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Abstract

A Density Functional Theory (PBE functional) investigation is carried out, in which a model of
amorphous silica surface is functionalized by ortho-benzoquinone. Surface functionalization with
catechol and quinone-based compounds is relevant in biomedical fields, from prosthetic implants to
dentistry, to develop multifunctional coatings with antimicrobial properties. The present study provides
atomistic information on the specific interactions between the functionalizing agent and the silanol
groups at the silica surface. The distinct configurations of the functional groups, the hydrogen bond
pattern, the role of dispersion forces and the simulated IR spectra provide a detailed insight on the features
of this model surface coating. Ab-initio molecular dynamics gives further insights on the mobility of the
functionalizing groups. As a final step, we studied the condensation reaction with allylamine, via Schiff
base formation, to ground subsequent simulations on the condensation with model peptides of

antimicrobial activity.



Introduction

Biomaterials are among the most widely studied materials in the last decades. Life expectancy has
increased, thus strongly requiring the production of engineered materials capable to integrate and
dynamically interact within the aged or damaged tissues of human body. In dentistry, the focus is to
design materials with antimicrobial properties against bacterial infections in surgery, eventually leading
the failure of the dental implant.! This issue, named “the race for the surface” by Anthony G. Gristina in
1987,23 causes both economic and societal problems and has become a scientific challenge, involving
different disciplines, such as chemistry, physics, medicine, material science and engineer. Designing
specific interfaces on the biomaterials without using toxic substances or promoting bacterial resistance
still represents a critical task.

To this aim, antimicrobial peptides (AMPSs) represent one of the best solutions, being active biomolecules
produced by a wide variety of organisms (plants, mammals, insects, marine invertebrates, ...) as an
essential component of their innate immune response.* Within the dentistry research area,® AMPs have
been studied against bacteria growing in the oral cavity and as dental-caries preventing agents. The
activity of the immobilized AMPs strongly depends on the length and kind of spacer between the active
biomolecules and the solid matrices. Therefore, the search for a specific linker, i.e. a bio-inspired organic
precursor, for the adhesion of the AMPs to the engineered biomaterial surface has led to different
candidates. Among many, 3,4-dihydroxy-L-phenylalanine (DOPA) is a crucial species for conferring the
peculiar adhesive properties to marine mussels. For instance, the comprehension of collagen and adhesive
mussel foot proteins (mfps) interactions can generate improved medical and dental adhesives,
particularly for collagen-rich tissues.® Examples of applications of these molecules include the design of
cell and protein resistant surfaces desired for implantable medical implants and diagnostics as well as for
antiicing coatings on aircraft wings and nonfouling marine surfaces.’

Catechol and benzoquinone molecules have become relevant in studying protein surface adhesion as



versatile building blocks for designing mussel-inspired coatings,®® since catechols - benzene derivatives
with two neighboring (ortho-) hydroxyl groups — are easily oxidized to the corresponding DOPA-
quinone. The latter can act as a covalent cross-linking unit, either by reacting with nucleophilic groups
in the polypeptidic matrix by means of Michael-type additions, or via direct free-radical arylaryl
couplings.’® In a recent study dealing with these moieties, Lee et al. have reported the use of catechol-
functionalized polymers as dental adhesives to reduce the failure of dental implants.*!

Diftferent techniques can be applied for synthetizing the inorganic surface to which the linker and the
antibacterial peptide are attached. Among these, the atmospheric pressure Dielectric Barrier Discharge
(AP-DBD) plasma polymerization process represents a versatile mass production technique and a green
process compared to traditional wet chemical approaches. It has been already successfully used for the
elaboration of anti-bacterial surfaces.'>'* When vinyltrimethoxysilane (VTMOS) is utilized for plasma
deposition on the metallic surface, a silica thin film is formed. Such two-dimensional (2D) silica films
are relevant also in several other applications, such as dielectric layers in integrated circuits and
supporting substrates for catalysis.!> Recently, some of us have shown that quinone functionalized hybrid
layers deposited on stainless steel can be exploited for enzyme grafting, in order to depollute water by
degrading amoxicillin, a commonly used antibiotic.'® Catechols are also used for trapping radicals or
metal ions.!” The reaction of the quinone groups with the amine, thiol and/or imidazole groups of a
specific enzyme follows a Michael type addition or with a Schiff base formation (for amine groups) in
mild pH condition.®

In recent years, computational methods have become a powerful complementary or even alternative tool
for the investigation of these functional inorganic-bioorganic interfaces. A recent review gives an
overview of the different computational methods both at the smaller length scale of quantum mechanics
and at the larger of coarse grain.'® A large number of computational studies dealing with amorphous

silica interface with water and peptides can be found in the literature.'®-?! Specifically, for antimicrobial



peptides, computational studies can help clarifying the mechanism of action, which is still poorly
understood. For instance, Cirac et al.?? adopted a combination of molecular dynamics and experimental
investigations to study a family of pore forming cyclic antimicrobial peptides.

