
guanine in the cases of alkene and arene. However, this
distribution is more homogeneous when it comes to the
system whose ligands contain an alkene moiety (around ∼55%
in the nucleobase versus ∼45% in the linker). This could be
due to the conjugation of the π-systems of guanine and the
linker in the case of alkene, allowing for equal delocalization of
the positive charge throughout the ligand. However, in the
cases of the arene and alkane linkers the situation is different.
In the first case, since the ligand is not completely planar

Figure 2. (a) Schematic representation of the different ways the
charge can be delocalized either horizontally or vertically. When the
SAM loses an electron from a nucleobase, the positive charge can
remain within the guanine moiety (I, red box), delocalize vertically
along its linker (III, green box), or reach the gold surface (V, purple
box). On the other hand, the hole can delocalize among several
nucleobases (II, blue box) or even among two ligands (IV, orange
box). (b) One-electron oxidation potential for each situation in the
three linkers considered. Color code for the atoms: C atoms in gray,
N in blue, O in red, H in white, S in green.
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because the minimum-energy dihedral value between guanine
and the linker is neither 0° nor 180°, there is no coupling
between π-systems. In the second case, the alkane linker does
not present aromatic moieties. Therefore, it seems that the
hole prefers to stay in the nucleobase. This would explain why
the potential remains constant in the cases of alkane and arene
between the two situations already mentioned (see Figure 2)
and yet there is a slight decrease in the potential when talking
about the ligand with an alkene. Even so, we could consider
that this situation, in which the hole can only be stored in a
nucleobase, is equally favorable in all three cases.
Taking into account the charge distribution in the case

where hole delocalization is completely vertical, i.e. when the
charge can be stored in both a ligand and the metal substrate,
the hole tends to be hosted approximately ∼75% in the gold
atoms considered in the QM region. This supports the
hypothesis that the hole tends to move toward the metal
surface, leading to an increase in the reducer character of the
three systems as shown in Figure 2. On the other hand, the
remaining ∼25% of the positive charge is evenly distributed in
the reference ligand.
If we analyze the situation where the delocalization occurs

strictly horizontally in nucleobases, in all cases a clear
localization of the hole in only one of the two considered
nucleobases is observed. This suggests that, at least in the case
of guanine, the positive charge tends to remain in only one of
these moieties. This is consistent with previous articles found
in the literature, where several cases have been reported in
which the delocalization of a vacancy can be neglected when
studying DNA strands composed of guanines in water.86,87

However, it seems that the interaction of a ligand with others
nearby in its environment causes, by electrostatic interactions,
the reduction of the one-electron oxidation potential (see
Figure 2), as already demonstrated in previous works.47

Finally, in the case where the hole can be hosted in two
ligands, including the linker in each one, a much more
equitable distribution of the charge occurs. Although there is
still a preference for the positive charge to reside on one of the
two nucleobases, the introduction of the linker in charge
delocalization causes this tendency to be blurred. Thus, by
adding the ligand, the delocalization of the positive charge over
the monolayer of organic ligands is increased, resulting in a
drastic decrease in the one-electron oxidation potential in all
three systems (see Figure 2).
Based on the results obtained so far, it could be said that the

transfer of a hole from the organic monolayer to the metal
substrate is quite viable and effective. This process seems to
occur vertically, with some help from nearby ligands, whose
linkers partially mitigate the tendency of positive charge
localization in a single nucleobase. Notice that such vertical
hole transfer to the metal surface is more favorable in terms of
one-electron oxidation potential. This observation suggests
that the transfer mechanism may involve a single ligand, where
charge stabilization is achieved through electrostatic inter-
actions with neighboring ligands, without delocalization of the
hole between them. Furthermore, the distribution of the
positive charge revealed that only one-third of it is located in
the gold atoms, while the remaining charge is distributed
mainly in one ligand, the one whose nearest gold atom also has
the highest amount of charge of both.
Structural and Energetic Analyses. So far, the behavior

of the redox potential and charge distribution has been studied
based on the region where the hole delocalization is allowed.
However, it has not been investigated whether there is a
structural component that can explain the differences observed
in these values for the three analyzed systems. Additionally, the
explanation for all the obtained results so far has been based on
the assumption that MD follow the energy profile described in

