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by Quasielastic Neutron Scattering
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Synthetic and natural polymers have complex dynamic behavior with distinct motions taking place
on a wide range of time and length scales. For poly(dimethyl siloxane) we show that, at temperatures
above the melting point, the reorientation of the CH; groups provides a non-negligible contribution to
the incoherent dynamic structure factor. Analysis of the quasielastic neutron scattering data is carried
out using a model function that includes fast rotational motion of the CH; groups and local conforma-
tional transitions between isomeric states. By using this model, detailed comparison between experi-
mental data and theoretical predictions at distances where deviations from the traditional Rouse model

are expected becomes possible.
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The long chain nature of polymers is responsible for
their unique dynamic properties. Because of chain con-
nectivity, polymer motion extends over many orders of
magnitude in time and length scale ranging from libra-
tions in the picosecond time range, high frequency tor-
sional and vibrational motions of sidegroups up to the
slow reorientation of whole molecules which approaches
macroscopic times [1]. Similarly complex molecular mo-
tions are observed in biological polymers [2,3]. Dynamic
studies on both synthetic polymers and biomolecules are
essential to establish a relationship between viscoelastic
behavior and chemical structure and therefore fully
understand their properties and biological function.

Understanding polymer motion over a broad time and
distance scale poses a great challenge to both experimen-
talists and theoreticians. In fact, as a consequence of the
wide dynamic range, vastly different motions may be
probed by different experimental techniques, obscuring
the connection among micro-, meso-, and macroscopic
behaviors. However, as an added bonus this feature makes
polymers highly suited to follow in real time the melting
behavior and/or the glass transition over many length
scales, ranging from the most local to the collective
ones, unlike low molar mass compounds.

Theoretical models were developed to describe large
scale chain motion: the reptation model of de Gennes
[4,5] and the bead-spring Rouse model [6] provide uni-
versal laws describing the motion of chains above and
below their entanglement length, respectively. These
coarse-grained models are strictly applicable for distan-
ces larger than the statistical segment length. When the
latter is approached, the universal behavior breaks down
and local relaxation processes need to be considered.
Theoretical treatments [7,8] were proposed to extend the
Rouse model to distances of the order of the monomer
size. These comprise both coarse-grained models that

058301-1 0031-9007/03/90(5)/058301(4)$20.00

PACS numbers: 61.25.Hq, 61.12.—q, 83.80.Sg

account for chain stiffness, and realistic treatments that
consider the local stereochemistry. Alternatively, a gen-
eralized Rouse model was proposed to describe the dy-
namics of polymers and of biological macromolecules
(proteins), including also the sidegroup motion, by taking
into account the memory function matrix with a mode-
coupling procedure [9].

In this Letter, we present a study of local dynamics in
poly(dimethyl siloxane) (PDMS) using quasielastic neu-
tron scattering (QENS). PDMS is one of the most thor-
oughly investigated systems through a wide range of
experimental methods including nuclear magnetic reso-
nance [10] and neutron scattering [11-13]. With wave-
lengths (a few angstroms) similar to the monomer size,
QENS is able to probe microscopic motion from side-
group rotation to segmental dynamics occurring in the
time range from 10~ 13 to 107!° s and on a length scale up
to ca. 15 A [12]. QENS measurements were carried out on
PDMS in order to extract information on both methyl
group reorientation and segmental chain dynamics across
the melting temperature 7,,. We show, for the first time,
that once an account is made for the fast hopping of the
CH; groups over the threefold rotational barrier as de-
duced from its sub-7,, motion, the dynamic incoher-
ent structure factor is in good agreement with recent
theoretical results that realistically account for the local
stereochemistry [14]. Moreover, we show that the results
are fully consistent with rheological data, thus providing
a link between the microscopic and the macroscopic
polymer dynamics.

The PDMS sample used in this work had a weight
average molar mass of 92 X 10° g/mol (from Hopkin &
Williams), a calorimetric glass transition (7,) at 148 K,
cold crystallization at 182 K, and two melting peaks
(T,,) located at 230 and 236 K [15]. Accordingly,
one can measure the local motion for T'<T, and for
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T, <T <T,, or the larger scale segmental dynamics for
T > T,,, which is not possible with nonpolymeric mate-
rials. QENS measurements were carried out on the high
resolution backscattering spectrometer IRIS at ISIS
(Rutherford Appleton Laboratory, U.K.), using the
PG(002) analyzer, with resolution equal to 15 ueV (mea-
sured as full width at half height). Two experiments were
performed with different setups giving energy ranges
from —0.4 to 0.4 meV (for T < T,,) and —0.2 to 1.2 meV
(for T > T,,). In both experiments, the Q range varied
from 0.25 to 1.9 A~'. Standard corrections for absorption
and empty cell subtraction were carried out using ISIS
routines.

