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Résumé. — La diffusion quasi élastique incohérente des neutrons a permis d’étudier les réorientations moléculaires
du bicyclo [2, 2, 2] octane CH(CH,CH,);CH dans sa phase plastique. Les mesures ont été effectuées dans un
domaine de température allant de 173 K a 359 K, pour quatre valeurs de la longueur d’onde des neutrons inci-
dents, en utilisant un échantillon polycristallin. L’allure des spectres quasi élastiques observés est décrite par un
modéle dans lequel les molécules effectuent des sauts réorientationels entre six positions d’équilibre également
espacées de 60° autour de I'axe de symétrie, avec en outre un basculement de la molécule d'une direction [111]
du réseau cristallin 4 une autre équivalente. Les valeurs finales des temps de corrélation obéissent aux deux lois
d’Arrhénius :

Ty, = 1,743 x 10713 exp(AH,/RT) s
= 1,952 x 107!3 exp(AH/RT) s

AH, = 5,64 kJ/mole

Tc, AH¢ = 8,90 kJ/mole .

Aux températures les plus élevées, une description sur la base d'un modéle de diffusion rotationnelle est aussi
examinée.

Abstract. — Using the incoherent quasielastic neutron scattering technique, we have studied the molecular reo-
rientations of bicyclo [2, 2, 2] octane CH(CH,CH,);CH in its plastic phase. A sample temperature ranging from
173 K to 359 K was used with four values of incoming neutron wavelength, using a polycrystalline sample. The
observed quasielastic spectra are described by a model in which the molecules perform reorientational jumps
between six equilibrium positions equally spaced by 60° around the molecular symmetry axis, together with a
tumbling of the molecule from a [111] lattice direction to an equivalent position. The resulting values of the corre-
lation times follow the two Arrhénius laws :

Ty, = 1.743 x 107 '3 exp(AHy/RT) s
te, = 1.952 x 107'3 exp(AH/RT) s

AH, = 5.64 kJ/mole
AH. = 8.90 kJ/mole .

For the highest temperatures, a description on the basis of the rotational diffusion model is also examined.

1. Introduction. — In the study of translational
and rotational degrees of freedom of condensed
molecular phases, four main classes are usually
distinguished. Isotropic liquids exhibit a translational
and rotational disorder, whilst liquid crystals are
orientationally ordered but translationally disordered.
Plastic crystals are orientationally disordered crystals
with translational order but in brittle crystals both
translational and rotational degrees of freedom are
ordered [1]. We are concerned with the orienta-

(**) ERA 465.

tionally-disordered phases. These phases are characte-
ristic of crystals consisting of globular or highly
symmetrical molecules such as adamantane (and
derivatives), methane, etc... Molecules with internal
degrees of freedom, such as succinonitrile or pivalic
acid (where methyl groups, whole t-butyl group or
carboxylic group are enabled to rotate), also exhibit
a plastic phase over a wide temperature range. With
decreasing the temperature, order is usually achieved
in several stages : several orientational phase tran-
sitions may be observed with a stepwise reduction of
the orientational disorder.
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Structural, thermodynamic and motional properties
of molecular crystals may be understood semi-
quantitatively by use of intermolecular potentials.
These weak non-isotropic interactions mainly origi-
nate from the weak Van der Waals forces, reflecting
both the symmetry of the molecule and that of its
surrounding. The radial part of the potential is res-
ponsible for the translational order, whilst the angle-
dependent part of the potential governs the orienta-
tional ordering of the molecules. The minima of
this potential generally determine several equilibrium
positions. Different cases are possible, according to
the height of the barriers of the potential and the
temperature. If the temperature is sufficiently low,
the angular average of the intermolecular forces is
much stronger than the fluctuating contribution
arising from the thermal motions. The molecules
either do not reorient at all, or perform only occasional
orientational jumps, dictated by their own symmetry
operations. In most cases, when the temperature is
increased, a phase transition occurs, in which the
equilibrium positions of the centres of mass of the
molecules are changed. Reorientational jumps bet-
ween new, distinguishable, equilibrium orientations
lead to an apparent (statistical) increase in the sym-
metry of the crystal

Our aim was to study the nature of the molecular
motion in such a plastic phase, namely that of bicyclo
[2, 2, 2] octane CH(CH,CH,),CH. It is a globular,
cage-like molecule with 6m2 symmetry (Fig. 1).
This compound undergoes a solid-solid phase tran-
sition at 164.25 K and melts at 447.48 K [2]. The
associated entropy increments, AS, = 6.66 cal./mol. K
and AS,, =4.48 cal./mol. K, are positive evidence of
the plastic nature of this high-temperature solid
phase. Below 164.25 K, an X-ray powder diffraction
study has established that the structure of the low-
temperature phase is hexagonal [3]. The determination
of the crystalline structure of the high-temperature

Fig. 1. — The bicyclo [2, 2, 2] octane molecule.
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phase [4] (Fm3m, Z = 4) confirms the existence of
an orientational disorder. In the present paper we
wish to report incoherent quasielastic neutron scatter-
ing (IQNS) results. The plastic phase of another
similar compound, quinuclidine, has been studied
previously by X-ray [5], NMR [6] and IQNS [7].
Using the neutron technique, we have also investigated
both the low- and the high-temperature phases of
triethylene diamine. We shall report on these results
elsewhere.

