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Abstract

X-ray diffraction (XRD), molecular dynamics simulationg), and*°F NMR have been
used to investigate structure and dynamics in solid octathaphthalene, {gFs. Two distinct
processes are observed via measuremeriaklaxation times as a function of temperature;
a faster process froifyy relaxation with a correlation time of the order of ns at ambtemper-
ature (fitting to Arrhenius-type parametés= 20.6+ 0.4 kJ mot! andty = 8+ 1 x 10°145s),
and a much slower process frof, relaxation with a correlation time of the order p$ (fit-
ting to E; = 55.1+ 1.3 kJ moltt and 1y = 442 x 10 16 s). Atomistic molecular dynamics
reveals the faster process to involve a small angle jump 6f e the molecules, which is
in perfect agreement with the X-ray diffraction study of thaterial at ambient temperature.
The MD study reveals the existence of more extreme rotatifribe molecules, which are
proposed to enable the full rotation of the octafluoronagletie molecules. This explains
both theTy, results and previous widelif€F NMR studies. The experimental measurements

(NMR and XRD) and the MD computations are found to be strormgiynplementary and mu-
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tally essential. The reasons why a process on the timestals, @nd associated with such a
large activation barrier, can be accessed via classicaculalr dynamics simulations are also

discussed.

| ntroduction

Octafluoronaphthalene 16Fs, has been regularly used as a model systertPfosolid-state NMR,
and yet key aspects of its structural chemistry have rerdangmatic, despite multiple NMR3

and crystallographit® studies. The X-ray diffraction pattern of the room-tempera phase (I-
OFN) reveals an unusually high level of thermal diffuse t&catg and rapid fall of Bragg in-
tensities with increasing Bragg andldéndicating the presence of disorder; modeling this data
with a single molecular orientation gave an unsatisfac®ifactor (35%)° Single-temperature
diffraction data cannot determine whether this disordetasic or dynamic in nature, while vari-
able temperature studies are hindered by complicated #igyratymorphism; on cooling below
266.5 K, I-OFN was reported to convert into a (poorly undsod) phase with double unit cell
volume (II-OFN, the reverse transition occurring at 281)8°R while we observed a different
low-temperature phase (IlI-OFN)This III-OFN phase has been determined by an independent
X-ray study at 203 K8 although the phase transition was not explored.

The early’®F NMR work had inferred the presence of dynamics in the anth@mperature
phase of octafluoronaphthalene from a significant drop imildéh of its wideline (static sample)
19F spectrum as the sample was warmed between ca. 230 and 28%i€.change occurred in
roughly the same temperature range as the above-mentiatgagrphic transformations, and
was interpreted as a transition from rigid structure tousifbnal rotation around theé, axis per-
pendicular to the molecular plane (on the basis of symmeforination from thel®F chemical
shift anisotropy tensor, and by analogy with similar oba&ons in hexafluorobenzene). However,
the exact nature of the molecular motion remained uncleahefull (180) rotation seemed nei-

ther physically reasonable nor able to explain the diffoactesults (since this rotation exchanges
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crystallographically equivalent positions).

In this study, we have redetermined the crystal struéflamd used NMR experiments and
molecular dynamics simulations to resolve this puzzlinfiection of results. NMR obserables,
such as relaxation times, are powerful probes of dynamicesses in the solid staté;'* par-
ticularly as different observables probe motional proessm different timescales. Spin-lattice
relaxation,T1, for example is sensitive to dynamics on the timescale oNiki&R frequencies (typ-
ically hundreds of MHz) while spin-lattice relaxation inetimotating frame.Ty,, is sensitive to
dynamics on the order of NMR nutation frequenéie®® (typically tens of kHz). As shown below,
we observe strong temperature dependencies in ¥6tf; and1°F T1p relaxation. Since these
variations occur over a similar temperature range the sgmamnic behavior cannot explain both
sets of results, and the NMR measurements themselves carggsst the physical model required
for their interpretation. From the data above, it is onlygibte to infer that the disorder observed
in the diffraction studies is dynamic in nature.

