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A B S T R A C T   

The reactivity of a (110) rutile titanium dioxide surface functionalized with neutral, anionic and di-anionic 
forms of dodecyl-phosphonic acid was studied by Density Functional based Tight Binding theory to simulate 
different pH conditions. Functionalization of this surface is relevant for at least two reasons: a) to protect the 
surface against external agents (e.g., by preventing the proliferation of bacteria in medical implants) and b) to 
use these organic–inorganic hybrid materials to facilitate the anchoring of other molecules. Comparing the re
sults obtained in the gas phase and in water, experimental findings are better modelled by considering the hy
dration energy of the acids and the solvation-desolvation process involving the acids and the surface. In water, in 
all protonation states, acid molecules interact with the hydrated surface as a mono-negative charged species due 
to proton transfer before the grafting process. The formation of bi-dentate, di-anionic acid species, due to a 
proton transfer process or a change of pH, is favoured by anchoring alkylphosphonic acid to the rutile.   

1. Introduction 

Biomaterials are defined as materials able to interact with biological 
organisms, which can be used to test, treat or replace organ tissues [1,2]. 
The ideal properties of a biomaterial include: a) no immune response; b) 
integration with a particular tissue or cell; c) no toxicity; d) low allergic 
response; e) corrosion resistance [2]. 

Among all possible materials able to interact with fluids and human 
tissues (metals, polymer, ceramic and natural materials) [1,3], metals 
play a predominant role. It is estimated that ~70% of the implanted 
surgical devices are characterized by metal-based biomaterials [4]. One 
of the most used metals in the production of medical devices is titanium 
and its alloys. Some peculiar proprieties such as good corrosion resis
tance, low density and weight, optimal biocompatibility and low 
Young’s modulus make them preferable to other metals (e.g., chro
mium–cobalt alloys and stainless steel) [5,6]. Titanium biomaterials are 
used in dental implants [6], screws and clips in bone fixation [7,8], 
artificial heart valves [9,10], and joint implant devices [3]. On the other 
hand, despite the excellent properties of titanium and its oxide bio
materials, the risk of implant failure, largely due to bacterial infections, 

is higher without implant surface modification [11]. 
Different surface treatment strategies could be used in order to 

improve the performance of biomaterials in biological systems, such as: 
mechanical, physical and chemical methods [12,13]. 

Chemical and biochemical methods, including surface coating with 
organic molecules [11], antibacterial metal [14], antimicrobial peptides 
[15], antibiotics [16] and antibacterial macromolecules [17], are some 
of the most used strategies to prevent bacterial attack. 

Among them, organic molecules like catechol [18], silanes [19,20], 
carboxylic acids [21] and phosphates-phosphonates or they organo- 
derivatives are grafted to the TiO2 surface to form stable and well- 
defined self-assembled monolayers (SAMs) [22]. The presence of suit
ably modified organic molecules together with formation of SAMs al
lows the formation of covalent (antimicrobial peptide [23], polymers 
[18,24], cyclodextrin [25]), dative bond (metals cation [26]) or non- 
covalent interactions [27]. 

Organophosphonic acids (OPAs), one of the most used grafting 
molecules, have some advantages over other molecules because of a 
greater hydrolytic stability in water environment [28]. Moreover, sur
face acid treatment is not required to obtain high coverage when OPAs 
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are used [29]. For these reasons, interactions between TiO2 surface and 
OPAs were extensively studied both experimentally [30–41] and theo
retically [42–49]. 

Experimental results indicate that the formation of M–O–P 
(Tì–O–P) bonds occurs through condensation reactions between the 
surface M–O–M groups and the OPAs P–OH moieties. Moreover, the 
Lewis acid sites of the surface can be coordinated by phosphoryl oxygen 
[40]. Despite many experimental studies [30–41] that have been re
ported over the past decade, the rationalization of the coordination of 
OPAs to the TiO2 surface have proved unsatisfactory. Solid state 31P 
NMR and infrared spectroscopy (IR) studies indicate that different co
ordination modes such as mono- (μ1), μ2-bridging bi-dentate (μ2) and μ3- 
bridging tri-dentate (μ3) structures are possible (Fig. 1) [35,46]. 

