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Quasielastic neutron scattering study of the methyl group dynamics
in polyisoprene
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In this paper the microscopic dynamics of methyl side groups in polyisoprene is studied by means
of inelastic neutron scattering. By combining time-of-flight and backscattering technique a range of
four decades can be obtained~0.2 ps–2 ns!. The two experimental results were combined in the time
domain by using an inverse Fourier transform. Multiple scattering effects were treated by a novel
procedure acting on the time-dependent intermediate scattering functionS(Q,t). In the description
of the data incoherent and coherent scattering from ‘‘fixed’’ atoms was taken into account, i.e.,
atoms in the main chain that move too slow to be observed in the dynamical window of the
experiment. In this way good agreement with the rotation rate distribution model of a threefold jump
could be obtained. Seeming discrepancies of the elastic incoherent structure factor vanish after the
corrections mentioned above. The distribution of activation energies can be expressed as a Gaussian
with an average of 9.7 kJ/mol and a width of 30%. It turns out that the width calculated by the model
fit of the data depends on the use of the multiple scattering correction while the average activation
energy can also be obtained reliably without that correction from highQ spectra. ©2002
American Institute of Physics.@DOI: 10.1063/1.1424319#
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I. INTRODUCTION

The motion of methyl side groups in polymers has be
a topic of considerable interest during the last decades
reason for this interest arising from application objectives
the study of the relaxation mechanisms of polymer s
groups that lead to energy dissipation at temperatures be
the glass transition improving the mechanical properties
such polymers.1 Among the possible side groups, the meth
group is the most simple, with only one rotational degree
freedom and therefore a good model to start with. Furth
more, its motion is fast if compared to larger side groups a
therefore easier to observe by inelastic and quasielastic
tron scattering.

Another more fundamental motivation is the interest
energy landscapes2 in glass-forming polymers. The total en
ergy landscape in the configurational space is clearly
complex to be accessed completely in an experiment. Bu
distribution of torsional potentials probed by the meth
group in different surroundings caused by the amorph
structure may give a representative simplified picture. T
results can also be used to check the accuracy of comp
simulations3 of such amorphous polymers.

Finally, interest has grown in the quantum mechani
properties of the methyl group. Because of its low mom
of inertia a tunnel effect at low temperatures is expected
it was observed before in low molecular crystalline mate

a!Corresponding author. Electronic mail: r.zorn@fz-juelich.de
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als. Its apparent absence could be recently explained
direct consequence of the distribution of torsion
potentials.4

Neutron scattering investigations of the~nonquantum!
dynamics of the methyl group dynamics in polymers can
divided into two classes:~1! Inelastic neutron scattering t
observe the libration motion.5,6 This technique gives infor-
mation about the torsional potential near its minima.~2!
Quasielastic neutron scattering~QENS! to observe the ther-
mally activated hopping over the energy barriers.5–9 The lat-
ter probes the barrier height of the potential.

A special advantage of neutron scattering in these inv
tigations is the high incoherent scattering cross section
protons ~80.3 barn! compared to the total scattering cro
sections of deuterium~7.6 barn! and carbon nuclei~5.6
barn!. By selectively replacing hydrogen atoms in the po
mer main chain by deuterium, their scattering can be s
pressed. In this way the relative scattering contribution of
~23%! methyl group hydrogen atoms in polyisoprene can
enhanced to up to about 70% of the total scattering.

The first QENS experiments were interpreted with only
single barrier height.5 It became clear that this was an ove
simplification from which unphysical results emerged.
consequence, distributions were assumed either implicitly
using a nonexponential relaxation function~namely the
Kohlrausch function8! or explicitly assuming a distribution
of relaxation times.6,7 In this paper we will follow the second
route because a distribution of relaxation times can dire
be related to a distribution of energy barriers. The relaxat
© 2002 American Institute of Physics
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846 J. Chem. Phys., Vol. 116, No. 2, 8 January 2002 Zorn, Frick, and Fetters
time distributions corresponding to nonexponential rel
ation functions are also often unknown and the shape of
nonexponential function is expected to change with temp
ture. There is also empirical evidence that the assumptio
the symmetrical lognormal distribution of relaxation tim
fits the data better than the asymmetric one implied by
Kohlrausch law.9

II. EXPERIMENTAL DETAILS

A. Material

In order to obtain predominant incoherent scatter
from the methyl groups the experiment was done on ch
deuterated polyisoprene-d5~PI-d5!. The sample used her
was the same already used in an earlier experiment.6 It was
prepared by anionic polymerization with a molecular weig
Mw51.13105 and a polydispersity of less than 1.06. T
microstructural composition was about 93% 1,4- and
3,4-polyisoprene. Undeuterated PI of the same molec
weight and microstructure has a glass temperatureTg

5207 K.10 Full deuteration leads to anincreaseof Tg of
about 3 K ~estimated from DSC measurements
polybutadiene11 and deuterated polybutadiene12!, so that for
the partially deuterated compound,Tg'209 K can be esti-
mated.

