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Probing the structural properties of the water solvation shell around gold nanoparticles: a computational study

While subjected to radiation, gold nanoparticles (GNP) have been shown to enhance the production of radicals when added to aqueous solutions. It has been proposed that the arrangement of water solvation layers near the water-gold interface plays a significant role. As such, the structural and electronic properties of the first water solvation layer surrounding GNP of varying sizes were compared to bulk water using classical molecular dynamics, quantum and semiempirical methods. Classical molecular dynamics was used to understand the change in macroscopic properties of bulk water in the presence of different sizes of GNP, as well as by including salt ions. The analysis of these macroscopic properties has led to the conclusion that larger GNPs induce the rearrangement of water molecules to form a 2D hydrogen-bond network at the interface. Quantum methods were employed to understand the electronic nature of the interaction between water molecules and GNP along with the change in the water orientation and the vibrational density of states. The stretching region of vibrational density of states was found to extend into the higher wavenumber region, as the size of the GNP increases. This extension represents the dangling water molecules at the interface, as a result of reorientation of the water molecules in the first solvation shell. This multi-level study suggests that in the presence of GNP of increasing sizes, the first water solvation shell undergoes a rearrangement to maximize the water-water interactions as well as the water-GNP interactions.

I. INTRODUCTION

Unwittingly, gold nanoparticles (GNP) have been used since ancient times, primarily as color additives. These nanoparticles are of nanometer size at least in one dimension, leading to quantum-size effects, resulting in their interesting optical properties. In the last few decades, scientists have successfully synthesized GNP of well-controlled size and geometry. This has led to the interest in utilizing GNP in various fields: catalysis, sensing, imaging, drug delivery, and radiotherapy treatments. [1][2][3][4] Recently, Sicard-Roselli et. al. [5][6][7] have developed a protocol for the quantification of hydroxyl radical production during water radiolysis and demonstrated the enhanced production of hydroxyl radicals in the presence of GNP and nano-diamonds. Contrary to the generally accepted explanation, which involves the ejection of secondary electrons (Auger's electron) and Compton's scattering by nanoparticles composed of heavy elements, they proposed that GNPs induced overproduction of hydroxyl radicals and solvated electrons is due to specific restructuring of water molecules at the interface. Such solvent structure has been observed experimentally, with X-ray Absorption Spectroscopy, at the interface of nano-diamonds. [8][9][10][11] Recently, Novelli et al. 12 have probed water structure surrounding GNP with Terahertz and mid-IR spectroscopy, and it is characterized by weaker hydrogen bonds than those found in bulk water. However, only limited atomistic detail can possibly be obtained from these experiments. Molecular simulation studies may a) Electronic mail: van-oanh.nguyen-thi@universite-paris-saclay.fr b) Electronic mail: carine.clavaguera@universite-paris-saclay.fr †These authors contributed equally to this work.

provide a significant insight into this interesting GNP-water interfacial phenomenon.

Many theoretical approaches have been used to probe the interfacial behavior of solvent on metal NPs, including atomistic approaches that model the interaction with atomic clusters (up to 100 atoms) using quantum and semi-quantum approaches, [13][14][15][16][17] and classical molecular dynamics (MD) studies of solvents near gold metal surfaces (either [111] or [100] phase) with a few layers of gold atoms repeated along the xy plane. [18][19][20][21] In the classical MD framework, the quality of the force field which contains the important physical effects, is crucial in achieving the right interfacial behavior. Heinz et al. 22 were among the first to develop a force field for metal surfaces based on the Lennard-Jones potential. The r 0 and e 0 parameters were refined against experimental data for cell parameters and surface tensions. Their compatibility with existing biomolecular force fields leads to their application in many simulation studies of gold surfaces and GNPs in interaction with their environment. The force field provides reasonable agreement with experiments or density functional theory (DFT) results. 18,21,23,24 Though, Heinz's force field provides good results in reproducing the interfacial structure of metal surfaces, there are still limitations in describing their interaction with biomolecules or a polar solvent. For example they have neglected polarization effects that are crucial in accurately describing the interaction with highly polar molecules. Geada et al. 25 later developed a polarizable Lennard-Jones potential to describe interaction between metal surfaces with ions. Iori et al. 26 then developed the Go1P force field that focuses on the interaction between Au [111] surfaces and proteins in water. The interaction energy was decomposed into a gold polarization term, a chemisorption term, a van der Waals term, and a p conjugation system term. This force field has been demonstrated to perform well for the surface interaction with small representative molecules, such as water, imidazole and phenol. This force field has also been further refined to include more specific corrections to the interaction of the gold surface with proteins, 27 sulfur, 28 and nucleobases. 20,29 Recently, Clabaut et al. 30 have also developed a new force field for noble metal interfaces, called GAL19, to represent ten different facets of interfaces. Their interaction includes physisorption, chemisorption and angular dependence, to accurately replicate the preferred adsorption geometry obtained in DFT calculations. Meanwhile, Berg et al. 19 evaluated the different force field parameters and their transferability for gold surface [001 and 111 lattices] interacting with water molecules against DFT calculations. They concluded that the different choices of parameters give rather different interfacial behaviours pointing out the need for better model for gold-water interface and hence, they propose a set of optimized parameters especially catered to this interaction. As such, the molecular dynamics simulation needs to be carefully compared and interpreted with respect to the desired properties (e.g. water structural features or self diffusion coefficient).

