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On the role charge ordering in the dynamics of cluster formation in associated liquids

Liquids are archetypes of disordered systems, yet liquids of polar molecules are locally more ordered than non-polar molecules, due to the Coulomb interaction based charge ordering phenomenon. Hydrogen bonded liquids, such as water or alcohols, for example, represent a special type of polar liquids, in that they form labile clustered local structures. For water, in particular, hydrogen bonding and the related local tetrahedrality, play an important role in the various attempts to understand this liquid. However, labile structures imply dynamics, and it is not clear how it aects the understanding of this type of liquids from purely static point of view. Herein, we propose to reconsider hydrogen bonding as a charge ordering process. This concept allows to demonstrate the insuciency of the analysis of the microscopic structure based solely on static pair correlation functions, and the need for dynamical correlation functions, both in real and reciprocal space. The subsequent analysis allows to recover several aspects of our understanding of hydrogen bonded liquids, but from the charge order perspective. For water, it conrms the jump rotation picture found recently, and it allows to rationalize the contradicting pictures that arise when following the interpretations based on hydrogen bonding. For alcohols, it allows to understand the dynamical origin of the scattering pre-peak, which does not exist for water, despite the fact that both these liquids have very similar hydroxyl group chain clusters. The concept of charge ordering complemented by the analysis of dynamical correlation functions appear as a promising way to understand micro-heterogeneity in complex liquids and mixtures from kinetics point of view.

Introduction

Interactions in liquids, when addressed from classical point of view, come mostly in two categories, short ranged dispersion interactions such as the canonical Lennard-Jones interactions, and long ranged Coulomb interactions [START_REF] Atkins | Atkins physical chemistry[END_REF]. These interactions produce very dierent forms of local order, the former being close to perfect disorder, typically in a Lennard-Jones simple liquid, while the charge order of the latter leads to the peculiar checker board type form of local order [START_REF] Hansen | Self-diusion and electrical conductance in a simple molten salt[END_REF][START_REF] Hansen | Statistical mechanics of dense ionized matter. iv. density and charge uctuations in a simple molten salt[END_REF][START_REF] Del Pópolo | On the structure and dynamics of ionic liquids[END_REF][START_REF] Perera | Simple and complex forms of disorder in ionic liquids[END_REF][START_REF] Perera | Charge ordering and scattering pre-peaks in ionic liquids and alcohols[END_REF], typically seen in molten salts [START_REF] Santos | Temperature-dependent structure of methyltributylammonium bis(triuoromethylsulfonyl)amide: X ray scattering and simulations[END_REF][START_REF] Siqueira | Charge ordering and intermediate range order in ammonium ionic liquids[END_REF][START_REF] Kashyap | Temperature-dependent structure of ionic liquids: X-ray scattering and simulations[END_REF]. When considering complex molecules, whether these are ionic, polar or non-polar, they are all made of non-charged and charged atomic groups, and charge order still dominates the local molecular order, according to the same two features mentioned above.

When considering the sub-group of molecules which can form hydrogen bonds, such as water and alcohols, for example, or other types of bond, these can can also be described in term of charge order, since many classical force elds built solely with the above mentioned two types of interactions, often suce to describe both the structure and thermo-physical properties of many molecular liquids with acceptable accuracy [START_REF] Hansen | Theory of Simple Liquids[END_REF]. Even though hydrogen bonding originates from quantum mechanics, there is an enormous corpus of published material, specically concerning water, using classical force eld simulation [START_REF] Gallo | Slow dynamics of water molecules in supercooled states[END_REF][START_REF] Schulz | Collective hydrogen-bond rearrangement dynamics in liquid water[END_REF][START_REF] Camisasca | Translational and rotational dynamics of high and low density tip4p/2005 water[END_REF],

which support the idea that the charge order hypothesis equally apply to such complex liquids.

The charge order hypothesis is interesting for several reasons. First of all, it transfers the polar/apolar paradigm [START_REF] Russina | Amphiphile meets amphiphile: Beyond the polar-apolar dualism in ionic liquid/alcohol mixtures[END_REF][START_REF] Tibbetts | Dicyanamide anion reports on water induced local structural and dynamic heterogeneity in ionic liquid mixtures[END_REF], which is focused on dipolar properties, to charged/uncharged paradigm, which is about individual atomic sites. This is interesting since it allows to use site-site correlation functions, instead of orientational correlation functions, the latter which involve much more variables. Secondly, and this is the main focus of this paper, it allows to rationalize the duality of uctuations and micro-segregation found in many Hbonding systems and mixtures, and which concerns the existence of labile Hbonded clusters [START_REF] Dixit | Molecular segregation observed in a concentrated alcohol-water solution[END_REF][START_REF] Guo | Molecular structure of alcohol-water mixtures[END_REF][START_REF] Gupta | Aggregation in dilute aqueous tert-butyl alcohol solutions: Insights from large-scale simulations[END_REF][START_REF] Ohmine | Liquid water dynamics: Collective motions, uctuation, and relaxation[END_REF]. While our previous work focused on static structural properties [START_REF] Asenbaum | Structural changes in ethanol-water mixtures: Ultrasonics, brillouin scattering and molecular dynamics studies[END_REF][START_REF] Poºar | Simple and complex disorder in binary mixtures with benzene as a common solvent[END_REF][START_REF] Poºar | Micro-heterogeneity versus clustering in binary mixtures of ethanol with water or alkanes[END_REF], the present work focus is on the dynamical ones, with the idea to separate the cluster kinetics time from the molecular relaxation times, and how this is related to static cluster signatures, such as the scattering pre-peak for instance [START_REF] Tom²i£ | Structural properties of pure simple alcohols from ethanol, propanol, butanol, pentanol, to hexanol: Comparing monte carlo simulations with experimental saxs data[END_REF][START_REF] Poºar | On the x-ray scattering pre-peak of linear mono-ols and the related microstructure from computer simulations[END_REF]. Herein, we would like to examine the problem posed by the inuence of the local structure of hydrogen bonded labile clusters on the global understanding of these liquids, under two dierent perspectives, one based of charge order arguments, and the other on the importance of the dynamics of the labile structures.