1H NMR measurements showed that the deuteration
the main chain was only 90.860.3%. Because of the hig
incoherent scattering cross section of protons, this ha
strong consequence on the composition of the neutron s
tering signal. While in the earlier study6 it was assumed tha
77% of the total scattering was incoherent from the met
groups, we now have to accept a lower value of 69%.

B. Methods

In this study two inelastic neutron scattering instrume
at the Institut Laue Langevin~Grenoble, France! were used:
The time-of-flight spectrometer IN5 for moderate ener
resolution and the backscattering spectrometer IN16 for h
resolution.

1. IN5

The time-of-flight chopper spectrometer IN5 was us
with an incident wavelengthl i56.75 Å, resulting in a wave
vector rangeQ50.4– 1.7 Å for elastic scattering. Due to th
kinematic restriction only energies up to 1.4 meV for t
lowestQ and 10.3 meV for the highestQ could be accessed
The energy resolution width was about 40meV ~full width at
half-maximum, FWHM! slightly broadening toward highQ.
The sample was~as in the case of the IN16 experiment! a foil
with 0.15 mm thickness curled on a cylinder of 22 mm dia
The calculated scattering efficiency of this sample shap
13% and it is expected that the cylindrical geometry lead
an isotropic distribution of multiple scattering. Figure
shows representative data from IN5 interpolated to cons
wave vectorQ.

2. IN16

The backscattering spectrometer IN16 was used in
standard setup with unpolished Si~111! monochromator/
Downloaded 21 Dec 2006 to 134.94.122.39. Redistribution subject to AIP
-
e

a-
of

e

g
in

t

ar

f

a
at-

l

s

h

d

.
is
o

nt

e

analyzer. This corresponds to a wavelength of 6.271 Å
an energy resolution of 1meV ~full width at half-maximum,
FWHM!. The energy range available by Doppler shift w
614 meV. The detector signals were grouped into five grou
betweenQ50.43 and 1.57 Å21 in order to obtain sufficient
statistics. Each of these detector groups have a width of
which corresponds toDQ50.22 Å21 at low Q and DQ
50.11 Å21 at highQ. Figure 2 shows spectra from the high
estQ detector group.

FIG. 1. Neutron time-of-flight spectraS(Q,v) of PI-d5 obtained on IN5
normalized to their elastic peak maxima. Spectra from different detectors
interpolated to constantQ51.57 Å21. Temperatures: 90 K~circles!, 150 K
~triangles!, 200 K ~squares!, 240 K ~diamonds!, and resolution'2 K ~line!.

FIG. 2. Neutron backscattering spectraS(Q,v) of PI-d5 obtained on IN16
normalized to their elastic peak maxima. Three detectors with wave vec
Q51.49– 1.64 Å21 have been averaged. Temperatures: 90 K~circles!, 130
K ~triangles!, 170 K ~squares!, and resolution'2 K ~line!.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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C. Time domain analysis

In order to combine neutron scattering data from IN
and IN16, the scattering functions were Fourier transform
by numerical calculation of the intermediate scattering fu
tion,

S~Q,t !5E
2`

1`

S~Q,v!exp~ ivt !dv. ~1!

By Fourier transform to the time domain, the convoluti
with the resolution function implied in the measuring proce
is converted into a product and the intermediate scatte
function corrected for the resolution effect can be obtained
the ratio13

S~Q,t !5
S̃~Q,t !

R~Q,t !
, ~2!

where S̃(Q,t) is obtained directly from the measured da
For the resolution functionR(Q,t), the spectrum of the
sample atT52 K has been used. Figure 3 shows the int
mediate scattering functionsS(Q,t) at severalQ values re-
sulting without a multiple scattering correction. Even wit
out regard to the attempted fit indicated in this figure, it
clear that the data do not match for lowQ and do not ex-
trapolate to 1 forQ→0. This is a clear consequence of mu
tiple scattering that enhances the inelastic part for sm
angles, which means a reduction ofS(Q,t).

