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Introduction

It is well known that very different materials such as: silica, low-molecular-weight liquids (carbohydrates, alcohols), polymers or even proteins are able to exhibit a very intriguing feature called glass transition (1). This latter is characterized by an extraordinary decrease of several orders of magnitude of the mobility in a narrow temperature range without significant structural changes.

Understanding of the mechanisms leading to the glass transition has been a subject of intense research in recent years and it is still a matter of numerous theoretical and experimental studies (1).

Much attention has been recently devoted to the high temperature pico-nanosecond regime (ps-ns) of liquid glass-formers. A fundamental question concerns the microscopic description of the cooperative mechanisms which develop over a temperature range in which dynamics start being both relatively well described by the predictions of the mode coupling theory (MCT) and influenced by the potential energy landscape (2; 3). So far, MCT (4) is the only theory which provides a microscopic description of supercooled atomic liquids. The intrinsic basis of MCT states that the behavior of any time-dependent correlators describing the dynamics of the system is only controlled by its static density correlator S(Q) and predicts the existence of a critical temperature T c corresponding to an ergodic to non-ergodic transition. Scaling properties predicted by MCT approaching T c have been successfully validated in numerous experiments (5; 6; 7; 8) and molecular dynamics (MD) simulations [START_REF] Schilling | Theories of the structural glass transition[END_REF].

It is now well accepted that T c also marks the crossover to the "landscape dominated" regime, as advocated long time ago by Goldstein [START_REF] Goldstein | [END_REF], where dynamics can be described as thermally activated hoppings between inherent structures (minima of the potential energy). It has been demonstrated that an other remarkable crossover temperature T A can be identified above T c which coincides with the onset of non-exponential relaxation i.e the "landscape influenced" regime (11; 3).

The aim of this paper is to present and discuss results obtained from MD simulations on slow dynamics The idealized version (4) of this theory predicts a two-step relaxation scenario (fast β, slow α) of all the time dependent correlators φ(q, t). MCT particularly states the following points: At short time, φ(q, t) decays to a plateau value, the so-called nonergodicity parameter classically noted f c q . The dynamical regime associated with this plateau is called β. It is centered around the rescaling time t σ which is given by t σ = t 0 |σ| -1/2a where t 0 is a characteristic microscopic time and σ is proportional to |T -T c |. Above T c , the late β regime or the early α relaxation is described by the following power law (going beyond first order): φ(q, t) = f c q -h (1) q .(t/τ ) b + h (2) q .(t/τ ) 2b

where the first two terms correspond to the classical von Schweidler law, the last term is a second order correction and τ = t 0 |σ| -γ with γ = 1/2a + 1/2b. At long time, MCT also predicts that the previous fast regime is followed by a slow relaxation, called α, with the characteristic time τ . Furthermore, parameters a and b are temperature and q independent and related via Γ

2 (1 -a)/Γ(1 -2a) = Γ 2 (1 + b)/Γ(1 + 2b)
where Γ(x) is the gamma function.

Glassy Crystals

Most of the glassformers are molecular liquids and accordingly possess both translational and rotational degrees of freedom (TDOF and ODOF). Approaching the glass transition, the coupling between TDOF and ODOF is far from being understood and the precise role of the ODOF remains unclear as demonstrated by the so-called low-temperature translation-rotation paradox (12; 13). It is now well established that the phenomenology of glass formation is also displayed by some partially disordered molecular crystals i.e. plastic crystals in which the average position of the centers of mass are ordered on a lattice while the orientations are dynamically disordered (14; 15). Indeed, some of them, called glassy crystals [START_REF] Suga | [END_REF], such as cyanoadamantane (17), ethanol (18; 19), cyclooctanol (20) or difluorotetrachloroethane (21) can be deeply supercooled and present many properties characteristic of the conventional molecular liquid glasses such as a step in the specific heat at the glass transition or a non-Arrhenius behavior of the relaxation times. Those compounds has led recently to a strong interest since they offer valuable possibilities to focus mainly on the role of the orientational degrees of freedom (ODOF) whose the importance during the glass formation remains a matter of debate at present. It has to be noticed that glassy crystals in opposition to the so called "orientational glasses" like mixed crystals Ar 1-x (N 2 ) x or (KCN) x (KBr) 1-x are not frustrated by quenched disorder externally imposed by a dilution (22). MCT has been initially developed to provide a microscopic understanding of simple atomic liquids. However, general predictions have also been successfully validated for molecular compounds. Recently, some extensions of MCT called molecular mode coupling theory (MMCT) [START_REF] Schilling | Theories of the structural glass transition[END_REF] have been proposed to take ODOF into account: one diatomic probe molecule in an atomic liquid (23), liquids made of linear molecules (24) or water (25) to cite only a few. The authors have particularly shown that some of the basic predictions of MCT still hold owing TDOF/ODOF coupling. As revealed by recent MD investigations (26; 27) performed on orthoterphenyl (OTP), coupling of the rotational dynamics to the center-of-mass motion can be complex. No microscopic theory has been developed for plastic crystals so far. However, in (28; 29; 30) In the following, we investigated three models of plastic crystals possessing different kind of crystalline and molecular symmetries and different type of reorientational dynamics. The present numerical simulation investigations aim to demonstrate that plastic crystals whose the dynamics are almost completely controlled by rotation shares some common dynamical features with liquid glass-formers in the ps-ns regime where some precursor features (non-exponentiality or non-Arrhenius behavior) of the glass transition emerge.