The fact that the existence of Hbonded clusters and their dynamics inuences greatly the thermo-physical properties has been numerously addressed in the past, in specic contexts, and we briey review some of them. Water has been the most important target to study this problematic, with issues such as a large amount of anomalies scattered all over the phase diagram [START_REF] Stanley | Liquid polyamorphism: Possible relation to the anomalous behaviour of water[END_REF][START_REF] Nilsson | The structural origin of anomalous properties of liquid water[END_REF][START_REF] Gallo | Water: A tale of two liquids[END_REF], debates about the existence of a second critical point in the supercooled states [START_REF] Poole | Phase behaviour of metastable water[END_REF][START_REF] Xu | Relation between the widom line and the dynamic crossover in systems with a liquid-liquid phase transition[END_REF][START_REF] Limmer | The putative liquid-liquid transition is a liquid-solid transition in atomistic models of water[END_REF][START_REF] Neophytou | Topological nature of the liquid-liquid phase transition in tetrahedral liquids[END_REF][START_REF] Shi | The anomalies and criticality of liquid water[END_REF][START_REF] Fo | Correlated uctuations of structural indicators close to the liquid-liquid transition in supercooled water[END_REF], or the issue of whether or not water is a special liquid dierent from a simple LJ liquid [START_REF] Pratt | Theory of the hydrophobic eect[END_REF][START_REF] Chandler | Interfaces and the driving force of hydrophobic assembly[END_REF][START_REF] Graziano | On the cavity size distribution in water and n-hexane[END_REF], particularly in what concerns its role in biological issues [START_REF] Duboué-Dijon | Dynamical disorder in the dna hydration shell[END_REF]. Perhaps the issue closest to ours is that which concerns the existence of two type of water local structure, an idea which dates back to Roentgen [START_REF] Röntgen | Ueber die constitution des üssigen wassers[END_REF], and, since the earlier works of Franck [START_REF] Frank | Ion-solvent interaction. structural aspects of ion-solvent interaction in aqueous solutions: a suggested picture of water structure[END_REF], has been revived several times [START_REF] Némethy | Structure of water and hydrophobic bonding in proteins. i. a model for the thermodynamic properties of liquid water[END_REF][START_REF] Stanley | Liquid polyamorphism: Possible relation to the anomalous behaviour of water[END_REF]. Interestingly, these problems about water structure oscillate between investigating the instantaneous microstructure, which is part of the microstates, and averaged macrostate approach, such as concerning the study of pair correlation functions [START_REF] Head-Gordon | Water structure from scattering experiments and simulation[END_REF][START_REF] Skinner | Benchmark oxygen-oxygen pair-distribution function of ambient water from x-ray diraction measurements with a wide q-range[END_REF][START_REF] Rao | Structural inhomogeneity of water by complex network analysis[END_REF][START_REF] Schlesinger | The temperature dependence of intermediate range oxygen-oxygen correlations in liquid water[END_REF]. The rst type of approach has been put forward recently through machine learning approaches [START_REF] Oei-Danso | High-dimensional uctuations in liquid water: Combining chemical intuition with unsupervised learning[END_REF].

These studies dier from ours in perspective, in spite of many overlaps concerning particular details. Indeed, our interest is about the duality of uctuations and micro-heterogeneity [START_REF] Perera | Fluctuation Theory of Solutions[END_REF][START_REF] Poºar | Micro-heterogeneity versus clustering in binary mixtures of ethanol with water or alkanes[END_REF][START_REF] Perera | Camel back shaped kirkwood-bu integrals[END_REF]. This concept concerns mixtures of hydrogen bonded liquids, where the dierence in local kinetics of dierent species lead to the appearance of long lived local structures, organized through hydrogen bonding, which we describe in terms of charge ordering kinetics. However, the present work concerns single component liquids, and is meant to build the bases for each species, in view to study mixtures in subsequent works, under the perspective of the duality of uctuation micro-structure.

The remainder of the paper is organized as follows. In the Section 2 we review the charge ordering concept in order to clarify what is exactly meant by this wording in the context of our approach. In section 3 the technical details about simulation and theoretical background are presented. Our results for dierent types of liquids are shown in the results section 4. Finally we present a discussion and our conclusion in section 5.

2

Model, simulation and theoretical details All systems contain a total of 2048 molecules. GROMACS program package [START_REF] Van Der Spoel | Gromacs: Fast, exible, and free[END_REF][START_REF] Pronk | Gromacs 4.5: a high-throughput and highly parallel open source molecular simulation toolkit[END_REF] was used for all of the simulations. Packmol software [START_REF] Martínez | Packing optimization for automated generation of complex system's initial congurations for molecular dynamics and docking[END_REF] was utilized to obtain initial congurations. Total equilibration in both NVT and NPT ensembles was performed for 1 ns, after which an NPT production run of 1 ns was used to calculate all statistical quantities. The temperature was kept at T=300 K by using the Nose-Hoover thermostat [START_REF] Nose | A molecular dynamics method for simulations in the canonical ensemble[END_REF][START_REF] Hoover | Canonical dynamics: Equilibrium phase-space distributions[END_REF] with the time constant of 0.1 ps. The pressure was xed at p=1 atm with the Parinello-Rahman barostat [START_REF] Parrinello | Crystal structure and pair potentials: A molecular-dynamics study[END_REF][START_REF] Parrinello | Polymorphic transitions in single crystals: A new molecular dynamics method[END_REF] with the time constant of 1 ps. Leap-frog integration [START_REF] Hockney | Methods in computational physics[END_REF] with time step of 1 fs was used to generate trajectories and constraints were handled with the LINCS algorithm [START_REF] Hess | A linear constraint solver for molecular simulations[END_REF]. The cut-o radius for short-range interactions was 1.5 nm. Long-range Coulomb interactions were handled with the particle mesh Ewald (PME) method [START_REF] Darden | Particle mesh ewald: An n log(n) method for ewald sums in large systems[END_REF], with FFT grid spacing of 0.12 nm and interpolation order of 4. Force elds are SPC/E [START_REF] Berendsen | The missing term in eective pair potentials[END_REF] for water and OPLS-UA [START_REF] Jorgensen | Optimized intermolecular potential functions for liquid alcohols[END_REF] for alcohols.