2. The scattering law and the models. — The refine-
ment of the crystalline structure using symmetry-
adapted functions [4] shows that the maximum of the
orientational probability occurs when the threefold
molecular and crystal axes are coincident. We have
already demonstrated [19] that the sign and the
amplitude of the coefficients 4., in the expansion
of the orientational probability of the molecule
f(w) on the basis of the rotator functions R}, (w)
(w are the usual Euler angles)

f@ = 3 E 24l R @)

Imm’ 8

1)

show the importance of the molecular delocalization.
In the case of bicyclo-octane the value of Af, was
found to be — 0.382 + 0.24, which is to be compared
with 0.763 if the molecular threefold axis were fixed
along [111]. Moreover, the small values of other
coefficients, such as 4§, 48;, suggest a quasi-uniform
rotation of the molecule about the molecular three-
fold axis. These results of the high-temperature
crystalline structure analysis will be helpful for building
models to describe the molecular motions.

2.1 ISOTROPIC ROTATIONAL DIFFUSION MODEL. —
Let us consider first the so-called isotropic rotational
diffusion model, in which the molecules are assumed
to perform more-or-less continuous small-angle
random rotations. Thus, on a time-average, they
have no preferred orientation in space. For bicyclo-
octane, at room temperature, this is in conflict with
the X-ray results. Nevertheless, its introduction is
worthwhile for the analysis of the measurements at
the higher temperatures.

This model is well-known [8] and under the assump-
tions above, the rotational incoherent scattering
function for one proton moving on a sphere of radius r
can be written

® 1
5Q.0) = 44Q) ¥@) + ¥ Q) T
@

The elastic and quasielastic structure factors are
functions of the Bessel spherical functions j,(Qr)

A40(Q) = jé(@n
A4(Q) = Q1+ 1)jXQr

(3a)
(3d)
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Fig. 2. — Elastic and quasielastic structure factors for the
isotropic rotational diffusion model (Eq. (3)).

7, is the correlation time for the spherical harmonic
of order /

7 =1l +1)Dg ©)]
Dy, the isotropic diffusion constant is the only adjus-
table parameter. In the bicyclo-octane, there are
two types of hydrogen atoms, which move on separate
shells. Firstly these are 12 hydrogen atoms bonded
to a secondary carbon, which move on a sphere of
radius Rg = 2.45A and secondly 2 hydrogen atoms
bonded to a tertiary carbon, moving on a sphere of
radius R; = 2.26 A. Figure 2 shows the elastic and
quasielastic structure factors, calculated on the basis
of (3) and averaged over the two types of protons.
It is evident that the infinite sum occurring in (2)
can be truncated at a small / value (namely / =5
for the measurements using the time focusing time-
of-flight spectrometer IN6 and / = 4 when using the
four chopper time-of-flight spectrometer INS). This
model can only be valid if the potential in which the
molecule rotates is weak, or if the sample-temperature
is high. Generally this is not the case and the molecular
motion is more commonly described on the basis
of instantaneous reorientational jump models.

2.2 REORIENTATIONAL JUMP MODELS. — When the
temperature is comparable with the potential barriers,
the jump model of Frenkel is usually used [9). This
model assumes a set of preferential orientations for
the molecules around which they oscillate. From
thermal activation, reorientations of the molecules
occur between these orientations. The jumps are
assumed to be instantaneous and one does not seek
to describe the motion of the molecule when passing
from one orientation to another. In spite of the fact
that this assumption is strictly not true, the number
of molecules performing a reorientation is much less
than the number of molecules in the minima. Conse-
quently, accepting that the real motion is much more
complicated, in most cases until now, it has been
possible to give an adequate description of the motions

REORIENTATIONS IN BICYCLO [2, 2,2] OCTANE
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on the basis of jump-models with a set of discrete
orientations located on the minima of the continuous
orientational distribution function.

The X-ray study mentioned above suggests the
existence of two kinds of molecular motions, a rotation
of the molecule around its threefold axis, and also
reorientational jumps which bring this axis from one
[111] direction of the lattice to another. However,
it is conceivable that the corresponding correlation
times may differ sufficiently from each other that one
of them would arise outside the instrument energy
range. Generally, uniaxial rotation is the last motion
which subsists as the temperature decreases. In the
case of bicyclo-octane, the X-ray crystalline structure
result enables us to consider the above assumption
to be sufficiently realistic. Thus we should take into
account first the rotation of the molecule around its
own symmetry axis alone. The disorder of this axis
between the [111] lattice directions will be considered
to be static.