Recently, the interaction among catechol moieties and inorganic oxides has been studied by ab-initio
molecular dynamics calculations for the adsorption of catechol on a wet TiO2 (110) interface.?® Catechol
on wet silica surface was computed within DFT and MD to elucidate the competition among water and
the organic functionality adopted by marine mussel proteins to adhere permanently to diverse wet
surfaces.?* The main conclusion was that catechol makes a direct contact with the silica surface,
displacing water molecules. The same group also confirmed these results recently.?®

Quinones are also relevant as cofactors for proteins in bioenergetic cycles. In that respect, DFT
calculations of EPR/ENDOR parameters confirmed the essential role of hydrogen bonding formation of
both neutral and radical anion ubiquinone species with bacterial centers of the specific photosynthetic
purple bacterium called Rhodobacter (Rb.) sphaeroides.?®

Moreover, a recent work by Yeh et al. revealed a stronger interaction of catechol molecule compared
with the phenolic moieties, on hydroxylated alumina surface in agueous conditions. The key point was
the strong cooperative hydrogen bonding interactions of two neighboring hydroxyl groups with the
surface hydroxyl groups of alumina.?’

To date, understanding the elemental behavior and assembly of catechols on surfaces still remains a
challenge. To gain more insight into this issue, Ruiz-Molina et al. studied the self-assembly and
interaction of long-chain alkylcatechols with surfaces by means of experimental techniques and
molecular dynamics calculations.?

In this paper, we studied at the DFT-PBE level of theory, models of ortho-benzoquinone
functionalization on amorphous silica surfaces, as a preliminary step for condensation of biomolecules,

such as antimicrobial peptides. We have applied here the same computational approach already



successfully adopted on cristobalite surfaces, to study acidic and basic functionalizations.?® We show
that these models are useful also for modeling reaction with a -NH> aminoacidic residue of a protein
becoming attached to the functionalized surface. To this purpose, we have considered allylamine, but our
results can be extended to more complex biomolecules, sporting the same —NH> group. The benefit of
our computational approach is to provide atomistic models of such a complex interface like a silica
catechol-functionalized surfaces and to support spectroscopy experiments by predicting vibrational

adsorption in the C=0 fingerprint region.

Computational details

Static calculations

For all the static calculations, we adopted the Density Functional Theory framework with the General
Gradient Approximation-Perdew-Burke-Ernzerhof (DFT-GGA-PBE)*® with Grimme’s D2 dispersion®
as encoded in the periodic CYSTAL14 code.®? We referred to the same split-valence double- and triple-
¢ basis set plus polarization functions®**34 employed in ref. 45. This choice was originally aimed at
reducing the basis set super-position error (BSSE), and have proven as a very good compromise also
here. Different basis sets were employed to describe the atoms of the silica surface and those of the
functionalizing groups, balancing precision and computational cost of the calculations. For more details
on the basis set, please refer to the Electronic Supporting Information (ESI). The Hamiltonian matrix
was diagonalized in I" point (shrinking factor 1S=1) due to the large size of the surface unit cells. We
adopted default values for the tolerances controlling the accuracy of the Coulomb and exchange series
(see ESI for details). A true slab model, periodic only in 2 dimensions, was simulated by applying
periodic boundary conditions, and the atomic coordinates of the two more exposed atomic layers,
reported in the ESI, were optimized via an analytical gradient method, upgrading the numerical Hessian

with the Broyden-Fletcher-Goldfarb-Shanno algorithm. The other atoms and the unit cell parameters



were kept fixed for all the models at the optimized values for the free silica surface, to compensate for
the limited thickness of the slab model. All graphical inspections were carried out with the molecular
graphics program MOLDRAW.?®

We computed the PBE-D2 vibrational frequencies only on a fragment of the slab model, consisting of
all silanol OHs and the functionalizing groups, within the harmonic approximation, by obtaining the
eigenvalues from the diagonalization of the mass-weighted Hessian matrix. The second derivatives,
needed to build the Hessian matrix, were computed from the analytical gradient by a single displacement
(0.003 A) for each atomic Cartesian coordinate with respect to the equilibrium configuration.®®3” The
Berry phase approach allowed the calculation of the infrared intensity of each normal mode.*

The majority of the calculations were performed with the massively parallel version of the CRYSTAL14

code (MPP) run on 32 cores, as average.*

Ab initio Molecular Dynamics Simulations

Explorative ab initio molecular dynamics calculations were performed using the CP2K code.*® The
Quickstep technique®! with a mixed plane wave and Gaussian basis set methodology (Gaussian and Plane
Wave method, GPW) was employed to calculate the electronic structure. We used the PBE functional,
with the Goedecker—Teter—Hutter pseudopotentials®? triple-( basis set with polarization functions
(TZVP)* augmented with the empirical Grimme’s D2 correction.3! The cutoff for the plane wave basis
was set to 400 Ry. AIMD simulations were run at 450 K in the NVT ensemble using the Canonical
Sampling through Velocity Rescaling (CSVR) thermostat.** The adoption of a relatively high
temperature compared to the room temperature was to ensure a good configurational sampling of the
potential energy surface experienced by the complex catechol substituent in a relatively short time
window. We set up a time step of 0.5 fs, running the dynamics for at least 10 ps (thermostat time constant:

50 fs). Since CP2K requires 3D periodic systems, a value of ¢ = 35 A was chosen to separate the slab



replicas with enough vacuum. In all cases, and in accordance with the static simulations, we allowed only
the superficial layer of the silica slab and the drug molecules to move during the MD simulation. Root
Mean Square Deviations along the trajectories were computed only for the 16 atoms of the quinone

functionalities.