Static cluster distributions can be obtained directly from the Gromacs auxiliary programs [START_REF] Poºar | On the x-ray scattering pre-peak of linear mono-ols and the related microstructure from computer simulations[END_REF]. In the present paper, however, we are interested in the clusters as they appear in the pair correlation function, mainly through the cluster peak in the intermediate scattering function F (k, t). Our approach is discussed in Section 4.2.

The dynamical atom-atom correlation functions are computed from simulations. In general, it is found that all dynamical functions are signicantly decayed within 100ps. The calculated functions are as follows. If ρ ai (r, t) = δ(r-r ia (t)) designates the time dependent local density of atom a of a molecule i in the liquid, located at position r at time t, then from this random variable on could dene another random variable which is the total dynamical density of atom a as ρ a (r, t) = i=1,N ρ ia (r, t), where N is the number of molecules.

From these 2 random variables, using the isotropy and homogeneity of the liquid state, one can dene the total van Hove dynamical correlation function between a pair of atoms a and b as [START_REF] Hansen | Theory of Simple Liquids[END_REF] by the ensemble average

G (t) ab (r, t) = 1 N ρ < ρ a (r, t)ρ b (r = 0, t = 0 > (1) 
which is decomposed in self and distinct atom contributions

G (t) ab (r, t) = G (s) ab (r, t) + G (d) ab (r, t) (2) 
We note that the self van Hove function is the dynamical analog of the Wmatrix element in the RISM (Reference Interaction Site Model) [START_REF] Kovalenko | Self-consistent description of a metal-water interface by the kohn-sham density functional theory and the three-dimensional reference interaction site model[END_REF][START_REF] Kovalenko | First-principles realization of a van der waalsmaxwell theory for water[END_REF][START_REF] Hirata | Theory of Molecular Liquids[END_REF],

and represents in fact the intra-molecular correlations between two atoms, while 

F (t) ab (k, t) = ˆdrG (t) ab (r, t) exp(ik.r) = F (s) ab (k, t) + F (d) ab (k, t) (4) 
and equally separated in self and distinct parts.

We note that at t = 0, F (t) ab (k, t = 0) = S ab (k),which is the total static structure factor dened by S ab (k) = W ab (k)+ρ ´dr [g ab (r) -1] exp(ik.r), where W ab (k) is the intra-molecular correlation function, which then corresponds to the self-part of the van Hove function.

Herein, we shall focus on the distinct correlation functions which are better suited to understand how dierent molecules correlate and cluster between themselves under Coulomb interactions. Details on various dynamical correlation functions will be reported in a subsequent paper.

The last point corresponds to the relation between peak positions k p in the structure factors S ab (k) and the corresponding distance r p in the pair correlation functions g ab (r). The typical Fourier transform relation is

r p k p ≈ 2π (5)
While the peak k p are often well dened, it is the interpretation of the distance r p which is ambiguous. In many cases, this distance r p ≈ 2π/k p is associated to the mean intermolecular distance, wrongly so from our point of view. We provide here a demonstration of this statement. We note that this interpretation, when associated to the main peak of the structure factor, often in the range 1.5 Å-1 < k p < 2 Å-1 , corresponds to distances 3 Å < r p < 4.5 Å, which cover typical atom sizes, and, therefore correspond to the main peak in g ab (r). In dense liquids, molecules are so close that the mean atom-atom distance is no so much dierent than the mean atom size. The test between the two propositions is made when considering the low density form of S(k). This can be obtained from integral equation theories, for instance for an atomic liquid. It is found that the main peak in S(k) = 1 + ρh(k), where h(r) = g(r) -1, is always positioned in the same range as in the dense liquid. We note that the peak of S(k) is related to that of h(k). This can be extended rigorously down to the limit of zero density ρ = 0. In this case, one has exactly g(r) = exp(-v(r)/k B T ) + 1 = f M (r), the latter which is the Mayer function f M (r). Accordingly, the main peak of f M (r) corresponds to the minimum of the pair interaction v(r), which in turns corresponds to the mean atom-atom contact r p ≈ σ ab . Using the Lorentz rule, we nd that σ a = (σ a +σ b )/2, which in the particular case of the same atom, does indeed correspond to the atom size σ a , and not the atom-atom mean distance in the dilute gas phase. Therefore, we will safely use the correspondence in Eq.5 throughout the present work. In all classical force elds used in the literature, the pair interaction v(1, 2) between 2 molecules 1 and 2 is given as as sum of the [START_REF] Schulz | Collective hydrogen-bond rearrangement dynamics in liquid water[END_REF][START_REF] Perera | Charge ordering and scattering pre-peaks in ionic liquids and alcohols[END_REF] Lennard-Jones and Coulomb components between each pair of atoms i belonging to molecule 1 and j to molecule 2, separated by inter-atom distance r:

v(1, 2) = i1,i2 4ϵ ij σ ij r 12 - σ ij r 6 + L B Z i Z j r (6) 
with the usual Lorentz-Berthelot convention

σ ij = (σ i + σ j )/2 and ϵ ij = √ ϵ i ϵ j ,
Zi is the valence of atom i and L B = e 2 /4πϵ 0 , where e is the elementary charge and ϵ 0 the dielectric permittivity of vacuum.