Some works reported greater stability of the tri-dentate species 
[34,39], while others of bi-dentate ones [22,36,37]. In a recent work, 
Canepa et al. studied the anchoring of aminophosphonates on the TiO2 
surface by using X-ray Photoelectron Spectroscopy (XPS) and IR tech
niques [22]. The XPS results indicate that mono-dentate and bi-dentate 
coordination modes are predominant with respect to the tri-dentate. 

Isothermal titration calorimetry (ITC) study made to obtain the re
action enthalpies (△Hr) show that the interaction between three 
different OPAs (Methylphosphonic, n-octylphosphonic and n-octade
cylphosphonic acid) and TiO2 surface favors the reaction of short alkyl 
chains (methylphosphonic, n-octylphosphonic acid) compared to long 
alkyl chains (n-octadecylphosphonic acid). However, dissociation en
ergy (Ediss) values were stabilizing by 13.9 ± 2 kcal•mol− 1 [38]. 

The free energy of binding between TiO2 surface and some OPAs 
obtained by thermogravimetric (TGA) analysis were negative and close 
to − 5 kcal•mol− 1 for hexylphosphonic, hexadecylphosphonic and phe
nylphosphonic acids [30]. 

Much computational work has been done to model the available and 
non-conclusive experimental data on OPAs adsorption [42–49]. In pre
vious works, Density Functional Theory (DFT) calculations have been 
extensively used [42–49]. In particular, Projector Augmented Wave 
(PAW) method, for basis set, together with generalized gradient 
approximation (GGA) functionals, such as PBE [42,46–48] and PW91 
[43], are some of the most used level of theory. However, B3LYP hybrid 
functional with Gaussian type orbital (GTO) are also reported [44,48]. 
In these works [42–49] the interaction energy (IE) between OPAs and 

TiO2 surface, in the gas phase, is in the range between − 40.0 and − 80.0 
kcal•mol− 1. For example, Di Valentin and co-workers [47] studied the 
relationship between surface covering levels and the interaction of n- 
butylphosphonic acid on the anatase surface. The bidentate mode, 
together with the mono-dissociation of the acid (proton transfer from 
acid to surface) is preferred at low coverage levels. At high coverage 
levels, monodentate coordination is the most stable, with the acid 
changing its conformation in order to minimize lateral repulsions. 

Quintero et al. studied the dissociative adsorption of dimethyl methyl 
phosphonate, sarin and soman toxic agents on dry and wet rutile sur
faces [42]. This work introduces the concept of wet condition, when the 
surface is covered with water film. This effect is useful to partially 
reproduce the influence of the solvent. In their work the authors obtain 
this condition using both a hydrated and a hydroxylated water 
configuration. 

The results indicate that, for both conditions, dissociative adsorption 
(proton transfer from acid to surface) is preferred over molecular 
adsorption. Moreover, higher stability was observed when a hydrated 
surface was employed. A similar protocol was recently used to study the 
interaction between aminopropylphosphonic acid and mesoporous TiO2 
powder [46]. 

Several limitations of these computational studies need to be 
emphasized:  

(a) The interactions between the surface and anionic species of OPAs, 
which predominate at physiological pH, have not been studied 
[41].  

(b) The formation of the tri-coordinated structures is reported only in 
one case where a nanosized polyoxotitanate cluster instead of 
TiO2 surface was employed [50].  

(c) The contribution of the explicit solvent was never considered.  
(d) The coordination mode depends on another important factor, i.e. 

the pH [36,41]. Indeed, by increasing the pH value, deprotona
tion of the OPA is observed with the formation of two anionic 
species, mono-anionic and di-anionic. On the other hand, the 
presence of explicit solvent is essential because the solute–solvent 
interactions are responsible for the significant changes in the 
chemical and physical characteristics of organic dyes, OLEDs and 
energetic materials among others [51–53]. 