Models

3.1.1

Chloroadamantane. Chloroadamantane C 10 H 15 Cl (CLADM) is a rather huge molecule which belongs to the substituted adamantane family. It shows a plastic phase structure isomorphous to cyanoadamantane, but the chloroadamantane molecule possesses a smaller substitute and a faster dynamics well adapted for MD simulation investigations. Rotational motions are also suspected to change in nature as it is reported from earlier incoherent quasielastic neutron scattering experiments (31). Chloroadamantane undergoes at 244 K a first order transition from an ordered monoclinic structure to a rotator phase with face-centered-cubic (fcc) symmetry (32). The plastic-liquid transition occurs at 442 K (32).

The simulated system is composed of rigid linear molecules with two sites: one chlorine atom (noted Cl) and one super atom (noted Adm) that models the adamantane part C 10 H 15 . The distance of both pointlike atoms is 3.3 Å and the molecule's moment of inertia is 302.733 amu. Å2 . Rigid body equations with quaternions were used for the the orientational variables.Molecular dynamics calculations were performed on a system of N = 256 molecules (4 × 4 × 4 fcc crystalline cells) interacting through a Lennard-Jones short range site-site potential of the form

v(r) = 4 ((σ/r) p -(σ/r) q ) ( 2 
)
where r is the distance between two different sites. The parameters , σ, p and q are specified in table 1.

A complete description of a similar model used previously to simulate cyanoadamantane using the Monte Carlo technique is given in (33; 34), so we give here only the essential details. The parameters of the Cl-Cl, C-C and H-H potentials were taken from potential energy calculations of chlorine atoms in molecular crystals (35). The parameters for Adm interactions have been determined from the atom-atom interactions between atomic sites of the adamantane part of the molecules (36). First, the averaged energies over all molecular orientations were calculated for different distances of centers of mass of the adamantane part of molecules. Then, they were fitted into the Lennard-Jones form (seei table 1). The parameters for interactions between dissimilar sites have been determined by the Berthelot combining rules. The 12-6 Lennard-Jones functions were applied for all dissimilar interactions.

The chloroadamantane molecule possesses a relatively large dipolar moment µ (2.39 Debyes) which is parallel to the molecular axis. The electrostatic interactions were handled by the Ewald method with two partial charges (q = ±0.151e) localized on both sites. This simple charge distribution has been constructed to make the total molecular charge equal to zero and to reproduce the total dipole moment. Newton's equations of motion were solved with a time step of ∆t = 5 fs. We worked in the NPT (constant number of molecules, temperature and pressure) statistical ensemble using the Melchionna modification of the Hoover algorithm with a thermostat and barostat relaxation time of 1 ps (37). Periodic boundaries conditions were used. MD simulations have been performed at 29 different temperatures from T = 220 to 500 K for a sample corresponding to the crystalline fcc rotator phase.