Figure 3. (a) Relaxed scan of the dihedral angle around the guanine-linker bond for the thioalkane, the thioalkene and the thioarene at the
PBEOP/6-311G(d) level of theory on PM6 geometries. Black and dark red lines represent the relative energy profile of the dihedral angle for the
neutral and cationic species of the molecule. (b) One-electron oxidation potential of the molecules along the dihedral angle.
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previous sections for the guanine-linker dihedral angle. This
could not be the case because the dihedral parameters were
taken from GAFF2 and, thus, might not reproduce the
resulting potential from the QM scan. To test whether the MD
and the QM scan agree, the dihedral angle has been calculated
throughout all the performed dynamics (see Figure 5a). As
observed, the accumulation of dihedral angle values coincides
in all cases with the minima of the energy profiles shown in
Figure 3a. The only case where a deviation from this profile
can be observed is in the trajectory obtained from the neutral
species of the SAM containing thioarenes. In this case, the
range of dihedral angles is around 10−30°, while the profile
predicts a minimum at 45°. However, we do not consider this
deviation to be excessively significant, especially taking into
account the MD simulations are close to the QM minimum.
Nevertheless, except for this case, the thioalkane SAM
maintains a range of dihedral angles centered at 90°, the

thioalkene SAM has a range centered at 15°, and the cationic
trajectory of the thioarene centers its range at an angle of 45°.
Thus, it can be stated that this dihedral behaves in the MD
simulations as expected from the QM calculations.
We now compare distribution of values obtained for VIEs

and VAEs as a function of the dihedral angle, for calculations in
which the QM region includes only the ligand, linker +
nucleobase (see Figure 5a). Some general trends can be
observed for the three studied systems. When the charge is
delocalized throughout the ligand (green points), the VIE
decreases slightly in comparison with the cases where the
charge is on the guanine molecules (red points), showing a
similar distribution of the dihedral angle in all cases. However,
an opposite situation is observed for the VAE: it increases in
∼1−4 eV when the charge is delocalized in the whole ligand;
this trend is observed in the three systems, with the increase in
VAE being less pronounced in the thioalkane case. When these
three ligands are free in the aqueous phase, they have similar
VIEs,47 similar to what is observed here when they form a
SAM. Therefore, it can be stated that VIE is not responsible for
the changes in the redox properties of the molecules when
assembled on a metal surface. However, VAE values reflect
larger changes: introducing the ligands into SAM likely
modifies the region corresponding to the minimum energy in
the potential energy surface of cationic system but not of the
neutral one, because if the last one was also modified the VIE
would also change. It appears that when the charge is localized
exclusively in the nucleobase, VAE values are smaller, probably
due to the fact that when the electron is not allowed to be
delocalized the energy released when the neutral species is
formed is smaller than when the electron can be completely
delocalized among both the nucleobase and the linker.
Furthermore, the decrease in VAE, when the hole is localized,
is more pronounced in the thioalkane and thioarene SAMs
(∼3 eV). In these SAMs, it should be noted that the ligands
are not planar, unlike the case of thioalkene which shows a
dihedral close to 0°. It should be noted that the lowest values
of the VAE are obtained by artificially constraining the charge
in the nucleobase and it is, therefore, an unrealistic situation.
In order to search for further structural components able to

explain energy differences between systems and delocalization
trends, we evaluated the stacking angle and the distance
between the ligand holding the charge and its closest ligand.
These values were correlated with the computed VIEs and
VAEs including different levels of charge delocalization−cases I
to V (see Figure 5, pannels b and c respectively). In the neutral
trajectories, there is a greater tendency for the nucleobases to
align parallel compared to the cationic simulations. Thus, a
higher degree of π-stacking between them is observed in the
neutral species of the SAMs, with the thioalkene-based SAM
standing out. The angle distribution in the thioarene-based
SAM is also quite restricted to maintaining the parallel
alignment of the nucleobases, although there is a small peak
around 70−100° related to the π-stacking between aromatic
rings of the linker. The stacking angle distribution in the
thioalkane-based SAM is wider, but still maintains some π-
stacking interactions, avoiding angles where the guanines are
arranged perpendicular to each other. Note that when the
charge can be delocalized in two ligands (case IV, orange
points in the Figure 5b), lower VIEs are observed in all
systems. This effect is particularly more pronounced in the
thioalkene-based SAM, due to the larger π-system. This is
consistent with the observed stacking angle distribution, as