Results and discussion

Quinone functionalization of the silica surface

The plain amorphous silica model

The adopted amorphous silica surface is a well-established 2D model (slab thickness of 7.2 A, unit cell
composition H22063Siz6 and unit cell parameters: a = 12.60 A, b = 12.83 A, o = p = 90.0° y = 83.1°)
obtained in our laboratory and validated against several physicochemical properties, including adsorption
of different molecules, from small organic acids to larger drugs.***’ This model is characterized by a
silanol density p=4.5 OH-nm?, close to the experimentally value, measured for fully hydroxylated
surfaces (4.9 OH-nm?).#® This density corresponds to 8 SiOH surface groups per unit cell, all, in
principle, available for the functionalization.

It is recognized that the hydrogen bond pattern between silanol groups plays a key role in determining
the strength of silica interaction with adsorbed molecules.***° We suggest that the same role is played in
determining the relative stability of a given functionalized surface.

Figure 1 shows the top a) and side b) views of the silica model. Four hydrogen bonds are present at the
top surface: two of them are part of a small chain, connecting H, G and F silanols exhibiting the strongest
hydrogen bond (G---H, 1.81 A), in line with the well-known correlation between H-bond strength and
length.%* The other two hydrogen bonds are isolated, connecting A to B and D to E silanols, with an

average length of 2.0 A. As shown in Figure 1b), the silanol labelled as A is buried below the average



SIOH plane at the silica surface, so it was not considered as accessible for the functionalization.

c)

Figure 1. Amorphous silica surface model (H2:063Sizs, a = 12.60 A, b = 12.83 A, oo = p = 90.0° y = 83.1°) used
as a reference for the functionalization: a) top and b) side (along the b lattice parameter) views, respectively; unit
cell borders in blue; SiOH groups labelled from A to H for future reference; hydrogen bonds represented as black
dotted lines, with their length reported in A; c) 4-ethyl-ortho-benzoquinone or 4-ethyl-1,2-benzoquinone, the
reference molecule for the functionalization process. Color code for atoms: silicon in yellow, oxygen in red,
hydrogen in light grey, carbon in green.

The chosen reference molecule for the subsequent functionalization reaction (see equation (1)) is the 4-
ethyl-ortho-quinone (Figure 1c); the gas phase optimized geometry of the lowest energy conformer was

used as a reference energy (see equation 1).

Geometry and energetics of the quinone functionalized silica models

Our chosen computational strategy was to design a number of functionalized structures, by condensation
of 4-ethyl-o0-benzoquinone on the available silanol groups of the amorphous silica surface model shown
in Figure 1 a) and b), as a way of sampling the possible configurations of a functionalized surface. To
refer to these models we adopted the same label of the substituted silanols, from B to H (see Figure 1).
As abovementioned, silanol A is excluded because not accessible to the incoming molecules. The
functionalization process is schematically reported in Figure 2a), while Figure 2b) illustrates, for the

specific case involving silanol C, the reference reaction for computing the stability ranking of the seven



structures.
We considered the following reaction as a purely hypothetical one:

Silica(OH)m + NCH3CH2-quinone —  Silica(OH)m-n(CH2CH2-quinone), + nH20 (1)
as it only serves for calculating relative stability among the possible functionalized surface models rather
than mimic any specific experimental reaction. This choice is in agreement with our previous work
dealing with the acidic and basic functionalization of the (101) cristobalite surface.?® In equation (1), n
is the functionalization degree and its value can be 1 (Figure 3), 2 (Figure 4a) and 3 (Figure 4 b). When
we compute the reaction energy AE, we separated the electronic contribution coming from the sole PBE
energy from that due to the D2 term. In this way, we roughly estimate the relevance of the London energy
contribution for each functionalized model, as this has proven crucial in describing the adsorption of

aromatic molecules on silica surfaces.*>*

a)
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Figure 2. Schematic representation of the reference reaction for the design of functionalized silica surface models,
by condensation of 4-ethyl-ortho-benzoquinone on the SiOH group, with the release of a water molecule. a)
scheme of the reaction site; b) side views of the chosen amorphous silica surface with the indication of the
functionalization site, before and after the reaction (see equation 1), only the two topmost layers are shown. The
case of C silanol is chosen as an example. Color code for atoms: silicon in yellow, oxygen in red, hydrogen in
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light grey, carbon in green.