It should be noted that the CLADM model is particularly oversimplified. The main reason of this simplification is due to the large dipole moment of the CLADM molecule which requires the calculation of the electrostatic interactions unlikely to the Norbornylene or the difluorotetrachloroethane models (see below). However, it has been precisely constructed to keep the main experimental features and to speed up simulations in order to reach the nanosecond regime. Several comparisons of the results obtained from the CLADM model with experimental data have been published in (28). In this study, from calculations of the enthalpy, it was shown that this model captures the anomaly found in calorimetric experiments by Oguni et Al. (38) close to the Arrhenius to Non-Arrhenius deviation reported in the present manuscript. Moreover, both high-and low-temperature apparent activation energies of the relaxational time as defined in the present manuscript were found to be in good agreement with NMR experimental results. In (39), it is also reported that the shrinking of the lattice constant found in good agreement with X-ray experiments leads to an increase of the steric hindrance with decreasing temperature and in turn to a slowing down of the orientational dynamics.

3.1.2

Norbornylene. Norbornylene (NBE) C 7 H 10 displays one plastically crystalline over the temperature range 129 K to 320 K [START_REF] Westrum | Molecular Dynamics and Structure of Solids[END_REF]. The plastic crystal structure is hexagonal close-packed (hcp) [START_REF] Strange | [END_REF]. The structure of the brittle phase is reported to be monoclinic P 2 1 /c from ab-initio calculation (42). At high temperature, an isotropic reorientational motion is found (43) whose relaxational time follows an Arrhenius law. No discontinuity for this process is found at the plastic to liquid transition. Below 160 K, an abrupt dynamical change is mentioned with anisotropy setting.

The simulated sample consists of N = 686 molecules located on an average hcp lattice corresponding to a sample of 7 × 7 × 7 unit cells. Each molecules C 7 H 10 is described by its 17 atoms and considered as rigid.Rigid body equations with quaternions were used for the the orientational variables.Due to the presence of a carbon-carbon double bond, NBE possesses a small dipolar moment which was determined to be 0.32 D. As already made by Min et al. (42) in their ab initio determination of the NBE low temperature crystalline structure, the electrostatic contributions have been neglected in our simulation. Therefore, we have just considered a Buckingham atom-atom potential whose coefficients are given in table 2. Despite this approximation, both structure and dynamics were found in good agreement with experimental results. Newton's equations of motion were solved with a time step of ∆t = 5 fs. We worked in the NPT statistical ensemble with periodic boundary conditions at constant atmospheric pressure. We used Berendsen barostat and thermostat with relaxation times of 2.0 ps and 0.2 ps for controling the pressure and the temperature respectively (44). MD simulations have been carried out at 28 different temperatures from T = 125 to 320 K for a sample corresponding to the experimental crystalline hcp rotator phase. Below 125 K, the system falls out of equilibrium over the MD time window and becomes non ergodic. (45; 46; 47). DFTCE has been experimentally widely studied and presents a rich variety of unusual properties. DFTCE exhibits a glass transition of the overall rotation of the molecules at T g = 86 K (48). Two additional heat anomalies are found at 60 and 130 K and associated respectively to a sub-T g β process and the freezing of the transformation between trans and gauche conformation of the molecule. Changes concerning the nature of dynamics in this system has been reported from NMR experiments (49), Brillouin and dielectric spectroscopy (21). In this latter investigation, a crossover from individual to correlated rotational motions was particularly suggested.

MD calculations were performed on a system of N = 686 (7 × 7 × 7 bcc crystalline cells) molecules. Each DFTCE molecule is described by its 8 atoms and considered as a rigid unit. Rigid body equations with quaternions were used for the the orientational variables.They interact through a Buckingham short range atom-atom potential (see parameters in table 3) and the electrostatic contributions have been neglected since the DFTCE molecule possesses a weak dipolar moment. No structural or dynamical change has been found for a system where electrostatic interactions are taken into account. Newton's equations of motion were solved with a time step of ∆t = 5 fs. We worked in the NPT statistical ensemble with periodic boundary conditions where the simulation box is allowed to change in size and shape using the Melchionna modification of the Hoover algorithm (37) with a thermostat and barostat relaxation time of 1 ps. MD simulations were done for a sample corresponding to the DFTCE orientationally disordered phase at 14 different temperatures from T = 130 to 260 K in steps of 10 K. It should be mentioned that our very simple DFTCE model allows us to perform very long MD runs of about 50 ns. Single-molecule reorientational dynamics can be investigated from the self angular correlation functions C l=1,2 defined as:

C l (t) = 1 N i=1,N P l ( u i (t). u i (0)) (3) 
where P l is the l-order Legendre polynomial and u i a unit vector parallel to the dipole moment of each molecule i in the case of CLADM and NBE or directed along the C 3 -symmetry carbon-carbon molecular axis of molecule i in the case of the DFTCE molecules. From C l=1,2 , we can obtain clarification on the nature of dynamical changes and anisotropy of the molecular motions. Experimentally, C 1 (t) can be directly measured in dielectric relaxation and C 2 (t) in Raman scattering [START_REF] Sherwood | The Plastically Crystalline State[END_REF]. C l=1,2 can also be related to the informations obtained from NMR relaxation measurements.