Quantum chemistry methods have also been applied to study the interfaces of GNP systems, with atomic clusters and/or small nanoparticles used to represent bulk surfaces. For example, Huang et al. 13 have employed DFT to probe the nature of the interaction between O 2 and a series of small gold cluster anions (n=1-7). DFT was also used to investigate the interaction between Au 32 and amino acids 14 or between naringin and gold clusters. 15 The adsorption of monomer and bilayer water molecules on a series of metal nanoparticles, including Au [111] surface, has been reported by Meng et al., 31 using a plane wave representation. They probed the electronic aspect of water-metal interaction by looking at charge transfer and OH vibrational stretching modes. The catalytic activity of a GNP on a carbon nanotube for water dissociation has been studied at the DFT level. 32 They reported a lowered activation energy as water interact with the GNP. Chan et al. 33 have also looked into the stability of the shapes of GNP (up to 100 atoms) interacting with a water solvation shell at the DFT level, highlighting the importance of GNP stability for their application in radiotherapy. Though the fully quantum methodology allows accurate determination of the electronic and structural properties of small GNPs, the method is computationally limited in the size of systems that may be treated. Therefore, many have turned their attention to the approximate quantum methods, such as Density Functional Based Tight-Binding (DFTB), to reduce the computational time and to extend the range of system sizes that are accessible. Fihey et al. 34 have recently developed parameters for gold-thiolates systems in the DFTB framework to accurately reproduce geometries, energies and electronic properties obtained at the DFT level. Oliveira et al. 35 have conducted a benchmark of the Au-Au parameters for a series of gold clusters against DFT. These parameters have been used in different studies to determine the properties of gold and silver clusters, nanoparticles and bulk, 36 the role of surface charge on the orientation of water at the interface for the application in electrodes, 37 and the interaction between gold clusters and biomolecules. 38 These various theoretical approaches have definitely provided valuable insights into the interfacial interaction between gold surfaces and water molecules. However, the number of studies that directly model the interfacial structure of GNPs, is still limited. The geometrical features of nanoparticles have generally been accepted to affect the orientation and stability of adsorbed molecules, in particular biomolecules. 24,39 Therefore, it is highly possible that water structures itself differently around these GNPs as well. In this current article, we propose systematic approaches to probe the water structure at the GNP interface. The investigation starts by using classical MD simulations to probe the physical and structural properties of water molecules in the presence of GNPs of increasing sizes. This step allows one to systematically follow the restructuring of water molecules as the size of GNP increases. With the same methodology, the effect of salt on the restructuring of water molecules is studied as the ions have been found to affect the production of hydroxyl radicals under irradiation. 6 Then, the electronic properties are investigated to probe the interaction between GNP with one water molecule. This is done in order to understand how the presence of vertices on GNP affects the orientation of the water molecule, both at the DFT and DFTB quantum levels. Since hydrogen bond networks play an important role in the arrangement of water molecules, the systems are extended to include the first solvation shell. Electronic and structural properties such as orientation of water molecules and vibrational density of states are investigated. The results obtained by the combination of these classical and quantum approaches are then used to describe and support the experimental observations and hypotheses. [5][6][7] 

II. METHODOLOGY A. Structures

A series of GNP was studied from the size of 0.8 nm to ca. 3 nm. Their corresponding geometries, shown in Figure 1 were taken from the database for silver nanoparticles [START_REF] Barnard | silver nanoparticle data set[END_REF][START_REF] Sun | [END_REF] except for Au 32 and Au 72 for which the geometries were previously optimized at the DFT level. 42 The initial geometries of each of the GNP were re-optimized without constraints at the DFTB level. As shown in the Figure 1, each of the nanoparticles adopts a different geometry, exposing surfaces of different shapes to water. Au 32 and Au 72 are almost spherical and symmetrical with a cavity in the center. Au 54 and Au 105 are decahedron with different height and width. Au 55 and Au 147 adopt an icosahedral structure, Au 79 adopts an irregular truncated octahedron and Au 201 resembles a regular truncated octahedron. Au 344 adopts an octahedral structure. Au 887 , the largest structure studied here, is almost spherical in shape. The calculated structural and electronic properties of the GNP at DFTB level are tabulated in Table S1. The calculated Au-Au bond lengths are comparable with the experimental values, which are around 2.73 Å obtained from EXAFS for Au nanoparticles and 2.88 Å for bulk Au. 43 As mentioned in the previous section, the DFTB parameters for Au-Au interactions were benchmarked by Cuny et. al. and the Au-Au distances have been found comparable to the DFT values. 36 Therefore, the GNP structures obtained from DFTB geometry optimizations are likely to be reliable.

B. Computational strategy

With the inherent limitation of different computational methods, the following systematic multi-level approach is proposed to answer the questions regarding the interfacial water/GNP interactions. Firstly, classical MD is employed to investigate the physical and structural properties of water molecules in the presence of increasing size of GNPs. This step allows us to follow systematically the restructuring of water molecules as the size of GNP increases. In addition, the effect of salt on the restructuring of water molecules at the interface is studied. All the molecular dynamics simulations were performed with the GROMACS package. [44][45][46][47][48][49][50] The force field parameters for GNP were taken from a previous study in which the parameters were optimized for watergold interactions on a gold surface (see Table S2). 19 Water molecules are modeled using the rigid SPC/E model. [51][52][53][54][55] Preliminary simulations indicated that the structure of GNP changed during the simulation in the presence of water. Rigid Au-Au bonds were imposed during the MD simulation to preserve the GNP 3D structure. Such practice has also been adopted in previous studies of GNP interacting with organic molecules. 21,23,24,[27][28][29][30] The technical details of the MD simulations are given in Supplementary Material. The relevant properties of the systems, such as energetic properties, radial distribution function, and self-diffusion coefficient of solvent, were analyzed using tools available in the GROMACS software package. For systems that include salt, several solvent molecules were replaced by the desired number of sodium and chloride ions, while maintaining the neutrality of the system. To ensure the reliability of the simulations, the potential energy, average pressure, average temperature, average density and average total energy of the system were computed for each simulation ensemble. Several examples of such properties are provided in Figure S1 to show the stability of the simulations.