2.2.1 Reorientations about molecular axis. — Two
distinguishable orientations are available to the
molecule around its axis [4]. Taking into account the
molecular symmetry, each of the 12 hydrogens bonded
to a secondary carbon performs reorientational jumps
on a circle of radius rg = 2.15 A between six positions
equally spaced by 60°. The 2 hydrogens bonded to a
tertiary carbon are fixed on the rotation axis. For a
polycrystalline sample, the rotational scattering func-
tion for the whole molecule can be written [10, 11] :

13
S50 @) = 4@ 5) +~ 3. 4@ T )
= 1
with

1 S ;
aQ) = 7[1 + ¥, jo@ Qrs sin %)] (6a)
=1
and
7

18 27l
a(Q) =5 _; jo(Z Qrg sin F) cos ( gl;). (6b)

The half-widths at half maximum z; * of the Lorentzian
functions are defined as :

ol

6

1

- 2 .
T =_sin @)
The residence time, 7, is the mean-time spent between
two successive jumps of the proton. Equation (7)
above assumes that only /3 rotations occur. Taking
into account the possible existence of 2 n/3 and =
rotations would require the use of group theory [12, 13].
In fact, the characters of the different M, M, =
2wn/6, n =1, 2,...,6) rotations in the irreducible
representation I', (4 = 1, 2, ..., 6) of the group C® can
be expressed as :

2n
n= exp(z _T'”‘.) ®)
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Table I. — Widths of the Lorentzian functions and expression of the elastic (EISF) and quasielastic structure
factors. The terms a(Q) can be calculated from (6a) and (6b). The value 15" = 0 corresponding to purely elastic
scattering has been added to the others calculated from (7). This would correspond in equation (7) to the case =0

or ] = 6 ie. to the case where the proton remains fixed or undergoes a jump returning it back into its original posi-

tion.

10 44©) = a,Q) = 112 + 2o(@Rg) + 2Jo(QRs/3) + jol2 OR)]
e~ 4,Q) = 4,(@) + a5(@) = 1[2 + 2jo(QRs ) — 2a(@R5/3) — 2jo(2 QRy)]
e Q) = 0Q) + a,(@) = £ [2 — 2jo(QRS) — 2ja(QRs</3) + 2jo(2 QRJ]
S 450Q) = 2,@) = 100 - 2jo(@R) + 2/0(QRe/3) — o2 ORy)]

Since a rotation of + « (with a = #/3, /2, ...) has an
equal probability to occur that a rotation of — a«, we
obtain for the correlation times t, related to each
irreducible representation :

+ism2 “ ©)

T180

iy

4 L7}
3 + — sin?

l = _4_8in
T, T120 3

Te0
in which 74y (resp. 7,0, T130) denotes the mean
residence time between two successive + 60° (resp.
+ 120°, + 180°) jumps which is equal to the mean
residence time between two successive — 60° (resp.
— 120°, — 180°) jumps. With the further assumption
that only n/3 rotations occur, we obtain

1
= (10
This expression is quite analogous to (7). Indeed, in
(7), 7, is the mean residence time between two succes-
sive jumps of 60° but without any consideration of
sense of direction (+ 60° or — 60°). Obviously we

have
1n

The Lorentzian widths, as calculated from (7) above,
are reported in table I It can be seen that only four
of them are different. The particular value 5 = 0
corresponding to purely elastic scattering has also
been reported. Adding together the coefficients a,(Q)
related to the same value of 7, !, the rotational
scattering law now takes the form :

T6O=2T.

T

44(Q) 5(@) + z MO

lnC(Q (D) +
(12)

The expressions for the coefficients 4,(Q) are reported
in table 1. Figure 3 shows their respective variations

as a function of the modulus of the scattering vec-
tor Q.

Uniaxial 60"~ Jump
Model
AgQ)

A(Q)
- os

A(Q)

AgQ)

-1
| Q&™)
2.0

1.0

Fig. 3. — Elastic and quasielastic structure factors for the
uniaxial 60° jump model (Table I).

As we have already mentioned, the X-ray study has
shown that it would be possible to describe the
incoherent rotational scattering law for one proton
by the expression [10, 15]

Sine(Q, @) = J3(Qrs sin B) d(w) +

1 1> D
+2 Z JZ(Qrg sin B) — = (13)

n 1*D? +

where J, is a Bessel function of the first kind and D,
the rotational diffusion constant (uniaxial), and f
denotes the angle between the scattering vector and
the rotation axis. In the case of powder the equa-
tion (13) above has to be averaged over all possible
values of B. Unfortunately, no analytical expression
can be given. In fact, with a number of jumps > 6,
equations (12) and (13) lead to practically the same
results [10, 15] for the two cases, at least while Qrg <
(i.e. in our case Q < 1.28 A~!, which is just the lar-
gest Q value which can be accessed with IN5 when
using an incident wavelength A = 9 A). The Q range
beyond 1.28 A~!, where the differences are noti-
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Fig. 4. — Elastic and quasielastic structure factors for the
uniaxial rotational diffusion model (Eq. (13)).

ceable (see Fig. 4) can be reached when using a
shorter incident wavelength. However, the instrument
resolution is somewhat inferior (even using ING6).
Moreover these models are most likely to be valid
only at lowest temperatures, where the quasielastic
broadening of the spectra is small. Then the distinc-
tion between the two models would not be easy.