Figure 1 shows the C 2 (t) time correlation functions for all models and investigated temperatures. Clearly, at least for the lowest temperatures, a two step relaxation behavior as predicted by MCT and already observed in supercooled molecular liquids (45; 50) is shown in our simulations. At very short times, we observe a fast decay corresponding to a microscopic regime which is modulated by vibrational motions. This latter behavior is followed by a plateau-like region, which becomes more pronounced at the lowest temperatures. This feature is identified with the β regime. At the end, the last step is a decay to zero corresponding to the α process. C 1 (t) time correlation functions, not displayed in the present paper, show a very similar behavior to the C 2 (t) functions. When lowering the temperature, an intermediate plateau region emerges which proves the presence of an orientational caging between neighboring molecules (see Fig. 2). This is the rotational analogue of the translational cage effect observed in liquids (see Ref. (51)). This transient regime is followed by the α process which can be associated in plastic crystals with large tumbling motion between preferred molecular orientations as displayed in Fig. 2 for CLADM. A consequence is that the tumbling of one molecule is allowed only if an orientational rearrangement of its local neighbors occurs. This cooperative motion is clearly displayed using projections of the individual dipolar moments on one crystallographic plane.

The τ 1 and τ 2 relaxational times are defined as the time it takes for their respective time correlation functions to decay e -1 of their initial values. At high temperature, for all correlators, τ (T ) can be well fitted with an Arrhenius law τ (T ) = τ 0 exp(E 0 /T ) where the parameters (τ 0 , E 0 ) allow us to calculate the temperature dependent activation energy E(T ) = T.log(τ /τ 0 ).

Figure 3 displays E(T )/E 0 as function of the temperature. Clearly, at a remarkable temperature identified to T A , all activation energies start diverging simultaneously from unity corresponding to the Arrhenian high temperature behavior. This is an indication of the existence of a dynamical crossover from a free diffusion regime to the so-called landscape-influenced regime occurring at T A corresponding to a transition from quasi-free rotational diffusion of the molecular dipoles to activated geared tumblings as seen in Fig. 2.

The nature of the rotational motions involved in this dynamical change is given by the ratio τ 1 /τ 2 in Fig. 4.

Upon lowering the temperature, we observe that τ 1 /τ 2 clearly deviates from 3 and approaches 1. For uncorrelated small angular steps motion, it can be shown that the orientation correlation functions follow an exponential decay C l = exp[-l(l + 1)D r t] where D r is the rotational diffusion coefficient. τ 1 /τ 2 = 3 is therefore expected for free small-step rotation diffusion type of motion while τ 1 /τ 2 = 1 is classically associated to activated jump-like motion (52). These results prove the existence of a plastic-plastic transition which can be interpreted as the rotational analogue of the Goldstein crossing temperature seen in liquids.

Glycerol molecular liquid

We now focus on the dynamical properties of molecular liquids which present a slowing down upon cooling. Among them, we have studied glycerol for its key role in bioprotection. Indeed, it is well known that disaccharide/water binary solutions are able to protect biomolecules against dessication, dehydration and this ability seems to be strengthened by diluting a small amount of glycerol in these sugar/water solutions. However, the microscopic mechanism responsible for the biopreservation are still unclear and several hypotheses non fully satisfactory have been proposed (53; 54; 55; 56). We have realized a comparative study of the disaccharide/water solutions (57; 58) by looking at both the structure and the dynamics in order to extract characteristic parameters playing a key role in the bioprotection mechanisms. The next step is the study of ternary mixtures first implying the development of a good model of the glycerol liquid to reproduce the main dynamical features observed experimentally and presented below.

