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Thee dynamic s of doubl y occupie d N2 

clathrat ee hydrate s 

7.11 Introductio n 

Clathratee hydrates form a crystalline ice-like hydrogen-bonded network composed of cav-
itiess [Rip94, Slo90, Atw91]. Guest molecules are located inside these cavities (or cages), 
althoughh not all of the cages need to be occupied to form a stable lattice. Clathrate hy-
dratess with N2 molecules as guests form clathrate structure II [Dav84, Dav86]. The unit 
celll  contains 136 water molecules, forming 16 small (radius 3.9 A) and 8 large (radius 
4.77 A) cavities. 

Experimentall  results [vH93, vH94, Cha97, Kuh97, Pau99, Pau97, Cha98] suggest the 
existencee of a partial double occupation of the large cages. This is an unexpected phe-
nomenon,, considering the size of the N2 molecule (about 3.6 A). We have reported earlier 
molecularr dynamics (MD) results on the stability ([vKOl] , chapter 5) and properties 
([vKacc],, chapter 6) of a model system of N2 clathrate hydrates. In the MD simulations 
aa doubly occupied structure II N2 clathrate turned out to be stable for all the pres-
sures,, temperatures and compositions at which the simulations have been performed. The 
structuree of the host lattice is very similar to that of a singly occupied clathrate hydrate. 
Thee behaviour of basic thermodynamic quantities is completely analogous to, and of the 
samee order of magnitude as in the case of single occupations. For instance, the clathrate-
amorphouss transition appears at about the same pressure for singly as for doubly occupied 
clathrates.. We have also compared the coherent neutron diffraction and Raman spectrum 
forr the case of doubly occupied clathrates with those of the singly occupied clathrates and 
withh experimental results. 

Thee results in chapter 5 and 6 did not include an analysis of the dynamic behaviour. In 
thiss paper we investigate the dynamics by a study of the translations and reorientations 
(phononss and librons). An analysis of the time dependence of various quantities is of in-
terestt not only because it provides insight into the system, but also because the dynamical 
propertiess may be related to experimental results: in addition to the existing data, there is 
aa need for additional experimental evidence for the existence of (partial) doubly occupied 
clathrates.. With the MD results, one can make predictions about possible experimental 
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results,, thus facilitating their interpretation. Therefore, we present dynamical properties 
off  the doubly occupied clathrate and compare it with the case of single occupation. These 
propertiess also lead to new insight in the behaviour of a doubly occupied clathrate. 

Inn particular, we calculate the intermolecular vibrational density of states (DOS), the 
meann square displacements (MSDs) and the reorientational autocorrelation functions (re-
orientationall  ACFs). Several computer simulation studies [Ino96. Tan94, Tan93b. Tan93a, 
Tse87,, Tse84, Tse83] have dealt with similar dynamical properties, but only for single oc-
cupations.. In this work we study doubly occupied clathrat.es with N2 guest molecules. 
Thesee are the only molecules for which double occupancy has been observed [Kuh97]. 
Forr comparison, we also perform simulations with single occupancies. As a spin-off. these 
resultss complement previous studies of singly occupied clathrate hydrates, since only a 
limitedd study included results for N2 guests [Hor97b]. Where appropriate we compare 
previouslyy obtained results with the results presented in this paper. 

7.22 Simulatio n detail s and potentia l model s 

Classicall  molecular dynamics simulations were employed, for which the DL_POLY pack-
agee [DLP98] has been used. In addition, a number of analysis programs were written. 
Constantt pressure as well as constant volume simulations were conducted. Details of the 
simulationn techniques and methods used can be found in chapter 5 and Refs. [A1186. 
Fre96,, DLP98]. The simulation cell consisted of 8 unit cells, corresponding with 128 small 
andd 64 large cages. The initial positions of the O atoms were deduced from x-ray diffrac-
tionn experiments [Mak64] and the positions of the H atoms were randomly selected while 
obeyingg the Bernal Fowler ice rules [Ber33]. The molecules were modelled as having no 
internall  degrees of freedom. The water molecule consisted of one van der Waals interact-
ingg site and three point charges to represent the water dipole moment (SPC/E model. 
Ref.. [Ber87]). The nitrogen molecule contained two van der Waals interacting atom sites. 
Fourr point charges were added to represent the molecule's quadrupole moment [Buc68]. 
Thee cages to be filled, being either in single or double (large cages only) occupation were 
selectedd at random, as w7as the initial orientation of the N2 molecules. The total num-
berr of guest molecules in the small cages is indicated with Ars,s (single occupancy only: 
Ars.ss < 128 for 8 unit cells). Likewise, the number of guest molecules in the large cages are 
A r