Table II shows a comparison of the widths of the
Lorentzian functions for both models. It can be seen
that the ratio of the first correlation times do not
coincide in both models. Moreover, the jump model
is restricted to / < 3. But at lower Q values, the main
contribution to the quasielastic scattering arises
from 1/z, (refer to A,(Q) value in figures 3 and 4)
and it is impossible to distinguish unambiguously
between the two models. Usually, the rotational
diffusion constant D, can be identified with the jump
rate probability 1/r, given by (7)

1

T

2 .,
= Zsin? =
T

D, ~ £ (14)

Table II. — Comparison of the widths of the Lorentzian
functions for a rotational diffusion model and a jump
model between six equilibrium positions equally spaced
on a circle. Symbols are defined in the text.

Jump model
I 12D, . %
1 1
0 0 0 0
1 05
2 4 Dy % 3
3 9 Dy % 4
4 16 Dy

Fig. 5. — Elastic and quasielastic structure factors for the
uniaxial 120° jump model (Eq. (15)).

The low-temperature phase is hexagonal [3] and the
dynamical molecular disorder, if it exists, has to be
analysed in terms of 120° jumps about the threefold
symmetry axis of the molecule. The corresponding
rotational incoherent scattering law is (for the whole
molecule)

SEAQ 0) = 2 (3 + 4)sQrs /3) 5) +

4 . 1 T
+ 7(1 — Jo(Qrs x/§) P ST R (15)
with the correlation time
, 2
v=3T (16)

The variations of the elastic and quasielastic struc-
ture factors are $hown in figure 5.

2.2.2 Reorientations about molecular and crystal-
line axes. — The method indicated by G. Rigny [12],
C. Thibaudier and F. Volino [13, 14] to calculate the
scattering function when motions about both fixed
(crystallographic) and mobile (molecular) axes are
involved, is now well-known. Under the assumption
that the two kinds of rotations are uncorrelated, i.e.
that the probability per unit time of any reorientation
of the molecule is independent of its precise equili-
brium orientation, the application of group theory
permits us to calculate both the relevant correlation
times and the corresponding elastic and quasielastic
structure factors. As bicyclo-octane is almost globular
in shape, its inertia tensor is nearly isotropic :

(I, — I)/I, ~ 0.07.

The probability of a rotation about any crystallo-
graphic axis can be considered as completely inde-
pendent of the direction along which the molecular
symmetry axis is lying.
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According to references [12-14] the correlation
times are given by the relation :

ve En
P ril-g) @

Xu
Ee
v X n Ty u

X" is the character of the product of the crystalline
and the molecular M, rotations in the irreducible
representation I', of the group product 0 x C%, which
is the direct product
r,=r, ®r,_ (18a)
of the two irreducible representations of the crystalline
group I', and of the molecular group I', . These
characters are the products
X' = X X - (18b)
The indexes E and e refer, respectively, to the identical
operation of the crystalline and molecular group.
Evaluation of the correlation times from (17) is
straightforward. However, the resulting expressions
involve a large number of parameters namely the
correlation times related to each rotation of both 0
and C groups. As it seems a priori difficult to get them
all, a further assumption is needed. We shall assume
that reorientations around the molecular axis comprise
only + 60° jumps from one equilibrium position to

Table III. — Correlation times for the jump model
allowing for crystalline C, (i.e. 90°) and molecular M
(i.e. 60°) jumps.

ljz, =0

ljz; = 2/ty,

ljt3 = 1)2 1y,

ljzy =3/21,,

ljzy = 2/70.,

ltg = 2/tc, + 2/t
ljz; = 2ftc, + 172 T,
ljzg = 2/tc,+ 3/2 1y,
ljzg = 17,

1/t1o = l/tc, + 2/t
I/, = 1z, + 1/2 T
1/, = 1z, + 3/2 7,

l/ty3 = 4/3 Tc,

1ty = 43 1c, + 2/1p,
l/tys = 4/31c, +1/2 T™e
1116 = 4/3 1¢, + 3/2 1y,
1/t = 2/3 1,

1ty = 2/31¢, + 2/tpy,
ljtyg = 2/31c, +1/2 T,
lty0 = 2/3 1, + 3/2 TM,
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a neighbouring one. For the rotations about crystalline
axes, we suppose that only rotations which are strictly
equivalent in their class have a non-vanishing proba-
bility. These are 90° jumps about any of the [100]
directions. It follows that we are led to 20 correlation
times depending only on the two parameters 7., and
Ty, (see Table III).