Charge order in atomic model ionic liquid

To illustrate the dierences between correlations, we rst examine charge order in simple atomic liquids and molten salts, as illustrated in Fig. 1. The left panel shows typical binary LJ correlation functions between atoms a and b and , as well as the corresponding structure factors (inset), dened as

S ab (k) = δ ab + ρ √ x a x b ˆdr [g ab (r) -1] exp(ik.r) (7) 
The The dispersion interactions are limited to the repulsive part of the LJ interaction, with ϵ/k B = 50K. The number density is ρ = 0.9 and the temperature T = 2000K.

On the left panel, all the pair correlation functions g ab (r) are seen to be in phase. This case can be considered as a particular case of ionic liquid with zero valence z = 0. In particular the peaks of the structure factors are all positive. The right panel illustrates charge order in a disordered ionic liquid.

One notices the typical signature of charge order, such as dephasing between the like correlations g ++ (r) = g --(r) and the cross charge correlations g +-(r), 

Charge order in polar hydrogen bonding molecular models

In the case of molecular models, atoms, charged or not, are tied inside molecules, and there is a local competition between charge order and ordinary disorder produced by the LJ part of the pair interaction. This competition imposes the molecules to rotate in order to properly position themselves next to another molecule. This induces a positional competition, with non-unique solutions and frustration issues, and which diers for dierent types of molecules. Since charge order is the most apparent in highly polar molecules, such as water and alcohol, for example, we examine below the case of water, methanol and ethanol. In addition to this competition, there is the issue that if the molecules were cut into separate pieces containing the pure LJ part and pure Coulomb part, then the mixture will phase separate since both types of interactions are incompatible with each other. This means that the relative concentration uctuation will play a capital role in this process of phase separation. This process is not allowed when both pieces are tied into a single molecule. Hence, the density and concentration uctuation of the molecules will still continue to play an important role through the way they will position next to each other. The concept of the duality of concentration uctuation and charge order characterizes this feature.

Water

In the case of water, all 3 sites (2 hydrogen (+0.424) and 1 oxygen (-0.848)) are charged, and charge order is driven only OO, OH and HH Coulomb interactions. We immediately note the charge order with the phase opposition between g OH (r)(red curve) and g HH (r)(green curve). However, charge order with opposing peaks is seen in the structure factor at k = 3 Å-1 , which is the second peak, and not the rst, as in Fig. 1(right panel). Indeed, the corresponding distance is r = 2 Å, which exactly the hydrogen bonding distance between the O and H sites of dierent molecules, but which appears simply as the consequence of charge order. The `main' peak at k = 2 Å-1 is in fact corresponding r = 3 Å, which is the water-water contact, hence corresponds to the second physical distance in the liquid. The O-O correlation are grayed-out because they do not t the charge order criteria, as in Fig. 1, where it should correspond to the behaviour of the black curve. Instead, the g OO (r) appears dicult to interpret in terms of charge order. However, the structure factor S OO (r) regroups nicely the 2 distances in the well known split peak, the rst at k = 2 Å-1 and the second at k = 3 Å-1 , corresponding respectively to the water-water contact and hydrogen bonding distance. In fact, these 2 distances also appear in the g OO (r): the rst peak is positioned at the water-water contact (which is more 2.8 Å than 3 Å ), while the periodicity of the oscillations is 2 Å. This discussion illustrates the possibility to reinterpret water correlations in terms of charge order alone. In particular, the discussions about the water-water Hbond alignment [START_REF] Pauling | The nature of the chemical bond[END_REF], corresponding tetrahedrality [START_REF] Head-Gordon | Tetrahedral structure or chains for liquid water[END_REF][START_REF] Sciortino | Eect of defects on molecular mobility in liquid water[END_REF] and possibility of a 5th neighbour [START_REF] Walrafen | Raman spectral studies of water structure[END_REF][START_REF] Walrafen | Raman spectral studies of the eects of temperature on water structure[END_REF][START_REF] Monosmith | Temperature dependence of the raman oh-stretching overtone from liquid water[END_REF], become byproducts of the charge ordering.

Methanol

Fig. 3 shows the pair correlation functions (main panel) and structure factors (inset) for the 2 most important charged sites, oxygen O (-0.674) and hydrogen H (+0.408). The methyl site CH3 (+0.266) is weakly charged and does not show features as prominent as the rst two. Indeed, it has been demonstrated in our previous work [START_REF] Perera | Simple and complex forms of disorder in ionic liquids[END_REF][START_REF] Perera | Charge ordering and scattering pre-peaks in ionic liquids and alcohols[END_REF] that charge ordering is relevant only for partial charges above valence Z=0.4.

The features observed bear many resemblances to those of water. Only the OH and HH pair correlation show typical phase opposing oscillations. The corresponding structure factors show the typical positive and negative peaks at k = 3 Å-1 , which is the Hbonding distance r=2Å, just like water. This is also the period of oscillations for all the g(r). The oxygen-oxygen contact peak at izes the existence of Hbonded aggregates. We previously interpreted this feature [START_REF] Perera | Charge ordering and scattering pre-peaks in ionic liquids and alcohols[END_REF] in terms of depletion correlations beyond r=3 Å, which correspond to chain formation of the OH hydroxyl groups, hence depleting the number of OH from a more uniform distribution.