Figure 4 showsS(Q,t) after the multiple scattering cor
rection described in the Appendix. The multiple scatter
parameter for IN5 was determined tos50.19 by imposing
the asymptotic behaviorS(Q,t)512aQ21O(Q4). For
IN16 this was not possible because the lowQ detectors did
not allow a reliable extrapolationQ→0. Therefore, for IN16
s50.25 was determined by optimizing the continuity to t
IN5 data. The slightly higher value for the backscatteri

FIG. 3. Intermediate scattering functionS(Q,t) ~beforea multiple scattering
correction! of PI-d5 at T5170 K for different wave vectorsQ: Q
50.43 Å21 ~circles!, Q50.76 Å21 ~triangles down!, Q51.06 Å21

~squares!, Q51.33 Å21 ~diamonds!, and Q51.57 Å21 ~triangles up!. The
points witht,60 ps originate from the Fourier transform of IN5 data; tho
with t>150 ps from IN16 data. The lines are fits with the model describ
in Sec. IV.
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instrument is expected because a part of the neutron b
passes the sample a second time after reflection by the
lyzer.

It may be observed that theS(Q,t) raw values from IN5
have differentt ranges and spacing while the corrected v
ues do not. The reason for this is that the IN5 resolution
better for lowQ, but the energy range is smaller due to t
kinematic restriction. In order to apply the multiple scatte
ing correction in the time domain, allS(Q,t) sets had to be
interpolated to the same set oft values. In this process th
IN5 values for t.20 ps that are present in the origin
S(Q,t) for Q<1.33 Å21 are lost.

III. ELASTIC INCOHERENT STRUCTURE FACTOR
„EISF…

The motion of the methyl group protons that is predom
nantly observed in this experiment is a superposition of v
ous processes: thermal vibrations, ‘‘fast process,’’14 methyl
group reorientation, and a relaxation. Thermal vibrations
and a ‘‘fast process’’ are restricted to the short time rangt
<1 ps. They can be seen as an initial decay ofS(Q,t) in
Figs. 3 and 4. Because all experiments were done at temp
tures below the glass transition, thea relaxation is too slow
to be visible in the time range below 2 ns examined here

The dynamics in the time window 2 ps–2 ns can
described by comprising the faster processes into a Deb
Waller factor ~DWF! exp(2^ufast

2 &Q2/3) and those that are
effectively ‘‘frozen’’ on that time scale into an elastic inco
herent structure factor~EISF! A(Q), yielding

Smethyl~Q,t !5e2^ufast
2 &Q2/3$@12A~Q!#f~ t !1A~Q!%. ~3!

It can be seen easily from this expression that the EISF is
ratio Smethyl(Q,t→`)/Smethyl(Q,t→0).

Here f(t) describes the dynamics of the methyl gro
reorientation whileA(Q) describes its spatial pattern~e.g.,

d

FIG. 4. Intermediate scattering functionS(Q,t) ~after multiple scattering
correction! of PI-d5 at T5170 K for different wave vectorsQ: Q
50.43 Å21 ~circles!, Q50.76 Å21 ~triangles down!, Q51.06 Å21

~squares!, Q51.33 Å21 ~diamonds!, and Q51.57 Å21 ~triangles up!. The
points witht,60 ps originate from the Fourier transform of IN5 data; tho
with t>150 ps from IN16 data. The lines are fits with the model describ
in Sec. IV.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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jump or diffusion!. The former has been adopted from t
rotation rate distribution model~RRDM!7,9 as a superposi
tion of single processes with different relaxation times:

f~ t !5E
t50

`

exp~2t/t!g~ ln t!d ln t, ~4!

where the distribution of the relaxation times is lognorma

g~ ln t!5
1

A2ps ln t

expS 2
~ ln t2 ln t0!2

2s ln t
2 D . ~5!

It has to be conceded that the choice of the functionf(t)
may have some influence on the EISF values calculated h
But for the temperature 170 K chosen here, the relaxa
lies well within the experimental window. So the fit of ex
pression~3! does not involve much of an extrapolation a
the ratio Sfit(Q,t→`)/Smethyl(Q,t→0) is already well de-
fined by the data itself.

The most straightforward assumption for the EISF is t
of a threefold jump rotation because of the three equiva
energy minima with respect to the rotation angle of the m
thyl group:

A3-jump~Q!5
1

3 S 112
sin~A3QR!

A3QR
D , ~6!

whereR51.027 Å is the radius of the circle spanned by t
positions of the hydrogen nuclei.