The elastic and quasielastic structure factors can be
calculated from the general relation

Ee
a@ =YY Y YjQlr-C,M,r).
g v o Cy M,
(19)

The sums over v and 7 run over all the classes of the
crystalline group and of the molecular group, respec-
tively. The two others correspond to summations
over all the rotations, C,, of the crystalline class, v,
and over all the rotations, M,, of the molecular class, .
The order of the group product is g. In this expression,
the polycrystalline nature of the sample has been
taken into account and the average over all directions
of Q has been performed. Expression (20) has to be
calculated for each of the two types of hydrogen and a
weighted average must be taken. After a somewhat
tedious calculation, analytical expressions for the 20
structure factors were obtained. These involve a large
number of jump distances. For our purpose, it is not
necessary to give these exact expressions here. They
were checked from a numerical calculation, using the

b
0.35}
030

0.25

0.20

0451

010

0.05 -

>

i
20 &M
Fig. 6. — Elastic and quasielastic structure factors for the

case of simultaneous rotations about molecular and crys-
talline axes (Eq. (19)).
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general program ABUSEAM of the Laue-Langevin
Institute library. The variation of the most significant
terms as function of Q is shown in figure 6. Only
twelve of them have significant values. For the multiple
scattering evaluation (see below), some of them were
assumed to be equal so as to reduce the number of
terms in the evaluation of second and third order of
scattering,

3. Experimental set-up and data corrections. — The
experiments were performed at the Institute Laue-
Langevin. Several sets of measurements were per-
formed. In the first, the four-chopper time-of-flight
spectrometer, INS, was used with the energy of the
incident neutrons being 1.004 meV (wavelength
A = 9.026 A) corresponding to an energy resolution
ranging from 0.023 to 0.027 meV (fwhm) depending
on the angle of scattering. Spectra were recorded at
14 angles, simultaneously. Bicyclo-octane was studied
at 8 temperatures in its plastic phase, at T = 173 K,
183 K, 213 K, 229 K, 257 K, 298 K, 328 K and 359 K.
Another measurement was performed at T = 150K
in the low temperature phase just below the transi-
tion point. At the highest temperatures, an important
quasielastic broadening was observed. Another set of
experiments were performed using the time focusing
time-of-flight spectrometer IN6. As well as improving
the statistics (higher incoming neutron flux), the use
of this instrument enabled spectra beyond the mini-
mum in the EISF curve to be obtained with a better
resolution than that of INS. Two experiments were
carried out with the sample at room temperature
using incident neutron wavelength of 5.9 A and 4.1 A,
to determine whether the use of different incident
energies, i.e. of different instrument resolutions (fwhm
0.076 meV and 0.200 meV respectively) was amplifying
some aspects of the scattering function. Measurements
at T =323K, 383K and 423 K were performed
with an intermediate incident wavelength 1=5.1 A
(fwhm 0.098 meV).

The powdered sample of bicyclo-octane (trans-
mission : 0.92) was held in a slab-shaped container
of circular geometry 0.3 x 50 mm in size, with thin
walls of aluminium plates. The sample was main-
tained at room temperature and above, by placing
the container in a sample holder, the temperature of
which was regulated by adjusting the current passing
through heating coils. For measurements below room
temperature, the container was put into a liquid
nitrogen cryostat. In both cases deviations in the
temperature stability were less than one degree. In
all the experiments performed on INS5 the angle
between the plane of the sample and the incoming
neutron beam was 45°. Using such a geometry, the
angular range shadowed by the sides of the sample
container was outside the minimum of the EISF
(see Figs. 2, 6). For IN6 measurements, the sample
was placed at an angle of 135° and all spectra were
recorded in transmission geometry.

REORIENTATIONS IN BICYCLO [2, 2, 2] OCTANE
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Using the standard correction programs INSPDP
and IN6PDP of the Institute Laue-Langevin library,
the following corrections were applied to the measured
time-of-flight spectra obtained at constant angle :

a) Normalization of the various sets of measured
spectra to the incident neutron flux.

b) Normalization according to the efficiency of the
neutron detector banks from the measurement of a
vanadium standard.

¢) Subtraction of background due to sample holder
and container (evaluated from an empty container
measurement).

d) Absorption and self shielding corrections.

The time-of-flight spectra were transformed to
S(¢, w) at constant scattering angle ¢. Data collected
at the same temperature with the same value of
incoming neutron energy were compared by a least-
squares-fit to the following scattering function :

Sinc(@ @)=Y SL(Q, @) +Si(Q, ) +83,(Q, @)
(20)

folded with the instrument resolution. In this expres-
sion, S}(Q, w) is the rotational scattering function
which corresponds to the assumed model. The
attenuation effect in the quasielastic region caused by
periodic lattice motions was taken into account by
the Debye-Waller factor e~ 2".S. (Q, w) is an ine-
lastic term which contributes only little to the scat-
tering in the quasielastic region under the form of a
slowly varying function of energy. It can be taken into
account by a one-phonon expansion [16]). The mul-
tiple scattering contribution SM.(Q, w) can be eva-
luated from a semi-analytical calculation [18]. This
involves multiple convolutions of the single scattering
function with itself, taking into account the experi-
mental geometry. Referring to figures 2 and 6 for the
variation of the first-order structure factors as func-
tion of the momentum transfer Q, only the most
significant contributions were used for this calcula-
tion. In fact, the thickness of the sample had been
chosen as thin as possible in order to reduce these
effects. They were evaluated to be less than 59 of
the total scattering. Readers are referred to reference
[18] for more information.