Fig. 1. Possible binding mode for neutral forms of OPAs: a) μ1-bridging mono-dentate; b) μ2-bridging bi-dentate; c) μ3-bridging tri-dentate structures.  
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Here we describe a computational study that allows to elucidate the 
nature of the interactions between the (110) TiO2 rutile surface and n- 
dodecyl-phosphonic acid (C12-PA) as a function of pH. This has been 
done in the presence of explicit water molecules and by comparing the 
results with the corresponding gas phase study. We use the self- 
consistent-charge density functional tight-binding (SCC-DFTB) method 
[54,55]. This DFT approximated method, reduces the computational 
demand making it 2–3 orders of magnitude faster than standard DFT 
without any significant loss of accuracy [56]. In particular, with this 
method, nanoparticles or large slab of TiO2, together with their in
teractions with water [57–59], organic molecules [45,60,61] or bio
molecules [62] were investigated. 

2. Experimental 

2.1. SCC-DFTB method 

The approximation of the Kohn-Sham (KS) DFT formalism is the 
basis of the self-consistent charge density-functional-based tight-binding 
(SCC-DFTB) method. This approximation assumes a second-order 
expansion of the KS-DFT total energy with respect to the electron den
sity fluctuations. The SCC-DFTB total energy is defined in equation (1) 
[58]: 

ESCC− DTFBtot =
∑

i
niεi +

1
2
∑

αβ
vαβrep

(
Rαβ

)
+

1
2
∑

αβ
γαβΔqαΔqβ (1)  

the attractive part of the energy, represented by the first term, contains 
the one-electron energies εi from the diagonalization of an approximated 
Hamiltonian; the short-range repulsive energy, approximated in the 
second term, is represented by the sum of the pairwise distance- 
dependent potential vαβrep(Rαβ) between the pair of atoms α and β; △qα 
and △qβ are the charges induced on the atoms α and β, which interact 
through a Coulombic-like potential γαβ. All SCC-DFTB calculations were 
carried out with the DFTB+ software [63]. 

2.2. Geometry optimization procedure 

All geometry optimizations were carried out with the use of “matsci- 
0–3” Slater–Koster parameters specifically designed for material science 
[64]. Matsci is appropriate for the study of the interaction of TiO2 sur
face and phosphonic acid [45,60]. 

The quasi-Newton optimization method (Limited memory BFGS 
optimizer) was employed; the self-consistent tolerance was set to 10-5 

electrons. The k-point set for the Brillouin-zone integration were 2 × 2 
× 1 as already used [58,59]. The highest angular momentum was set as 
“s” for hydrogen atoms, “p” for oxygen and carbon atoms and “d” for 
phosphorus and titanium atoms. The van der Waals interactions have 
been corrected with the use of DFT-D4 method [65]. Periodic boundary 
conditions were applied in all directions. 

2.3. Model 

The 110 surface of TiO2 rutile is the most stable and therefore the 
most studied one [66]. For the gas-phase calculations, it was built a 
(110) rutile 5 × 3 slab structure corresponding to a 14.849 × 19.735 Å2 

surface area with 4 rutile layers (Fig. 2a-b). Moreover, a vacuum region 
of 14.849 × 19.735 × 36.1 Å3 volume was added. 

For this study we use the n-dodecyl-phosphonic acid (C12-PA, 
Fig. 2c-e), which is able to create the most stable SAMs both in air and in 
solvent [47]. To mimic the modification of the pH of the solution three 
forms of dodecyl-phosphonic acid i.e., neutral (C12-PA), anionic (C12- 
PA-) and di-anionic (C12-PA2-) were used (Fig. 2c-e). 

The geometry optimization in the gas-phase started with the C12-PA 
molecule placed on top of the rutile (110) surface. This cluster pre
sented one C12-PA molecule per 15 5-coordinated Ti (Ti5c) atoms. 