We manually docked the functional group of each structure to maximize the number of hydrogen bonds
between surface silanols and the C=0 groups of the quinone group. Each C=0 group can, in principle,
establish two hydrogen bonds, for a total number of four hydrogen bonds per quinone. The initial guess
is then fully relaxed to get the lowest minimum energy structure on the potential energy surface (PES).

This approach is nontrivial, since the PES of the system is extremely complex and the manual
condensation could easily overlook important interactions and/or the optimization procedure could be
stuck in saddle points, at higher energy than the nearest minima. As a practical example of our procedure,
we illustrate the case of the B mono-functionalization, Figure 3a) and b). This is a particularly interesting
example showing how the hydrogen bond formation influences the stability of the functionalized surface.

We started with the optimum model shown in Figure 3a.

l

Figure 3. Top views of the unit cell for the case of B-functionalized amorphous silica surface modeling: a) a saddle
point on the PES due to SiOH(D) imaginary mode; b) a minimum structure, after rotating silanol D to give a new
hydrogen bond with the quinone CO. Color code for atoms: Si in yellow, O in red, H in light grey, C in green; unit
cell borders in blue.
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This model seems adequate in terms of hydrogen bonds, since each oxygen of the quinone carbonyl
group is involved in at least one hydrogen bond of medium strength with a surface silanol. One hydrogen
bond involves the E silanol of the nearby unit cell (1.78 A) and the other silanol H (1.71 A), which in
turn is part of a hydrogen bond chain with G and F silanol groups. From this analysis, structure 3a)
appears quite stable as for hydrogen bond interactions. This is confirmed as the computed AE= 30.5
kJ-mol? value is lower than the other cases reported in Table 1 (datum not reported in Table 1, vide
infra). Nonetheless, when computing the harmonic frequencies (see next section for further details), the
structure resulted to be a saddle point and not a minimum in the PES. Graphical inspection of the
associated eigenvector has allowed us to arrive to the new model of Figure 3b). In essence, silanol D was
rotated to establish a hydrogen bond with the closest oxygen of the quinone functionality. Thus, all seven
surface SiOHs participate in a hydrogen bond and the AE value lowered to 11.9 kJ-mol™* (see Table 1).
As expected, all frequencies were positive for the 3b) model. The dispersive contribution to energy for
the two structures (vide supra) is higher for the second case (Figure 3b) by only 3 kJ-mol?, which
emphasizes a major role of the new hydrogen bond in stabilizing model 3b). This example confirms that
extreme care must be taken when applying such a manual static approach for systems with complex PES
and that, when possible, a vibrational analysis should be always performed to validate the results.

The same procedure has been adopted for the other six mono-functionalized cases, (C to H ones) and the
corresponding optimized structures are reported in Figure 4. Focusing on hydrogen bond patterns, it is
evident that the C model is the only case where one C=0 group is engaged in two hydrogen bonds with
surface silanols E and H, while the other C=0 interacts with silanol D (average distance of 1.8 A).
Moreover, the original hydrogen bond pattern H-G-F is retained, with the reinforcement of the hydrogen
bond H-G than for the clean surface (1.68 vs 1.81 A). These features confer the C model the highest
stability, as reported in Table 1. The B case (see Figure 3b) is characterized by a much higher AE=27.8

kJ-mol? (Table 1) compared to the C case, despite the C=0 groups being engaged in three hydrogen
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bonds of similar strength (B/C hydrogen bond length: 1.83/1.76, 1.80/1.86, 1.92/1.79, 1.73/1.68,
2.00/1.91, see Figure 3 and 4); as data in Table 1 shows, the difference in the dispersive contribution AEp
favors the C model by about 18 kJ-mol™.

As a counterproof of the synergic role of hydrogen bonds and dispersion in determining the relative
stability of a functionalized configuration, a model can be built trying to deliberately reduce these
interactions: the resulting G structure is indeed the least stable one, being higher in reaction energy by
about 125 kJ-mol™* with respect to the C model. Figure 4 shows that this is the case where the dispersion
contribution is at its minimum, as the carbon ring is almost perpendicular to the silica surface. Indeed,
the AEp term is 47 kJ-mol™ higher with respect to the C case. Moreover, no hydrogen bonds are formed
with the quinone moiety, while the pristine F-G-H hydrogen bond chain at the free silica surface is

disrupted.

Figure 4. Top views of the six mono-functionalized silica surface models, from C to H case (for the B case see

13



Figure 3). hydrogen bond represented with black dotted lines and their distances reported in A. Color code for
atoms: silicon in yellow, oxygen in red, hydrogen in light grey, carbon in green.

Figure 5. Top views of the two multi-functionalized silica surface models: a) bi-functionalized, with quinone
attached to E and H silanols; b) tri-functionalized with quinone attached to C, E and H silanols. hydrogen bond
distances reported in A. Color code for atoms: silicon in yellow, oxygen in red, hydrogen in light grey, carbon in
green.