4. Results and discussion. — 4.1 HIGH-TEMPERA-
TURE PLASTIC PHASE TIME-OF-FLIGHT SPECTRA. — Some
typical examples of time-of-flight spectra, with the
sample at room temperature are shown in figure 7.
The energy of incoming neutrons was 1.004 meV. The
main feature is the strong quasielastic broadening,
suggesting rapid motions of the protons. Moreover,
the important decrease of the purely elastic peak
with increasing the modulus of Q has to be inter-
preted as reflecting a great number of equilibrium
positions accessible to each proton, and suggesting
the existence of nearly isotropic reorientations at
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— T ' we define
_C;?‘:JO"},TS IN5_T=298K . | SR(0, w) =
- 10 4@ s + L LAD 1 g o]
4 ’ - o(Q)
2510 . 1
Q-0.83R8” (224)
Siu(@, ©) = €77 S{(Q, ®) + Sh(Q, w) (22b)
_10%
) .’ S!..(Q, w) is the inelastic term occurring in (20),
i %w A while multiple scattering effects are assumed suffi-
wf‘ . E ciently weak to be taken into account by f(Q).
) ' A In constructing SR (Q, ), the following three cons-
4 @=094R" . traints are observed :
10 . § . . . . .
) . 1) Since the Lorentzian functions occurring in
:% 4‘.,".. SR (Q, w) are normalized to unity and according to
Nd : N the fact that the sum of all the elastic and quasielastic
L Z ; L i M | structure factors is equal to 1, the energy integral
10 ‘ Q=108 1 of SR(Q, w) is equal to 1.
A N\w/ y 2) SK(Q, w) = SR(Q, w) for £(Q) = 1. ,
% 3) If f (Q).IS .set ;é.l Fhen qnly the ratio of elastic
7 . . ) M to qua51elastlc intensity is varied, whereas the shape
10 Q=100 s 1 of SR (Q, w) remains unchanged.
V\V The fit of a theoretical model which correctly
.f'r ‘\ describes the dynamics of the molecular motion,
; must result in f(Q) = 1 for all scattering angles.
P Q=1.26% However, if f(Q) deviates appreciably from 1, then
{; \M/ \ the product f(Q) 4,(Q) can nevertheless be expected
u : to tend towards the real (experimental) EISF. Then

1 1
100 725 1.350 1.975

2.600 -35/
m

Fig. 7. — INS5 time-of-flight spectra obtained at 298 K
(A =9.02 A).

this temperature. We note also in the quasielastic
region a significant contribution from the part of the
spectra related to lattice vibrations. Thus the S}, .(Q, w)
term in (20) cannot be neglected.

4.2 DETERMINATION OF THE EXPERIMENTAL EISF. —
Usually an experimental EISF is determined after
separation of the elastic and quasielastic parts of the
spectra by natural extrapolation and then graphically
integration. A more systematic method for the deter-
mination of the EISF from the experimental data
uses a nonlinear least-squares fitting procedure. This
latter method had already been used successfully
in the case of a weak quasielastic broadening [16].
This was achieved by fitting to the data an expression
with a weight parameter f(Q) controlling the amount
of elastic scattering. Separating the rotational scat-
tering function SR .(Q, w) given by (2) or (5) into its
elastic and quasielastic SR (Q, w) parts :

Sine(@, w) = 44(Q) d() + S{(Q @) (21

a more realistic model may be selected. Figure 8
shows the evolution of the spectrum as a function of
temperature corresponding to the wavevector transfer
Q = 1.09 A7, ie. a value about the minimum in the
EISF curves. At T = 298 K, the quasielastic peak is
appreciably broadened. The purely elastic contri-
bution is very small. From the EISF curves (Figs. 2
to 6) it is clear that reorientations about crystalline

couns. IN5 Q=1098""
arb unit counts
T=298K

103 (arb. unit)
’___'//\\\ had
257K

WJ"“/ = '5'103 }Iﬁ

Lé4x10%

T=173K 1

T=229K

L 350% [
|
L 2,00 !;

L 103

1 e

=0075 mev -030

-0.300 -0.450

-0450 - 0075
Fig. 8. — Temperature evolution of the INS energy spec-
trum at @ = 1.09 A~ 1. The full curve is the result of the fit
of jump model allowing reorientations about both molecu-
lar and crystalline axes. The dashed line is the elastic sepa-
ration obtained from refinement.
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Fig. 9. — Determination of the experimental EISF at
T = 298 K. Closed circles are f(Q) 4,(Q) values obtained
by fitting (22) based on the rotational diffusion model
(IN6 A = 5.1 A). Results of fitting (22) based on the jump
model allowing two kinds of motions are in open symbols
(circles for ING6, triangles for IN5). Bragg peaks are indi-
cated by arrows. The full (resp. dotted) curve corresponds
to the theoretical EISF for the rotational diffusion (resp.
jump) model.