Mono, μ2-bridging bi-dentate and μ3-bridging tri-dentate coordina
tion mode of the C12-PA was used as starting configurations. The 
interaction energy in the gas-phase (IEGas) was calculated following 
equation (2): 

IEGas = Ecluster −
(
Esurface + EC12− PA

)
(2)  

where Ecluster is the energy of the C12-PA anchored on the rutile (110) 
surface, Esurface corresponds to the energy of the clean rutile (110) 
surface and EC12-PA is the energy of an isolated C12-PA molecule. 

To study the C12-PA adsorption at the solid-solution interface, the 
empty part of the simulation box was filled with 249 water molecules. 
The starting configurations were obtained by molecular dynamics (MD) 
simulations in the NVT ensemble. Temperature was kept constant by 
applying the Nose-Hoover thermostat [67] at 300 K. NVT molecular 
dynamic simulations of 5 ps, with the TiO2 surface atoms positions kept 
constant were carried out. These molecular dynamics simulations were 
used to equilibrate the water molecules and C12-PA, which were 

Fig. 2. Model employed in this work: a) rutile (110) along the xy axis; b) rutile (110) along the xz axis with the identification of the four layers. Five coordinate Ti 
(Ti5c) atoms highlighted in green. 3 forms of n-dodecyl-phosphonic acid (C12-PA) model used in this work: c) neutral form; d) anionic form (charge − 1) and e) di- 
anionic (charge − 2). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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subsequently optimized with the procedure reported above. 
The interaction energy in water (IEw_1) was calculated by means of 

equation (3):- 

IEw 1 = Ecluster −
(
Esurface− w + EC12− PA

)
(3)  

where Ecluster is the energy of C12-PA anchored on the solvated rutile 
(110) surface, Esurface-w corresponds to the energy of the solvated clean 
rutile (110) surface and EC12-PA is the gas-phase energy of an isolated 
C12-PA molecule. In a similar way Quintero et. al. have calculated the 
interaction between the wet rutile surface and nerve agents [42]. This 
approach does not take into account the energy contribution related to 
the solvation of the acid molecules and the surface. The IEw_2 in the 
solvent was then calculated according to equation (4): 

IEw 2 = Ecluster − Esur acid non inter (4)  

where Ecluster is the energy of C12-PA anchored on the rutile (110) 
surface in a solvated box, Esur_acid_non_inter corresponds to the energy of 
acid molecules placed at ~ 6 Å from the surface, in a solvated box and 
not interacting with the surface after an optimization procedure (Fig. S1 
in the supporting information (SI)). 

Finally, optimization of 249 water molecules and the acid (without 
the surface) allowed to obtain the hydration energy of C12-PA (Ehyd) 
following equation (5): 

Ehyd = Eacid w −
(
Eacid gas + Ew

)
(5)  

where Eacid_w is the energy of acid immersed in a box of 249 water 
molecules, Eacid_gas corresponds to the energy of acid in gas-phase and 
IEw is the energy of a box of 249 water molecules. 

3. Results and discussion 

As reported above, to consider the pH of the solution, we have 
studied the addition of the three C12-PA molecules (Fig. 2c-e) onto rutile 
(110) surface in gas phase and in explicit water. 

Clearly, variations in the strength of these bonding modes depends 
on:  

a) how many phosphoryl oxygens coordinate the surface;  
b) how many hydrogen bonds are formed between the acid molecule 

and the oxygen of the surface (before the proton transfer);  
c) how many hydrogen bonds are present, following proton transfer 

between acid and surface. 

We initially discuss the interaction in the gas-phase, followed by the 
discussion of the interaction in explicit water and finally we briefly 
analyze the electronic properties. The reader is referred to the SI for 
additional numeric results and structural data. 

3.1. Gas phase 

In Fig. 3 the energy profile for the addition of the three acid struc
tures (Fig. 2c-e) to the rutile TiO2 surface in gas phase is shown (Table S1 
and all geometric details in Table S2-S5 and Figure S2). 