The molecular dynamics simulations described below allsviouunderstand the disorder in
I-OFN, and to rationalise the previously unexplained NMButes. MD provides a quantitative
understanding of the faster process, for which a high degisampling was achieved not only
because of the fast timescale of this process (of the ordeawdseconds) but also because the
instrinsic symmetry of the crystalline state provides manuivalent molecules from which to
sample. This also explains how a much slower process (withestale of a few microseconds)
could also be observed, despite it being outside the rangkasdical atomistic MD simulations.
This allows a plausible mechanism for the previously prepl@ rotation, and a full explanation
of the NMR observations. MD simulations have been widelydusenodel relatively fast dynam-
ics of proteins in solutio’ and to a lesser extent fast dynamic processes in molecuis $8-2°
where the correlation times of the processes are comfgrtaittin the simulation timescales of
10s of nanoseconds that are accessible to conventionakitoMD. Similarly molecular mechan-
ics (in conjunction with diffraction studies) has been userhtionalise experimental NMR results

in solid systems exhibiting relatively free rotatiofis?? Such simulations have not, however, pre-
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viously been used to identify the slower processes that easbberved in NMR on the frequency
scale of 10s of kHz via measurementsiaf, relaxation or interference with magic-angle sample

spinning.

Experimental: XRD and NMR

Single-crystal X-ray diffraction experiments were cadrieut on a Bruker SMART 1000 CCD
area detector diffractometer, using graphite-monochtech&o-Ka radiation @ = 0.71073A)
and a Cryostream (Oxford Cryosystems) open-flowwgds cryostat. The crystals were sealed in
Lindemann capillaries to prevent sublimation. The comiiona used SHELXTL 6.14 software.

A Varian UnityPlus spectrometer operating at a frequenc8%.2 MHz for1°F was used
for the measurements of tA&F T, andTy, time constants. Octafluoronaphthalene was purchased
from Alfa Aesar and samples packed into 4 mm o.d. magic-amfeing (MAS) rotors. Although
commercial samples typically contain small quantitiestdbonated source materials, these are at
too low a level to influence the NMR measurements. (This waditoed by test measurements
on high purity samples obtained by vacuum sublimatidni.jime constants were measured using
the saturation recovery pulse sequeﬁ‘bé’.lp time constants were measured from the decay of
spin-locked'°F magnetisation using’@F RF nutation frequency of 83.3 kHz during the spin-lock
period. The width of thé®F spectrum makes it difficult to maintain an effective spgiok over
the full spectral width, and so these experiments were padd on static (non-spinning) samples,
and the decay rate measured for the central portion of thetrsipe where off-resonance effects
are negligible. The measurementsTaf are much less sensitive to off-resonance effects and so
some data sets were also acquired under magic-angle spiasimg an MAS rate of 8 kHz. The
relaxation times were measured between —15 arf€C560 increments of SC. Below about —18C
transformations into other forms occur (as discussed hedo results in this range were poorly
reproducible. Both sets of relaxation data fitted well tagrexponential curves, and fractional

errors estimated from the fitting residuals were typically.5 %.
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MD simulations

Atomistic molecular dynamics simulations were performediwo systems of 144 octafluoron-
aphthalene moleculesing periodic boundary conditions in each dimensibime first system cor-
responded to the high temperature phase (I-OFN), with titialiatomic positions taken from the
atomic coordinates given by the XRD study described in tlugkwThe repetition of the crystallo-
graphic unit cell to create the simulation block correspotadan initial configuration with ordered
“stacks” of molecules, in which half the stacks adopted oh#e two “orientations” and half
the alternate orientation. However, as discussed bel@wtientations of the molecules quickly
randomise during the simulation, which was carried out & R9The second simulation system
corresponded to 11I-OFN, with the starting configuratiomiagderived from the XRD studies, and
was run at two temperatures, 100 K (at which the phase isejtdhit also at 290 K (where it is
not stable).