The double differential scattering cross section,
020 /(0E0Q), i.e., the probability that a neutron is scat-
tered with energy change AFE into the solid angle AQ), is
measured experimentally. Since the incoherent cross sec-
tion of hydrogen is much larger than that of other atoms,
the scattering cross section ¢ is dominated by the inco-
herent scattering. Data fitting is achieved by a suitable
choice of model function that provides an expression for
the incoherent scattering law, S;,.(Q, w). The latter is
related to the double differential scattering cross section:

’o Nk
<3QE)E >inc B k_oAb Sinc(Q, w)’ (1)

where N is the number of atoms, k and k are the scattered
and incident wave vectors (k=27w/A), and Q =
47rsin(6/2)/A is the momentum transfer, # being the
scattering angle. Ab? is related to the incoherent cross
section (i.e., o, = 4mAD?).

In the glassy state, when the backbone motion is frozen
in, only the reorientation of sidegroups, e.g., methyl
groups, contributes to S;,.(Q, ). In a random environ-
ment, S;,.(0, w) can be described as a sum of two con-
tributions:
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@
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an elastic term (the delta function) and a quasielastic
component. For amorphous polymers below T, the qua-
sielastic broadening is described by a Gaussian distribu-
tion of Lorentzian lines with width I'; and weight g;
[16,17]:

1 [ (InT'; — InTy)? i|
P = exp| —————— |,
§ or2m P 20t

where I is the width of the most probable Lorentzian, o
is the standard deviation of the distribution of InI", and the
weights g; satisfy the condition 2g; = 1.

For a threefold rotation, the elastic incoherent structure
factor, Ay(Q), is

Ap(Q) =1 + 2j,(+30n)], 4)

3
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where j,(x) is a zero-order spherical Bessel function and r
is the distance between the moving protons and the rota-
tion axis (1.032 A).

PDMS is a semicrystalline polymer and therefore seg-
mental motion is expected to be very slow at least up to
T, Thus, for T < T,, the only contribution to the quasi-
elastic broadening arises from hopping of the CH; groups
over the potential barrier. Our QENS data up to 7 =
215 K are well represented by Eqgs. (2) and (4).

Similarly to other sub—Tg relaxations, the temperature
dependence of I'y follows an Arrhenius law which is
clearly in contrast to the non-Arrhenius dynamics of
many viscous liquids close to T, [18]:

r, =T, exp(— %) 5)

yielding the activation energy E,. The width of the
distribution of rotational frequencies o depends on tem-
perature unlike the corresponding width of the distribu-
tion of activation energies oy up to 215 K. We find
E, = (45*0.5)kJ/mol and o = (1.1 = 0.1) kJ/mol.
The attempt to escape frequency is I'y, = 0.63 meV.
These results are in excellent agreement with our analysis
of elastic window scan data [15].

Motion of a polymer molecule above T,, (or, for an
amorphous polymer, above T,) is characterized by seg-
mental dynamics and diffusion: broadening of the elastic
line is observed at a temperature where the frequency of
the motion becomes comparable to the instrumental reso-
lution. Early QENS studies tested the validity of the
Rouse model through the scattering law calculated by
de Gennes [19] who showed that the intermediate scatter-
ing function I(Q, t) is proportional to exp[ — (i)o's], where
g is a Q-dependent relaxation time. This /% dependence
leads to a non-Lorentzian shape of S;,.(Q, w) with a
quasielastic broadening whose width should vary with
Q% in the distance scale between the entanglement length
and the segment length.

At shorter distances, deviations from the Rouse model
are expected and, depending on the monomer structure,
various relaxation processes and the intrinsic chain
stiffness may need to be considered, as discussed by us
[14]. In a simplistic view, at Q > b~!, with a segment
length b of the order of a few A, the scattering patterns
should be Lorentzian [corresponding to an exponen-
tial decay of I(Q, r)] due to the short time Brownian
diffusion of the single beads. These deviations should be
observable within the time and distance range probed
by neutron scattering, and particularly through QENS,
as indeed found for polyisobutylene and poly(propylene
oxide) [20]. In PDMS melts, a similar crossover was
identified in one report at Q = 0.15 A~1[21], while other
data [13,20] followed the Rouse predictions up to large
Qs, actually beyond the range of validity of the model.
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In the following we show that the discrepancy between
experiment and theoretical predictions is fortuitous.