Figure 4. Graphical representation of the charge distribution along
the different QM regions considered for the performance of the
additive scheme. Each square corresponds to a nucleobase or a linker,
and its color is related to the amount of charge that that moiety holds.
Black squares indicate that the hole is not allowed to be held there.
Additionally, the set of calculations used to calculate each pathway is
surrounded by a colored line whose color points out the
corresponding delocalization scenario from those considered.
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Figure 5. Graphical representation of the following distributions: (a) the dihedral angle, (b) the stacking angle between neighbor ligands, (c) the
interligand distance. Color code: case I in red, case II in blue, case III in green, case IV in orange, and case V in purple. In the dihedral angle red
corresponds to cases I and II and blue to cases III, IV, and V. A schematic representation of each parameter is represented at the right side of the
plots in cyan.
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allowing the interaction between adjacent nucleobase π-
systems makes the delocalization of the charge between
them more likely, enabling a better accommodation of the
positive charge, thus reducing the VIE.
When analyzing the distribution of stacking angles (Figure

5b), for the neutral species we observe distributions mainly
centered at ∼0−30° for alkane and arene; the alkene exhibits a
narrower angle distribution closer to a π-stacking situation. A
wider angle distribution is shown by the alkane. Significant
differences in the angle distribution are observed between the
neutral and the cationic cases in thioalkene and thioarene
SAMs. More pronounced changes are shown in the thioarene
case, where a clear shift from 10° to 60° is appreciated. In the
thioalkane SAM the distribution of stacking angles in the
cationic species is somehow closer to the one of its neutral
counterpart. Thioalkene shows an intermediate situation, with
changes in the angle distributions of neutrals vs cations, but
with differences not as pronounced as in the thioarene case.
The VIE distributions when the charge is localized on the
nucleobases (red and blue points, case I and II respectively) is
typically centered in ∼6 eV (thioalkane), ∼ 6.5 eV
(thioalkene) and ∼5.5 eV (thioarene). Lower VIE values
when the charge is localized on the nucleobase corresponds to
a higher π−stacking (angle ∼0−15°). In this context, higher
VIE values of the thioalkene could arise due to the instability
caused by the constraint of the charge within the nucleobase.
Remember that the thioalkene moeity tends to be planar and
the π-system of both the guanine and the alkene are
conjugated, so that one could think that the charge will be
more delocalized among the full ligand.
The distributions of the VAE values are more differentiated

when the charge is localized in the nucleobase(s) or when it is
delocalized in the ligand(s), with respect to the neutral
scheme. This is particularly observed in the thioalkane-based
SAM, with an important decrease in the VAE when the charge
is delocalized in two ligands (case IV, orange points).
However, charge delocalization in only one ligand (case III,
green points) seems to be favored in thioarene, reducing the
VAE drastically (∼2 eV). Therefore, as the cationic trajectories
in the thioarene strongly deviate from the parallel arrangement
of nucleobases, cases II and IV, where intermolecular
delocalization is allowed, yield higher VAEs than case III
(charge localized in a single-ligand). In other words, the loss of
π-stacking suggests a favorable VAE toward vertical charge
delocalization. In the VIE, we observe the opposite situation,
i.e. close π−stacking yields higher values in case III (green
points) and lower values of case IV (orange points), thus
clearly favoring charge delocalization horizontally in two
ligands.
On the other hand, when studying the separation between

adjacent nucleobases (see Figure 5c), we observe that the
distance between them slightly increases in the cationic
simulations compared to their neutral counterparts, being
centered in all cases at ∼5 Å. The general relative distribution
of VIEs and VAEs with the distance, in the different SAMs, is
similar to that of observed for the angles. Therefore, there does
not seem to be a significant relationship between the distance
and changes in these energy terms. Consequently, we could
conclude that a certain dependence of VIEs/VAEs has been
found in terms of the stacking angle between nucleobases, but
not between their separation distance.