Computational details

The system is composed of 108 flexible glycerol molecules modeled using the all-atom AMBER force field (59) employed by Chelli et al. (60). This model produces a structure in good agreement with the experimental one but the dynamical properties can be improved. Then, the atomic charges and the Lennard-Jones parameters of the hydroxyl groups have been reparametrized (61) in order to reproduce more realistically the diffusion coefficient D (62) and the characteristic times τ Q obtained from Neutron Spin Echo experiments (63). Electrostatic interactions were handled by the reaction-field method with ε RF = 40 close to the values found in the literature [START_REF] David | CRC Handbook of Chemistry and Physics[END_REF]. The reaction field method has been compared to the Ewald summation on glycerol liquid and neither structural nor dynamical changes have been noticed. As glycerol molecules are entirely flexible with slow and fast internal motions (vibrations), the time step is as small as 0.5 fs (typically one twentieth of the highest frequencies of the vibrational modes). The cutoff radius is 10 Å and cubic periodic boundary conditions have been applied. Molecular Dynamics simulations have been performed in the NPT statistical ensemble (44) at constant standard pressure (1 bar) using a barostat relaxation time of 1 ps and a thermostat relaxation time of 0.2 ps. The temperatures range from 313 K to 493 K in steps of 20 K and the simulation lengths vary from 0.7 to 6 ns.

Results and Discussion

The intermediate scattering function S Q, t usually obtained from coherent neutron scattering experiments has been analyzed in order to investigate numerically collective dynamics.

The static structure factor S(Q) defined as S(Q, t = 0) is displayed in Fig. 5(a). A qualitative agreement with experimental data extracted from Ref. [START_REF] Champeney | [END_REF] is observed. This indicates that both real and model systems exhibit similar ordering. An interesting new point is the existence of a pre-peak (61) close to Q ≈ 0.6 Å-1 located below the first sharp diffraction peak at Q = Q max ≈ 1.4 Å-1 . This pre-peak seems to be also present in experimental data (65) at lower temperature. This feature has already been observed in some other hydrogen-bonded glass-forming molecular liquids such as metatoluidine and metacresol (66; 67). In such liquids, the pre-peak has been interpreted as a signature of structural heterogeneities corresponding to clusters of hydrogen-bonded molecules and forming a medium range order.

The dynamical structure factor S(Q, t) has been calculated from MD simulations at different temperatures and different Q wave-vectors (61) and is compared with the Neutron Spin Echo data (63) in Fig. 6 at Q=Q max . Despite slight discrepancies at the highest and the lowest temperatures, a reasonable agreement between experimental and numerical S(Q, t) is found. Upon cooling, S(Q, t) displays a decay usually observed in MD simulations (27) as well as in experiments on glass-forming molecular liquids (63; 68). The shape of S(Q, t) is similar to that drawn for glassy crystals in section 3. It is analyzed in terms of α-β relaxations in the framework of MCT (4). In the α long time relaxation regime, the characteristic time τ Q is defined as the time it takes for S(Q, t) to decay from 1 to 1/e. The characteristic time τ Qmax and the diffusion coefficient D obtained experimentally and numerically are shown in Fig. 7.

The characteristic time τ Qmax and the diffusion coefficient D are now consistent with previous experimental results (63; 62) and exhibit a non-Arrhenius dynamical behavior. According to MCT, any characteristic relaxation times should yield asymptotically the same temperature dependence ≈ (T -T c ) -γ . But an accurate determination of T c is difficult due to the limited temperature range investigated in Ref. (61). We can just check that the values (T c ≈ 288 K and γ ≈ 2.87) found in Ref. (69) Another intrinsic basis of MCT states that the behavior of any time-dependent correlators such as S(Q, t) describing the dynamics of the system is only controlled by its static density correlator S(Q). This statement has been nicely demonstrated both experimentally and numerically for the pure van der Waals glass-forming ortho-therphenyl system (70; 27). Fig. 5(b) shows the Q-dependence of the relaxation time τ Q , which is modulated in phase with S(Q). Moreover, the curve τ Q (Q) highlights the pre-peak (at ≈ 0.6 Å-1 ) and provides an estimation of the lifetime of the hydrogen-bonded molecules clusters, τ ≈ 80 ps.

Binary mixtures of Lennard-Jones atoms

From sections 3 and 4, we have seen that different molecular systems could exhibit similar dynamical behaviors upon cooling. However, the different kinds of interactions and the different sizes of the molecules make the comparisons ambiguous. Therefore, we have chosen to study the influence of the shape of the interaction potential on the dynamical properties of binary mixtures of LJ atoms.