Figure 5 shows the EISF calculated from~6! together
with the values obtained experimentally fitting~3! to the un-
corrected and the multiple-scattering correctedS(Q,t). It
can be seen that the multiple-scattering correction remo
the fundamental problem thatA(Q) does not extrapolate to
one for Q→0 but otherwise does not much improve t

FIG. 5. An elastic incoherent structure factor from uncorrectedS(Q,t) val-
ues~empty symbols! and multiple-scattering correctedS(Q,t) values~filled
symbols!. The lines represent the expectation from the threefold jump r
tion model with different fractions of the scattering due to ‘‘fixed’’ atom
cfix50 ~dotted!, cfix50.305~dashed!, cfix(Q), as described in the text~con-
tinuous!.
Downloaded 21 Dec 2006 to 134.94.122.39. Redistribution subject to AIP
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agreement. In the following we show that the remaining d
viations can be explained to a large extent by several cor
tions.

The most evident one is the correction due to scatter
from the polymer chain itself, which is essentially elastic
the temperatures here (T,Tg). This correction has alread
been derived earlier and gives rise to an apparent EISF th
higher:6

Aapp~Q!5~12cfix!A~Q!1cfix . ~7!

Herecfix denotes the fraction of the neutron scattering cr
section due to atoms fixed in the polymer chain. It is justifi
to treat their scattering as elastic because all experim
were done at sufficiently low temperatures where the ti
scale associated to the glass transition is much longer
that of the methyl group motion. The originally used valu6

cfix50.234 from the ideal isotopical composition has to
increased tocfix50.305 because of the incomplete deute
tion detected by our NMR measurement. Although the agr
ment is now much improved, theQ dependence ofA(Q) is
still not in complete agreement with the experimental valu

One of the reasons for the remaining deviation is t
Eq. ~7! does not take into account that a significant part
the scattering from the ‘‘fixed’’ atoms is coherent and the
fore has aQ dependence. This can be taken into account
introducing aQ-dependent correction factor:

cfix~Q!5

dscoh

dV
~Q!1

s inc
chain H

4p

dscoh

dV
~Q!1

s inc
chain H

4p
1

sinc
methyl H

4p

. ~8!

In deriving this expression it has been taken into account
carbon nuclei have virtually no incoherent cross section. T
coherent scattering from the methyl group hydrogen nu
was considered as if it were from fixed atoms. This is jus
fied if their motion is a reorientation between indistinguis
able positions. Nevertheless, if this would not be true
induced error would not be large because it only accounts
2% of the total scattering. It can be seen that the correc
reduces to the previous at theQ values where the coheren
differential scattering cross section is equal to its highQ
limit scoh/4p.

It is clear that this correction requires knowledge of t
coherentdifferential scattering cross sectiondscoh/dV on an
absolute scale. This information can only be obtained by
of polarization analysis.15,16 For this purpose we used th
data of Ref. 17 after multiple scattering correction by a p
cedure described elsewhere,18 similar to that of Ref. 19.

The continuous line in Fig. 5 shows the calculated EI
including this final correction. It can be seen that the trend
the correction is correct reducing the deviation in the ran
of strong coherent scattering. Nevertheless, there is a rem
ing difference that can be attributed to several uncertaint
~i! As explained in Sec. II C there is some uncertainty
maining in the determination of the multiple scattering p
rameters that crucially influences the EISF.~ii ! In order to
avoid inelasticity effects, the diffraction experiment of Re
17 has been done at low temperature (T'4 K). Although

-
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changes in the coherent scattering from polymers are usu
small even over large temperature ranges,20 certain differ-
ences are to be expected.~iii ! Similar to the multiple scatter
ing correction of theS(Q,t) data, also that of the diffraction
data involves a parameter expressing the strength of the
tiple scattering. The determination of this parameter requ
exact knowledge of the transmission that was not availa
here. Taking into account these uncertainties, the remai
deviation of the EISF may be insignificant.

It is important to note that these results arecompatible
with the threefold jump rotation model, but do notprove its
validity. This is because in the lowQ range investigated here
Eq. ~6! is not much different from its lowQ expansion, 1
2 1

3Q
2R2. Therefore all models whose EISF have th

asymptotic behavior~e.g., the rotational diffusion model! are
equally possible.

IV. DYNAMICS

While the preceding section was mainly concerned w
the structural aspects of the methyl group motion reflecte
the EISF, we will now deal with the dynamics and its tem
perature dependence. In the context of the last section
function f(t) describing the relaxation was only a fit fun
tion enabling the determination ofSmethyl(Q,t→`) and
Sfit(Q,t→0). One could also use—as in Ref. 8—a Koh
rausch functionf(t)5exp@2(t/t)b# without major changes
to the results. In this section instead we will assign a mic
scopic interpretation7 to the specific form off(t) chosen in
Eq. ~4!.