■ CONCLUSIONS
In conclusion, in this work we have theoretically evaluated the
one-electron oxidation potential of guanine-based SAMs
adsorbed on a gold surface. We have considered different
scenarios in which the created hole is transferred from an
organic ligand monolayer to the metal. These scenarios have
been analyzed for different monolayers in which, for each
ligand, a guanine is anchored to the substrate through a linker
of different nature, forming the SAM. The three analyzed
systems present an alkane, alkene, or arene linker, respectively.
Our results demonstrate that the most probable path is a
vertical charge transfer between a ligand and the gold surface.
The mechanism is favored by the electrostatic interactions that
occur between ligands, stabilizing the positive charge which is
mainly carried by just one ligand of the SAM. Additionally, in
those SAMs where the π-system is more extensive, we observe
an increase in the reducer character, which favors the transfer
to the gold surface. Those SAMs with an alkene possess
complete π-conjugation of the linker and guanine, resulting in
the largest π-conjugated system and leading to the most
efficient transfer to the substrate among the three considered
systems. Although in the other two systems such conjugation is
not achieved due to a torsion of the dihedral angle formed
between the guanine and the linker, in the case of arene the
linker itself presents a π-system that allows for more efficient
transfer than in the case of alkane, whose unique π-system is
reduced to that of the guanine, which is not in direct contact
with the surface. We have also evaluated further structural
parameters that affect the redox properties; we demonstrate a
clear correlation between the stacking angle formed between
neighbor nucleobases and the VIEs/VAEs values. In summary,
we have obtained information about the mechanism of the
charge transfer of a hole from an organic monolayer toward a
metallic bulk; thus delving into the mode of operation of some
technological applications of DNA, such as electrochemical
molecular recognition.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.langmuir.4c01512.

Theoretical background of the methodology employed,
protocol to obtain the parameters of the force field,
additive scheme protocol, and calculations including
periodic boundary conditions (PDF)

■ AUTHOR INFORMATION
Corresponding Authors

Juan J. Nogueira − Department of Chemistry and Institute for
Advanced Research in Chemistry (IAdChem), Universidad
Autónoma de Madrid, 28049 Madrid, Spain; orcid.org/
0000-0001-7419-5670; Email: juan.nogueira@uam.es

Sergio Díaz-Tendero − Department of Chemistry, Institute for
Advanced Research in Chemistry (IAdChem), and
Condensed Matter Physics Center (IFIMAC), Universidad
Autónoma de Madrid, 28049 Madrid, Spain; orcid.org/
0000-0001-6253-6343; Email: sergio.diaztendero@uam.es

Author
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(64) Klamt, A.; Schüürmann, G. COSMO: a new approach to
dielectric screening in solvents with explicit expressions for the
screening energy and its gradient. J. Chem. Soc., Perkin Trans. 1993, 2,
799−805.
(65) York, D. M.; Karplus, M. A Smooth Solvation Potential Based
on the Conductor-Like Screening Model. J. Phys. Chem. A 1999, 103,
11060−11079.
(66) Wu, Q.; Van Voorhis, T. Direct optimization method to study
constrained systems within density-functional theory. Phys. Rev. A
2005, 72, No. 024502.
(67) Derry, G. N.; Kern, M. E.; Worth, E. H. Recommended values
of clean metal surface work functions. J. Vac. Sci. Technol. A 2015, 33,
No. 060801.
(68) Case, D.; Aktulga, H.; Belfon, K.; Ben-Shalom, I.; Brozell, S.;
Cerutti, D.; Cheatham, T. E., III; Cisneros, G.; Cruzeiro, V.; Darden,
T.; Duke, R.; Giambasu, G.; Gilson, M.; Gohlke, H.; Goetz, A.;
Harris, R.; Izadi, S.; Izmailov, S.; Jin, C.; Kasavajhala, K.; Kaymak, M.;
King, E.; Kovalenko, A.; Kurtzman, T.; Lee, T.; LeGrand, S.; Li, P.;
Lin, C.; Liu, J.; Luchko, T.; Luo, R.; Machado, M.; Man, V.;
Manathunga, M.; Merz, K.; Miao, Y.; Mikhailovskii, O.; Monard, G.;
Nguyen, H.; O’Hearn, K.; Onufriev, A.; Pan, F.; Pantano, S.; Qi, R.;
Rahnamoun, A.; Roe, D.; Roitberg, A.; Sagui, C.; Schott-Verdugo, S.;
Shen, J.; Simmerling, C.; Skrynnikov, N.; Smith, J.; Swails, J.; Walker,
R.; Wang, J.; Wei, H.; Wolf, R.; Wu, X.; Xue, Y.; York, D.; Zhao, S.;
Kollman, P. Amber 2021; 2021.
(69) Salomon-Ferrer, R.; Case, D. A.; Walker, R. C. An overview of
the Amber biomolecular simulation package. Wiley Interdiscip. Rev.
Comput. Mol. Sci. 2013, 3, 198−210.
(70) Case, D. A.; Cheatham, T. E., III; Darden, T.; Gohlke, H.; Luo,
R.; Merz, K. M., Jr.; Onufriev, A.; Simmerling, C.; Wang, B.; Woods,
R. J. The Amber biomolecular simulation programs. J. Comput. Chem.
2005, 26, 1668−1688.
(71) Jorgensen, W. L.; Chandrasekhar, J.; Madura, J. D.; Impey, R.
W.; Klein, M. L. Comparison of simple potential functions for
simulating liquid water. J. Chem. Phys. 1983, 79, 926−935.
(72) Joung, I. S.; Cheatham, T. E. Determination of Alkali and
Halide Monovalent Ion Parameters for Use in Explicitly Solvated
Biomolecular Simulations. J. Phys. Chem. B 2008, 112, 9020−9041.
(73) Meza, J. C. Steepest descent. Wiley Interdiscip. Rev. Comput.
Stat. 2010, 2, 719−722.
(74) Galántai, A. The theory of Newton’s method. J. Comput. Appl.
Math. 2000, 124, 25−44.