Table 1. Computed reaction energy values (AE) for reaction (1), relative stability differences (AAE) with respect
to the C model, electronic reaction energy (AEg) and dispersive reaction energy (AEp) for all the considered
functionalized models. See Figure 1a) and b) for labelling. Three degrees of functionalization are shown as n=1,
2, 3. All values expressed in kJ-mol™ And expressed per unit of substitution.

n=1 n=2 n=3

B C D E F G H HE CHE

AE 11.9 -16.0 43.0 61.6 66.6 108.9 56.7 69.8 43.1
AAE 27.8 0.0 58.9 77.5 82.5 124.9 72.6 85.8 59.1
AEE 65.0 54.8 88.2 116.1 109.5 132.4 125.7 141.9 112.1
AEp -63.1 -70.7 -45.2 -54.5 -42.9 -23.5 -69.0 -72.1 -69.0

As anticipated, Table 1 reports the reaction energy AE for equation (1) and the relative stability AAE of
the functionalization product with respect to the most stable C case. The last two columns contain data
for models with a higher degree of functionalization, i.e. two and three quinone groups per unit cell (see
Figure 5 for the corresponding optimized structures). It is worth noting that for the tri-functionalized
model, which represents the maximum loading of the original unit cell, the reaction energy, averaged by

the number of substituents, is in line with that from mono-functionalized models such as D (see model
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CHE in Table 1). This is somehow surprising, as in model CHE one of the quinone groups (the C one,
see Figure 5b) does not form neither hydrogen bonds nor significant dispersive interactions with the
surface, being almost perpendicular to the surface plane. Clearly, the stabilizing effect due to the other
two quinone groups H and E is able to compensate for these lacks of interactions.

Table 1 also shows the relative role played by electronic and dispersive forces, in stabilizing the
structures. Interestingly, no general trend can be noticed as regard the relative contributions of AEE and
AEp to the total AE. However, the most stable C case has the largest negative AEp value, while the least
stable model G, the lowest. For B and E models, the AEp values are very close to each other (-53.1/-54.5
kJ mol?), while AEE favors the B structure by about 50 kJ mol™. Moreover, for the H model the AEp
term is as large as that for the most stable C structure. Dispersive forces are, by definition, always
attractive and, being less dependent on the relative orientations, show a limited variability among the
different mono-functionalized models (standard deviation = 16.3 kJ mol™?), with respect to the electronic
contributions (standard deviation = 30.2 kJ mol?) that are much more responsive to variation in the

geometries of the hydrogen bond interactions.

Computed IR frequencies of quinone functionalized silica models

IR spectroscopy may reveal the effect of the chemical environment on the substituent attached to the
silica surface. In the present case, the C=0 groups are indeed probes for the local environment at the
surface through the perturbation suffered by the value of the C=0 stretching frequency. To the best of
our knowledge, no experimental IR has been detected for the specific quinone functionalized silica case
considered here. Therefore, the DFT simulations can provide essential information for interpreting
experiments, hopefully carried out in the future.?®

From the experimental side, the C=0 frequency of benzoquinone covalently attached to graphite surfaces

was observed at around 1630 cm™.52 Moreover, some of us have recently reported experimental IR
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spectra of a silica-based network with organic functional groups, where carbonyl frequencies of the
quinone groups are found at = 1650 cm™'.®

A useful quantity to be compared with the experiment is the shift suffered by the C=O stretching
frequency of the quinone at the silica surface in comparison with the value of the free molecule. PBE-
D2 values are affected by systematic error due to the adopted functional and basis set quality. Therefore,
to bring our computed frequencies on a common scale with the experimental ones, we considered a
simplified model for which accurate experiments are available. This will allow to derive a scaling factor
bringing the computed Av(C=0) shift to coincide with the experimental ones. The same scaling factor
will then be adopted to scale the shifts computed for the present, more complex, quinone-substituted
silica surfaces. The reference system is acetone adsorbed on amorphous silica, recently studied
experimentally by Crocella et al..>® For the modeling, we used the same silica surface. The resulting,
most stable adsorbed state is shown in Figure 6. The acetone molecule engages two relatively short
hydrogen bonds with silanols E and H of the surface. In same way, the environment of the C=0 group
in acetone is similar to that of one C=0 group of the quinone in structure C (see Figure 4). The computed
adsorption energy AE = -93 kJ-mol* (BSSE corrected®) and Av(CO) = -73 cm™, should be compared
with the experimental values of AH = -75 kJ-mol* and Av(CO) = -44 cm? for acetone adsorption on
pyrogenic amorphous Aerosil 200 nonporous silica, in which acetone adsorbed in the low pressure
regime forms two hydrogen bonds with the silanol groups (see Ref.>® for more details). The computed
AE value will become less negative when zero point energy contribution and thermal corrections are

taken into account, bringing the agreement with the experimental AH value even closer.
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Figure 6. Acetone adsorption on the hydroxylated surface of amorphous silica. Hydrogen bond distances reported
in A. Color code for atoms: silicon in yellow, oxygen in red, hydrogen in light grey, carbon in green.