As a first hypothesis we assume that the reorientation
the methyl groups is an activated process involving a dis
bution of activation energiesG(EA) and the attempt fre-
quencyt`

21 is the same for all methyl groups. Then a dist
bution of relaxation times,

g~ ln t!5kBTG@kBT ln~t/t`!#, ~9!

results from the Arrhenius relationt5t` exp(EA /kBT). Espe-
cially, if a normal distribution,

G~EA!5
1

A2psEA

expS 2
~EA2E0!2

2sEA

2 D , ~10!

is assumed, the lognormal distribution of the relaxation tim
emerges in a ‘‘natural’’ way. A comparison with Eq.~4!
yields the relations

t05t` expS E0

kBTD , ~11!

between the average logarithmic relaxation time and the
erage activation energy, and

s ln t5
sEA

kBT
, ~12!

between the widths of the distributions of activation ene
and relaxation time.21 So the average logarithmic relaxatio
time follows an Arrhenius law and the logarithmic wid
decreases inverse proportionally to the temperature.
former relation~11! reflects that the average activation e
Downloaded 21 Dec 2006 to 134.94.122.39. Redistribution subject to AIP
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ergy does not change with temperature. The latter~12! im-
plies that the attempt frequencyt`

21 is not distributed. If
there were a distribution also in the attempt frequency,
~12! would have to be changed to

s ln t5AS sEA

kBT
D 2

1s ln t`

2. ~13!

In order to study the shape of the relaxation functi
f(t) over a large temperature range, the highest accur
can be obtained by studyingQ values with a small EISF. Fo
the IN16 and IN5 experiment this condition is best fulfille
for the highest detector group atQ51.57 Å21 ~Fig. 6!. The
fits with Eqs. ~3!–~5! were done with the apparent EIS
Aapp~1.57 Å21) fixed to the value expected for the threefo
jump model corrected by Eqs.~7! and ~8!, namely 0.6047.

It can be seen that the fits representS(Q,t) well in the
range of IN5 data abovet51 ps. The agreement is not s
good for the IN16 part. But here it has to be taken in
account that due to thev dependence in the statistical erro
of the raw S(Q,v) data correlations in the errors of th
Fourier transformS(Q,t) can be expected.22 Therefore, the
seemingly systematical deviation is not an argument for
jection of the fit as long as the fit lies within the error boun
for 68% of the points.

Figure 7 shows an Arrhenius plot of the average log
rithmic relaxation time and the logarithmic width of the di
tribution, i.e.,t0 ands ln t of Eq. ~5!.

The fit of the Arrhenius law, Eq.~11!, yields an average
activation energyE059.760.4 kJ/mol51170650 K•kB and
the prefactort`50.1060.04 ps. It has to be noted that a
temperatures were included in the fit, but because of its la
error the value atT590 K was negligibly weighted. The
Arrhenius law represents thet0 values in the range 110–24
K well but a small curvature can be noticed. Indeed, fitti
alternatively the Vogel–Fulcher23,24 expression,

FIG. 6. Intermediate scattering functionS(Q,t) ~multiple scattering cor-
rected! of PI-d5 at T590 K ~filled circles!, T5110 K ~open circles!, T
5130 K ~filled triangles!, T5150 K ~open triangles!, T5170 K ~filled
squares!, T5200 K ~open squares!, andT5240 K ~filled diamonds! for Q
51.57 Å21. The lines are fits with the model described in Sec. IV.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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t05t` expS B

T2T0
D , ~14!

gives T053962 K, which is much lower than the Vogel–
Fulcher temperatures commonly observed but neverthe
significantly different from zero.

Concerning the logarithmic width one can see that
proportionality to 1/kBT is well fulfilled. From the slope
sEA

52.9360.08 kJ/mol5353610 K•kB can be calculated
This corresponds to a relative width of 30% for the distrib
tion of activation energies. The fit of the alternative expr
sion ~13! with s ln t`

2 as a free parameter yieldss ln t`

2 520.2

61.0, clearly showing that there is no indication of a dist
bution in the prefactort` .

To give an idea about the importance of multiple scatt
ing corrections, values from uncorrected data are also
cluded in Fig. 7. The influence on the average logarithm
relaxation time is obviously small. The Arrhenius paramet
are only insignificantly changed: E059.660.3 kJ/
mol51160640 K•kB andt`50.1160.03 ps. This is mainly
a consequence of the highQ data used here because these
less affected by multiple scattering. For the distributi
width the multiple scattering correction seems to be m
important. Althoughs ln t is still proportional to 1/kBT, the
widths are smaller and a narrower distribution of activat
energies withsEA

52.5460.05 kJ/mol530666 K•kB would
be obtained. The reason for this is that the mismatch betw
the IN5 and IN16 part in the uncorrectedS(Q,t) causes the
fit to interpolate with a slightly less ‘‘stretched’’ relaxatio
function f(t).