The OPLS AA force field® was used as a starting point to model the intramolecular-inte
actions. To optimize the generic force field for the system under sttidy parameters for the
non-bonded interactions obtained by Boroétral.2® from fits to results fromab initiostudies
were used. The partial atomic charges were also optimitedgkectrostatic potential was cal-
culated using the Gaussian 03 pack&geith the B9728 model and the 6-311 G basis set, and
fixed partial atomic charges were then fitted to this poténsing the CHELPG schent®. This
allowed the simulations to better match the experimentiiermined densities (2 % difference
compared to 5 % using the default OPLS-AA parameters). Thiengged parameters are given in
the Supporting Informatian

The simulations were run using DL_POLY 2.88Long range electrostatics were calculated
using the Ewald sum method using a short-range cutoff of in2 fihe system was equilibrated
for 0.5 ns to the correct temperature, followed by a furth@mis equilibration with unconstrained
bond lengths. The bond lengths were then constrained ussn§HAKE algorithm3! The sim-
ulations used the Nose Hoover algoritfio run at constant pressure and temperature, using a

2 fs timestep. Atomic trajectories were sampled every 2 @ @90 ns in the case of the high
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temperature phase. The low temperature simulation wasxpeteed to show interesting dynamic

behavior and so a shorter production run of 8 ns was used.

Analysis

X-ray diffraction

(@)

Figure 1: Crystal packing of (a) I-OFN and (b) 1lI-OFN; (cettwo independent molecules, A and
B, of llI-OFN, (d) illustration of the molecular disorder [FOFN. Thermal ellipsoids are drawn at
the 50% probability level. Primed atoms are those genetateadversion centres.

The crystal structure of I-OFN was (re)determined at 290 Khwingle crystals obtained
by slow sublimation under static vacuum at room temperaturech gave much better diffrac-
tion than the specimens grown from solution. As shown in Fadgl(d), the molecular disorder
was rationalized as two alternative orientations of theewnlle, both centered at the same crys-
tallographic inversion centre, co-planar withih Qut differing by a ca. 38rotation around the
molecularC, axis. Our results essentially agree with those of Gaveizetadt. 33 although the bet-
ter crystal quality allowed all atoms to be refined in anigpit approximation and gave a much

improvedR-factor (3.1% vs 11.6%). The relative occupancies of thedrmentations were refined,
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converging at 54.2(7) and 45.8(7)%.

At 250+10 K the change of diffraction pattern indicated a phasestteam which can be
descibed by the (1, 0, 1; 0--1 0; 2, 0,—1) transformation of the I-OFN latticeith a trebling of
the unit cell volume, Figure 1(a & b). The transition wasyukversible in the selected crystallite,
even after several cycles of cooling/warming. The latte®ained the same (apart from general
contraction) from 240 K to 100 K, at which point the low-temgigire structure was determined.
This was in good agreemanith the previously published structure for 11I-OFN at 203®KThe
asymmetric unit comprises one molecule (A) in a generaltposand half of another molecule
(B), located at a crystallographic inversion centifenolecule B is shifted by the subcell transla-
tion (a/3, 0, c/3), its mean plane would coincide (within 8.,1or 1°) with that of a symmetrical
equivalent of A, Al , the orientations of the two molecules differing by & 88tation around their
common centroid. The overlap is very similar to the disordede in phase. [The structure con-
tains two symmetrically unrelated kinds of stacks, one fedranly of molecules A and the other of
molecules B. IlI-OFN has a subcell identical with the cell @FN (Figure 1(a) and (b)) andcha
be regarde?f as a modulated I-OFN. The packing in both forms is ofyttgpe3* where bothre-11
(stacking) andt-o interactions are importanEurther details on the symmetry relations between

the two phases can be found in the Supporting Information.
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Figure 2: Compiled results from three sets of variable tewipeeT; measurements on octafluo-
ronaphthalene. Error bars on the individual data pointsfitee exponential fitting are of the order

of the size of the symbols. The curve is a fit of the filled squit points to Eq. 3.