Secondly, quantum methods were used to investigate the electronic properties that underlie the interaction between GNP with one water molecule. Subsequently, since hydrogen bond network plays important role in the arrangement of water molecules, the systems are extended to include the first solvation shell. The electronic and structural properties are then investigated, such as orientation of water molecules and the vibrational density of states. DFT calculations were made with the deMon2k code. 56 The calculations used an auxiliary density reduced computational cost algorithm which reduces the scaling of the calculation of Coulomb interactions and the numerical integration of exchange correlation energies to the number of generated auxiliary functions instead of the size of the system. The PBE functional, associated to empirical dispersion corrections, was used with the DZVP basis set for Oxygen and Hydrogen atoms, and the Stuttgart relativistic effective core potential (60 core electrons) with 19 valence electrons explicitly treated in combination with its basis set for Au. 57 Meanwhile, the self-consistent charge DFTB (SCC-DFTB) formalism was used in which the total energy is a secondorder Taylor expansion of the Kohn-Sham energy with respect to the charge density variations. [58][59][60][61] . All DFTB calculations were performed with DFTB+ code. 62,63 The parameters used for the systems under study were obtained from previously reported publication. 34,36 The geometry optimization of the systems was done with the conjugate gradient algorithm without any constraint. Dispersion corrections were systematically introduced using the DFTB3 framework 64 along with hydrogen bond corrections, as proposed in previous publications. 65 Normal mode analysis was performed by Hessian calculations. The resulting vibrational density of states (VDOS) spectrum was then plotted in the form of histogram because infrared intensities are not provided by DFTB+. The technical details are also provided in Supplementary Material.

Interaction energies E tot of the system at the DFT and DFTB level were obtained via

E int = E tot E Au E wat
with E Au the electronic energy of GNP, and E wat the total electronic energy of the water molecules considered in the geometry of the full system.

The deformation energies E de f of GNP at the DFTB level were obtained by the following formula:

E de f = E Au wat E Au vac
with E Au wat , the electronic energy of GNP in water and E Au vac the electronic energy of GNP in vacuum. The orientation of water molecules with respect to the center of mass (com) of GNP is analyzed and is defined by the a and b angles as shown in Figure 2. The definition of the angles were adopted from previous publication on the orientation of water molecules with respect to a gold surface. 19 . a corresponds to the angle between the dipole of water molecule to the vector which is formed between the com of GNP and the oxygen atom of the water molecule; b corresponds to the angle between the normal of water molecule to the vector between com of GNP and the oxygen atom of the water molecule. According to this definition, the flat configuration of water molecules is characterized by the a angle of ca. 90 and b angle of either close to 0 or close to 180 . The up configuration is characterized by the a angle of less than 90 regardless of the b angle value. The dangling configuration is characterized by the a angle of ca. 90 and b angle of ca. 90 . To quantify the different configurations of water molecules, the criteria set for flat configuration was when a is within 80 to 120 and b is either below 30 or above 150 . The criteria for up configuration has been set to be as long as a is less than or equal to 70 . As for the dangling configuration, both a and b have to be within 70 to 110 .

Water angle analysis

Choice of DFTB parameters

In the literature, there is currently one parameter set available for Au-Au, Au-O, and Au-H interactions, named as "auorg", which was benchmarked for the Au-Au interactions and Au interactions with organic molecules (O, S, H, C) in an aqueous environment. 34 Furthermore, water-water interaction can be described by different available sets. We tested water-water parameters from mio-1-1 set which was extensively used for water and solvated Titanium systems. 66 The results of different parameter set associations were compared with DFT calculation for three different GNP interacting with one water molecule (see Table S3) and on Au 54 with one solvation shell (see Table S4) with the possibility of addition of hydrogen bond corrections. The "auwater" parameter set corresponds to the "auorg" parameter for GNP and Au-water interaction, and mio-1-1 parameter for water and water-water interaction. Comparing the interaction energies and the Auwater distance for one water molecule interaction in Table S3, the "auwater" parameter set gives the closest values to that of DFT results. In the case of one solvation shell, the addition of hydrogen correction gives a higher interaction energy between the two. Therefore, all DFTB calculations will be performed using the "auwater (Hbond)" set.

III. RESULTS

A. Structural investigation

The investigation started by analyzing the physical properties of water molecules in the presence of GNP, such as the density, self-diffusion coefficient and re-orientational lifetimes. These properties, computed from classical MD trajectories, are shown in Figure 3 and are tabulated in Table S5 with the goal of analyzing the change in solvation properties of water in the presence of GNP. The simulation of a pure water box, consisting of 1504 water molecules, was performed for reference. The calculated density was 998.5 kg.m 3 , while the calculated self-diffusion coefficient was 2.65⇥10 5 cm 2 .s 1 . These values are comparable to the experimental values of 997 kg.m 3 and 2.299⇥10 5 cm 2 .s 1 , respectively. 52 The selfdiffusion coefficient of water molecules in the presence of GNP is also tabulated in Table S5. Since the self-diffusion coefficient has been calculated for all the water molecules (inclusive of the solvation shell of GNP), changes in this value correspond to an implication of the retardation of water molecules at the solvation shell. Hence this retardation is attributed to interfacial interaction between GNP and water molecules. From Figure 1, it is clear that the GNP studied adopt different geometries, and were classified into almost spherical GNP and non-spherical GNP. Therefore, the number of surface atoms of GNP that are exposed to water molecules varies with both size and geometry. To further understand the effect of the exposed surface atoms, the value of the self-diffusion coefficient is plotted with respect to the number of surface atoms in Figure 3 (top). It shows a decreasing trend in the self-diffusion coefficient as the surface area of GNP increases. For the non-spherical GNPs (represented by black squares), the change in the self-diffusion coefficient is not notably high as the number of surface atoms increases, as compared to the spherical GNP (red triangles).