Our description of the energy profile, related to each individual C12- 
PA molecule (neutral, anionic and di-anionic) follows the formation of 
the M− − − O–P bonds. To simplify the description of this mechanism, 
we have divided the energy profile in the following steps where, for each 
step, the most stable structure detected is indicated:  

(a) Step 1: System A, with one M− − − O–P bond;  
(b) Step 2: System B, with two M− − − O–P bonds;  
(c) Step 3: System C, with two M− − − O–P bonds and one proton 

transfer from the acid to the surface;  

(d) Step 4: System D, with two M− − − O–P bonds and two proton 
transfers from the acid to the surface;  

(e) Step 5: System E with three M− − − O–P bonds. 

Neutral C12-PA (red line in Fig. 3, structures in Fig. 4, ng): in the gas 
phase, the energy profile of the neutral acid consists of five steps. The 
negative IEGas energies indicate a favorable interaction between C12-PA 

Fig. 3. IEGas profiles of the three C12-PA species in gas phase for neutral form 
of C12 PA (red line); anionic C12-PA (green line); and di-anionic C12-PA (blue 
line). The lines between the points are only provided to facilitate visualization. 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

Fig. 4. Optimized structures for the anchoring of C12-PA to the rutile (110) 
surface; Step A: mono-coordinated structures; Step-B: bi-coordinated structures; 
Step C: first proton transfer (PT); Step D: second PT; Step E: tri-coordinated 
species; ng: neutral-gas; ag: anionic-gas; dag: di-anionic-gas. 
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and the surface. In mono-coordinated structures A (Fig. 4), P––O oxygen 
(––O) interacts with Ti atom through a dative bond with a distance 
(Ti–OC12-PA) of 2.258 Å (Table S2 and Figure S2). Angle Ti1L-Ti1L-OC12- 

PA (Table S3 and Figure S2), which indicates the tilt of the oxygen acid 
atoms coordinated with the surface, is 86◦. The IEGas is − 36.3 
kcal•mol− 1 and the stabilization are in part due to the two hydrogen 
bonds (H-bond) that the acid forms with two oxygen atoms of the surface 
(Fig. 4 Ang). In the second step, the formation of another Ti–O bond, to 
form the bi-coordinated structure B, was reported (Fig. 4 Bng). Ti–OC12- 

PA distances were slightly higher in comparison with structure A (2.291 
and 2.261 Å, Table S2) while the Ti1L-Ti1L-P-OC12-PA angles present 
different values (82◦ and 95◦ Table S3, and Figure S2) indicating a 
distortion of the two Ti–OC12-PA bonds. The IEGas was − 44.6 kcal•mol− 1 

with a stabilization of the system by − 8.3 kcal•mol− 1 even though the 
system loses one H-Bond with the surface (Fig. 4 Bng). Similar trend was 
previously reported in literature for acid molecules at low coverage level 
[47]. 

In structure C (Fig. 4, Cng) the first proton transfer process (PT) 
occurs with a consequent decrease of one Ti–OC12-PA distance 
(Table S2), the Ti1L-Ti1L-P-OC12-PA angle value was similar and close to 
90◦ (Table S3). This process introduces a deformation in the surface with 
an increase in the Ti–O bond (Table S2 and Figure S2) implicated in the 
proton transfer. The transferred hydrogen remains bound to the acid 
through a H-bond (Fig. 4 Cng). The PT process stabilizes the system by 
~ 40 kcalfmol− 1 (Fig. 3 ng and Table S1) in comparison with the bi- 
coordinated structure B. The second PT in structure D (Fig. 4 Dng) 
shows an additional decrease in Ti–OC12-PA distances (Table S2) and the 
IEGas value shows a slight stabilization compared to structure C (~3 
kcal•mol− 1; Fig. 3 ng and Table S1). The two transferred hydrogens 
interact with acid by H-bonds (Fig. 4 Dng). 