Figure 2 shows the variation of tH€F spin-lattice relaxation time constant with temperature.
Above the onset of the phase transition (about 2@%r 1000 K /T ~ 3.8) the results are highly
reproducible and show a classic form with maximum relaxati@te at about 1000 KI/~ 3.6,
where the motional process must be of the order of tReNMR frequency, (here 282 MHz).

The spin-lattice relaxation is driven by motions that madelthe NMR frequency, via changes
in NMR parameters such as the chemical shift anistropy (C&Adipolar couplings. A given

mechanism contributes terms of the form

R = A]_J(Vo) -|—A2J(2V0) Q)

to the overall relaxation rate, whefg andA, are constants which depend on the relaxation mech-

anism and the NMR parameters involved, diid) is the spectral density of the motion at a given
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frequency.J(v) is effectively the Fourier transform of a correlation fuoatdescribing the time
modulation of the relevant NMR interactions. For simplegasses where the correlation function
is a decaying exponential with a single characteristicetation time,7, the spectral density has

the form,

21

Although this spectral density is widely used for isotroditfusion processes in the liquid
state, it is also applicable to the restricted jump procesisat are typical in crystalline solids.
More complex spectral density functions are required ia teslered materials where distributions
of local environments are presetit.

The overall relaxation rate will contain terms involvingetBpectral density atg and 2.
However, the complexity of relaxation processes in thedsstiate generally precludes analytical
prediction of the overal®h; andA; coefficients, and the difference between #iep) andJ(2vp)
functions is too subtle to allow the coefficients to be fittedapendently. Hence further analysis
uses a single spectral densityat

If we assume that the kinetics follow Arrhenius behaviowerth = 1oexp(Es/RT ), and the
data should fit to

1 Toexp(g2)

— ®3)
T1 14 (2mrovp)2 exp(%)

providing 1o and the activation barrieE;. Note that the simplification to a single spectral density
has no effect on the derivée,. The fit shown in Figure 2 gave df, of 20.6+ 0.4 kJ mof ™,
and atp of 841 x 1071 s. As shown below, this motional process is likely to corcespto the
dynamic disordering of the octafluoronaphthalene molecule

Figure 3 shows the corresponding plot for the measureméniggp AlthoughT,, values
can be affected by processes other than dynamics (suchiasdiffpsion”), these processes will
be largely temperature independent and cannot explairtithiegsvariation observed in Figure 3.

The same analysis as above can then, in principle, be usettaotethe kinetic parameters for the



Andrew J. llott et al. Structure and dynamics in octafluopiritbalene

300

L
250 | Ao
y .
200
= u
~ 150 "
” N
i .
100 |
. .
50 P .
0 L L L L L
2.8 3.0 3.2 34 3.6 3.8
1000K/ T

Figure 3: Results from variable temperatilifg measurements, together with the fit used to extract
the kinetic parameters. Error bars on the individual daiatp@re of the order of the size of the
symbols used.

slower motional process, except the relevant frequentei®F nutation frequenay, = 83.3 kHz.
This gives an activation barrier of 5541 1.3 kJ mot ! and time constantyy of 4+2 x 10 16 s,

As expected, this slower motion corresponds to a highemggrmaocess than that observedTin.
However, it is not possible to determine the nature of theadyio process directly from the NMR

results.

Molecular dynamics

The rigid nature of the octafluoronaphthalene moleculesthatt confinement within a well-
defined crystalline structure mean that the key degreegeflrm are those describing the molec-
ular orientation. As shown in Figure 4, the molecular oo is defined with respect to a fixed
molecular frame, whosgandy axes are determined by the vectors pointing between tharfior
atoms, with thez-axis given by the cross product &fandy. This molecular frame allows the
relative orientations of different molecules in the sintigia cell to be compared, and an ensemble

average over all of the molecules to be taken. To follow tladgion of the molecular orientations

10
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over the course of the simulation, a common reference framejd, Zp) was defined using the
average orientation of the molecules in the first simulastap after equilibration. At each time
step, projections of andZ and for each molecule on to tRgyp andypZy planes were used to define
the vectorg/p andZp respectively. The angles between these projections anetékeence frame
defined the orientation in spherical polar coordinatesh wie angle betweeyp andyp giving ¢

and the angle betweeg and7, giving 6.

