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Isotope effect on the rotational tunneling transitions of methyl groups in glassy polymers
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By using selectively deuterated samples of poly~methyl methacrylate! ~PMMA! and exploiting the strong
isotope effect on the rotational tunneling of symmetric molecular groups, we show that the quasielastic neutron
scattering observed at low temperature (T'2 K) in the glassy polymers poly~vinyl acetate! and PMMA can
unambiguously be assigned to rotational tunneling transitions of the ester methyl group. The experimental
results are quantitatively described, without adjustable parameters, in the framework of the rotation-rate-
distributed-model for methyl group dynamics in glassy polymers.@S0163-1829~99!03711-X#
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Quantum rotational tunneling describes the phenome
of the librational states of a molecule whose rotating ato
are indistinguishable, being the energy states multiplets.
splitting between substates is called tunnel splitting. Qu
tum rotational tunneling of symmetric molecular groups su
as methyl groups is nowadays well established in crystal
low molecular weight materials, but still not in glassy sy
tems like amorphous polymers.1–3 Rotational tunneling tran-
sitions are accessible at low temperatures (T,50 K) by
various spectroscopic methods such as nuclear mag
resonance~NMR!, optical spectroscopy using the hole bur
ing technique, and infrared spectroscopy. However,
method yields such direct model independent insight into
system as inelastic neutron scattering~INS!, although, due to
the limited instrumental resolutions currently available, t
range of stronger potentials cannot be investigated by
technique. By means of INS the tunneling transitions of cr
talline samples are directly observed as inelastic peaks in
meV range of the measured scattering spectra at low t
perature. Searching for tunneling effects in glassy syste
we have reported in a recent paper4 on low-temperature INS
measurements carried out by high-resolution backscatte
techniques on a well known glassy polymer: poly~vinyl ac-
etate! ~PVAc!. This polymer has an ester methyl group in
monomeric chemical structure, showing a rather low aver
barrier ~'450 K! for classical rotation. The experiment
spectraS(Q,v), where \Q and \v are the momentum
transfer and the energy transfer, respectively, measure
T52.4 K showed a clear quasielasticlike broadening inst
of the expected inelastic tunneling peaks. This quasiela
feature, which at this very low temperature cannot be und
stood in terms of classical hopping processes, was con
ered the first direct experimental evidence of quantum ro
tional tunneling of methyl groups in glassy solids. The
results were interpreted in the framework of a model,
rotation-rate-distribution-model~RRDM!,5,6 which takes into
account a distribution of potentials associated with the dis
der inherent to the amorphous state. This distribution of
tentials implies both a distribution of activation barriers f
random hopping of methyl groups in the classical regi
PRB 590163-1829/99/59~9!/5983~4!/$15.00
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~high temperature! and a distribution of the tunneling fre
quencies in the quantum regime~low temperature!. The dis-
tribution of tunneling frequencies, calculated from the me
sured distribution of activation barriers, turns out to be rat
asymmetric with the maximum located in the very low e
ergy range and with a long tail extending into the high e
ergy range. Due to the limited instrumental resolution
neutron spectrometers, only this high-energy tail would
visible in the measured scattering spectra, even using
instrument IN16~ILL, Grenoble, France! which is the back-
scattering spectrometer showing the best instrumental r
lution currently available. This should explain why an app
ent quasielastic feature is observed instead of a br
inelastic peak.

In spite of this successful interpretation, it is clear tha
direct experimental proof of rotational tunneling of meth
groups would be desirable. In this paper, by using selectiv
deuterated polymer samples and taking advantage of
strong isotope effect for rotational tunneling transitions,1–3

we show that the apparent quasielastic broadening meas
at low temperature can unambiguously be assigned to me
group rotational tunneling. Moreover, the obtained resu
are also quantitatively interpreted in the framework of t
RRDM.