The tri-coordinated structure E (Fig. 4, Eng), was obtained with an 
increase in all the Ti–OC12-PA distances (Table S2) with the third bond 
which is the longest (Table S2) and with higher Ti1L-Ti1L-P-OC12-PA angle 
values (Table S3). The formation of the third bond induces a deforma
tion of the surface, the Ti6c atom, involved in the third bond, forms a 
O–Ti–O angle (167◦ see Figure S2) which is lower if compared to the 
atoms not involved in the formation of the bonds with acid (Ti5c ~ 
170◦). Moreover, this bond, induces a deformation also in acid molecule; 
the Ti2L-P-OC12-PA angle (Table S3 and Figure S2), which indicates the 
tilt of the alkyl acid chain towards the surface, increases with respect to 
mono and bi-coordinated structures. The structural deformation of the 
surface discussed above could explain the destabilization observed for 
structure E (+34.8 kcal•mol− 1 in respect to structure D). 

In other words, despite the increase in number of the Ti–O–P- 
bonds the system is less stabilized. Consequently, the grafting reaction 
stops at structure Dng with the tri-coordinate species Eng (Fig. 4) that 
could be formed only in small amounts. This result is in good agreement 
with experimental data [22]. 

Anionic C12-PA (green line in Fig. 3, structures in Fig. 4, ag): In the case 
of the anionic acid, the mono-coordinated structure A was not observed 
and the presence of a nucleophilic O- group could explain this behavior. 
The first detected system is B (Fig. 4 ag) characterized by similar dis
tances, angles and IEGas values observed for structure Cng (Table S2 and 
S3). The anionic Bag structure interacts more strongly with the surface 
compared to the neutral Bng. Analogous to structure Bag, structure Cag 
was characterized by similar distances, angles, and IEGas value observed 
for structure Dng. 

Again, the tri-coordinated structure Eag shows similar behavior in 
the geometrical parameters trend observed for Eng, but with a slightly 
lower IEGas value (-59.0 kcal•mol− 1 Table S1) and consequently shows 
lower destabilization (+28.3 kcal•mol− 1 Table S1) in comparison with 
structure Cag (for ng +34.8 kcal•mol− 1 Table S1). 

Di-anionic C12-PA (blue dashed line in Fig. 3, structures in Fig. 4, dag): 
The absence of –OH groups in C12-PA2- implies the formation of only 
two structures, bi-coordinated (B) and tri-coordinated (E), reported in 
Fig. 4. Structure Bdag which is characterized by the most negative IEGas 

value (table S1) shows geometrical parameters similar to those observed 
for the structures Cag and Dng (Table S2 and S3). The presence of two 
negative oxygen atoms makes this molecule highly nucleophilic and 
capable of a very strong interaction with the surface. Similarly, tri- 
coordinated structure Edag (Fig. 4ag), was destabilized in energy by 
+24.2 kcal•mol− 1, in comparison with structure Bdag, nevertheless, 
Edag is more stable than Eng (by +34.8 kcal•mol− 1) and Eag (by +28.3 
kcal•mol− 1). 

In summary, in the gas phase, all calculated IEGas were negative 
indicating a favorable interaction between surface and the three 
different acid species. The analysis of the IEGas profile for C12-PA in
dicates that the most stable conformations follow the order: dag > ag ≈
ng (Fig. 3 and Table S1). It is interesting to note that the formation of a 
mono or di-anionic acid species, due to a PT process or to a change in pH, 
seems to be the driving force relative to the formation of the interaction 
between the TiO2 (110) rutile surface and acid. 

3.2. Water phase 

In Figure S3 it has been reported the optimized structure of the 
interacting water molecules with the clean surface. The first water layer 
was constituted by water molecules that interact with the surface 
through the formation of a bond between the oxygen atoms of water 
(Ow) and Ti5c atoms (labelled Ti–Ow). The calculated average distance, 
from optimized structures, between adsorbed waters (Ow) and Ti5c 
atoms (Ti–Ow

av) is 2.292 Å. A second water layer interacts through H- 
bonds (average distance of 1.808 Å) with the first one. 

The obtained gas-phase structures were subsequently solvated and 
re-optimized (Figure S4) after NVT simulations, the bond length and 
angles are close to those observed for gas-phase calculations (Table S4 
and S5). 