It is now customary for polymer melts to use as
model function the stretched exponential or Kohlrausch-
Williams-Watts (KWW) function:

10e(0, 1) exp[ —(Tiﬂ ©)

s

characterized by two parameters: (a) the characteristic
time 7, and (b) the exponent 8 which provides a measure
of the nonexponentiality, related to the shape and width of
the distribution (0 < 8 <'1). Such a function could be
simply viewed as a generalization of the Rouse model,
which is recovered for 8 = 0.5. Incidentally, we point out
that the KWW function is often used to empirically
describe the response function of liquids close to 7T,
[18], while in polymers it is simply a result of chain
connectivity. Recently, we established a link between
chain stiffness and B [14] by fitting theoretical I(Q, )
curves with the KWW function for coarse-grained mod-
els and for realistic PDMS chains within the rotational
isomeric state scheme. In all cases, at large Qs, we ob-
tained B values that were significantly larger than the
theoretical lower limit 0.5. That work provides a starting
point to the present analysis.

Following earlier studies carried out on PDMS [20,21],
we initially neglected the CH; contribution and fitted the
QENS data using as model function the Fourier transform
of the KWW. Although the QENS spectra are well rep-
resented by a KWW with 8 = 0.45 (Q and temperature
independent) (Fig. 1) [22,23], this result is inexplicable in
terms of the 1”3 dependence of the Rouse model due to the
very small distance scale probed. The shortcomings of
this model have been pointed out [24] and the experi-
mental QENS data were explained in terms of the mode-
coupling theory for local motion. Here, we take a
different view, motivated by our recent work [14].
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FIG. 1. QENS data of PDMS for Q = 1.45 A™! at 275 K

(O) and fit. Inset: Q and temperature dependence of the S
parameter.
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Our study indicated that 8 should increase to about
0.65 at large Q and we argued that either the very large
flexibility of the Si-O-Si bond angle or the internal struc-
ture of the monomers could explain the discrepancy be-
tween predicted and experimental B values. In particular,
the contribution from the CH; motion may not be negli-
gible. Therefore, we fitted the QENS data explicitly con-
sidering two dynamic processes: (a) fast methyl group
reorientations giving rise to a broad quasielastic compo-
nent and (b) a slower process due to segmental motion,
defined by the Fourier transform of the KWW function.
The CH; motion is still described through Eq. (2) using
the most probable width I'j obtained from extrapolation
of Eq. (5) to the desired temperature. The width of the
distribution of I';, o was calculated from the low tem-
perature data using the relationship o = oy/RT. It is
implicit in this procedure that there is no substantial
change in the CH; motion below and above T,,. Figure 2
gives an example of data fitting for Q = 1.45 A™!, at
275 K. Although most parameters were fixed, the model
gives an excellent representation of the experimental data.
The B parameter for the segmental motion was found to
be O and T independent and equal to 0.61, in good
agreement with our theoretical predictions [14]. We con-
clude that, if we also consider any underlying fast process
(CHj; rotation in this case), the local dynamics can be
predicted by realistically accounting for chain stiffness.

In addition, we stress that (i) the characteristic time 7,
of the KWW function follows an Arrhenius temperature
dependence, unlike glass-forming liquids close to T,
with a fragile behavior [18]; (ii) from the temperature
dependence of 7,, we obtain an activation energy for
the segmental motion equal to 14.6 kJ/mol that is in
excellent agreement with our viscosity measurements
[15] (inset of Fig. 3); (iii) the I(Q, r) data obey time-
temperature superposition with shift factors in agreement
again with rheological measurements [15] (Fig. 3). The
time shifted I(Q, 1) curves can also be fitted by the same
model function used in the frequency domain (i.e., using

0.8 4 2 250K « 275K o 300K
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FIG. 2. QENS data of PDMS for Q = 1.45 A~! at 275 K (O).
Lines are fits using a model function that consists of broad
(dashed line) and narrow components (dotted line).
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FIG. 3. Time-temperature superposition of I(Q, ) data at
250 K (O), 275 K (@), and 300 K (A) (reference temperature:
303 K). The Q values are 0.55 A~! (top) and 1.58 A~! (bot-
tom). The lines correspond to fits to the experimental data (see
text). Inset: Arrhenius behavior of 1/7. in meV, characterizing
the segmental motion.

two components) leading to similar results for the KWW
parameters.