L SS and ATL,D for single and double occupancy, respectively (AL.S < 64, A^.D < 128). In 
thee calculations, a pressure of 1 kbar and temperatures of 80 and 273 K were maintained. 
Unlesss indicated otherwise, the 50% of the large cages were doubly occupied (Ag,s = 128, 
NNhShS = 32, A L D = 64), unless indicated otherwise. Although (N, V,E) simulations are 
thee preferred way to calculate the dynamical properties [Fre96], we have calculated the 
dynamicss directly in the (N.p.T) simulations. Previously it was found that the influence 
off  the heat bath-coupling on the dynamics was only small [Tan93b], In (N.p.T) simula-
tions,, it is more likely that the system wil l reveal instabilities. For instance, the absence 
off  a constant (flat) asymptotic MSD value would indicate a long time drift of the water 
molecules. . 

Inn MD simulations, the vibrational density of states (DOS) can be obtained from the 

http://clathrat.es
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Fourierr transform of the velocity ACF [Esb73. Dic69]: 

DC C 

ZZ(UJ)(UJ) = J e-
1  ̂ (v{t')  v(i ' + t)) di. (7.1) 

o o 

wheree \(t) is the velocity of a particle at time t, and u; is the frequency. The brackets denote 
averagess over the number of molecules and time origins t'. We calculated this quantity 
forr rigid molecules, therefore the spectra include the translational modes (phonons) as 
welll  as rotational modes (librons) of the molecules. The obtained distributions are single 
particlee functions. However, in general the atomic displacements are a superposition of 
thee single-particle diffusive motions and the collective normal mode oscillations. Thus, 
thee Fourier components of the velocity ACF of rigid molecules contain information on the 
phononn and libron density of states. 

Thee center-of-mass (CM) of the water molecule nearly coincides with the position of the 
OO atom. Therefore, the translational or phonon modes are dominated by the motions of the 
OO atoms: the rotational or libron modes are dominated by the H atoms [Wha73, Wha67]. 
Forr the N2 guest molecules we have calculated the power spectra of the motions of the N 
atomss and of the molecular mass centers. The CM motions are related with translational 
modess only. Assuming complete decoupling of the translational and rotational motions, 
thee presented spectra for the CM motions may be representative for monoatomic guest 
moleculess of similar size and interaction. The motions of the N atoms contain translational 
ass well as rotational contributions. The results may be compared with (future) experi-
mentall  results, since the vibrational density of states can be determined by incoherent 
inelasticc neutron scattering and spectroscopic methods. 

Ann indication of the vibrational amplitude of the atomic or CM motions can be ob-
tainedd from the mean squared displacements (MSDs): 

m{t)m{t) = {\r{t'  + t)-r{t'){ 2), (7.2) 

withh r the position of the atom or of the CM. The MSDs as a function of time also provide 
moree insight into the dynamic behaviour itself. 

Whetherr or not the rotations are hindered, and to what extent this is the case for the 
differentt types of filling,  may be obtained by a study of the reorient at ional ACFs. The 
reorientationall  behaviour of the guest molecules is investigated by the calculation of the 
singlee particle ACF 

CiCi = <PKcos{(9(0))) = (Pi(n(t')  n(f' + *))>. (7.3) 

wheree Pi is the /th order Legendre polynomial and 9 it) is the angle between the N2 bond 
axiss n at time t' and time t' +1. We have calculated C\ and €2- In general, the molecules 
rotatee freely at short times (Q = e-'('+

1)( fcT/ /) f _ with I the molecular moment of inertia), 
whilee for long times, Debye small step rotational diffusion occurs (Q = e- ' ( / + 1) D t

? with D 
thee rotational diffusion constant) [Til83, Boh84]. The shapes of the infrared and Raman 
bandss and the relaxation times measured by NMR are related with C\ and C2 [Til83, 
Boh84].. For nonpolar molecules. C\ has no experimental significance, but in the MD 
calculationss it provides direct insight into the reorientational behaviour. C2 represents 
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Figuree 7.1: Calculated power spectra at 80 K, associated with the motion of the water 
molecules,molecules, for case I (a), II (b) and HI (c): O atoms (solid line) and H atoms (dashed 
line).line). Due the truncation of the velocity ACF, its Fourier transform has spurious ripples 
ofof nearly equal energy spacing [Dic69j. 

thee time dependence of the anisotropy of the molecular polarizibility. In experiments, 
thee depolarized component of the scattered radiation can be written in terms of C2. 
Thiss component corresponds to rotational Raman scattering if the vibrational states are 
unchanged.. Moreover, it corresponds to the anisotropic part of the vibrational band in 
thee case of the vibrational Raman effect. For example, for liquid N2, the Fourier transform 
off  C2 is related with the rotational side bands in the Raman scattering spectrum [Bar73, 
Chu75,, Chu76]. 