Another important property to probe the water network at the interface is the re-orientational relaxation lifetime of water molecules, because this movement requires the breaking and formation of new hydrogen bonds with their respective neighbors. In pure water, each water molecule forms hydrogen bonds with their neighboring molecules, and the reorientational relaxation lifetime was calculated to be 4.81 ± 0.01 ps. In the presence of GNP, there is a competition between the interaction of GNP-water and water-water, especially at the interface. This competition then strongly influences the hydrogen-bond network formation at the interface, which can be probed by measuring this lifetime. Similarly, the correlation between this lifetime and the number of surface atoms is plotted in Figure 3 (bottom). In the graph, an increase of the lifetime is observed as the number of surface atom increases, which implies that the structure of the hydrogen-bond network has been disturbed by the presence of GNP. It could be assumed that as the surface area of the interface increases, the water molecules have been forced to rearrange to maximize the interaction with the neighboring water molecules as well as with GNP. As such, in the presence of GNP as small as Au 32 , diameter of 8 Å, the relaxation lifetime noticeably increases. It can be noticed that there is a smaller retardation of the lifetime as the size of the surface atom of the non-spherical GNP increases as compared to that of the almost spherical GNPs. A maximum retardation is noticed before it decreases for the larger GNP.

To rationalize the retardation for small atom clusters shown in Figure 3, the ratio between the number of water molecules at the first solvation shell to the number of surface Au atoms was calculated. For the almost spherical GNPs, the ratio slowly decreases from 2:1, for Au 32 , to almost 1:1 for Au 887 . With increasing size of almost spherical GNPs, the average number of water molecules directly in contact with surface atoms decreases, but on the other hand, the effect on the alignment of water molecules increases, which leads to reduction in flexibility of the water structure. But, as the ratio approaches 1:1 for Au 887 , the retardation on water molecules decreases as the water structure re-arranges to accommodate GNP. On the other hand, the ratio calculated for the non-spherical GNPs is 1:1, 1:1, and 1:1.5 respectively. The presence of vertices on the non-spherical GNPs decreases the average number of water molecules directly in contact with Au atoms. This explains the rather small change in retardation observed in both properties. This decrease in the density of water molecules adjacent to almost spherical GNP when size increases, is also known as dewetting as the water molecules progressively move away from the surface as a result of formation of interface and the re-arrangement of water molecules to maximize the formation of hydrogen bond network with their surroundings. 67 The progressive change of this water orientation with increasing size of GNP could be the reason for the initial maximum (for re-orientational lifetime) or minimum (for self-diffusion coefficient) before eventually a decrease or an increase, respec-tively. It could signify the formation of an interface at the large GNP. However, with the limited number of points, it is still too far-fetched to draw a trend. To further examine the arrangement of water molecules within the first solvation shell of GNP, the a and b angles previously defined for water molecules with respect to the center of mass (com) of GNP were investigated for the almost spherical structures (e.g. Au 32 , Au 55 , Au 72 , Au 79 , Au 147 , Au 201 , and Au 887 ). The definition as represented in Figure 2 does not hold for the non spherical GNP as they contain edges and corners and induce a different way of packing. The plot of distribution of a and b for the different GNP is shown in Figure 4. At a glance, during the dynamics, water molecules adopt the up and flat configurations more than the down configuration. Looking at the effect of the size of GNP on the orientation of water molecules, there is an increase in the number of water molecules adopting dangling configurations as the size increases (both a and b within 70 to 110 ). This clearly suggests the rearrangement of water molecules as proposed previously. Based on the quantification of the angle distribution, the ratio between flat:up configurations increases very slowly as the size of GNP increases. As such, the increase of the number of dangling configurations, supported also by the increase in the ratio between flat:up configurations, strongly suggests the rearrangement of water molecules to presumably form a 2D hydrogen-bond network, as observed at the air-water interface proposed by Pezzotti et al. 68 . Performing this angle analysis on the second solvation shell has revealed that there is considerably larger percentage of water molecules that adopt the down configuration, to connect to the first layer of hydrogen bond network. Beyond the second solvation shell however, the distribution of the angles reflects the one in bulk water. This implies that the re-arrangement of water molecules is not limited to the first solvation shell, but it also affects the second solvation shell all the more so as the first shell was impacted. To understand the spatial arrangement of the water molecules, the radial distribution function (RDF) of water oxygen was computed with respect to the com of GNPs as the reference, and it was corrected with respect to the GNP radius to study the geometry effect of GNPs. The plot of the RDF of different GNP systems is shown in Figure 5 (top). Alongside the shape, the position and the width of the first solvation peak vary depending on the geometry. This carries significant implication in defining the boundary between the first solvation shell and the bulk for further analysis. RDFs were also computed with respect to the surface of GNP and shown in the middle of Figure 5. One important observation is that the distance of the first RDF peak coincides for all the studied systems, which implies that the distance of water molecules to the surface of GNP is independent of the size and geometry of GNP. Since the it is not normalized, the y-axis of the plot corresponds to the number of water molecules at that particular distance. As expected, with increasing surface area of GNP, the number of water molecules within the first solvation shell also increases proportionally. In fact, when the number of shell water molecules is normalized against the number of surface Au atoms of the respective GNP, a decreasing trend is observed to achieve a 1:1 ratio eventually for the large and spherical GNP. This implies that more water molecules (or even organic ligands) can be packed at the interface when the curvature of the GNP is small. This curvature, in fact, plays a crucial role in determining the packing density at the interface of NPs. It is also observed that the width of the first RDF peak is narrow, while the next peak is broader. This implies that the water molecules in the first solvation shell are highly structured, due to the interaction with GNP, while the influence of GNP decreases in the subsequent shells, supporting similar observations that have been reported in other studies. 37 Figure 5. Radial distribution functions of water oxygen with respect to the center of mass of the GNPs (top) or surface of GNPs (middle), and radial distribution function of water hydrogen with respect to surface of GNP (bottom).

Finally, the RDF of hydrogen atoms with respect to the surface of GNP is shown at the bottom of Figure 5. Here, there is a shift in the first peak closer to the surface of GNP which corresponds to the increase in the presence of dangling water molecules that are pointing towards the surface of GNP. This water reorganization is represented by a schematic view in Figure 6. The increasing presence of the dangling configurations of water molecules in larger GNP system is supported by the observed angle distributions. 