The computed Av(CO) shift is overestimated with respect to the experimental value. Two are the reasons
for that: i) systematic error in the adopted method, as mentioned before; ii) differences in the hydrogen
bond pattern between the model and the real system. Indeed, in our model, the hydrogen bond labelled
H in Figure 6 is particularly strong, being the terminal of a chain. This, in turn, will increase the shift
suffered by the C=0 group. On the contrary, in the experiment, it is claimed that only isolated silanol
groups are engaging hydrogen bond with the C=0 functionality. To compensate for all above mentioned
effects, we define a scaling factor s as:

s = Av(C=0)caLc/Av(C=0)expr =0.61 (2)
and apply it to rescale the shifts computed for the quinone-functionalized surfaces. We are well aware of
the limitation of our procedure, as in the quinone group the two C=0 groups are involved in a ©-resonant
electronic system, at variance with the acetone case.

We simulated the IR spectra for B, C and D mono-functionalized models, as well as for the bi-

functionalized HE one.
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Experimental IR spectrum® of the 0-benzoquinone molecule gives for the anti-symmetric and symmetric
C=0 stretching frequencies values of 1690 and 1665 cm™ with an internal shift of 36 cm™, in good

agreement with the shift of 25 cm™ computed at PBE-D2 level for 4-ethyl-ortho-benzoquinone.

Table 2. Computed IR C=0 stretching modes (cm™) for three mono-functionalized models and the bi-
functionalized one, compared to the 4-ethyl-o-benzoquinone molecule, with relative shifts. Unscaled and scaled
(s-) values by applying the scaling factor s = 0.601, see text for details.

Model va(CO) Ava(CO)  s-Av,y(CO) vs(CO) Avs(CO)  s-Avs(CO)
4-ethyl-o-benzoquinone (ref.) 1694 - 1658 - -
Mono-B 1657 -37 -22 1632 -26 -16
Mono-C 1660 -57 -34 1601 -34 -20
Mono-D 1678 -9 -5 1649 -16 -10
Bi-HE 1688, 1671 -23, -16 -14,-10 1642, 1635 -23, -6 -14, -4

The A(CO) stretching shifts — both unscaled and scaled, are reported in Table 2 for the considered models,
while the corresponding computed spectra in the C=0 stretching frequency window, based on unscaled

frequencies, are shown in Figure 7.
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Figure 7. Computed IR spectra in the C=0 stretching region for the three mono-functionalized C, B and D models
and the bi-functionalized case HE, compared to the reference molecule, 4-ethyl-o-benzoquinone, displayed in
Figure 1c).

As expected, the largest bathochromic shifts are computed for the most stable C model (Table 1), due to
the formation of two moderately strong hydrogen bonds (1.79 and 1.86 A) on one CO (Av(CO)=-34 cm
1y and one strong hydrogen bond (1.76 A) with the second CO ((Av(CO)=-57 cm™). For the D case
(Figure 7) the associated bathochromic shifts are much lower ((Av(CO)=-9 and -16 cm™), due to the
presence of only one hydrogen bond (1.88 A). For all cases, the tiny band at 1623 (B), 1613 (C), 1629
(D) and 1612, 1616 (HE) cm™ is associated to the C=C stretching frequency of the quinone ring, which
is found at 1629 cm™ in the reference molecule. We think that these data can be used by researchers as a

guide in their interpretation of the often crowded IR spectra for similar systems.
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AIMD on selected quinone functionalized silica models

Ab initio molecular dynamics (AIMD) simulations were performed with the CP2K code for the most
stable mono-functionalized C model. The goal of this investigation was to understand if we were
overlooking parts of the PES in our static approach. We carried out an explorative AIMD run of 10 ps at
450K in the NVT ensemble starting from the optimized C-model geometry (Figure 4). The Root Mean
Square Deviation (RMSD) along the trajectory for the atomic positions of the quinone functionality (red
line, Figure 9), shows the quinone moiety oscillating around the starting position in the first part of the
simulation, and then further departing for longer time evolution (average RMSD: 1.24 A, maximum
RMSD: 2.50 A).

We were interested in the changes of hydrogen bond distances with time to see if they were stable during
the dynamics, with the purpose to find any other stable configuration of the quinone functionalization on
the silica surface. Figure 8 reports this analysis, focusing on the four hydrogen bonds established among
quinone oxygen atoms, labelled O1 and O2, and the four silanols (A, D, E and H, see Figures 1b and ¢
for labelling). The most interesting observation is the formation of a new hydrogen bond between O1
and A silanol after 6.6 ps of time evolution (as shown by the dramatic drop of the A--O1 distance in the
corresponding graph of Figure 8. Obviously, hydrogen bonds E--O1 and H-O1 are correspondingly lost,
as shown by peaks in their graphs of Figure 8. The formation of the new hydrogen bond is due to the
rotation of the quinone-functionalizing group, and corresponds to a peak in the RMSD labelled as point

C’ in Figure 9.
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Figure 8. Hydrogen bond length values established among the CO groups of the functionalization and different
surface silanols during the AIMD simulation for the case of C-functionalized silica. First row: local view of the
geometry of interaction, labelling the two different oxygen 1 and 2; second and third rows: hydrogen bond length
variation with respect to the simulation time for each of the four hydrogen bonds of O1 and O2 with silanols A,
D, E and H. Color code for atoms: oxygen in red, hydrogen in white, carbon in cyan.