Ethanol

Fig. 4 shows the pair correlations (main panel) and structure factors (inset)

for ethanol, the same way it was done for methanol above in Fig. 3. In the OPLS model, the oxygen, hydrogen and rst methylene sites, bear the same partial charges as for methanol. Similarly to methanol, the carbon bases sites are not aected by charge order correlation, since their charges are too low (below Z = 0.4). For the OPLS model, the partial charge of the methyl site is zero.

The features observed bear many resemblances to those of water and methanol.

Only the OH and HH pair correlation show typical phase opposing oscillations.

The oxygen-oxygen contact peak at k = 2 Å-1 (r = 3 Å) is barely visible, except on the OH correlations, but, instead a prominent pre-peak is seen at k = 0.76 Å-1 , which is common to all structure factors, indicating that all pair correlations are equally aected. It corresponds larger oscillatory modes, see by the depletion correlations after the rst g(r) peak, and the mid-range peak around 8 Å, which characterizes the existence of Hbonded aggregates. 

Results

Aside being hydrogen bonding liquids, water and alcohols are not usually discussed comparatively in the literature and textbooks, since their physico-chemical properties are very dierent [START_REF]CRC Handbook of Chemistry and Physics[END_REF]. This dierence can be primarily attributed to the fact that alcohol molecules have neutral CH groups attached the OH hydroxyl head group, while water has none. Yet, the analysis of static correlation functions and clusters show many analogies, all of which stem from the charge ordering induced by the OH chaining. This is the starting point of our analysis, deliberately ignoring dierences in macroscopic properties, and in search of a common explanatory ground at microscopic level. As a basis for a counter argument, it is noteworthy that the partial charges on the oxygen and hydrogen atoms dier between the water and alcohol models.

Analysis of static correlation functions

Fig. 5 shows the striking similarities between the OO and OH correlations for all 3 liquids: marked rst peaks centered at the OO and OH contacts. The fact that the OO contact is higher than the OH contact goes against the simple charge order as seen in Fig. 1 for unbound charges. However, it is fully compatible with an O-H..O alignment correlation, which is also the signature of Hbonding correlations. A notable dierence for the OO correlations between water and alcohols is the pronounced depletion at second and third neighbour correlations, which is a signature of chain-like OH group clusters. As discussed previously, it is the combination of high OO peak and neighbour depletion which produce the scattering pre-peak, and the absence of depletion correlations for water could explain the absence of pre-peak.

Indeed, Fig. 6 shows the structure factors corresponding to functions shown The second feature is in fact the common peak for all 3 liquids, found for S OO (k) at k ≈ 3 Å-1 , and which would correspond to a distance r ≈ 2 Å, which is too small to represent any relative positions of the oxygen atoms whose size is close to 3 Å. In fact, this peak is a consequence of the OH charge ordering oscillations in the following way. It corresponds to the Hbonding distance of 2 Å between an oxygen in the rst neighbour and another oxygen in the second neighbour layer, as can be seen in Fig. 4. In other words, this is a 3-body eect as seen from the pair correlations in Fig. 4. The consequence of these two features, is that, when applied to S OO (k) of water, it demonstrates that the shoulder peak around k ≈ 2 Å-1 is in fact the OO contact peak, while the more apparent peak at k ≈ 3 Å-1 does not correspond to any relative oxygen atom positions, just like for the alcohols. But there is more, the main peak for water S OH (k) is equally positioned at k ≈ 2 Å-1 , suggesting an unphysical OH contact at r ≈ 3 Å, since it is too large than the expected r OH ≈ 2 Å. By analogy with the alcohols, it suggests that it could be a water pre-peak position, hence implying that the shoulder peak of S OO (k) is both the OO contact peak and pre-peak, which is a feature never suggested in the past literature of water.

The intriguing results of the analysis above require a better investigation in order to conrm them, which is provided by the analysis of the dynamical correlations below, hence providing the missing link between the static picture and the kinetics of labile Hbonded aggregates. We also note that none of the discussions so far required considering explicitly the O-H..O hydrogen bonding criteria in a direct manner, and consequently, charge ordering criteria alone is sucient so far.

Analysis of dynamical correlation functions

Since we are interested in hydrogen bonding correlations between dierent molecules, we focus herein solely on the analysis of the oxygen-oxygen correlation functions, both in r and k space, and analyse the decays of the major peaks in relation to the local microstructure. 

van Hove and intermediate scattering functions

O W O W (k, t),
for dierent times. The major features in r-space are the rate of decays of the self part at r = 0, and the main peak at r ≈ 3 Å , the latter which is discussed in Fig. 10 below. The major feature in k-space is that the decay of the cluster peak at k ≈ 2 Å-1 is slower than that of the Hbond peak at k ≈ 3 Å-1 . This is discussed in Fig. 11 below. 

OO (k, t).

A similar analysis can be conducted for methanol in Fig. 3 and ethanol in Fig. 4. Unlike water, for these alcohols the Hbond cluster peak (pre-peak) is well separated from the contact peak at k ≈ 2 Å. AB (r AB , t) at the atom A -atom B contact distance r AB corresponding to the main peaks in Fig. 1 for each type of the 3 liquids. The inset shows the long time decay in log scale.

Color conventions as Fig. 5 Full lines for AB=OO, dotted lines for AB=OH and dashed lines for AB=HH.

Analysis of the decay of dynamical correlations

We analyse in more detail the dynamical decays of the r and k typical peaks of the oxygen-oxygen correlation functions.