IEw_1 values are close to those obtained in the gas-phase (Table S1 
IEGas vs IEw_1). On the other hand, IEw_1 values, do not consider the 
hydration energy (Ehyd) of the acid (from gas-phase to solvent) which is 
usually a not negligible contribution [68], together with the desolvation 
process related to the anchoring. The Ehyd values obtained decrease in 
this direction: neutral > anionic > di-anionic (-26.5, − 119.6 and 
− 263.3 kcal•mol− 1 respectively). 

During the anchoring of the acid on the surface, a desolvation of both 
acid and the surface is observed, evidenced by the decrease in the 
number of solvent molecules surrounding the acid and surface (Nw_acid 
and Nw_sur in Table S1). 

The strong stabilization of the three acid molecules, due to their Ehyd, 
and the solvation-desolvation process, changes drastically the energy 
profile as highlighted by IEw_2 values (see Fig. 5 and Table S1) and most 
of the systems grafted onto the surface are now strongly destabilized. 

A better description of the anchoring process requires to take into 
account at least one structure where acid does not interact directly with 
the TiO2 but interact with coordinated surface waters (HB in Fig. 6). 

Neutral C12-PA (red dot and solid lines in Fig. 5 and Fig. S4, nw): The 
energy profile in water starts with the stable structure HBnw (-10.1 
kcal•mol− 1) where two hydrogens are transferred to the surface but, at 
the same time, the acid molecule removes a hydrogen from the coordi
nated water (Fig. 6, HBnw). The intermediates Anw, Bnw and Cnw (red 
dashed line Fig. 5, see also Figure S4) are unlikely because of the 
destabilizing IEw_2 values (73.1, 40.3 and 10.3 kcal•mol− 1 respectively). 
Instead, the Dnw bi-dentate system has a stabilization energy compa
rable with that of HBnw (Table S1) indicating that the two structures 
could coexist (Table S1). 

Anionic C12-PA (green lines in Fig. 5, Fig. S4, aw): the first HBaw 
structure is − 3.6 kcal•mol− 1 (IEw_2) more stable than the reactants and 
shows similar behavior observed for the neutral form; a proton transfer 
process from acid to surface and from surface to acid (Fig. 6 HBaw). In 
these pH conditions, the only stable structure is the Caw (IEw_2 − 19.2 
kcal•mol− 1). Due their energy destabilization systems Aaw, Baw and 
Eaw are not formed. 
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Di-anionic C12-PA (blu lines in Fig. 5 and Fig. S4, daw): in basic 
conditions the HBdaw structure is stable (IEw_2 − 7.1 kcal•mol− 1) and 
shows a PT transfer from the surface coordinated water to the acid 
(Fig. 6 HBdaw). At this pH, bi-coordinated Cdaw structure and tri- 
coordinated Edaw structure are stable (IEw_2 − 25.1 and − 11.4 
kcal•mol− 1 respectively, Table S1). 

In conclusion, in water, all three acid species show stable structures 
in which the acid moieties are not directly bound to the surface but 
interact with the water molecules coordinated to the surface (Fig. 6). 
Neutral and anionic acid systems exhibit only one stable structure 
directly grafted to the surface: bi-coordinated Dnw in neutral conditions 
and bi-coordinated Caw in slight acid conditions, where a mono- or di- 
dissociative state structure is observed. In basic conditions, di-anionic 
acid shows two structures directly grafted to the surface, i.e., bi- 
dentate Cdaw and tri-dentate Edaw. 

The IEw_2 value, are now close to those reported experimentally [38]. 
These experimental works suggest specific interactions of the acid with 
the surface thanks to the formation of P–O–M bonds or to the forma
tion of multiple H-bonds [38]. Moreover, in these experiments, it is 
concluded that, depending on whether the alkyl chains are short (C8) or 
long (C18), the binding mode is exothermic or endothermic, respectively. 
This suggest that in long-chained acids, the grafting process is entropy 
driven [38]. Our calculations, which show the decrement in the number 
of water molecules around the anchored acid structure (Nw_acid and 
Nw_sur, in Table S1), confirm this behavior for long alkyl chains OPAs. 