We fully optimized the structure extracted from the MD after 6.6 ps with the static PBE-D2 method. The
resulting AE (see equation (1)), for this new C’ case, while still negative (AE = -4.5 k] mol?) is higher
by about 11 kJ-mol2with respect to the original C case. Figure 9 b) illustrates the top view of the

optimized C” model, where one C=O0 is part of a hydrogen bond chain with silanols A and B, forming a
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stabilizing ring-like structure with the Si-C bond of the functionalization.

RMSD (A)

00— T T 7T T T T
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Time (fs)

Figure 9. a) Root Mean Square Deviations (RMSD) along the AIMD trajectories for the atomic positions of the
quinone functionality, in the G and C cases; corresponding b) C” and c¢) G’ optimized structures. Color code for
atoms: silicon in yellow, oxygen in red, hydrogen in light grey, carbon in green.

The G model (least stable) was also simulated at 450 K to see if the added kinetic term was able to let it
evolve in a more stable configuration. Indeed, as shown by the RMSD profile of Figure 9a), in less than

2 ps the system shifted from the initial structure to a new geometry, that was then mostly retained until
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the end of the trajectory (average RMSD: 3.74 A, maximum RMSD: 4.30 A). This suggests that the
original configuration, albeit a local minimum in the potential energy surface, is separated by very low
barriers from other more stable configurations, in which it transforms very quickly, therefore being
probably scarcely representative of the real system. The origin of the instability is the lack of contact
between the quinone moiety and the silica surface (minimum dispersion contribution). The new G’
structure (extracted at time = 3.6 ps, in the RMSD of Figure 9a) has been optimized with the static
approach and is reported in Figure 9 ¢). The quinone moiety is now flat with respect to the surface, as in
the C case, and forms one hydrogen bond with a surface silanol. The AE with respect to equation (1) is
71 kJ-mol? instead of 109 (Table 1), gaining about 38 kJ-mol™ in stability with respect to the original
model. Ab initio molecular dynamics is therefore revealed as a crucial tool to complement static DFT

simulations.

Schiff base formation on the quinone functionalized silica surfaces

We took the optimum mono-functionalized models to further react with the NH2 group of allylamine
(CH2CHCH2NH_), as a model of basic functionality present in potential antimicrobial peptides. Figure
10 reports the general scheme of the Schiff base formation, known to proceed via a Ping Pong
mechanism.>® The corresponding reaction is written in equation (3), showing the formation of an imine

compound as reaction product.

CH,CHCH,N
o o
CH, CH,
OH CH, SCHIFF BASE OH CH,
| | © +CH,CHCH,NH, ———5 | l
Si Si 2 272 FORMATION Si Si

Figure 10. Scheme of the covalent bonding between a quinone functionalized silica surface and allylamine
according to a Schiff base formation.
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Silica(OH)7(CH2CHz-quinone) + CH,CHCH2NH> — Silica(OH)7(CH2CH2-imine)+ H20 (3)
As for equation (1), also in this case the reaction is hypothetical and only serves to compare the reaction
energy of different functionalized models. The reaction energy values (AE) are reported in Table 3 for
all the simulated models (see Figure 1a for the labelling). For sake of brevity, we reported in Figure 11
the optimized structures of the four models B, D, E and H for which we also computed the vibrational
v(CO) and v(CN) features. Figure ESI2 in the Electronic supplementary information file shows the

complete set of all seven models.

SIDE VIEW TOP VIEW
B model

D model

E model
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H model

Figure 11. Side (left) and top (right) view of the imine products (see eq. 3) starting from different mono-
functionalized models, i.e. B, D, E and H. Color code for atoms: silicon in yellow, oxygen in red, hydrogen in
light grey, carbon in green, nitrogen in blue. Unit cell borders in blue, hydrogen bonds as black dotted lines;
functionalized silanol labelled in pink.