7.33 Result s and discussio n 

7.3.11 Intermolecula r vibrationa l densit y of state s 

Too investigate unambiguously the influence on the dynamics of the host lattice by the 
threee different types of filling , we have calculated z(u>) for three hypothetical cases: Ar

L,s = 
NNLL,,DD = 0, A^s = 128 (case I) . Ns,s = A^L.D = 0. NL.S = 64 (case II ) and Nss = NL,S = 0. 
A ^ DD = 128 (case III) . Figure 7.1 shows the results at 80 K and 1 kbar. 
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Wee first discuss the general features that appear in the three calculated spectra. A 
frequencyy gap between 350 and 525 cm"1 between the phonon modes (O atom motions) 
andd libron modes (H atom motions) is clearly present. Roughly speaking, the transla-
tionall  band consists of three branches: a low frequency branch with a maximum at about 
755 cm"1, followed by an intensity dip around 120 cm- 1 and two less intense branches 
aroundd 200 and 300 cm"1, respectively. The region below and above the dip at 120 cm"1 

correspondd to acoustic and optic vibrations, respectively [Ino96, Tse87]. The libron band 
sharplyy rises at around 525 cm"1, reaching a maximum close to 575 cm"1. A dip at 
6200 cm- 1 and a second peak near 630 cm"1 follow. After the second peak, an almost lin-
earr decrease down to 1100 cm- 1 occurs, although in this range roughly three overlapping 
branchess around 700, 850 and 1000 cm- 1 may be discriminated. The results are in corre-
spondencee with those obtained earlier for single filling s [Ino96, Tan93b, Tse87, Tse84]. 

Uponn a double filling  of the large cages, the optic branch of the phonon band shows a 
slightt shift to smaller frequencies. As a result, the intensity dip at 235 cm- 1 for both case 
II  and case II , has shifted to 225 cm"1 for case II I and it is less deep. For the libron band, 
ann intensity decrease of the two main peaks (at 575 and 675 cm"1) is accompanied by a 
smalll  shift to lower frequencies as compared to case I and II . The shifts of both the optic 
phononn branch and the libron band may indicate a weakening of the H-bonds. 

AA frequency decrease of the acoustic phonon band, as illustrated by the peak at 
400 cm"1, is observed for case II only. In fact, the vibrational DOS for an empty host 
latticee (not shown) is very similar to that of case II . The frequency lowering of in this 
casee the acoustic branch suggests a weakening of the host lattice. This correponds with 
thee intuitive idea that in that case a water molecule can spend a relatively large amount 
off  time away from its equilibrium position before colliding with a guest molecule. In this 
picture,, we may assert that filling  the small cages substantially increases the rigidity of 
thee host lattice. These guests provide an excluded volume that damps out those lattice 
modess that lead to an instability of the host lattice [Rod90]. Double occupancy of the 
largee cages also provides some support to the host lattice, albeit smaller than in the case 
off  a filling  of the small cages. Thus, in this reasoning, for a single occupation of the large 
cagess the host lattice is less stable than for double occupation. 

Thee results for the guest molecules ('rattling phonons' [Nol99]) are shown in Fig. 7.2. 
Wee first focus on the single fillings. For the CM motions, one peak is observed in both 
thee small (near 66 cm"1) and the large (near 20 cm"1) cages. The smaller void space in 
thee small cages results in an increased hindrance of the guest translational motions as 
comparedd to the large cages, leading to a lower frequency for the latter. Also, the peak 
widthh is smaller in that case. In the spectrum of the N atoms, the rotational modes are 
superimposedd on the translational modes. The latter dominate the N atom spectrum. For 
thee small and large cages, an intensity increase on the low and high frequency side of the 
CMM peaks occur, respectively. As for the host lattice, our results for the guest molecules 
aree similar to those in other reports [Ino96, Tse87, Tse84]. 