(a) (b) Yo (c) Zy 5

Figure 4: lllustration of the molecular frame used to deflmedrientation of each octafluoronaph-
thalene molecule in the simulation. (a) The three orthobaxes are defined in terms of the atomic
positions in the molecule, and the orientation of the mdkeatia given instant defined using the
orientation of this frame relative to the average startiagioons &g, Yo, Zo) of all the molecules in
the simulation (b and c).
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Figure 5: Time evolution of the polar angle for a selected octafluoronaphthalene molecuiegl
the course of the 290 K simulation, showing jumps betweendaiinct orientations.
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Figure 5 shows the evolution of tlggpolar angle during the course of the 290 K simulation for
one selected octafluoronaphthalene molecule. Most of the i spent in two positions, related
by a rotation of the molecule of approximately*4@hich is consistent with the modeling of the
X-ray diffraction data. The relative occupancy of these sites is not exactly equal and is a good
match for the small, but statistically significant inequ&race observed by X-ray crystallography
noted above. The molecule also infrequently occupies anotvo orientations, which correspond
to a jump of a furtherr40® away from the two principal orientations. These orientadi@re
illustrated in Figure 6(b), but are so rarely occupied thattwould have negligible effect on the
Bragg scattering and would not be detected in the XRD studies

The frequencies of occupancy of the different orientatwired| the molecules in the simulation
cell were combined and used to estimate the relative paleartergy of the molecules as a function
of their orientation within the crystal structure. Figur@pshows that the different orientations
can be largely defined in terms @f(i.e. rotation perpendicular to the molecular plane), bat t
there is also a slight wobble of the molecular plane. Figuii®) 8hows a cross section through the
two dimensional energy surface through a path passingghrall the energy minima. The lower
energy barrier aroung = 0° is quite well defined and can be estimategta#t kJ mot* with a rate,

k, at 290 K of approximately 0.56 ns. This corresponds to a correlation time- 1/2k = 0.89 ns,
which compares well with a value of 0.4 ns at 290 K predictednfithe Arrhenius parameters
derived from the NMR study. In contrast, the high energy riagons are sampled less well,
even with this simulation run of 100 ns, precluding accuesttmation for the energy barrier for
accessing these sites. However, the simulations do allaodesduce a lower limit of 27 kJ mot.

At first glance, it is surprising that we can access such higdrgy states at all using con-
ventional atomistic molecular dynamics simulations; weulslonormally argue that simulations
running over tens of ns cannot (and should not) be used tepritrosecond timescale dynamics.
However, the equivalence of the sites due to the crystaflimemetry, combined with the rigid
nature of the individual molecules, means that it is legatiento take ensemble averages over all

of the 144 molecules of the simulation box and consider thia aingle molecular trajectory. In

12
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Figure 6: (a) Potential energy surface of octafluoronapétigaas a function of molecular orien-

tation, defined in terms of the polar anglesand 6. The relative energies are calculated from
the Boltzmann distributions of the different states corediover all the time steps and all the
molecules in the simulation (with histogram bin widths 6j.2(b) Slice through the lowest en-

ergy pathway between the four stable positions, indicatethé dashed line. (c) An example of

a molecule reorienting within its local crystal structutiee molecule at the centre of the figure is
seen to rotate by approximately“40

13
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effect, we can observe the dynamics of a single molecule D¥erus. Clearly this “timescale
multiplication” is only valid when considering, say, molgar orientations, and is not applicable
to other features of the dynamics, such as the correlatietvgden the orientations of neighboring

molecules.
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Figure 7: Pseudo-potential for octafluoronaphthalenentateon as Figure 6, but determined from
statistics collected separately for different combinagiof neighboring group orientation.