B. Investigation of the salt effect

Experimentally, the presence of salt plays an important role in regulating the ionic strength and hence the stability of GNPs in a solution. At high concentration of salts, GNPs start to aggregate, while at low concentration, the presence of ions influences the zeta potential of GNP. In addition, Sicard-Roselli et al. 6 demonstrated that the addition of salt impacts significantly the radical production as 0.1% (m/v) of NaCl induces a decrease of more than 40% of hydroxyl radical. Based on their hypothesis on the role of water structure at the interface, this change in production of hydroxyl radicals indicates a change in water structure due to the presence of salt. So far, no experimental evidence has been published that indicates the perturbation of the interfacial water structure in the presence of salt. Therefore, a few water molecules were replaced by Na + and Cl maintaining the neutrality of the system during the simulations. Here, there are two variables of interest: the number of ions in the system and the size of GNP. Then, the angle distribution of the solvation shell and the RDF of the water molecules with respect to the ions is investigated to understand the organization of water molecules at the interface. The main results are provided in Table I.

The effect of increasing the number of ions in the system is considered taking Au 32 as a model system. The number of chloride ions is increased from 1 to 5, 10, 15, and 20 atoms, along with the same amount of sodium ions. The average pair distances between Au 32 and Na + and Cl highlight that Cl ions are present closer to the surface in average, as compared to Na + . In addition, with increasing the number of ions, the average pair distance for both Na + and Cl is decreasing, which means that both types of ions are getting closer to the surface of GNP. According to the RDF, the ions are present far from the surface of GNP in the cases of a low ratio, and they are present right at the boundary between the first and second solvation shells at the highest ratio. The analysis on the angle of water molecules at the surface of Au 32 (see Table I andFigure S4) shows an increasing trend in the proportion of dangling water molecules when the number of ions are increased. As the ions approach the surface of GNP (in the case of 1:1 to 1:10), they start to exert influence on the vicinity of the interfacial arrangement, as it can be seen from the fluctuation in the proportion of dangling water molecules (both a and b within 70 to 110 ). As more ions are added, the proportion of dangling water molecules further increases. Therefore, the arrangement of water molecules at the interface is disrupted in the presence of salt ions.

Then, the effect of increasing the size of GNP is investigated, while leaving the number of ions constant (1:10 ratio) for Au 32 , Au 55 Au 79 , Au 147 , Au 201 and Au 887 . Similarly, we start our investigation with calculating the average pair distance between GNP and Na + and Cl , respectively. The averaged pair distance of GNPs reveals that the ions are located close to the surface of GNP, and based on RDF, they are present at the border between first and second solvation shell. In this case, the proportion of dangling water molecules with respect to the proportion of the system without salt (see Table I and Figure S5) shows a rather significant change in the proportion of dangling water molecules, as also observed in the previous case. For smaller sized GNP, the proportion increases in the presence of salt. Meanwhile, for larger sized GNPs, this proportion decreases in the presence of salt. This different modification for the small GNP (Au 32 , Au 55 , and Au 79 ) and the large GNP (Au 147 , Au 201 , and Au 887 ) could arise due to the different water structure of the respective system in the absence of ions. Consequently, the ions modify the water structure accordingly. However, the presence of salt does not alter the flat and up configurations significantly. Considering the classical MD does not take into account the electronic properties of the interaction, we turned to the approximate quantum DFTB method to investigate the role of electronic effect on the interaction. DFTB is heavily dependent on the quality of the parameters in order to achieve accurate calculations. Therefore, we started the investigation by validating the DFTB method against DFT calculations.

Validation of DFTB results

A benchmark of DFTB was performed against DFT/PBE calculations in terms of interaction energies and charge transfer. The model used for this benchmark was Au 32 interacting with one water molecule and one solvation shell (see Table S6, Table S7, and Figure S8). The interaction energies of the Au 32 -water system follow the same global trend between the two methods. However, the minimum distance between Au 32 and the water oxygen is ca. 2.6 Å at the DFT level, while the distance is ca. 3.0 Å at the DFTB level. Furthermore, the charge transfer was defined as the change in total charge of GNP after interacting with water. The values of charge transfer follow the same trend at both levels, even if the quantity is larger for DFT as compared to DFTB, due to the minimal and localized basis set used in DFTB. For Au 32 surrounded by one solvation shell, the interaction energy per water molecule at DFT and DFTB levels agrees pretty well, with a difference less than 0.1 eV (Table S7 and Figure S8). With the consistent trend observed for both interaction energy and charge transfer between the two levels, we considered it to be reasonable to perform qualitative structural analysis on the calculations at DFTB level for the different size of GNP, despite the overestimation of the optimal distance between GNP and one water molecule shown in Table S3. In addition, similar parameter set has also been used by Fazio et al. to perform molecular dynamics on the charged and neutral Au 55 surrounded by water shells. 37 

Interaction of GNP with one water molecule

The interaction between a single water molecule and GNP was studied to search for the most stable water configurations and GNP's preferred adsorption sites. The investigation started with the smallest GNP available, Au 32 . The different possible configurations of the water molecule interacting with GNP were compared. The flat configuration is found to be the most stable configuration and the up configuration is slightly higher in energy (see Figure S9). The optimization step at both DFT and DFTB levels subsequently yields the same configuration, albeit at different distances. Furthermore, being almost spherical, Au 32 does not have a preferred adsorption site. It is also observed that there is a charge transfer from the water molecule to GNP which is characteristic of chemisorption phenomenon. In Table S6, the charge transfer decreases as the distance between GNP and water increases, which is explained by the change in the extent of orbital's overlap as the distance grew.