In order to check the compatibility we have also fitt
the elastic scan data from the earlier backscatte
experiment6 on IN10 in the framework of the current pap
~Fig. 8!. The resolution function of the instrument was a
sumed to be a Lorentzian with a full width at half-maximu
~FWHM! of 1 meV. Taking into account the distribution o
relaxation times, the EISF and the DWF, one obtains
theoretically expected height of the elastic peak as

FIG. 7. Circles, left axis: Average logarithmic relaxation times of the met
group reorientation versus reciprocal temperature. The lines show fits
the Arrhenius law, Eq.~11!. Squares, right axis: Logarithmic widths of th
distribution of relaxation times. The lines show fits with Eq.~12!. For both
plots empty symbols represent values obtained without a multiple scatte
correction.
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Sel~Q!5e2^ufast
2 &Q2/3S @12Aapp~Q!#

3E 1

p

1

h1t21 g~ ln t!d ln t1Aapp~Q! D , ~15!

whereg(ln t) is given by Eqs.~9!–~11!. For the mean-square
displacement of the fast motions a linear dependence on
perature~which is the theoretically expected result for cla
sical harmonic oscillations! ^ufast

2 &5a•T was assumed. Fi-
nally, there would be five fit parameters:t` , EA , sEA

, a,
and an overall intensity factor necessary becauseSel(Q) is
not known on an absolute scale. It turns out that includ
the prefactort` leads to an instability of the fit. Therefore
was fixed to the value resulting from transition state the
~see below!, namely t`50.06 ps. Only the elastic scan a
scattering vectorQ51.88 Å21 was used with the EISF from
Eq. ~7! at thatQ.

The fit results inE051117616 K•kB close to what is
obtained here from the quasielastic spectra. Nevertheless
width of the energy distribution andsEA

530368 K•kB is
significantly different, but close to the value calculated wit
out a multiple scattering correction. The fit of the proportio
ality factor yieldsa5(10.361.1)31024 Å2/K that is much
higher than the one reported earlier,6 2.931024 Å2/K. There
are three possible reasons for this discrepancy:~1! The^ufast

2 &
here comprises the fast motions of methyl group protons
to overall ‘‘phononic’’ vibrations and the libration of the me
thyl group. Therefore, it is expected to be higher than
averagê ufast

2 &. ~2! It is also known, e.g., for polybutadiene
which has a similar microstructure but no methyl groups t
the experimental mean-square displacement starts to de
from the harmonic low-temperature extrapolation alrea
nearT5140 K. These deviations increase with temperat
until nearTg ; a drastic increase of the mean-square displa
ment is observed. Thus, the validity of an artificial separat
into a harmonic DWF that persists even when passing fr
the glass to the melt and into additional relaxations has to
questioned as well and a higher DWF aroundT5100 K
might be plausible.~3! It may be possible that the temper
ture range 2–30 K from whicha was determined in Ref. 6
may have been too low. It is expected that due to quan
effects the slope of̂ufast

2 &(T) reduces close to absolute ze
temperature.

Despite this fair agreement, there is still a discrepan
namely if one calculates the average relaxation times
compares them with those from the quasielastic spectra h
For example, forT5110 K, where the elastic scan shows
point of inflection and thus should give a reliable value, o
getst0(110 K!51.560.2 ns. The corresponding value in Fi
7 is t0(110 K!54.760.2 ns, three times as much. This ma
be a consequence of the multiple scattering present in
IN10 elastic scans, where a different sample geometry
used.

V. CONCLUSIONS

Concerning the structural aspect of the methyl gro
motion our experiments did not give rise to doubts on
validity of the jump model in a threefold potential. Afte
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several corrections a satisfactory agreement of the exp
mentally obtained elastic incoherent structure factor~EISF!
and that from theoretical considerations can be obtained.
absence of one or the other of these corrections in ea
studies may have obscured this.

Nevertheless, the wave vector rangeQ<1.57 Å21 ~nei-
ther the larger range up to 1.9 Å21 accessible by backscatte
ing only! does not allow the distinction of models with a
identical length scalel defined as follows: The universal low
Q behavior of the EISF isA(Q)512Q2l 2/61O(Q4). A
comparison of different models shows that the fourth-or
term does not yet play an important role in ourQ range. So
all we can say is that the results agree with the length s
l 5A2R51.45 Å predicted by the threefold jump model, b
not that this is the only possible model.