The tunnel splitting of the different torsional levels of
given methyl group can be calculated by solving a station
Schrödinger equation which for a pure threefold potent
@V(f)5V3(12cos 3f)/2# takes the form of the well-known
Mathieu equation.1–3 The solutions allow one to correlate th
values of the potential parameterV3 with the corresponding
values of the ground-state tunnel splitting~tunnel frequency!,
\v t . This splitting decreases almost exponentially with t
increase of the potential strength. In the range of potent
which are relevant for neutron spectroscopy, an approxim
relationship can be established as

\v t5cS V3 /B

d D 0.75

expF2S V3 /B

d D 0.5G ~1!
5983 ©1999 The American Physical Society
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5984 PRB 59BRIEF REPORTS
with c andd phenomenological parameters whose values
pend on the energy range considered. A similar express
but in terms of the activation energy~i.e., the energy differ-
ence between the top of the barrierV3 and the ground state!,
was previously proposed in Ref. 4. In the range of inter
here, 10,V3 /B,200, we found c52.58 meV and
d50.580. B5\2/2I is the rotational constant of the meth
group, whereI is the moment of inertia. It is evident from
Eq. ~1! that the relevant rotational potential is the absol
potential scaled by the rotational constantB. The value ofB
for a 2CH3 group is 7.6 K, while for2CD3 it is 3.8 K.
Therefore, deuteration of a protonated methyl group doub
the relevant scaled rotational potential. The exponential
pendence of Eq.~1! clearly shows that there is a unique
strong isotope effect for tunneling transitions compared
other lattice modes.

With these ideas in mind, we have carrie
out low-temperature INS measurements on a w
known polymer: poly~methyl methacrylate! ~PMMA!
@2CH22(CH3)C(COO2CH3)2#, by means of a high-
resolution spectrometer. PMMA was chosen instead of
system previously investigated, PVAc, because, in cont
to PVAc, samples of PMMA with similar characteristics~mi-
crostructure, molecular weight, glass transition temperat
etc.! but with different isotopic substitutions can easily
synthesized. On the other hand, PMMA has an ester me
group showing a high-temperature dynamic behavior sim
to the ester methyl group of PVAc.6 Therefore, we should
also expect a similar behavior in the low-temperature qu
tum regime. Two different PMMA samples have been us
in this investigation: PMMA-d5 and PMMA-d8. In the cas
of PMMA-d5, all but the ester methyl group protons ha
been replaced with deuterium. In the case of PMMA-
sample, all the protons of the sample have been replace
deuteriums. In this way, the scattering of the PMMA-
sample is dominated by the incoherent contribution of
protons of the ester2CH3 because the incoherent cross se
tion of a proton is much higher than the coherent one
also higher than the incoherent and coherent cross sectio
the rest of the atoms in the sample~see Table I!. This would
allow an unambiguous assignment of the scattering eff
observed to the ester methyl group. On the other han
strong suppression of the apparent quasielastic scatterin
flecting the methyl group quantum dynamics is expected
the case of the PMMA-d8 sample due to both the isoto
effect on the rotational tunneling transitions and the incoh
ent cross section of deuterium. The measurements were
ried out by means of the new backscattering spectrome

TABLE I. Scattering cross sections of the samples investiga
and of the different nucleus present. The MG subscript refers to
methyl group protons~or deuteriums!.

s incoh scoh sMG
incoh sMG

coh

H 80.3 1.8
D 2.0 5.6
C 0.0 5.5
O 0.0 4.2
PMMA-d5 250.9 69.3 240.9 5.4
PMMA-d8 16.0 80.7 6.0 16.8
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IN16 at the Institute Laue-Langevin~ILL, Grenoble!, which,
at an incident wavelengthl of 6.27 Å and with deformed
Si~111! as monochromator and analyzer, provides a reso
tion of nearly Gaussian shape with a half-width at ha
maximum of '0.45 meV. This makes the instrument ver
sensitive to small quasielastic wings close to the elastic l
Flat samples of appropriate thickness~0.75 mm for
PMMA-d5 and 0.85 mm for PMMA-d8! in order to get a
transmission higher than 90% were used, thus allowing u
neglect multiple scattering effects. The experimental spe
S(Q,v) were recorded in theQ range from 0.2 to 1.9 Å21

and at a temperature ofT51.4 K. The experimental resolu
tion function was obtained from measurements at 1.4 K o
sample of vanadium, which in the instrumental window
IN16 only shows pure elastic scattering. The raw data w
corrected for detector efficiency and sample container.