As such, the frontier molecular orbitals (MOs) of Au 32 and the water molecule are investigated with the electron transfer occurring from the HOMO of the water molecule toward the LUMO of GNP. Having two lone pairs localized on the oxygen atom, these HOMOs are available to donate electrons. Figure 7 shows that the HOMOs of the water molecule can be either perpendicular to or along the water molecule's plane. Therefore, the water molecule can adopt either the flat or up configuration to an optimized overlap of the interacting orbitals, with the flat configuration preferred as indicated from the calculated interaction energy in Figure S9. Subsequently, the interaction energies between the different sizes of GNP with one water molecule were computed and provided in Table S8. The optimized geometries are therefore shown in Figures S10,S11, S12 and S13 for the GNPs of various sizes. Since the larger GNPs under study are not all spherical, there are various possible adsorption sites (Figure 8). In the case of Au 54 and Au 105 , there are four different possible sites, whose interactions will in turn differ (see Figure S10 andS13). Au 55 is slightly spherical, with one likely interaction site, and Au 79 possesses edges, with two possible interaction sites. Therefore, the structure of each GNP with one water molecule initially positioned at the different interaction sites was optimized. But it was performed in a local configuration phase, therefore, the minima may not include the most stable one on the potential energy surface.

Following the previous observation of charge transfer and orbital overlap in Au 32 , the chemisorption characteristics are present for the larger GNPs. The highest occupied MOs are degenerated resulting in fractionally occupied MOs (see the five highest occupied and five lowest unoccupied MOs for Au 54 in Figure S14). As a result, these fractionally occupied orbitals can also accept electrons from the incoming water molecule. Therefore, the determination of the participating MOs is not as straightforward as that of Au 32 , where the first LUMO is the most possible orbital to accept electron. Indeed due to the presence of these multiple possible accepting MOs, the water molecule at different initial positions can interact with whichever MOs that are the nearest to it. For example for Au 54 , the first configuration is optimized with the water molecule positioned at the top corner of GNP and it can in turn interact with either the fourth or fifth orbitals (Figure S14). For the second configuration, the water was positioned close to the edge site, and hence was able to interact with also either fourth and fifth orbitals (Figure S14). The water molecule was placed at the face site for the third configuration, and in turn it can interact with the second or third orbitals. For the last configuration, where the water molecule was placed at the side corner site, it can interact with either the second, third, fourth or fifth MOs. However, the nature and the strength of the overlap between the participating orbitals differ, and affect the interaction energy and the charge transfer. For Au 54 , the fourth configuration is found to be the most energetically favored. Similar observations can be deduced for the other GNP interacting with a single water molecule.

One-shell solvation of GNP

It has been recently demonstrated that water molecules get organized in a 2D hydrogen-bond network with dangling O-H bonds at air-water interface. 68 Furthermore, dangling water molecules were found at the surface of the GNP in the classical MD simulations presented above. As a result, there is a competition between Au-water and water-water interactions at the interface, which then dictates the orientation of water molecules. The objective was to investigate the arrangement of one-shell water molecules at the DFTB level to take into account electronic effects. The structure of the GNP + oneshell water molecules has been initially derived from the classical MD trajectory, by selecting the water molecules that are within a certain distance from the center of mass of GNP (the distance obtained from the first RDF peak).

Firstly, the electronic and energetic properties of the sys-tems were analyzed and provided in Table II. The interaction energy, normalized over the total number of water molecules, is found to fluctuate around the same values. The charge transfer from water to GNP increases globally with the increase of the size of GNP, and is found to be proportional to the increase of interacting water molecules in the shell. This implies that these properties are independent of the size of GNP, 33 but rather dependent on the surface area of GNP. This is expected, as the surface area directly correlates with the number of molecules interacting at the surface. The deformation energy of GNP is relatively small for all the systems pointing to no change in the shape of GNP as it comes into contact with water molecules, which implies stability of the GNP structures. This information is very important considering the application of GNP in many diverse fields, such as catalysis, sensing, drug delivery, that the GNP has to maintain their structural integrity to achieve the desired effect. 33 Then, the structural properties of the water molecules in the solvation shell were compared to that of a water droplet of 109 molecules. These properties are the distribution of a and b angles of water molecules with respect to the com of GNP, the distribution of O-H bond lengths and H-O-H angles, in an attempt to understand the impact of the presence of GNP to the structural features. Figure 9 shows the distribution of the a and b angles for different sizes of GNP. For the smallest system of Au 32 , 57 % of the water molecules adopt the flat configuration and 33 % the up configuration, with the remaining adopting dangling or down configurations. Similarly for Au 79 , 59 % of the water molecules adopt the flat configuration and 22 % the up configuration, and the rest of the water molecules adopting dangling or down configurations. Moving to larger GNP, Au 147 and Au 201 have 58 % and 26 %, and 52 % and 20 %, for flat and up configurations, respectively. The percentage of water molecules adopting a flat configuration remains constant across the size of the nanoparticle, but the number of up configurations noticeably decreases with the size of GNP. In turn, these water molecules increasingly adopt dangling configurations, signature of interfacial water, or down configurations. This trend can be rationalized such that when the size of GNP increases, the water molecules, which prefer either the flat or up configurations when present in isolation, are forced to rearrange themselves to maximize the hydrogen-bond formation in the solvation shell. This trend seen in increasing proportion of dangling water molecules is consistent with the observation from classical MD simulations. The quantification of the various configurations of water molecules is different, however. This difference arises from the geometry optimization step, the missing temperature effect, and the smaller total number of water molecules in the DFTB calculations. In any case, consistent trend in the rearrangement of water molecules is observed between DFTB and classical MD simulations.