In order to distinguish these models, experiments
higher wave vectorQ have to be performed, preferably
Q52.59/R52.53 Å21, where expression~6! shows its char-
acteristic minimum.

The dynamics of the methyl group rotation shows co
plete agreement with the rotation rate distribution mode7,9

Especially, the activation energy distribution~i.e., the ‘‘en-
ergy landscape’’! seems to be unchanged in the investiga
temperature range and the attempt frequency~the prefactor in
the Arrhenius law! shows no distribution.

In passing, we note that the reduction of the logarithm
width of the relaxation time distribution with temperatur
Eq. ~12!, agrees with the finding from fits with a Kohlrausc
function f(t)5exp@2(t/t)b# that the stretching exponentb
increases with temperature. Indeed, the logarithmic width
the relaxation time distribution corresponding to the Ko
rausch function is25

s ln t
Kohlrausch5

p

A6
A 1

b221. ~16!

Inverting this relation, we conclude that the variation ofs ln t

in our experiment is roughly equivalent~neglecting the fact
that the Kohlrausch function corresponds to an asymme
distribution! to an increase fromb~100 K!50.34 to b~250
K!50.67. This agrees fairly with the experimentally o
served changeb~100 K!50.50 tob~250 K!50.66 in another
polymer, polymethylmethacrylate.8

The prefactor itself,t`50.1060.04 ps, shows rathe
good agreement with the value expected from transition s
theory ~TST!: TST predicts the rate of crossing a barrier
heightEA to be

r TST5
v0

2p
expS 2

EA

kBTD , ~17!

wherev0 is the frequency of the libration in the potenti
minimum. The latter was determined6 as \v0523.5 meV,
yielding r TST(T5`)55.731012s21. Because for the
threefold-jump model the relaxation time is related to t
rate byt51/3r , one would expectt`50.06 ps.

The slightly lower value of the observed rate is al
expected from theoretical grounds because models base
the Fokker–Planck equation always give smaller rates t
TST.26 But a quantitative use of these models is not poss
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here because knowledge of the microscopic friction wo
be necessary. Nevertheless, the qualitative result of Ref
that the deviation from the TST rate increases at higher t
peratures would explain the curvature in the Arrhenius p
Fig. 7.

We note that two other explanations of this deviati
from the Arrhenius law can be ruled out.

~1! Although some data points stem from temperatu
aboveTg , thea relaxation characteristic time~e.g., from
dielectric spectroscopy:27 25 ms at 240 K! is still many
orders of magnitude higher than the relaxation times
served here. So with respect to the methyl group re
entation, the environment is static. Furthermore, the
fect should be opposite, i.e., at high temperatures
reorientation should be facilitated.

~2! Recently, the importance of tunneling for the meth
group dynamics at low temperatures has be
demonstrated.4,28 This quantum effect leads to addition
inelastic intensity in the spectra containing a broad d
tribution of tunneling lines. If such spectra were treat
in the way done here, this intensity would be misinte
preted as additional quasiclastic broadening. Theref
the effect should be an opposite deviation from t
Arrhenius law toward smaller apparent relaxation tim
at low temperatures.

Some doubt may be possible concerning the shape o
activation energy distribution. The discrepancies of the fits
S(Q,t), especially in the long time range of IN16, may in
dicate that a skewed distribution has to be used. But
consider the present data not to be sufficiently precise
define an additional fit parameter besides the center and
width of the distribution.

Finally, we have shown the significance of multiple sc
tering corrections in two points:~1! Without multiple scatter-
ing correction the EISF does not show thea priori required
low Q behavior and therefore cannot be represented by
model. ~2! The shape of the relaxation functionf(t) ob-
tained from the experiment is significantly affected by t
absence of multiple scattering corrections. Interestingly,
effect on the average logarithmic relaxation time is mu

FIG. 8. Elastic scan data of PI-d5 atQ51.88 Å21 ~error bars!. The line is a
fit assuming a Lorentzian resolution function of 1meV FWHM.
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smaller, at least if only the highestQ data is used for its
determination.
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APPENDIX: MULTIPLE SCATTERING CORRECTION

The multiple scattering method used here29 is a purely
analytical method and does not rely on complicated num
cal procedures such as Monte Carlo simulation. It uses o
experimental data and one parameter describing the mul
scattering magnitude. No prior knowledge of the spec
shape ofS(Q,v) is necessary, as in the case of Monte Ca
algorithms. It differs from those procedures that are curren
in use mainly in that it operates on the intermediate scat
ing function S(Q,t) obtained by an inverse Fourier tran
form as described in the preceding section and not the s
tering functionS(Q,v) itself. It turns out that this mode o
operation indeed facilitates the calculations if the followi
approximations are used.