Langmuir pubs.acs.org/Langmuir Article

https://doi.org/10.1021/acs.langmuir.4c01512
Langmuir XXXX, XXX, XXX−XXX

J

https://doi.org/10.1021/ct300550x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct300550x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp960590g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp960590g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp960590g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100277a053?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100277a053?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp0684224?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp0684224?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp951507c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp951507c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp951507c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp951507c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja962255b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja962255b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja962255b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja993508e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja993508e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja993508e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cplett.2019.136948
https://doi.org/10.1016/j.cplett.2019.136948
https://doi.org/10.1016/j.cplett.2019.136948
https://doi.org/10.1021/acs.jpcb.8b09435?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.8b09435?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp201281t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp201281t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jcim.2c00234?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jcim.2c00234?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.2c07225?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.2c07225?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D3CP00884C
https://doi.org/10.1039/D3CP00884C
https://doi.org/10.1039/D3CP00884C
https://doi.org/10.1039/D3CP00884C
https://doi.org/10.1021/acs.biochem.3c00324?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biochem.3c00324?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.1742723
https://doi.org/10.1063/1.1742723
https://doi.org/10.1063/1.1743423
https://doi.org/10.1063/1.1743423
https://doi.org/10.1063/1.1743423
https://doi.org/10.1063/1.1743424
https://doi.org/10.1063/1.1743424
https://doi.org/10.1063/1.1743424
https://doi.org/10.1021/j100798a033?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100798a033?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100798a033?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.1696792
https://doi.org/10.1063/1.1696792
https://doi.org/10.1063/1.1742724
https://doi.org/10.1063/1.1742724
https://doi.org/10.1016/j.cpc.2010.04.018
https://doi.org/10.1016/j.cpc.2010.04.018
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.78.1396
https://doi.org/10.1103/PhysRevLett.78.1396
https://doi.org/10.1103/PhysRevLett.78.1396
https://doi.org/10.1063/1.479012
https://doi.org/10.1063/1.479012
https://doi.org/10.1080/08927020802235664
https://doi.org/10.1080/08927020802235664
https://doi.org/10.1063/1.448799
https://doi.org/10.1063/1.448799
https://doi.org/10.1063/1.448799
https://doi.org/10.1063/1.455064
https://doi.org/10.1063/1.455064
https://doi.org/10.1063/1.455064
https://doi.org/10.1063/1.460447
https://doi.org/10.1063/1.460447
https://doi.org/10.1063/1.460447
https://doi.org/10.1039/P29930000799
https://doi.org/10.1039/P29930000799
https://doi.org/10.1039/P29930000799
https://doi.org/10.1021/jp992097l?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp992097l?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevA.72.024502
https://doi.org/10.1103/PhysRevA.72.024502
https://doi.org/10.1116/1.4934685
https://doi.org/10.1116/1.4934685
https://doi.org/10.1002/wcms.1121
https://doi.org/10.1002/wcms.1121
https://doi.org/10.1002/jcc.20290
https://doi.org/10.1063/1.445869
https://doi.org/10.1063/1.445869
https://doi.org/10.1021/jp8001614?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp8001614?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp8001614?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/wics.117
https://doi.org/10.1016/S0377-0427(00)00435-0
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.4c01512?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(75) Darden, T.; York, D.; Pedersen, L. Particle Mesh Ewald: An N·
log(N) Method for Ewald Sums in Large Systems. J. Chem. Phys.
1993, 98, 10089−10092.
(76) Ryckaert, J.-P.; Ciccotti, G.; Berendsen, H. J. Numerical
integration of the cartesian equations of motion of a system with
constraints: molecular dynamics of n-alkanes. J. Comput. Phys. 1977,
23, 327−341.
(77) Hammonds, K. D.; Heyes, D. M. Shadow Hamiltonian in
classical NVE molecular dynamics simulations: A path to long time
stability. J. Chem. Phys. 2020, 152, No. 024114.
(78) Yoneya, M.; Berendsen, H. J. C.; Hirasawa, K. A Non-Iterative
Matrix Method for Constraint Molecular Dynamics Simulations. Mol.
Simul. 1994, 13, 395−405.
(79) Cárdenas, G.; Lucia-Tamudo, J.; Mateo-delaFuente, H.;
Palmisano, V. F.; Anguita-Ortiz, N.; Ruano, L.; Pérez-Barcia, A.;
Díaz-Tendero, S.; Mandado, M.; Nogueira, J. J. MoBioTools: A
toolkit to setup quantum mechanics/molecular mechanics calcu-
lations. J. Comput. Chem. 2023, 44, 516−533.
(80) Kresse, G.; Hafner, J. Ab initio molecular dynamics for liquid
metals. Phys. Rev. B 1993, 47, 558−561.
(81) Kresse, G.; Hafner, J. Ab initio molecular-dynamics simulation
of the liquid-metal−amorphous-semiconductor transition in germa-
nium. Phys. Rev. B 1994, 49, 14251−14269.
(82) Kresse, G.; Hafner, J. Norm-conserving and ultrasoft
pseudopotentials for first-row and transition elements. J. Phys.
Condens. Mater. 1994, 6, 8245.
(83) Kresse, G.; Furthmüller, J. Efficiency of ab-initio total energy
calculations for metals and semiconductors using a plane-wave basis
set. Comput. Mater. Sci. 1996, 6, 15−50.
(84) Kresse, G.; Furthmüller, J. Efficient iterative schemes for ab
initio total-energy calculations using a plane-wave basis set. Phys. Rev.
B 1996, 54, 11169−11186.
(85) Kresse, G.; Joubert, D. From ultrasoft pseudopotentials to the
projector augmented-wave method. Phys. Rev. B 1999, 59, 1758−
1775.
(86) Voityuk, A. A. Charge transfer in DNA: Hole charge is confined
to a single base pair due to solvation effects. J. Chem. Phys. 2005, 122,
204904.
(87) Rooman, M.; Wintjens, R. Sequence and conformation effects
on ionization potential and charge distribution of homo-nucleobase
stacks using M06-2X hybrid density functional theory calculations. J.
Biomol. Struct. Dyn. 2014, 32, 532−545.