3.3. Electronic structure analysis 

The electronic properties of a metal oxide with a relatively large 
band gap (BGs), such as TiO2 (3.1 eV for rutile [69]), are difficult to 

describe by DFT calculations. GGA DFT functionals, underestimate the 
band gap value, whereas hybrid DFT functionals provide better results 
[70,71]. On the other hand, SCC-DFTB calculations were only used for 
bulk TiO2 simulations and the calculated BG are in excellent agreement 
with experimental data [72]. Density of state (DOS) are reported in 
Figure S5 and S6 (gas-phase and in water respectively). As previously 
reported in literature [46,47], no additional gap states were introduced 
by anchoring of C12-PA molecules. No additional gap states were 
observed after the PT processes or after the formation of the tri- 
coordinated structures. The BG values, reported in Table S1, were 
close to ~3.00 eV in excellent agreement with experimental results for 
clean surfaces [69]. 

4. Conclusions 

We have used DFTB method to assess the anchoring ability of the n- 
dodecyl-phosphonic acid on rutile (110) surface. Three different acid 
species – neutral, anionic and di-anionic – have been considered to 
evaluate the impact of pH in the grafting process. 

Our simulations in the gas-phase support a favorable interaction 
between different acid species and surface in all the cases studied, as 
highlighted by negative IEGas values. The analysis of the energy profile 
indicates that neutral and anionic acids are characterized by similar 
energy values and the most stable conformations were bi-dentate 
structures (mono or di-dissociated state). 

Moving towards basic conditions, anchored di-anionic and bi- 
dentate structures are the most stable over neutral and anionic acid 
forms. All the tri-coordinated systems are destabilized compared to the 
bi-coordinated one and they could be formed only in small amounts as 
experimentally observed. 

However, a stronger destabilization of the interaction is observed 
due to the solvation process. This destabilization effect is related to the 
hydration energy of the acids and to the solvation-desolvation process of 
the acid and the surface. 

Moreover, the explicit solvent modifies the first interaction between 
the acid and the surface. In water, in all three pH conditions, acid 
molecules interact with the hydrated surface as a mono-negative charge 
species due to the proton transfer, before grafting. 

Likewise, gas-phase calculations, the most stable interactions show a 
bi-dentate coordination. The two species involved are the result of a bi- 
dissociated process in neutral conditions and a mono-dissociated process 
in anionic conditions. However, the most negative IEw_2 value is re
ported for di-anionic acid and shows a stable tri-coordinated structures. 
However, this conformation can be formed only in small amount with 
respect to bi-coordinated ones. 

Therefore, the formation of di-anionic acid species, due to a PT 
process or a change in pH, favors the anchoring of alkylphosphonic acid 
to rutile TiO2 (110). 
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M. Fröhlich, B. Dovgan, F. Impellizzeri, A. Braem, J. Vleugels, S.C.A. Robijns, H. 
P. Steenackers, J. Vanderleyden, K. De Brucker, K. Thevissen, B.P.A. Cammue, 
M. Fauvart, N. Verstraeten, J. Michiels, Antibacterial activity of a new broad- 
spectrum antibiotic covalently bound to titanium surfaces, J. Orthop. 34 (2016) 
2191–2198, https://doi.org/10.1002/jor.23238. 

[21] Y.G. Aronoff, B. Chen, G. Lu, C. Seto, J. Schwartz, S.L. Bernasek, Stabilization of 
Self-Assembled Monolayers of Carboxylic Acids on Native Oxides of Metals, J. Am. 
Chem. Soc. 119 (1997) 259–262, https://doi.org/10.1021/ja953848+. 

[22] P. Canepa, G. Gonella, G. Pinto, V. Grachev, M. Canepa, O. Cavalleri, Anchoring of 
Aminophosphonates on Titanium Oxide for Biomolecular Coupling, J. Phys. Chem. 
C. 123 (2019) 16843–16850, https://doi.org/10.1021/acs.jpcc.9b04077. 
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