Forr the double fillings, the dynamics of the guest molecules are clearly different: a 
broadd band between 0 and 200 cm"1 occurs, which consists roughly of two branches near 
455 and 145 cm- 1. Moreover, a peak near 21 cm"1, and a wing near 77 cm"1 can be 
discriminated.. This spectrum is in contrast with the relatively narrow peaks for single 
fillings.fillings. The complex spectrum, in particular the peaks at 45 and 145 cm"1, possibly 
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Figuree 7.2: Calculated power spectra at 80 K for the (N2)CM (solid lines) and N atom 
(dashed(dashed lines) motions for the three fillings: the small cages (a), large cages (b) and doubly-
occupiedoccupied large cages (c). 

resultss from two different motions in different local environments. The peak at 20 cm- 1 , 
att which the large cages in single occupation reveal the only peak, suggests a similar 
translationall  component for both cases. Frequencies around 145 c m- 1 are only present 
forr double fillings, this branch is possibly related to the enhanced hindrance due to the 
smallerr void space. For the N atom motions, increased intensities near 24 and 110 c u r1 

aree observed. 

Thee appearance of a broad frequency range, including a peak at 145 cm^1 are unique 
too the molecules in the doubly occupied cages. In principle, if in experiments a sufficient 
amountt of large cages contain pairs of molecules, a similar spectrum should be obtained. 

Inn addition, we have calculated the vibrational DOS at 273 K (not shown). For the host 
lattice,, there is a shift of both the phonon and libron band to lower frequencies for all three 
cases,, obviously related to the thermal expansion. In contrast, a shift to higher frequencies 
occurss for the guest molecules, a consequense of the increased thermal velocities of the 
weaklyy bound guests. These temperature dependencies have been observed in previous 
reportss [Tan93b, Ino96]. For the double fillings, the two peaks found at 80 K (Fig.7.2(c)) 
broadenn to such an extent that one broad, highly asymmetric peak results. 

7.3.22 Mean squared displacements 

Figuree 7.3 shows the MSDs for the various types of atoms as a function of simulation 
timee at 273 K. For all atoms, the behaviour is typical that of a solid: there is an oscilla-
toryy relaxation to a long-time, constant (horizontal) asymptotic value. Due to decreasing 
statistics,, the fluctuations in the curves increase as a function of time. 

Thee O atoms have an asymptotic value of 0.35 A2, which is close to the values found in 
previouss works [Hor97b, Tan93b, Rod90]. The MSD-vs-time behaviour of the H atoms is 
practicallyy the same as that of the O atoms, apart from a small upward shift of the curve 
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Figuree 7.3: The MSDs at 273 K as a function of time for the various atoms in the system. 
TheThe water molecules are indicated by the open symbols (on this scale, the MSDs for the O 
andand H atoms overlap). The guest molecules are denoted by the solid (CMs) and dashed (N 
atoms)atoms) lines. Indicated are the N2 molecules in the small, singly occupied large and doubly 
occupiedoccupied large cages, respectively, with increasing line thickness (the CM motions of the 
guestsguests in the small cages for the greater part overlap with that of the water molecules). 
ForFor detailed simulation conditions, see text. 

duee to the librational motion of the water molecules; the asymptotic value is 0.37 A2. The 
asymptoticc behaviour endorses the result that the doubly occupied clathrate is stable. 

Forr the guest molecules, the asymptotic values for the CMs in the small, singly oc-
cupiedd large and doubly occupied large cages are 0.41, 2.0 and 5.5 A2. As for the water 
molecules,, the course of the N atoms is very similar to that of the CMs. In this case, the 
upwardd shift due to the rotations is 0.6 A2. 

Off  course, the guest displacements in singly occupied large cages are much larger than 
forr the (singly occupied) small cages. The result that the MSDs for the doubly occupied 
largee cages are largest is counter-intuitive since in that case the available void space is 
smaller.. However, the result indicates that the presence of the N2 neighbour does not 
preventt a N2 molecule from displacing through the large cage. The results correspond 
withh the distances of the guest molecules to the center of the cage (chapter 5): these are 
0.22,, 0.85 and 1.6 A for the N2 molecules in the small, singly occupied large and doubly 
occupiedd large cages, respectively. The characteristic equilibration time of the MSD curve 
iss a measure for the rate with which the molecules move through the cage. This is the 
largestt for double occupations, as expected from the presence of the neighbouring N2 

molecule. . 
Supportt of the suggestion that each individual N2 molecule diffuses through the whole 