Next, the distribution of O-H bond lengths of water molecules shows that there is an increase in the population of shorter bond length for the solvation shell, resulting in the decrease of the mean O-H bond length as the GNP size increases (Figure S15). These shorter bond lengths can be correlated to the presence of almost isolated water molecules at the inter- face or the weakening of hydrogen bonds in the system. As observed in the distribution of the a and b angles, as the size of GNP increases, the number of water molecules pointing towards the interface (both dangling and down configurations) increases. As such these water molecules form fewer hydrogen bonds with their neighbors, as compared to those in flat and up configurations, which results in the observed shorter O-H bond lengths. The H-O-H bond angles has also been analyzed but there is no significant change observed as the size of GNP increases (Figure S16).

To further probe the structure of water molecules in the solvation shell, normal mode analysis was performed to obtain the vibrational density of states (VDOS) as shown in Figure10 for the 3000 -4000 cm 1 frequency range (see Figure S17 for full frequency-range VDOS). The VDOS of the water droplet was also calculated as a reference. Bending modes of water molecules near 1500 cm 1 are not perturbed by the presence of GNP. These bending modes are typically linked to the H-O-H angle of water molecules, and as mentioned earlier the angle does not significantly change in the presence of GNP. On the other hand, the stretching modes of water molecules between 3200 -4000 cm 1 are influenced by the presence of GNP. Notably, the stretching frequencies are extended towards higher frequencies, as compared to those in pure water. Consistent with the O-H bond length analysis mentioned above, the high stretching frequencies are a result of the increasing number of water molecules that are forming fewer hydrogen bonds as a result of the configurations pointing towards the interface (down and dangling configurations). 

IV. DISCUSSION

This systematic analysis has demonstrated a rearrangement of the water molecules at the interface of increasing size of GNP, in support of the experimental observation of specific water organization at the surface of nanoparticles. 8,12 For small structures, GNP introduces a perturbation to the resulting physical properties (e.g. self-diffusion coefficient and re-orientational lifetime) as the water molecules come into contact with the surface Au atoms. This perturbation increases with the GNP size until eventually the perturbation leads to the rearrangement of water molecules to form 2D hydrogen-bond networks for larger GNPs. This could explain the behavior of the selfdiffusion coefficient and the re-orientational lifetime (Figure 3) which initially shows an increase in retardation before decreasing for the largest GNPs, as the water molecules re-arrange to form a 2D network. As seen in the DFTB results, charge transfer occurs between GNP and one water molecule, and the effect is modulated based on the orientation of the water molecule. This charge transfer also plays an important role in the structuring of water. Particularly for the large GNPs, the combination between this electronic property and the hydrogen-bond formation between water molecules contributes to the change in the water structure at the interface. In the experiment performed by Sicard-Roselli et al., 5,6,69 the GNP used was large in size (⇠6 and 32 nm in diameter) in comparison to the system studied here (⇠2 nm in diameter) and minimal amount of citrate ligands are present at the surface. However, by extrapolating these data, it is safe to assume that water molecules at the interface have rearranged to form 2D hydrogen-bond network. Even though directly comparable properties are not available experimentally, especially on increasing size of GNPs or the effect of charge transfer on the water structure, the current analysis corroborates the hypothesis that the presence of GNP induces rearrangement of water molecules at the interface, which could be responsible for specific nanoparticle properties. Several experimental and theoretical studies on the structure of water molecules at the interface of gold surface and GNP have been reported, with different approaches and descriptors. 31,37,[70][71][72][73] The current results have been not only consistent with the previous studies, but also have provided a deeper insight as well as additional descriptors into both the electronic and structural properties of water molecules at the interface of GNP.

The addition of salt ions in the simulations demonstrates that the structure of interfacial water is perturbed due to the presence of ions that reside close to the surface. They introduce a competition between the Au-water and ions-water interactions. With increasing concentration of salt ions, both Na + and Cl generally reside closer to the surface of GNP. This could be the underlying reason for the aggregation of GNPs induced by high concentration of salt, as the repulsion between GNPs is diminished. Meanwhile, at the intermediate concentration of ions (1:10), the arrangement of water molecules is considerably changed as shown in Table I. Considering that the unique water structure at the interface facilitates the production of hydroxyl radical, hence, perturbation introduced into this structure by the presence of salt ions might be responsible for the change in hydroxyl radical yield measured experimentally. 6 Both structural and electronic properties of the water molecules at the interface were studied using DFTB. The structure of water molecules at the solvation shell was analyzed with vibrational density of states and evolution of the water bond lengths and angles. This analysis highlights that the OH bond lengths decrease with the increasing size of GNP, which implies change in the strength of the hydrogenbond network at the solvation shell. Such structural change was observed experimentally by Novelli et al., by using both the THz and mid-IR spectroscopy. 12 This shortening of OH bonds, which indirectly implies increased activation energy for bond breaking, could contradict the initial expectation that the presence of GNP facilitates the bond breaking, resulting in high production of hydroxyl radicals. However another point of view could also be, that the presence of extended hydrogen-bond network actually protects the water molecules, because the deposited energy can be delocalized throughout the molecules, so resulting in lower localized OH bond breaking. But, when the hydrogen-bond network is weakened, the energy deposition is localized to several water molecules, resulting in higher probability of bond breaking, as compared to the extended hydrogen-bonded network. However, the scope of this work only involves system at ground state. The study of systems at excited states is, however, possible with the recent development of Real-Time Time-Dependent DFT. Recent applications of this method include the topological analysis of charge migration after irradiation 74 and the calculation of stopping power of lithium cluster, 75 or biomolecules. 76 By employing this method, it would then be interesting to model and study the irradiation of the different water structures either in bulk or at the interface.