That such correlations exist can be demonstrated by cifpstatistics separately depend-
ing on the orientation of the neighboring molecules in th&afhgoronaphthalene stacks. Figure
Figure 7 shows the resulting effective potential expemehisy a molecule depending on the ori-
entations of its neighbors, and shows that it is signifigamibre favorable for a molecule to adopt
the same (major) orientation as its neighbors. Althoughl¢kel of sampling is much poorer,
simulations at artificially high temperatures (390 K, abtwe sublimation point) showed that all
four orientations are still accessible for any given molecue. the dynamics are modified, but
not fundamentally changed by the effects of correlations Important to bear in mind that the

periodic boundary conditions may interact with the lengihls / periodicity of the correlation. But

14
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since the modification to the energies even for the neargghtibers is quite small (approximately
+4 kJ mol 1), the effects of the periodic boundary conditions are etggbto be negligible. The
effects of short-range correlation have not been analysadther detail since they are not readily

linked to the experimental measurements which probe erlsembrages.

III phase at 100 K 1

<
%0 III phase at 290 K
I phase at 290 K
0.0 2.0 4.0 6.0 8.0 10.0 12.0

r/A

Figure 8: Fluorine radial distribution functions derivedrh simulations of I-OFN at 290 K, and
I1I-OFN at both 100 K and 290 K. Thg(r) for the form IIl simulations are vertically shifted for
clarity.

The simulations also clarify the relationship between thed 11l phases. Figure 8 compares
the overall radial distribution functionsg|(r), between all the fluorine atoms for the three simu-
lations. This is a convenient means of comparing the diffes¢éructures, particularly as the unit
cells of the | and Ill phases are not trivially related, meagnihat the atomic coordinates from
the simulation boxes cannot be simply overlaid. The threetfons share the same basic struc-
ture, confirming that the crystal structures are very similae lower symmetry, low temperature
structure has, as expected, a slightly more structuredhaisbn function, particularly at longer
distance. However, on warming this phase, @ changes, most notably at around 35A
and above &, and becomes indistinguishable from that of Fornit is also worth noting that

the stacks of IlI-OFN are orientationally ordered. Figurshbows that ordering neighboring ori-
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entations is favorable even in I-OFN, suggesting that thesfiormation to 11I-OFN involves the

freezing in of orientational order along the stacks.

Discussion

The identification of the fast process observed in the médeaynamics simulations with the
process reponsible for the temperature dependente isfstraightforward, since both timescales
and estimated barriers are in agreement. An exact matclebattheE, of 20.6+ 0.4 kJ mot?
obtained from NMR and thaG* at 290 K of~14 kJ mot-! estimated from the MD is not expected,
partly becaus&, andAG* are not strictly comparable, and partly due to instrinsititiations of
MD simulations; the estimated energy barrier will be vergssve to the exact parameterisation
of the force field. These results are also in excellent agee¢mith the model used to fit the X-ray
diffraction data, with the NMR and MD confirming that the dider is dynamic in nature.

The motion observed iify, is more interesting as both NMR and Molecular Dynamics are
required to understand the experimental observationsrgtdight, the presence of a process on a
us timescale in Figure 5 provides a simple explanation forolbeerved temperature dependence
of T1p. However, this is not supported by relaxation theory. Ci@sng the simplest model which
involves a rarely occupied site of exchange between inedgnt sites A and B, the expression for

the relaxation rate will be of the forrsf

£ O Pa(L— P)(A(V) + A(2) @

wherepa is the fractional occupancy of state Ajs the relevant frequency (here the RF nutation
frequency) and\; ;> are coefficients that depend on NMR parameters and geoaldaators. The
correlation time in the spectral density functions (cf. Eyjis given byt = (kag +kga) 1, where
kag andkga are jump rates from state A to B and B to A respectively. Thogether with the
relaxation rate, is dominated by the faster process. Thpeesture dependence of the relaxation

rate is also determined by the lower of the two activationibes. Including all four orientations

16
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(A-D in Figure 6) does not fundamentally change this pictuitecould be argued that classic
relaxation theory is inappropriate fdk, since the RF nutation frequency is not very much larger
than the modulation of the NMR frequency due to the dynantis®@ct quantitative modelling of
T1p requires an analysis which puts the Hamiltonian termsuatialg the RF, on the same footing
as the exchange. We have previously used such an approdobvidisw the interaction between
exchange processes and RF irradiation results in magtietiskecay which is equivalent by,

in classic relaxation theor/. However, numerical simulations confirm that the decay ratestill
dominated by the faster processes, and the presence of aedéowation rate cannot be explained
by the four site model derived from Figure 6.