cagee is obtained from a plot of the trajectories of the CMs of the guest molecules. Fig 7.4 
showss the trajectories for four guest molecules within three selected cages. These three 
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cagess were selected at random: other cages show similar behaviour. The trajectories are 
consistentt with the MSD plots (Fig 7.3). For the double fillings, each N2 molecule spends 
aa relatively large amount of time at each of two locations. These locations correspond 
withh local energy minima. However, each guest also spends some time inbetween these 
energyy minima. Both molecules migrate between their energy minima simultaneously. 
Thiss picture supports the idea of a rotating pair of N2 molecules. It is consistent with 
thee relatively long MSD equilibration time that the molecules spend a relatively large 
amountt of time in the local energy minimum and only occasionally migrate from one 
locall  energy minimum to the other. The two kinds of motions may correspond with the 
twoo components in the vibrational spectrum (Fig 7.2(c)). Although Fig. 7.4 only shows 
twoo energy minima, it is likely that the energy minima are related with the four hexagons 
thatt are present within the wall of the large cage. In an x-ray diffraction study it was 
shownn that the density distribution of the molecules in the large cages of air hydrates 
havee four maxima displaced from the center [Hon90]. 

7.3.33 Reorientationa l motio n 

Figuree 7.5 shows C{ and C2 at 80 K. The general behaviour is as follows. The gaussian 
behaviourr indicates that the molecules behave as free rotators at very short times, which 
iss roughly followed by a (exponential) decay at medium times. An oscillation around a 
slowlyy decaying or constant value follows. The results for the pure nitrogen fluid, shown 
forr comparison, are in agreement with previous results [Bar73, Chu75, Chu76] 

Forr r > 1 ps. Ci shows a slow decay for the small and double fillings, the correlations 
beingg larger in the latter case at all times. In contrast, correlations are absent for a single 
fillin gg of the large cages, as C\ oscillates around zero. For t > 10 ps (not shown), this is 
thee case for all fillings. 

Absencee of long time correlations for a single filling  of the large cages occurs not 
onlyy for C\, but also for C2. For the guests in the small cages. Ci > 0 in the ps range 
correspondss with a constant non-zero value of C2. for f > 10 ps it is still constant. Even 
thoughh C\ is largest for double fillings, it corresponds with a very slow decay of C2, which 
iss continued for t > 10 ps (but is non-zero up to 40 ps). 

Comparedd to the fluid, in the ps range, the C\ correlations are smaller in the singly 
occupiedd large cages: its behaviour is comparable with that of the classical free rotator. 
Thiss is undoubtedly due to the dimensions of the large cage, as a result of which the 
molecularr reorientations are less hindered. The collision time of these guest molecules, 
ass obtained from the peak of the vibrational DOS (Fig. 7.2(b)), is 1.7 ps. This is clearly 
largerr than the Cx and C2 correlation times as estimated from Fig. 7.5 (0.3 and 0.2 ps, 
respectively),, consistent with the idea of free rotation for the guests in the singly filled large 
cages.. This effect is overruled by the high local density for double occupation. Roughly 
speaking,, the orientational correlations persist longer as the available void space decreases: 
itt is increasingly difficul t for a N2 molecule to lose its orientation due to the collisions 
withh its surroundings. This is illustrated by the slow decay in Cx and the verv slow decay 
inn C2. 

Thee slow decay in Cx is not unique to double fillings, as it is also observed for the small 
cages.. However, the very slow decay in C2 observed at longer times is a property of the 
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Figuree 7.4: The trajectories of molecules in randomly selected cages at 273 K. The open 
circlescircles denote the positions of the mass-centers of the N2 molecules with time-intervals of 
0.10.1 ps, the lines connect subsequent positions. Shown are trajectories for molecules in a 
smallsmall (a), singly occupied large (d) and doubly occupied large (c,d) cage: (c) and (d) are 
thethe trajectories of the corresponding pair of molecules in the same large cage. The closed 
dotdot denotes the center of the cage (obscured by the trajectories in case (a)). For all axes, 
thethe difference between the maximum and minimum value is 4 A. Note that the distance 
betweenbetween the positions is an estimate for the velocity. For detailed simulation conditions, 
seesee text. 

guestss in the doubly occupied cages only. This corresponds to an increased intensity of the 
low-frequencyy components. For the small cages, the C2 long-time value is constant. This 
indicatess that the guest molecules exhibit orientational preferences in the small cages. We 
expectt this order to be local. An orientational order does not occur for the singly filled 
largee cages, while the slow decay in C2 suggests the same for the doubly occupied large 
cages.. The behaviour at 273 K (not shown) is similar, obviously with correlation times 
muchh shorter than at 80 K. Also, the decreased long-time value of C2 in the small cages 
indicatess that the orientational preference decreases with temperature. 
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Figuree 7.5: The orientational correlation functions Ci with I — 1 (a) and 2 (b) at 80 K 
forfor the N2 molecules in the small (solid line) and large cages in single (clashed line) and 
doubledouble occupation (dotted line). The open squares denote the results obtained for the N2 

fluid.fluid. The scatter increases with time. 