Model

MD simulations have been carried out on binary particles mixtures with three different interaction potential (see Fig. 8). We have performed from 10 5 to 6 × 10 7 time steps, depending on temperature. All models are composed of 1500 uncharged particles (1200 of species A and 300 of species B). Particles interact via the (q, p) Mie potential having the form:

V (r) = E 0 (q -p) p r 0 r q -q r 0 r p . ( 4 
)
The parameters r 0 and E 0 represent the position of the minimum of the well and its depth, respectively. The reduced LJ units (71) are used. The choice of q=12 and p=6 corresponds to the standard LJ potential (see Table 4) used by Kob & Andersen (K&A) , which has been studied extensively as a model glassformer (72; 73; 74; 75). For the purpose of investigating the change of dynamics with controlled change of V (r), we developed two other models by changing only the exponents, q and p, of the Mie potential for the A-A interaction. They are (q = 8, p = 5) and (q = 12, p = 11) and shown together with the (12,6) Lennard-Jones potential in Fig. 8. The (12,11), (12,6) and (8,[START_REF] Tölle | [END_REF] potentials are referred to as Model I, II and III, respectively. The well depth and the position of the minimum of V (r) are unchanged and the standard (12,6) Lennard-Jones potentials of the K&A model for the A-B and the B-B interactions are used in order to retain as much as possible the remarkable ability of the K&A model to form a glass upon cooling. The (12,11) model is more harmonic than the classical (12,6) potential, while the (8,5) potential is a flat well and exceedingly anharmonic.

Role of the shape of the interacting potential on the long time dynamics

From the self intermediate scattering function F S (Q 0 , t) at Q 0 = 2π/r 0 where r 0 is the position of the maximum of the first peak of the radial distribution function, we have determined a long relaxation time τ corresponding to the α process, when F S (Q 0 , t) has decayed by a factor of e -1 from the plateau-like region. In the MCT framework (see section 2), τ is proportional to (T -T C ) -γ . In order to check the validity of this scaling law, we have first determined the exponent b of Eq. 1 from the master-curve of F S (Q 0 , t) as displayed in Fig. 10. Another method would consist in using the factorization theorem in the β regime as described in (30). Knowing b, we have deduced a, leading to a value for the exponent γ. Once γ is known, we have fitted the α relaxation times τ (T ) -1/γ by a linear law of the form (T -T C ) in order to get the critical temperature T C of MCT. This linear behavior, only valid close to T C , is shown in Fig. 9 for the three studied systems. From the self intermediate scattering functions F S (Q 0 , t) and τ A (the α relaxation time τ of species A) at different temperatures for the three models, we can plot a master-curve obtained from the superposition of F S (Q 0 , t/τ A ) in the long time regime. The master-curve of Model III is displayed in Fig. 10. Upon lowering the temperature from the normal liquid state, we observe that the self intermediate scattering functions progressively collapse onto an apparent master curve. However, a detailed view of this thick curve, shown in the inset of Fig. 10, reveals that the different functions do not strictly superpose. Therefore, it is only approximatively possible to extract a temperature independent stretched exponent β using a Kohlrausch-Williams-Watt (KWW) fit of the master curve in a restricted temperature range. The same also stands for Models I and II. We have obtained β = 0.84 , 0.81 and 0.76 for Models I, II and III respectively. The error bar is about 0.1 due to the thickness of the master-curve.

5.3

Beyond MCT analysis, the binary LJ liquid-glass transition

5.3.1

Anharmonicity and intermolecular coupling. Since a strict superposition of F S (Q 0 , t/τ A ) functions does not hold, it is interesting to consider a temperature dependent stretched exponent β which is displayed in Fig. 11.

β is observed to continuously decrease from 1 at high temperatures to 0.69, 0.65 and 0.60 at very low temperatures below T C for Models I, II and III respectively. Moreover, β obtained from Model I is always found higher than β of Model II, itself higher than β of Model III. Therefore, the stretched exponent β decreases as anharmonicity increases. This behavior indicates that the anharmonicity of the intermolecular potential significantly controls the long range interactions between particles and therefore their collective relaxations. This result strongly supports the idea developed in the Coupling Model (76) that the intermolecular coupling measured by the parameter n = (1 -β) controls relaxations in liquids.