Figure 1 shows the scattering functionS(Q,v) measured
on the two different PMMA samples investigated at aQ
value of 1.8 Å21. Similar results are obtained for otherQ
values in the range investigated. The measured instrume
resolution,R(Q,v), is also included in the figure for com
parison. The S(Q,v) corresponding to the PMMA-d5
sample shows a clear quasielasticlike broadening, whic
similar to that reported for fully protonated PVAc.4 Since in
the PMMA-d5 sample the scattering is mainly due to t
incoherent contribution from the protons of the ester met
group, the observed quasielastic feature should be due~at T
51.4 K) to tunneling effects of such a group. Figure 1 a
shows that the measuredS(Q,v) corresponding to the fully
deuterated PMMA-d8 sample is close to the resolution fu
tion, showing up a strong isotope effect. However, the m
suredS(Q,v) contain contributions from scattering cente
other than methyl group protons~or deuteriums!.

Therefore, in order to properly check the isotope effect
would be desirable to compare the experimental scatte
function from the methyl group protons~or deuteriums! in-
stead of the total experimental scattering shown in Fig. 1.
low temperature, the contributions from scattering cent
other than methyl group protons~or deuteriums! may be as-
sumed to be elastic. On the other hand, the coherent co
butions from methyl group protons~or deuteriums! can also
be assumed to be elastic due to the symmetry-equiva
methyl group orientations. Therefore the measuredS(Q,v)
can be written in a general form as

d
e

FIG. 1. Logarithmic representation of the neutron scatter
spectra of PMMA-d5~circles! and PMMA-d8~triangles! samples as
measured by IN16 atT51.4 K andQ51.8 Å 21. The thin solid
line is the resolution of IN16.
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PRB 59 5985BRIEF REPORTS
S~Q,v!}$@scohS~Q!1~s incoh2sMG
incoh!#R~Q,v!

1sMG
incohSMG~Q,v!%, ~2!

where SMG(Q,v) is the experimental incoherent scatteri
function of methyl group protons~or deuteriums!. The struc-
ture factor,S(Q), is introduced as a correction factor of th
total elastic coherent contribution.

S(Q) of the samples PMMA-d5 and PMMA-d8 was me
sured by spin polarization analysis on D7 spectrometer at
ILL ~the results will be published elsewhere!. The values of
S(Q) at Q51.8 Å 21 are about 0.6 and 1 for PMMA-d5
and PMMA-d8, respectively. Taking into account these v
ues and those of the scattering cross sections given in T
I, we can obtainSMG(Q,v) from the measuredS(Q,v). The
results obtained are shown in Fig. 2. Similar results are
tained for otherQ values in theQ range investigated. In spit
of the low incoherent scattering intensity of the PMMA-d
sample, which produces a rather high uncertainty in the sp
trum, a strong suppression of the quasielasticlike scatte
from the methyl groups in the PMMA-d8 is also evident
SMG(Q,v). This strong isotope effect clearly supports t
assignment of the apparent quasielastic broadening to
tunneling transitions of the ester2CH3.

Now we can check whether the results obtained can qu
titatively be interpreted in terms of rotational tunneling tra
sitions. To do this, we will use the framework of the RRD
which was first proposed5 for explaining the classical regim
of methyl group dynamics in glassy polymers and later
extended4 to the quantum regime. This model is based on
fact that due to the structural disorder inherent in amorph
systems in general, the methyl groups in glassy polym
have different local environments which give rise to a dis
bution of potentials for methyl group rotation. This distrib
tion manifests itself in a distribution of activation energi
for classical methyl group rotation at high temperature,
well as in a distribution of tunnel splitting~frequencies!
which dominates the methyl group dynamics in the lo
temperature range (T,50 K). When a pure threefold poten
tial is assumed, the tabulated solutions of the Mathieu eq
tion easily allow one to correlate the strength of the threef
potentialV3 , the activation energyE, and the ground-state
tunneling frequency\v t @see, for example, Eq.~1!#. By
means of these correlations it is quite straightforward

FIG. 2. Normalized methyl group incoherent contributio
SMG(Q,v) to the measured scattering intensities shown in Fig
The thick dashed lines correspond to theSMG(Q,v) calculated by
the RRDM for PMMA-d5 and PMMA-d8 samples. The thin sol
lines are the resolution of IN16.
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transform a given distribution of potentials or activation e
ergies into the corresponding distribution of ground-st
tunnel frequencies.