Despite the advantages of classical MD for the structural study, there are limitations due to the lack of description of electronic effects or physical properties, such as polarizability. Similarly, the inherent limitation of DFTB also lies in the parameters describing the interaction between different atoms, as demonstrated in the current study. Though DFT is generally accepted as an accurate method, it comes with high computational cost that increases quickly with increasing size of the systems. Therefore, classical MD and DFTB are still attractive alternatives provided that the parameters are built and developed very carefully. The force field currently used in the study was developed for gold surfaces, and it does not take into account the polarizability of the molecules. Particularly in the case of salt addition, the effect of polarization was largely ignored, which might have played important roles on the alignment of water molecules at the interface as well. Therefore, development of a force field tailored to NPs, that includes the polarization effect should be a further step in a future work in a fully flexible description. Similarly, the DFTB methodology holds a great promise in treating very large systems that consist of large nanoparticles (more than 5 nm) and their surrounding environments (solvent and ligands), once the parameters have carefully been set up. Then, DFTB will allow the computation of GNP plasmonic properties at the atomic level, and the investigation of their interaction with small ligands in relation with SERS experimental spectra.

V. CONCLUSION

In conclusion, we have successfully probed the reorientation of water molecules at the interface by a step-wise approach involving different theoretical methodologies. The presence of increasing size of GNP affects the structural and physical properties of water molecules, to result in the formation of a 2D hydrogen-bond network. Addition of salt also perturbs the water structure as the ions reside close to the surface of GNP, leading to possible aggregation at high concentration which may change the production of hydroxyl radicals under irradiation. DFTB was used to study the electronic and structural properties of the interaction between GNP with water molecule(s). The presence of vertices in GNP results in different preferred orientations of water molecules across the series of GNP. Yet, the formation of 2D hydrogen-bond network has been also observed in large GNPs, i.e. Au 201 , consistent with the observation seen in classical MD simulations. The vibrational density of states analysis suggests a weaker hydrogen-bond network with increasing GNP size, which has been previously observed experimentally using Terahertz IR spectroscopy. Therefore, despite the inherent limitations introduced by the methodologies, the approach adopted in this study provides a glimpse into re-arrangement of water molecules and the effects on structural and electronic properties. These results provide supporting evidence that the water structure the interface of GNP is different from that in bulk water.

Figure 1 .

 1 Figure 1. Series of GNP in this study with the number of surface atoms: (top row; from left to right) Au 32 , Au 55 , Au 72 , Au 79 , (middle row) Au 147 , Au 201 , Au 887 , (bottom row) the non-spherical group: Au 54 , Au 105 , and Au 344 .

Figure 2 .

 2 Figure 2. Schematic diagram to define the a and b angles.

Figure 3 .

 3 Figure 3. Change in self-diffusion coefficient (top) and orientational relaxation lifetime (bottom) with respect to number of surface Au atoms (black squares for the non-spherical GNPs and red triangles for the spherical GNPs).

Figure 4 .

 4 Figure 4. The distribution of a and b angles for Au 32 , Au 79 , Au 147 , and Au 887 , respectively. Blue circles represent up configuration, red circles represent flat configuration, and black circles represent other configurations.

Figure 6 .

 6 Figure 6. Scheme of the change from 3D to 2D network at the GNP interface.

Figure 7 .

 7 Figure 7. The favored up or flat configuration as a result of overlapping frontier orbitals for Au 32 with one water molecule.

Figure 8 .

 8 Figure 8. Possible configurations and adsorption sites for a water molecule interacting with GNP.

Figure 9 .

 9 Figure 9. a and b angles of the water molecules in the solvation shell with respect to the com of GNP for Au 32 , Au 79 , Au 147 , and Au 201 , respectively, with red circles representing the flat configurations, blue circles for the up configurations, and black circles for the other configurations.
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Figure 10 .

 10 Figure 10. VDOS of water in water droplet, Au 54 , Au 105 , and Au 201 , respectively.

Table I .

 I Percentage of the different water orientations residing at the solvation shell of GNPs without (1:0 ratio) and with the presence of salt ions, and Au-ion distances.

	C. Quantum chemistry investigation of water structure at					
	the interface with GNPs					
	System Ratio of	Flat	Up	Dangling Au-Cl	Au-Na +
		GNP:Cl	(%)	(%)	(%)	(nm)	(nm)
	Au 32	1:0	26.05 32.99 4.20	-	-
	Au 32	1:1	26.59 32.84 3.78	1.168	1.235
	Au 32	1:5	25.63 32.31 4.37	0.729	0.756
	Au 32	1:10	25.93 32.24 3.85	0.613	0.639
	Au 32	1:15	26.26 31.99 4.02	0.548	0.572
	Au 32	1:20	27.30 31.26 4.88	0.518	0.528
	Au 55	1:0	26.77 31.87 3.48	-	-
	Au 55	1:10	28.65 31.20 3.80	0.565	0.608
	Au 79	1:0	27.46 32.13 3.64	-	-
	Au 79	1:10	27.55 30.66 4.50	0.565	0.603
	Au 147	1:0	28.99 30.42 4.79	-	-
	Au 147 1:10	31.69 30.95 3.62	0.581	0.635
	Au 201	1:0	30.54 30.85 4.58	-	-
	Au 201 1:10	30.14 30.55 4.13	0.552	0.605
	Au 887	1:0	23.99 28.93 5.33	-	-
	Au 887 1:10	24.71 28.93 4.99	0.694	0.788

Table II .

 II DFTB Interaction energies, interaction energies per water, deformation energies, charge transfer and percentage of the different water orientations for a series of GNP with one water solvation shell.

	System	No. of water	E int (eV)	E int /water (eV)	E de f (eV)	Charge Transfer (e)	Flat (%)	Up (%)	Dangling (%)
	Au 54	96	-11.363	-0.118	0.033	-1.465	-	-	-
	Au 55	77	-9.1047	-0.118	0.028	-1.037	57.1	31.2	0
	Au 79	110	-13.639	-0.142	0.065	-1.688	59.1	21.8	1.8
	Au 105	148	-15.547	-0.105	0.043	-1.577	-	-	-
	Au 147	160	-19.678	-0.205	0.099	-2.181	58.8	25.6	0.6
	Au 201	212	-25.229	-0.263	0.160	-2.775	52.4	20.3	2.4
	Au 344	320	-38.483	-0.120	0.064	-3.815	-	-	-
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