5.3.2

Link between short time and long time dynamics. We can focus now on the liquid-glass transition by looking at a characteristic parameter, that is the fragility m (defined below, see Eq. 5), and its sensitivity to the shape of the potential. The α relaxation time, τ , of all glass-forming liquids increases on cooling and becomes so long at some temperature T g that equilibrium cannot be maintained and the liquid is transformed to a glass as τ reaches commonly 10 2 s. This behavior is shared by very different glass-formers, but the temperature dependence of τ can differ greatly from one liquid to another (77; 78). Therefore, the change of log(τ ) with T g /T at T g /T =1, which is given by the steepness index or the fragility m, is defined by (79; 80; 81)

m = d log(τ ) d(T g /T ) Tg/T =1 . (5) 
The values of m vary over a large range, from about 17 for strong glass-formers (like silica) to values as high as about 200 found for some glass-formers called fragile. Nevertheless, the microscopic origin of the large variation of the fragility m is not clearly understood yet. Several attempts have been made (see Ref. (82) for a list and references therein), one being the correlation between the fragility m and the vibrational properties of the glass at temperatures well below T g found recently by T. Scopigno et al. (83). The nonergodicity parameter, f (Q, T ) at T << T g is determined by vibrations and from inelastic X-ray scattering data, the temperature dependence of f 0 (T ) = f (Q → 0, T ) is well described by the following relation:

f -1 (Q → 0, T ) = 1 + α T T g . (6) 
T. Scopigno et al. showed that m and α are proportional for many glass-formers. Before investigating the glassy state, we deal with the supercooled liquid state. In Fig. 12, log(τ A ) is plotted against T ref /T and the data of the three models show systematic change. It can be seen that the (2) gives values of m(τ A ) equal to 0.195, 0.241 and 0.405 for Models I, II and III, respectively. So, m(τ A ) increases with anharmonicity. We have also determined a steepness or fragility index, m(D A ) ≡ d log(1/DA) d(Tref /T ) as (T ref /T ) → 1 from the diffusion coefficient, D A , of species A calculated from the mean-square displacement < u 2 (t) > at long times when it reaches the linear t dependence. Again, m(D A ) increases monotonically in the order of Models I, II and III, or with anharmonicity.

So, the fragility m determined from different dynamical parameters and the intermolecular coupling n = (1 -β) increase with anharmonicity. We study now the very low temperature domain, well below T ref in order to concentrate on the vibrational properties of the three models in which relaxation is absent.

Therefore, the nonergodicity parameter f (Q, T ) determined from F (Q, t) is contributed entirely from vibrations. In all three models, the dependence of f 0 (T ) -1 on T /T ref shown in Fig. 13 is approximately linear, suggesting the following fitting law:

f 0 (T ) -1 = 1 + α T T ref , (7) 
just similar to Eq. 6 used to represent the dependence of f 0 (T ) on T /T g of real glass-formers obtained by inelastic X-ray scattering (83). We see in Fig. 13 that the increase of f 0 (T ) 

), m(D A ), n = (1 -β))
and is even proportional to m(τ A ) (see the inset of Fig. 13) as shown in (83). At this point, we can state that the interacting potential is the origin of the correlation of α with m(τ A ) or m(D A ), and n = (1 -β), suggesting the same holds for real glass-formers. Fig. 14 summarizes the value of the fragility m estimated from different definitions for the three models identified by the intermolecular coupling parameter n = (1 -β). Whatever the definition used to calculate the fragility m, Fig. 14 shows that m of Model I is smaller than m of Model II, itself smaller than m of Model III, and that the increase of m is in relation with the increase of n. Moreover, before concluding, we observe the same trend for the fragility m determined by the relation presented in Eq. 8.

m = d log f dT T =T - ref (8) 
It is then important to note that the parameter n, which is a measure of the intermolecular coupling due to the anharmonicity of the interaction potentials also controls the short time dynamics observed via the nonergodicity parameter f below T ref . This point is detailed in Ref. (82; 84). So, the shape of the interaction potential and particularly its anharmonicity is the key parameter, which controls the long time relaxations in supercooled liquids, the vibrations in glasses and which link them together.

Conclusion

Very different systems like orientationally disordered crystals, molecular and atomic glassforming liquids presented here exhibit similar dynamical behaviors on cooling. Other systems, not shown in the present manuscript, such as polymers or proteins exhibit the same behaviors. The main features discussed above are:

• the two step (α -β) relaxation which emerges at T A ,

• the existence of a critical temperature T C corresponding to an ergodic to non-ergodic transition,

• the fragility controlled by the anharmonicity (intermolecular coupling) of the interaction potential, • the link between short time and long time dynamics. The different systems considered above have been chosen to show the very diverse possibilities of dl poly.