From data of Table 3, the H-mono-functionalized model is the most stable one, due to the presence of a
H-~N bond with the B silanol (1.75 A) and of the H-~O=C bond with the D one (1.85 A). Moreover, this
model is characterized by a good balance among the electronic and dispersive contributions to the energy.
The stability order isH > E > F>B > D > C > G models. Structures E, F (see Figure ESI2) and D contain
hydrogen bonds between the immino nitrogen atom with surface silanol. As for the mono-functionalized
model described in the previous section, structure G is the least stable one, as no contact of the immine
group is made with the surface (structure shown in Figure ESI2). Interestingly, data of Table 3 shows
that the Schiff formation reaction energies are completely uncorrelated with the relative stability of the
quinone-functionalized models (see Table 2). This means that the Schiff reaction greatly changes the

PES of the system, therefore stabilities obtained for the quinone-functionalization cannot be used as

25



estimator for the energies of further steps in the functionalization process. As for the latter cases, the
Schiff reaction energy is entirely driven by maximizing both the hydrogen bonds with the C=0 group
and dispersive interactions with the silica surface.

Table 3. Computed reaction energy values (AE), IR CO (unscaled/scaled for the scaling factor already applied in
Table 2) and CN stretching modes and corresponding shifts with respect to the free imine molecule (cm™) for all
the Schiff base formation product models obtained by the mono-functionalized cases, labelled from B to H
according to the substituted silanol, as in Figure 1a) and b). All energy values expressed in kJ-mol?, while
frequencies in cm™.

n=1- MONO

B C D E F G H
AE -24.1 -4.2 217 -28.2 -27.3 -0.6 -33.5
AAE 9.4 29.4 11.9 5.3 6.3 33.0 0.0
AEe -23.3 6.9 6.4 4.2 4.9 8.3 -135
AEp -0.8 111 -28.1 -325 -32.2 -8.9 -20.0
v(CO), 1496, ) 1661, 1676, ) ) 1626,
Av(CO)/scaled  -167/-100 -2/-1 13/8 -37/-22
v(CN), AV(CN) 1565, -8 - 1565, -8 1570, -3 - - 1568,-5

For all models shown in Figure 11 we computed the IR spectra, and Table 3 reports the v(CO) and v(CN)
frequency of the imine moiety and the corresponding shifts with respect to the reference molecule (the
same molecule of Figure 1c with one O substituted by the CH>CHCH2N moiety) in the gas phase.
Generally speaking, the v(CN) is almost unaffected by the interaction with the silica surface, with very
small bathochromic shifts (maximum of 8 cm™). In the B model the C=0 group establishes two hydrogen
bonds with two silanols, resembling the structural motif already commented in the mono-functionalized
C model and for the reference acetone molecule adsorbed at surface. Indeed, the CO stretching of this B
model suffer a large bathochromic shift of about 167 cm™ (100 cm™? after scaling). Interestingly, for the
E model, an hypsochromic shift resulted, since no CO group is involved in hydrogen bond with the
surface. Also in the D case, no hydrogen bond is established and the v(CO) resulted almost unperturbed.
As for the guinone-functionalization, these data can guide analysis of measured IR spectra, aiming at

correlating experimental data to the atomistic details of the interactions.
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Conclusions

In the present paper, we have modeled at PBE-D2 the surface functionalization of a model of amorphous
silica by means of 4-ethyl-ortho-benzoquinone groups, which become chemically attached trough the
silanol groups. We have studied all possible substitution to each available SiOH group, by manually
docking the substituent to exploit the maximum number of hydrogen bonds with the remaining silanol
groups. By considering a hypothetical reference surface chemical reaction, we established an energy
ranking of each substituted model. Two key points emerged as essential for the stability of the substituted
model: i) the hydrogen bond strength between the CO groups and the surface silanols and ii) the
dispersive interaction of the whole quinone with the silica surface. We did not detect other specific
interactions. The above points are important from the methodological point of view, as computational
methods not including dispersive correction to the DFT energy are prone to fail badly in the modelling
of adsorption of large molecules on oxide surfaces. The adoption of ab initio molecular dynamics to
explore the potential energy surface revealed the bounty of our manual docking, but also possible flaws
for high-energy structures, which are unstable when temperature effects are included. The functionalized
silica is the starting point for linking potential antimicrobial peptide by nucleophilic attack the C=0
functionalities through peptide basic NH2 groups. We simulate this process by reacting the allylamine
CH2CHCH2NH2 via Schiff reaction with the quinone functionalized models. An important
methodological result is that the Schiff formation reaction energies are completely uncorrelated with the
relative stability of the quinone-functionalized models. As for the quinone-functionalized cases, the
reaction energy is entirely driven by the ability of the functionalizing moiety to establish both hydrogen
bonds with the C=0 group and dispersive interactions with the silica surface.

The present simulation also predicted infrared features in the C=0 stretching region, which is visible in
the experimentally functionalized materials.t” When CO behaves as hydrogen bond acceptor, the v(CO)

resulted bathochromically-shifted, with scaled values less than 20 cm™ for quinone-functionalized
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models, but up to 100 cm™ for the Schiff reacted functionalized groups. For the latter cases, the CN
stretching is only moderately affected, suffering bathchromic shifts less than 10 cm™. Calculations are
already ongoing in our laboratory to analyze other reaction mechanisms, such as Michael addition, and
the adoption of lysine and cysteine as better models of antimicrobial peptide functionality compared to

allylamine.
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