Inn chapter 5, we have determined the orientational correlations of the two molecules in 
thee doubly occupied cages by a calculation of the (pair) distribution p(|cos(#y)|), where 0y 
iss the relative angle between molecules i and j . The molecules turn out to have a preference 
too be aligned, this alignment being caused by the N2-H 20 van der Waals interaction. 
Consideringg the tetrahedral symmetry of the large cage, this was an unexpected result. 
Therefore,, it seems worthwhile to investigate this further by calculating the ACF 

C[(t)C[(t)  = (JKc^Mf)))fi(aM(0y(f+ *)))> (7.4) ) 

Thesee functions provide information on the persistence of the alignment; again we have 
calculatedd the functions for I = 1 and I = 2. The results are shown in Fig. 7.6. These cor-
relationn functions behave in a very similar manner as C\ and C2, with similar timescales. 
C[C[  shows a slow decay. In contrast, there is still a long-time correlation for C2, even for 
tt > 10 ps (not shown): the ('quadrupolar') alignment of the two molecules is long-lasting, 
althoughh the ('dipolar') relative orientations change from parallel to antiparallel. 
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Figuree 7.6: The autocorrelation functions C\ (see text), for I = 1 (a) and 2 (b), at 80 K. 
ShownShown are the results for double occupancy (the pairs of molecules in the large cages, 
line)line) and for arbitrary pairs in the fluid (open squares). The scatter increases with time. 

Thee figure also shows the results for the N2 fluid. In that case, the N2 molecules are 
distributedd homogeneously, and the assignment of pairs of molecules is arbitrary; the 
orientationss of such pairs of molecules are uncorrelated. The short-time behaviour of C'2 

iss the same as in the clathrate. In contrast, there are no long time correlations in the fluid, 
whilee such correlations are present in the doubly occupied clathrate, in particular for C'2. 
Hardlyy any decay in its long-time behaviour can be observed (up to 40 ps). 

Wee conclude that the alignment of the two molecules is a long-lasting phenomenon. 
Thee change from 'parallel' to 'antiparallel' is obviously a result of the reorientations of 
thee molecules, which explains the similar behaviour of C[ and C\ for the double fillings. 
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7.44 Conclusion s 

Whenn going from single to double occupancies, the vibrational DOS of the guest molecules 
showw the most distinct changes. We obtain narrow, symmetric peaks at 20 and 66 cm- 1 for 
thee singly filled large and small cages, respectively. In contrast, for double filling s a broad 
rangee of frequencies occurs, consisting roughly of two peaks at 45 and 145 cm^1. These 
differencess are expected to represent the most unique characteristic spectral feature of 
doublee occupancy. However, experimentally it may not be trivial to discriminate between 
thee response from the guest and the host molecules. This is in particular the case for 
incoherentt neutron scattering as the cross section of the N atoms is much smaller than 
forr the H (or, alternatively. D) atoms. Therefore, the changes found for the host lattice, 
althoughh more subtle than for the guest molecules, are important from an experimental 
pointt of view. For double occupancy, the libron band and the optic phonon branch shift 
too smaller frequencies, as compared to single fillings. On the other hand, for the acoustic 
phononn branch, there is no difference with a fillin g of the small cages: instead this branch 
shiftt to smaller frequencies upon a single filling  of the large cages. 

Theree is a significant translational diffusion of the N2 molecules in the cages. Despite 
thee high local density, the thermal motions are in particular large for the doubly occupied 
cages.. Although the twro N2 molecules spend a relatively large amount of time at local 
energyy minima separated by a distance of 3.2 A. they migrate simultaneously to other 
locall  energy minima. The two motions possibly correspond with the two peaks found in 
thee vibrational DOS for double fillings. 

Thee N2 molecules in the small cages are, at least locally, orientationally ordered. For 
singlee fillings, the molecules in the large cages behave similar to a free rotator. For double 
fillings,, the orient at ional correlations show a very slow decay at long times. The alignment 
off  the two molecules in the large cages is a long lasting phenomenon, although the relative 
orientationss change on the ps time scale. 