The atomistic simulations are a very powerful tool in complement to theories and experiments, and permit us to find the microscopic mechanism responsible for macroscopic behaviors. A future challenge is a better description of the glassy state of glass-formers, which needs very long simulations that dl poly 3 could achieve. 
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  forming systems involving different degrees of freedom (translation and rotational): glassy crystals, glycerol solutions and binary mixtures of Lennard-Jones (LJ) atoms. Dynamical properties of these compounds have been particularly investigated in the ps-ns regime where a change in the nature of the dynamics (fast to slow dynamics) are expected to emerge in the [T A -T c ] temperature range.2 Two-step relaxation and Mode Coupling Theory

  , we have particularly shown from NMR and Raman experiments, and MD computer simulations that some predictions of the idealized version of the MCT (critical temperature T c and time scaling laws) with only TDOF were able to describe relatively well rotational dynamics of different plastic crystals.

3. 1 . 3

 13 Difluorotetrachloroethane. Difluorotetrachloroethane (DFTCE) is composed of simple molecules CFCl 2 -CFCl 2 close to dumbbells extensively used in MD calculations as prototype of molecular glassformers liquids

2

 2 Results and Discussion

  are compatible with the curves

  index m(τ A ) ≡ d log(τA) d(Tref /T ) as (T ref /T ) → 1, increases monotonically in the order of Models I, II and III. The values of m(τ A ) determined from this latter relation are 15.07, 18.57 and 26.58 for Models I, II and III. As a comparison, Sastry's method

Figure 1 .Figure 2 .Figure 3 .Figure 4 .Figure 5 .Figure 6 .

 123456 Figure 1. Reorientational correlation function C 2 (t) as function of time at different temperatures for a) CLADM, b) NBE and c) DFTCE. The dotted lines indicates the e -1 values.

Figure 7 .

 7 Figure 7. Temperature dependence of the relaxation time τ Q at Q=Qmax obtained from experiments (63) (full circle) and MD simulations (open circle). Temperature dependence of the diffusion coefficient D obtained from experiments (62) (full square), two MD simulations (open square (61), open triangle (85)).

Figure 8 .

 8 Figure 8. Potential V (r) determining the A-A interaction. The dashed curve is the(12,11) LJ potential for model I, the solid curve is the(12,6) LJ potential for model II and the dotted curve is the (8,5) LJ potential for model III.

Figure 9 .

 9 Figure 9. α relaxation time τ -1/γ of species A versus T /T C . Data can be fitted with a straight line ∼ (T /T C -1) for Model I ( ), Model II (•) and Model III ( ).

Figure 10 .Figure 11 .Figure 12 .Figure 13 .Figure 14 .

 1011121314 Figure 10. Check of the superposition principle of the self intermediate scattering functions F S (Q 0 , t/τ A ) for Model III. A detailed view is given in the inset.

  -1 with T /T ref is fastest for model III and slowest for model I, which means the slope α is largest for model III and smallest for model I. The parameter α increases with anharmonicity of the potential (like m(τ A

Table 1 .

 1 Parameters for the two-site CLADM model.
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	l y

Table 2 .

 2 Simulation coefficients of NBE using a Buckingham potential φ(r) = -A/r 6 + B exp(-Cr).

	Site-Site A (kJ/mol Å6 ) B (kJ/mol) C ( Å-1 )
	C -C	2378.1	350142	3.60
	C -H	523.1	36701	3.67
	H -H	114.3	11112	3.74

Table 3 .

 3 Simulation coefficients of DFTCE using a Buckingham potential φ(r) = A exp(-ρ.r) -C/r 6 .

	Site-Site A (kJ/mol) ρ ( Å-1 ) C (kJ/mol Å6 )
	C -C	226307	0.288	2420
	C -F	196747	0.260	1168
	C -Cl	390940	0.284	3864
	F -F	171038	0.237	565
	F -Cl	320883	0.258	1808
	Cl -Cl	586389	0.284	5798

Table 4 .

 4 Parameters of the Lennard-Jones potentials that describe the three types of interactions in the K&A model(72; 73).
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