Langmuir pubs.acs.org/Langmuir Article

https://doi.org/10.1021/acs.langmuir.4c01512
Langmuir XXXX, XXX, XXX−XXX

K

https://doi.org/10.1063/1.464397
https://doi.org/10.1063/1.464397
https://doi.org/10.1016/0021-9991(77)90098-5
https://doi.org/10.1016/0021-9991(77)90098-5
https://doi.org/10.1016/0021-9991(77)90098-5
https://doi.org/10.1063/1.5139708
https://doi.org/10.1063/1.5139708
https://doi.org/10.1063/1.5139708
https://doi.org/10.1080/08927029408022001
https://doi.org/10.1080/08927029408022001
https://doi.org/10.1002/jcc.27018
https://doi.org/10.1002/jcc.27018
https://doi.org/10.1002/jcc.27018
https://doi.org/10.1103/PhysRevB.47.558
https://doi.org/10.1103/PhysRevB.47.558
https://doi.org/10.1103/PhysRevB.49.14251
https://doi.org/10.1103/PhysRevB.49.14251
https://doi.org/10.1103/PhysRevB.49.14251
https://doi.org/10.1088/0953-8984/6/40/015
https://doi.org/10.1088/0953-8984/6/40/015
https://doi.org/10.1016/0927-0256(96)00008-0
https://doi.org/10.1016/0927-0256(96)00008-0
https://doi.org/10.1016/0927-0256(96)00008-0
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.59.1758
https://doi.org/10.1103/PhysRevB.59.1758
https://doi.org/10.1063/1.1924551
https://doi.org/10.1063/1.1924551
https://doi.org/10.1080/07391102.2013.783508
https://doi.org/10.1080/07391102.2013.783508
https://doi.org/10.1080/07391102.2013.783508
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.4c01512?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