axes are involved in the motion of the molecule.
Uniaxial models can be discarded. Subsequently this
result was confirmed by fitting (22) to the spectra,
with 4,(Q) and SR.(Q, w) based on the rotational
diffusion model. The final values of the f(Q) factor
were larger than 1, yielding the experimental EISF
f(Q) A,(Q) indicated on figure 9 by full circles. There
is good agreement with the function A44(Q) for simul-
taneous jumps about molecular and crystalline axes.
As a further test, another fit based on this jump model
was made using (22). The results are indicated on
figure 9 by open circles. The final values of the f(Q)
factors are again close to 1 for all values of Q. For
Q > 1 A™L, these values are in both cases slightly
above the theoretical curve. Such a deviation is
characteristic of multiple scattering effects.

At lower temperature, the spectrum exhibits the
shape of a sharp peak, with a small quasielastic
broadening. The purely elastic contribution is not
easily separated from the whole scattering and it is
difficult to determine by simple visualization if the
shape of the measured spectra can be described by
using one or both kinds of motion. A fit of (22) to the
spectra was made, based on the uniaxial jump
model (5). The resulting f(Q) values were much
smaller than 1, and thus the product f(Q).A44(Q)
again tended towards the EISF corresponding the
two motions, even at T = 173 K.

4.3 FIT OF VARIOUS DYNAMICAL MODELS. — At
higher sample temperatures, refinements of (22) based
on the rotational diffusion equation led to the same
conclusion as for samples at room temperature.
However, final values of f(Q) do not differ greatly
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from 1. In the jump model picture, 48 equilibrium
positions are accessible to each individual proton on
a sphere. Large molecular librations together with
reorientational jumps allow the proton to access all
the points of the sphere as the temperature is increased.
Clearly, points in the vicinity of the equilibrium
position are more likely to be occupied. Then it is
interesting to test the validity of this model. The
rotational constant Dy is the only adjustable para-
meter and its fitted value must be independent of
the wavevector transfer. Subsequently spectra recorded
at different scattering angles were fitted separately.
In order to have a rigorous treatment, the multiple
scattering terms SM(Q, w) occurring in (20) was
taken into account up to third scattering assuming
a scattering law with / < 4 (see Eq. (2)) for second
order and / < 3 for third order (refer to Fig. 2 for
evaluation of the importance of different terms).
Good fits were obtained for the highest tempera-
tures. Refinements of IN5 and IN6 spectra led to a
small Q dependence of Dy, as indicated on figure 10,
but at lower temperature, the final values of Dy were
strongly varying with Q. Moreover, simultaneous
refinements of all spectra recorded at the same
temperature led to real discrepancies not only in the
magnitude of purely elastic scattering but also in the
shape of the spectra, so that this model could be
ruled out at these temperatures. In IN6 experiments,
wavevector transfers up to Q ~ 2.5A7! (A=4.14)
could be accessed, and in principle differences between
the jump model and the continuous model would be
enhanced, even for the highest temperatures (Figs. 2
and 3). However the instrumental resolution is infe-
rior to that at high Q and the elastic and quasielastic
parts of the spectra are less-well separated. In fact,
when the temperature is increased, both models
become less valid. In particular time-of-flight spectra
show a coupling between translational and rotational

ATH(s)

10

=11
0"

10

1 1 1 >
5
3 ¢ 1097 (k™)

Fig. 10. — Isotropic rotational diffusion correlation time
1, = 1/Dy as function of temperature. Results of fit of
individual INS spectra determine the error bar. Triangles
correspond to a fit of all spectra simultaneously. Circles
are ING6 results.
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Fig. 11. — Comparison of experimental IN5 energy spectra
with the jump model allowing two kinds of reorientations.

motions (the separation between the inelastic and
quasielastic part of the spectra is not well-defined).
As we are mainly interested in the motions up to and
slightly above room temperature, the framework of
the jump model is retained.

All spectra recorded at the same temperature,
using the same incident energy were fitted simulta-
neously, assuming Mg rotations about the molecular
axis together with C, rotations around [100] lattice
directions. Only the non-negligible terms given by (19)
were taken into account. Moreover, for the multiple
scattering evaluation, the following assumptions were
made in order to reduce the number of relevant terms
(see Fig. 6).

For second order :

as(Q) ~ a,,(Q)

a;1(Q) ~ a,6(Q) (23a)
a1,(Q) ~ a,3(Q) ~ a,5(Q).
For third order
as(Q) ~ a,,(Q) ~ a,4(Q) = a,5(Q)
a,,(Q) ~ a,6(Q) (23b)

a,5(Q) ~ a,4(Q) .

Then we had, respectively, 12, 8 x 8 and 6 x 6 x 6 terms
in the expansion of first, second and third scatte-
ring [18].