For several polymers, including PMMA, the classic
hopping processes of methyl groups have been investig
at high temperature by means of INS and interpreted in te
of the RRDM.5,6 From the analysis of the experimental da
a Gaussian distribution of activation energies is foundg(E)
5(sEA2p)21exp@2(E2E0)2/2sE

2 #. The values of the av-
erage activation energyE0 and the width of the distribution
sE for different polymers are reported in Ref. 6. For th
particular case of PMMA, these values areE05710 K and
sE5241 K. From these values, the corresponding distri
tion of potentialsG(V3) can easily be calculated due to th
linear relationship betweenE and V3 . In the range ofE
which is of interest here, 50 K,E,1500 K, this linear re-
lationship reads asV354411.1E ~calculated from the tabu
lated data of Ref. 3!. The distribution of potentials calculate
as G(V3)5g(E)dE/dV3 also shows a Gaussian shape b
with an average value ofV3,05823 K and a width ofsV3

5267 K. Now, starting from this Gaussian distribution
potentials, the corresponding distribution of ground-st
tunneling frequenciesh(\v t) for both 2CH3 ~PMMA-d5
sample! and 2CD3 ~PMMA-d8 sample! groups can be ob-
tained as h(\v t)52G(V3)dV3 /d(\v t). The term
dV3 /d(\v t) can be easily calculated using Eq.~1! with B
57.6 K for 2CH3 andB53.8 K for 2CD3. The resulting
h(\v t) are shown in Fig. 3. The first relevant feature is th
as in the case of PVAc,4 these distributions are rather asym
metric with the maximum located at very low values
\v t ('831023 meV for 2CH3 and'231024 meV for
2CD3). It is clear that these values are much lower than
resolution of the IN16 spectrometer~indicated by an arrow in
the figure! and thereby cannot be resolved from the inst
mental resolution. Only the tail of such distributions can co
tribute to the experimental scattering spectra, giving rise
the apparent quasielastic feature observed inSMG(Q,v).

Figure 3 clearly shows that the tail ofh(\v t) contributing
to the experimentalSMG(Q,v) @i.e., the area underh(\v t)
for \v t higher than the IN16 resolution# is rather different in
both cases, being almost zero in the case of2CD3. Now,
starting from these distributions, we can calculate, in
framework of the RRDM, the experimental incoherent sc
tering curves corresponding to methyl group protons~or deu-

.
FIG. 3. Calculated distribution of tunneling frequencies f

PMMA-d5 ~solid line! and PMMA-d8~dashed line! samples. The
inset shows these distributions on a logarithmic scale.
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5986 PRB 59BRIEF REPORTS
teriums!, SMG(Q,v). These can be written asSMG(Q,v)
5R(Q,v) ^ SRRDM(Q,v), where the symbol̂ means con-
volution product andSRRDM(Q,v) is the RRDM scattering
function for quantum tunneling of methyl groups, which
constructed4 by generalizing the one proposed in Refs. 1
with a continuous distribution of tunneling frequencies. Th
function reads as

SRRDM~Q,v!5@ 5
3 1 4

3 j 0~Qr !#d~v!1 2
3 @12 j 0~Qr !#

3E
0

`

h~\v t!@d~v1v t!1d~v2v t!#

3d~\v t!, ~3!

where j 0 is the zeroth-order Bessel function andr is the
hydrogen-hydrogen distance in the methyl group. The ca
lated SMG(Q,v) for the two samples, PMMA-d5 and
PMMA-d8, are shown in Fig. 2 in comparison with the e
perimental functions. It is evident that the agreement is
tremely good taking into account that there are not adjusta
u-

-
le

model parameters@only a scaling factor is considered, t
match the intensities at the maxima ofS(Q,v)]. This good
agreement found between the experimental data and
model function is also present in the wholeQ range avail-
able.

In summary, we have shown that by exploiting the stro
isotope effect on the rotational tunneling transitions, the
parent quasielastic feature observed by neutron scatterin
very low temperature in PVAc and PMMA can be unam
biguously assigned to rotational tunneling of methyl grou
The RRDM, with the distribution functions of potentials d
duced from the high-temperature classical regime, quan
tively gives account of the experimental observations in
low-temperature quantum regime, including the isotope
fect.
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