Therefore, QENS measurements provide valuable in-
formation on local dynamics of PDMS chains. Below 7,
the local dynamics is due to reorientational motion of
CH; groups. Above T,,, the contribution from the fast
CHjs rotations is far from negligible when compared to the
segmental motion. Once these rotations are properly ac-
counted for, one finds good agreement between experi-
mental B values for the segmental dynamics and those
predicted theoretically [14].

In conclusion, synthetic and natural polymers show
complex dynamic behavior with different molecular pro-
cesses often contributing simultaneously to the observed
dynamics. In this Letter, due to the semicrystalline nature
of the polymer under study, we have been able to separate
two different dynamic contributions. This procedure al-
lowed us to make a direct comparison between experi-
mental data and theoretical predictions and to achieve a
unified picture of macroscopic properties and small scale,
microscopic dynamics.

We thank ISIS (Rutherford Appleton Laboratory, U.K.)
for beam time and the local contact Dr. M. T. E. Telling for
help during the experiment. Funding from the EPSRC is
gratefully acknowledged.

058301-4

*Electronic address: v.arrighi@hw.ac.uk
[1] N.G. McCrum, B. E. Read, and G. Williams, Anelastic
and Dielectric Effects in Polymeric Solids (Wiley-
Interscience, New York, 1967).
[2] H. Frauenfelder, S.G. Sligar, and P. G. Wolynes, Science
254, 1598 (1991).
[3] A.L. Lee and A.J. Wand, Nature (London) 411, 501
(2001).
[4] PG. de Gennes, Scaling Concepts in Polymer Physics
(Cornell University Press, Ithaca, 1979).
[5] M. Doi and S.E Edwards, The Theory of Polymer
Dynamics (Oxford University Press, Oxford, 1986).
[6] P E. Rouse, J. Chem. Phys. 21, 1272 (1953).
[7] G. Allegra and FE. Ganazzoli, Adv. Chem. Phys. 75, 265
(1989), and references therein.
[8] L. Harnau, R. G. Winkler, and P. Reineker, J. Chem. Phys.
106, 2469 (1997).
[9] K. S. Kostov and K. E Freed, Biophys. J. 76, 149 (1999).

[10] V.M. Litvinov, B.D. Lavrukhin, and A.A. Zhdanov,
Polym. Sci. USSR 27, 2786 (1985).

[11] H.H. Grapengeter, B. Alefeld, and R. Kosfeld, Colloid
Polym. Sci. 265, 226 (1987).

[12] J.S. Higgins and H.C. Benoit, Polymers and Neutron
Scattering (Oxford University Press, Oxford, 1993).

[13] A. Arbe et al., Macromolecules 34, 1281 (2001)

[14] E Ganazzoli, G. Raffaini, and V. Arrighi, Phys. Chem.
Chem. Phys. 4, 3734 (2002).

[15] V. Arrighi, C. Zhang, S. Gagliardi, J.S. Higgins,
R. Ocone, and E Ganazzoli, Macromolecules (to be
published).

[16] A. Chahid, A. Alegria, and J. Colmenero, Macro-
molecules 27, 3282 (1994).

[17] V. Arrighi, J.S. Higgins, A.N. Burgess, and W.S.
Howells, Macromolecules 28, 4622 (1995).

[18] P.G. Debenedetti and E H. Stillinger, Nature (London)
410, 259 (2001).

[19] P.G. de Gennes, Physics (Long Island City, N.Y.) 3, 37
(1967); J. Chem. Phys. 55, 572 (1971).

[20] G. Allen, J.S. Higgins, A. Maconnachie, and R.E.
Ghosh, J. Chem. Soc., Faraday Trans. 2 78, 2117 (1982).

[21] B. Stuhn, B. Ewen, and D. Richter, Physica (Amsterdam)
58B, 305 (1985).

[22] V. Arrighi, S. Gagliardi, and J.S. Higgins, Mater. Res.
Soc. Symp. Proc. 661, KK4.4.1 (2001).

[23] S. Gagliardi, V. Arrighi, R. Ferguson, M.T. E Telling,
Physica (Amsterdam) 301B, 110 (2001).

[24] K.L. Ngai, J. Colmenero, A. Alegria, and A. Arbe,
Macromolecules 25, 6727 (1992).

058301-4