The main panel of Fig. 10 shows the decay of the OO and OH main peaks of the pair correlation functions of Fig. 5, in the range of 0-2 ps, while the inset focuses on the long time scale (with vertical log scale). The rst feature which is immediately apparent is the hierarchy of time decays, the fastest for water and slowest for ethanol, with a narrower dierence between the 2 alcohols. This feature alone indicates that the temporal decay of charged atom correlations is vastly dierent for water and the 2 alcohols, despite the static correlations presenting appealing similarities. The second feature is that time decays between the various atom-atom correlation show more dierence between themselves for water than for the alcohols, indicating that the charged group motions are more homogeneous for alcohols than for water. Going into specic details, for water, the OH decay is the fastest, while the OO decay is the slowest, which seems contradictory: if the OH contact decorrelates very fast, then the auxiliary OO contact should also decay accordingly. The only way to reconcile these contradictory decays is that the rotation of the OH arm is such that it re-establish the OO contact. This is precisely the jump rotation motion advertised in recent investigations [START_REF] Stirnemann | Direct evidence of angular jumps during water reorientation through two-dimensional infrared anisotropy[END_REF][START_REF] Laage | Water jump reorientation: From theoretical prediction to experimental observation[END_REF][START_REF] Gomez | Water diusion proceeds via a hydrogen-bond jump exchange mechanism[END_REF], and is found to be contained in the dynamics of a classical model of water. For alcohols, it is the opposite which is found, namely that the OO decay is faster than the OH decay, denoting that the hydrogen bonding holds the hydroxyl group clusters. The long time decay shown in the inset suggests a near exponential behaviour, as expected for equilibrium liquids with simple diusion, and a perfect isotropy for all atoms. It is seen that water and methanol have a similar decay, while ethanol has a markedly slower decay, suggesting slower global dynamics, which is also compatible with the higher viscosity of this liquid. Fig. 11 shows the time decays of the various peak positions we discussed in Fig. 6, through the total intermediate scattering function F t (k, t), and the inset shows the log scale version, to underline the quasi-exponential decays. While the dynamics in r-space is directly intuitive as referring to actual atom motions, that in k-space is more dicult to grasp, since k-peaks reect global trends.

Let us rst discuss the 2 alcohols (in red for methanol and green for ethanol).

Two types of curves should be distinguished in Fig. 11, that for the alcohol prepeaks in thick lines, and that for main peaks in thinner lines. These correspond to cluster dynamics and contact dynamics, respectively. In comparison with Fig. 10, the time decay in k-space shows much more marked dierences between dierent types, which indicates an important dierence with water, as discussed later below.

The pre-peaks are seen to decay slower for ethanol than for methanol, and moreover, all atom-atom curves are almost superposed. Both results are quite expected: cluster dynamics in ethanol is intuitively expected to be slower than that of methanol, because of the additional methyl group. The near superposition of all 3 atom-atom curves indicate that the global motion are quite similar, with the OO decay slightly faster than the others. This result suggests that it is really the charge order which drives cluster dynamics. The thinner curves concern global atom-atom contact dynamics, and, as far as species are concern, they follow the same pattern, namely slower for ethanol than for methanol. However, within each species, they dier from the pre-peak behaviour since the atom-atom contact decays are dierent. For alcohols, the OO decay is slower than the OH decay, which is the exact opposite of what we found for the cluster peak dynamics. It suggests that the spatial frequency of the OO and OH motions at contact decays faster than the same atoms in clusters. We believe that this is an important result concerning liquids that have specic cluster peaks in radiation scattering experiment, and that this dierence is related to a more global kinetic of clusters, as opposed to the dynamics of individual atoms within the clusters. Namely, this global dynamics is very dierent between dierent atoms, while being the same when considering the same atoms, but within a cluster.

Concerning water, the most apparent feature is that the behaviour in k-space looks just the opposite of that in r-space seen in Fig. 10. Namely that there is more dispersion for the alcohols between the various atom-atom correlations, while that of water are superposed. In other words, in k-space, it is water which looks more homogeneous than alcohol, the exact opposite of what we found in r-space. Seen from a k-space perspective, water appears as more isotropic and homogeneous. We believe that it is precisely at the origin of the contradicting dual pictures of water, both as a structured liquid [START_REF] Frank | The structure of ordinary water[END_REF][START_REF] Stillinger | Water revisited[END_REF][START_REF] Sciortino | Eect of defects on molecular mobility in liquid water[END_REF] and as an ordinary liquid of small molecules [START_REF] Pratt | Theory of the hydrophobic eect[END_REF][START_REF] Chandler | Interfaces and the driving force of hydrophobic assembly[END_REF][START_REF] Graziano | Water: cavity size distribution and hydrogen bonds[END_REF]. The rst picture could account for the rich microscopic dynamics of water in the real space [START_REF] Head-Gordon | Tetrahedral structure or chains for liquid water[END_REF][START_REF] Wernet | The structure of the rst coordination shell in liquid water[END_REF][START_REF] Smith | Unied description of temperature-dependent hydrogenbond rearrangements in liquid water[END_REF][START_REF] Prendergast | X-ray absorption spectra of water from rst principles calculations[END_REF], while the second picture could refer to the almost disappointingly simple dynamics of all atom-atoms decays in k-space [START_REF] Pratt | Theory of hydrophobicity: Transient cavities in molecular liquids[END_REF][START_REF] Graziano | On the cavity size distribution in water and n-hexane[END_REF]. The present analysis provides both a microscopic support for the two interpretations and an explanation for the apparent contradiction. In view of the related controversies in the past, the present analysis provides a resolution of an old problem.