~1! The fraction of neutrons scatteredn11 times with re-
spect to those scatteredn times is independent ofn.

~2! Neutrons that are scattered at least twice coherently
distributed isotropically.

Adopting these approximations the apparent scatte
function Ŝ(Q,v) can be expressed as a series of terms fr
neutrons scatteredn times:

Ŝ~Q,v!5S~Q,v!1s•S̄~v! ^ S̄~v!1s2
•S̄~v! ^ S̄~v!

^ S̄~v!1¯ . ~A1!

HereS̄(v) denotes the solid-angle average of the ‘‘true sc
tering functionS(Q,v), ^ the convolution inv, ands the
ratio betweenn11th andnth scattering intensity.

An inverse Fourier transform of~A1! changes the self
convolutions into powers:

Ŝ~Q,t !5S~Q,t !1s•S̄~ t !21s2
•S̄~ t !31¯ , ~A2!

resulting in a geometric series30 that can be summed up to

Ŝ~Q,t !5S~Q,t !1
s•S̄~ t !2

12s•S̄~ t !
. ~A3!

This equation can be solved for the multiple scattering c
rected scattering function:

S~Q,t !5Ŝ~Q,t !2
s• S̄̂~ t !2

11s• S̄̂~ t !
, ~A4!

where S̄̂(t) denotes the solid-angle average of the appa
scattering function.

With respect to the multiple scattering parameters a cau-
tionary remark is in order: In principle, it is possible to ca
culate this parameter from the sample geometry and sca
ing cross section by numerical or~for simple geometries!
analytical means. In practice, one has to face two difficul
Downloaded 21 Dec 2006 to 134.94.122.39. Redistribution subject to AIP
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in such an attempt:~1! Especially for thin samples the shap
is difficult to control exactly and this necessary input to t
calculation is not available.~2! It can be seen from Eq.~A4!
that if S(Q,t) is scaled by a factorf, s has to be rescaled b
1/f to obtain the same multiple scattering effect. This mea
that the procedure is not invariant to a normalization error
S(Q,t), which often happens in the experiment due to u
controlled sample or~vanadium! normalization sample
amounts.

Therefore, it is often necessary to usea posterioricrite-
ria that determines by ‘‘plausibility checks’’ on S(Q,t). If
sufficiently low Q detectors are available, such a criteriu
may be that inelastic scattering has to vanish in the lowQ
limit, i.e., in the time domainS(Q→0,t)[const.

Another caveat to be observed is that in experiments
those described here that aim at the measurement of th
coherent scattering function, a non-negligible amount of
herent scattering has to be taken into account. Because
few instruments~using polarized neutrons! can discriminate
coherent and incoherent scattering in practice the normal
intermediate scattering function,

Sn~Q,t !5S~Q,t !/S~Q!, ~A5!

is used in lieu of the incoherent intermediate scattering fu
tion. In other words, Eq.~A5! forces the natural limit
Sinc(Q,t→0)51 of the incoherent intermediate scatterin
function upon a mixture of incoherent and coherent scat
ing.

This step is often combined with the division of the Fo
rier transformed data by the Fourier transformed resoluti
If one uses the sample at low temperature for the resolu
determination by a measurement of the sample at low t
perature in~2! the ‘‘deconvolution’’ and the normalization
~A5! can be done at the same time providedS(Q) does not
change too much with temperature~which is the case for
polymeric glass formers20!.

The situation is more complicated if the multiple scatte
ing correction described here is used; the two steps of ‘‘
convolution’’ of t dependence and ‘‘normalization’’ ofQ de-
pendence have to be done separately. The change of the
scattered intensity by the normalization~A5! would not leave
~A4! invariant. Therefore, at first a normalized resoluti
function has to be calculated from the low-temperature m
surement by dividing the low-temperature spectru
Ŝ0(Q,v) by its integral Ŝ(Q). This normalized resolution
when used in~2! does not change theQ dependence of the
intensity, but only removes the resolution effect. Th
Ŝ(Q,t) andŜ(Q) have to be multiple scattering corrected b
~A4! and its analog with thet dependence omitted, respe
tively. Finally, the multiple scattering corrected function
have to be combined by~A5! to obtain the normalized inter
mediate scattering function.
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