As discussed in the introduction, early NMR wérkad suggested that the octafluoronaph-
thalene molecules might undergo 2§0mps about an axis perpendicular to the molecular plane.
Such a rotation appears physically unrealistic, partityilahen other motions e.g. jumps about
the long molecular axis would be expected to involve lowergn barriers. The MD results, how-
ever, provide a plausible mechanism for such a rotationthéaarely occupied sites. Recognising
that there are corresponding set of four orientationsedlaly inversion symmetry (say A-D’),
then only a further rotation of ~60s required to take a molecule from one extreme orientaton t
another, A-D’ or A —D. As discussed in more detail in the Supporting Informatibins eight
site modelsconsistent with an overall 180 rotation occuring at a relatively slow rate, although the
simulations reveal that the underlying molecular procegslves intermediate stepNote that the
overall rotation of the molecules is never observed in thbiant temperature MD results, which
is a consequence of the low probability for the jump betwedreene orientations combined with
the low occupancy of these states. However, running thelatiroos at an artificially high temper-
ature of 390 K (well above the sublimation point) did resaltifull rotation of the molecules, as
predicted. The narrowing of the wideline NMR spectrum shtves a significant motion must be
occurring that affects the entire sample (rather than bagsgpciated with defects). Similarly the
temperature dependence i, is only consistent with a process orua timescale involving all

molecules, rather than a subset.
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This work highlights the complementary nature of the experital work (NMR and XRD)
and the MD simulations. The NMR provides robust measuresnainkinetic parameters, in this
case thermal activation barriers and correlation timesisounable to identify the molecular mo-
tions associated with the NMR observables. Similarly thigadition study was able to model the
disorder associated with the fast process, but could redf determine the nature of this disorder,
or detect jumps preserving the crystallographic symmergvious literature had argued for a sin-
gle process involving &, jump process in the molecular plane. However, this couldemptain
the temperature-dependence of b®thand Ty, relaxation rates. The molecular dynamics sim-
ulations allow theT; relaxation to be straightforwardly linked with jumps of aib@d( between
two orientations. The equivalence of different moleculeshie crystal means that we have also
been able to observe a much rarer process occuring on a etond timescale, which would not
normally be accessible to conventional atomistic MD. Thgump process in the molecular plane
deduced from earlier wideline NMR measurements is likelgdour via these states, but their low
occupancy means that these states could not be identifiedtfre experimental measurements.
In contrast, molecular dynamics simulation relied on ekpental characterisation of the crystal
structure from diffraction experiments, and its estimatidsinetic parameters are strongly depen-
dent on the force field used and its parameterisation. Thergwpntal NMR measurements are
considerably more robust, and capable of observing extyeraee processes that are beyond the
range of atomistic MD.

In recent years, the search for tractable molecular mas#iféhas increased interest in dy-
namics occurring in the solid state. Octafluoronaphthaiemet itself a good candidate for such
systems because the jump processes and correlated maeoassaciated with large energy bar-
riers. However, the work presented here does highlightrti@rtance of considering even the
slowest degrees of freedom, as they can lead to new phenamainean fundamentally change
the way a system behaves (cf. the small molecular jumps wirichide the mechanism for the
full rotation of the molecules). In particular, correlatawtions are seen to modify the energy

landscape explored by a system in a non-trivial way, and imeisnderstood if the goal of creating
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effective molecular machines is to be realiZéd® Molecular dynamics simulations are uniquely
suited to looking at these effects, and are highly compleargrio experimental NMR studies in

probing complex motional processes.
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