Dynamics of clusters

The mean life time of clusters can be obtained by tting the long time decay of the cluster peaks τ in k-space in Fig. 11 by an exponential form exp(-t/τ ), which ts very well as can be seen from the inset. The decay time τ can be interpreted as a mean cluster lifetime. For water, we obtain a very short time of τ ≈ 1.45ps, for methanol τ ≈ 4.5ps and for ethanol τ ≈ 18ps.

It is instructive to examine the pictorial conrmation of some of the features discussed previously. The direct static oxygen atoms cluster calculation, as in our previous work [START_REF] Poºar | Simple and complex disorder in binary mixtures with benzene as a common solvent[END_REF][START_REF] Poºar | Micro-heterogeneity versus clustering in binary mixtures of ethanol with water or alkanes[END_REF][START_REF] Poºar | On the x-ray scattering pre-peak of linear mono-ols and the related microstructure from computer simulations[END_REF] can be made with the oxygen-oxygen distance cuto to be 3.5 Å, which is the rst minimum of the g OO (r) functions. For the alcohols, it was found that there is a cluster mean size for 5-7 molecules (see for instance Fig. 7 in Ref. [START_REF] Poºar | On the x-ray scattering pre-peak of linear mono-ols and the related microstructure from computer simulations[END_REF]). For water, there is no such marked peak [START_REF] Poºar | Simple and complex disorder in binary mixtures with benzene as a common solvent[END_REF][START_REF] Poºar | Micro-heterogeneity versus clustering in binary mixtures of ethanol with water or alkanes[END_REF].

Alternatively, for a given cluster of mean size, its dynamics can be followed through the VMD code, and mean lifetime of a cluster is evaluated visually. For alcohols, it is empirically observed that, for large clusters, they often break down to mean size clusters of 5-7 monomers, consistent with static calculations, and the nal lifetime is controlled by these. This explains the main peak in the cluster distribution. For water, since there is no mean cluster peak, the life time is rather short, about 1.5ps.

Fig. 12 shows a few frames of the internal dynamics of typical clusters, for ethanol and water. The corresponding movies can be found in the SI material accompanying this paper. What is apparent is that the ethanol clusters live longer than that of water. From this particular example, ethanol cluster mean lifetime is about 20ps, as illustrated in Fig. 12, while that of water less than 10ps. This is precisely at the origin of the radiation scattering pre-peak: since the global structure is long lived, the corresponding atom-atom correlations are saved into the correlation functions, hence producing the high rst peak and depletion secondary peaks typical of alcohol OO correlations. For water, although the clusters are similar, those are destroyed much faster into smaller dimer-like shapes. Although these might be part of other clusters, the internal coherence of the initial cluster is lost. This implies that the chain-like correlations are not saved as a typical conguration into the pair correlation functions.

We believe that this is reason why there is a phantom cluster peak in the shoulder pre-peak of water S OO (k), which is could be interpreted as both a contact and a cluster peak at k ≈ 2 Å-1 . The evidence of this dual interpretation of the shoulder peak of water is probably related to the dual contradictory picture of water mentioned in the previous section.

Discussion and Conclusion

The analysis presented herein reveals several points about the local structure of hydrogen bonded liquids as seen from a dynamical point of view. First of all, hydrogen bond order appears as a particular case of the more general charge order. It is the immediate proximity of the positive charge on the hydrogen atom and the negative charge on the oxygen atom that drive the local structure of these liquids. This is perhaps the most apparent in the striking similarities of the instantaneous cluster structures in water and in alcohols, as illustrated in Fig. 12. It explains the pronounced similarities in the static OO correlations as well as the dierences in the OH correlations, as seen in Fig. 5 and Fig. 6.

However, it is the dynamical correlations which reveal the dierence between the similarities in dierent micro-states (snapshots) and the strong dierences on how the system evolves in time from one microstate to another. Our analysis shows that it is this dynamical evolution which explains several features observed previously in the literature, such as the jump rotation of the OH arm for water [START_REF] Stirnemann | Direct evidence of angular jumps during water reorientation through two-dimensional infrared anisotropy[END_REF][START_REF] Laage | Water jump reorientation: From theoretical prediction to experimental observation[END_REF][START_REF] Gomez | Water diusion proceeds via a hydrogen-bond jump exchange mechanism[END_REF], or the contradictory pictures of the importance of the water structure [START_REF] Frank | The structure of ordinary water[END_REF][START_REF] Stillinger | Water revisited[END_REF][START_REF] Pratt | Theory of the hydrophobic eect[END_REF][START_REF] Graziano | On the cavity size distribution in water and n-hexane[END_REF]. Perhaps the water tetrahedrality has been put too much at the center of water local structure [START_REF] Stillinger | Water revisited[END_REF][START_REF] Head-Gordon | Tetrahedral structure or chains for liquid water[END_REF][START_REF] Prendergast | X-ray absorption spectra of water from rst principles calculations[END_REF], originating from the dual structure picture advocated by Frank [START_REF] Frank | Ion-solvent interaction. structural aspects of ion-solvent interaction in aqueous solutions: a suggested picture of water structure[END_REF] and his successors [START_REF] Némethy | Structure of water and hydrophobic bonding in proteins. i. a model for the thermodynamic properties of liquid water[END_REF][START_REF] Sciortino | Eect of defects on molecular mobility in liquid water[END_REF][START_REF] Gallo | Water: A tale of two liquids[END_REF].

The discussion of Figs. 10 and 11 shows that dynamical correlations, both in real and reciprocal space, provide a very rich information about the dynamics, both at atomic and cluster level, almost like a movie.

We expect that this analysis of time correlation functions will help provide a better understanding of the micro-heterogeneity in mixtures of associated liquids.