Good fits were obtained at each temperature for
all the energies of incoming neutrons (see Figs. 8
and 12). At the two lowest temperatures T=183 K
and T = 173 K, the fits led to values of the jump
probability 1/7c, around the lattice axes near the
limit of the INS range (zc! = 1.4 x 10'°s™! and
10! s~1, respectively). However, a fit on the basis
of (5) i.e. taking into account the uniaxial rotational
60° jumps could not correctly describe the observed
spectra. At the highest temperatures, both IN5 and

4800 .800 .200

1200 2200-1800 .800 .200 1200 2.200 meV

Fig. 12. — Temperature evolution of IN6 energy spectra.
The full curve is the result of the fit of the jump model.

IN6 measurements led to the same values of the
correlation times (Fig. 13). In fact, IN6 resolution
at 4 = 5.1 A is sufficient to analyse accurately both
motions at T = 323, 383 or 423 K. Resolution is
strongly angle-dependent (fwhm : from 0.070 to
0.130 meV). However, it can be seen from figure 6
that the quasielastic structure factors which are pre-
dominant at small Q values are a,,(Q) and a,4(Q).
The former is related to the motion about the crystal-
line axes alone, i.e. the slowest that can then be deter-
mined accurately, taking advantage of the better
instrument resolution. Structure factors related to
the molecular axial rotation (e.g. a,4(Q), a,5(Q),
a,0(Q), etc.) mainly contribute at large Q value. These
are related to the wider Lorentzian functions and

T Ty ()
w6 M

AH_ =8.90 kJ/ mole

-1
10

-
o
T

AH,, =5.64 k[ mole

-13| -
10

1 1
3 4

— >

W

Y1k

Fig. 13. — Correlation times for the two motions of bicyclo
[2, 2, 2] octane; triangles : INS results, open circles : IN6
A = 5.1A, closed circles : IN6 A = 4.1 A, squares : IN6
A=59A
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instrument resolution is not as critical for their deter-
mination.

For these reasons, even at room temperature,
measurements with 4 = 4.1 A enable us to obtain
correlation time values in reasonable agreement
with those obtained from INS measurements.

Figure 13 shows the variation of the two correla-
tion times as a function of temperature. Two straight
lines can be drawn across the experimental points.
They correspond to the Arrhénius laws :

e, = 1.952 x 1073 exp(AH./RT) s
Ty, = 1.743 x 10713 exp(AHy/RT) s

(24a)
(24b)
with the two activation energies

AH. = 8.90 kJ/mole for the crystalline reorientations,

AH,, = 5.64 kJ/mole for the axial rotations, respecti-
vely.

4.4 Low-TEMPERATURE PHASE. — Figure 14 illustra-
tes that no quasielastic broadening is visible in the
low temperature phase (T = 150K, 4 = 9.02A).
Investigation of possible motions in this phase
(between indistinguishable equilibrium positions)
would require a much better resolution than that of
INS.

™ 106 COUNTS
(arb. unit) pu

INS T=150K
(Low temperature phase)

Q=126R" -

T T T T T T T T T T

-04 -03 -02 -0a 00 01 0.2 03 04 ushh)(meV)

Fig. 14. — INS5 spectrum for low temperature phase of
bicyclo [2, 2, 2] octane.

5. Summary. — From quasielastic neutron scat-
tering performed in the two crystalline phases of
bicyclo [2, 2, 2] octane, detailed information about
the dynamical behaviour of the molecule was obtained.
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In the low-temperature phase no quasielastic broa-
dening was observed in the energy spectra, but above
173 K, the time-of-flight spectra indicated the occur-
rence of fast reorientations. Both IN5 and IN6 mea-
surements were in agreement with a model of 60°
jumps of the molecule about its symmetry axis toge-
ther with 90° jumps of the molecule around crystallo-
graphic [100] directions. The basic assumption throu-
ghout this paper was the absence of correlation bet-
ween different motions. This hypothesis was certainly
less valid when the temperature was increased. Indeed
we have shown that at the highest temperatures of
the experiment, the observed spectra could be des-
cribed on the basis of an isotropic diffusion model.
Brot et al. [7] have investigated the plastic phase of
quinuclidine at room temperature. They found that
the isotropic rotational diffusion model was excluded,
and that the situation which was more likely to be
valid was described by a model allowing for 90°
jumps about crystallographic [100] axes and 120°
reorientations about the molecular axis. This model
yields to the corresponding correlation times

Tc, = 225 x 10712
Tv, = 8.7 x 107125,

We can conclude that molecular motions are very
similar in these both compounds. However, the disor-
der in bicyclo-octane is somewhat greater. First, the
reorientations about the molecular axis occur between
distinguishable positions and second the residence
times are shorter. Indeed according to (24) we obtain
at T =298 K

te, = 71 x 107125
Ty = 1.7 x 107125,

A comparison of the height of the rotational energy
barriers would be fruitful. Unfortunately, quinuclidine
was studied at room temperature only.

As we have already mentioned, we have also inves-
tigated both the low- and the high-temperature phases
of the third similar compound, triethylediamine.
Results will be reported elsewhere.
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