G 3 )

 3 (d) ab (r, t) is the dynamical equivalent of the static pair correlation function, to which it reduces at t = 0 : G (d) ab (r, t = 0) = g ab (r) (Note that the van Hove function is normalized by the density such that this equality holds. The r-Fourier transform gives the intermediate scattering function F (k, t)
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  Charge order through pair correlationsCharge order is an important structuring feature in disordered liquids[START_REF] Hansen | Theory of Simple Liquids[END_REF][START_REF] Hansen | Statistical mechanics of dense ionized matter. iv. density and charge uctuations in a simple molten salt[END_REF][START_REF] Perera | Simple and complex forms of disorder in ionic liquids[END_REF][START_REF] Perera | Charge ordering and scattering pre-peaks in ionic liquids and alcohols[END_REF].Since molecular interactions in liquids are essentially governed by neutral Lennard-Jones (LJ) interactions and Coulomb interactions, the quality of the disorder induced by these two types of interactions. Pair correlation functions and associated structure factors allow to illustrate the special form of order.

Figure 1 :

 1 Figure 1: Illustration of charge order through correlation functions. Left panel: Lennard-Jones binary mixture. Right panel: ionic liquid. Line symbols: g 11 in black, g 12 in red and g 22 in green dashes. The insets show the structure factors with same color conventions.

  following parameters are used. All particles diameters are the same σ 11 = σ 12 = σ 22 = 3 Å. The LJ energy parameters are ϵ 11 /k B = 100K, ϵ 11 /k B = 150K , ϵ 11 /k B = 200K . The number density is ρ = 0.684 (molar volume is V m = 17.75cm 3 /mol) and the temperature T = 100K. Equimolar case x 1 = x 2 = 0.5 is considered. The right panel shows typical ionic salt with following parameters. The diameters are as above with σ ij = 3 Å. The valences are z 1 = 1 and z 2 = -1.

  and their consequence for the structure factor with a positive and negative peak at k = 2π/d contact , with d contact < σ (d contact /σ < 1) as seen in main peak of g +-(r) S +-(k) at. As a consequence of this dephasing, the like structure factor S ++ (k) = S --(k) are seen to have a negative anti-peak, at the same position as the positive peak of S +-(k) at kσ = 5 < 2π. This corresponds to a large distance r ≈ 1.2σ, which corresponds approximately to the +-dimer-dimer closest distance.Charge order for complex ionic liquids, and particularly room temperature ionic liquids, and in relation to molecular structural positioning through pair correlation functions and structure factors, has been discussed by several authors[START_REF] Santos | Temperature-dependent structure of methyltributylammonium bis(triuoromethylsulfonyl)amide: X ray scattering and simulations[END_REF][START_REF] Kashyap | Temperature-dependent structure of ionic liquids: X-ray scattering and simulations[END_REF][START_REF] Russina | Amphiphile meets amphiphile: Beyond the polar-apolar dualism in ionic liquid/alcohol mixtures[END_REF][START_REF] Perera | Simple and complex forms of disorder in ionic liquids[END_REF].

Fig. 2

 2 Fig. 2 below shows the corresponding pair correlation functions (left panel) and structure factors (right panel). Note that the OH structure factor is shifted upward by 1, when compared with Fig. 1.

Figure 2 :

 2 Figure 2: Charge order for water pair correlation functions (left) and structure factors (right). The lines color are as in the inset.

Figure 3 :

 3 Figure 3: Charge order for methanol pair correlation functions and structure. The lines colors are as in the inset.

Figure 4 :

 4 Figure 4: Charge order for ethanol pair correlation functions and structure. The lines colors are as in the inset.

Figure 5 :

 5 Figure 5: Main panel: g OO (r) (inset g OH (r)) for SPC/E water (black), OPLS methanol (red) and OPLS ethanol (green)

Figure 6 :

 6 Figure 6: Main panel: S OO (k)(inset S OH (k)).Color codes as in Fig.5The gray arrows mark the k-vector associated to the atom-atom contact peak; the vertical lines mark the cluster pre-peak typical of the alcohols, which are better distinguished in the S OK (k) in the inset. The thick red arrow shows the charge order peak, which is found to be the same for all 3 molecules -thus illustrating the main point of this paper.

Fig. 7 .

 7 Fig.7. shows the oxygen-oxygen total van Hove function G (t) O W O W (r, t) for SPC/E water as well and the corresponding intermediate scattering function F (t)

Figure 7 :

 7 Figure 7: Dynamical correlation functions for SPC/E water. Left panel, total van Hove function for oxygen atom correlations G (t) OO (r, t) (in log-scale) for dierent times, as shown in the legend panel. Right panel, corresponding intermediate scattering functions F (t)

Figure 8 :

 8 Figure 8: Dynamical correlation functions for OPLS methanol. Leftt panel, total van Hove function for oxygen atom correlations G (t) OO (r, t) for dierent times, as shown in the legend panel. Right panel, corresponding intermediate scattering functions F (t) OO (k, t). The blue arrow shows the Hbond cluster pre-

Figure 9 :

 9 Figure 9: Dynamical correlation functions for OPLS ethanol. Leftt panel, total van Hove function for oxygen atom correlations G (t) OO (r, t) for dierent times, as shown in the legend panel. Right panel, corresponding intermediate scattering functions F (t) OO (k, t). The blue arrow shows the Hbond cluster pre-peak.

Figure 10 :

 10 Figure 10: Time dependence of distinct van Hove function G (d)

Figure 11 :

 11 Figure 11: Time dependence of total intermediate scattering function

Figure 12 :

 12 Figure 12: Evolution in time of the cluster dynamics for ethanol (top) and water (bottom). The time is indicated on each frame.
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Supplementary Information details

A supplementary le describing the two MP4 movies les is provided. The two movies show the evolution in time of a cluster of SPC/E water and OPLS ethanol.