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Abstract: We have performed inelastic neutron scattering experiments on pro- 
tonated and fully deuterated partially crystalline polyethylene. Using a high- 
resolution, three-axes spectrometer with an energy resolution of 80 peV, it was 
possible to detect a quasielastic process in the dynamic structure factor with 
a FWHM of 0.3meV. This process was shown to be active above 
To = 260 K and its FWHM was nearly independent of temperature and scat- 
tering vector. The spatial extent of the underlying motional process was 
determined from the corresponding Debye-Waller factor. The mean squared 
displacement increases strongly with T above To up to 4 ~2 at T = 380 K. 
Comparison with results from similar work on fully amorphous polymers 
suggests to relate To to the glass transition of the amorphous phase in partially 
crystalline polyethylene. The coherent structure factor shows no evidence for 
a significant contribution of correlated motion to the process. A speculative 
explanation of the observed phenomenon as a non-equilibrium soft-mode is 
proposed. 
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I. Introduction 

The complex structure of macromolecules in 
the melt provides the basis for a wide range of 
dynamic phenomena.  On short time scales the 
bonds in the polymer backbone are found to 
exhibit oscillatory, librational mot ion in a poten- 
tial essentially defined by the chain structure. This 
process is complemented by a comparatively slow 
diffusion of chain segments and, finally, the whole 
chain. Whereas the fast dynamics are concep- 
tually similar to oscillatory excitations in crystal- 
line solids the diffusional part  carries several 
extraordinary characteristics. The temperature 
dependence of the typical times involved in seg- 
mental  diffusion is very strong and phenom- 
enologically described with the Vogel-Fulcher  

equation. This leads to a freezing phenomenon at 
low temperatures, the glass transition.The liquid 
melt is t ransformed into a glassy transition. The 
liquid melt is t ransformed into a glassy state 
which no longer supports large scale segmental 
diffusion. The glass transition is observed in 
amorphous  polymers as well as in non-polymeric 
materials. 

Whereas the main effect of the glass transition 
is related to the slow segmental dynamics, there is 
recent experimental evidence for a correlation of 
the transition with the short time dynamics of the 
system [1-3],  Neut ron  scattering experiments re- 
vealed the existence of an anomaly in the dynamic 
structure factor in the frequency range of 10-12 s 
which appeared in the regime of the glass 
transition of the material. This effect has been 
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observed in polymeric as well as non-polymeric 
glass forming liquids but its nature is still widely 
unknown [4]. 

In a preceding publication [5], we have demon- 
strated the existence of the fast process in a 
partially crystalline polymer: polyethylene. The 
emphasis there was on a separation of the dynam- 
ics in the crystalline and the amorphous regions of 
the material. Using the combination of several 
high-resolution neutron scattering techniques, it 
was possible to measure the slow segmental dy- 
namics as well as the fast component  of the dy- 
namic structure factor. It was characterized as 
a quasielastic contribution with a full width at half 
maximum (FWHM) of 300/~eV. 

The present work now extends this investiga- 
tion to study the properties of the fast process in 
partially crystalline polyethylene in more detail. 
We have used neutron scattering experiments in 
a range of energy transfers that allow to resolve 
the structure factor in the meV regime. In addition 
to the incoherent scattering from polyethylene, we 
have used a fully deuterated sample in order to 
separate the contribution of correlated motion to 
the scattering. 

II. Experimental 

The polyethylene (PE) sample A used in the 
incoherent scattering experiment was the same as 
sample II of our previous study [5]. It was a 
linear, high molecular (M > 10 6) weight PE ob- 
tained from Hoechst AG. The sample was melt- 
crystallized at 125 ~ resulting in crystallinity of 
0.62 as obtained by DSC. 

Sample B was a fully deuterated PE obtained 
from Promochem GmbH/Germany.  It was fur- 
ther purified by dissolving it in hot toluene and 
precipitating with methanol. The sample exhi- 
bited a rather broad melting regime and had 
a crystallinity of 0.62 after slow cooling. 

Thin sheets were prepared of the samples and 
contained between the walls Of two hollow alumi- 
num cylinders of 1.4 cm diameter and a height of 
4.9 cm. The sample thickness was 0.1 mm for the 
protonated and 0.5 mm for the deuterated mate- 
rial. The transmission of these samples was larger 
than 0.9 and no absorption corrections were 
necessary. A cryostat was used for the low 

T measurements - 100~ < T < 50 ~ and an 
oven for elevated temperatures. 

The neutron scattering experiments were per- 
formed at the three axes spectrometer TAS7 of 
Riso National Laboratory, Denmark. The incom- 
ing beam was monochromized with the (002) re- 
flection of a Graphite crystal (PG002) and most 
measurements were done with an incoming en- 
ergy Ein = 3.6 meV. The scattered intensity was 
analyzed with a PG002 crystal and the range of 
energy transfers investigated was - 1  meV < 
A E _ 1 meV. The scattering vector interval was 
from 0.5~-1 up to 2~-1.  The instrumental res- 
olution was determined with the incoherent scat- 
tering from vanadium as well as with the samples 
at low temperature. No difference was found with 
these two methods and the resolution was charac- 
terized by a F W H M  of 0.08 meV independent of 
scattering angle. The quasielastic scans were per- 
formed at a fixed scattering vector q and constant 
energy of the incoming beam. 

III. Results 

A. Incoherent scattering 

Polyethylene scatters essentially incoherently 
due to the large incoherent scattering cross-sec- 
tion of hydrogen. The incoherent dynamic struc- 
ture factor therefore represents an average of the 
dynamics of all protons in the sample. 
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Fig. 1. The incoherent structure factor of polyethylene at 
a scattering vector q = 1~-1. The lines are fits of Eqn. (1). 
The quasielastic process is indicated as a broken line 
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The qualitative features and the development of 
the fast process are shown in Fig. 1. The incoher- 
ent dynamic structure factor of sample A is com- 
pared for three temperatures below and above the 
glass transition, respectively. At low T the struc- 
ture factor consists of a purely elastic line indicat- 
ing no dynamics within the spectral range of the 
experiment. 

Increasing temperature then causes the devel- 
opment  of a quasielastic line in addition to the 
elastic component.  It is seen in Fig. 1 that the 
main effect of temperature is an increase of the 
quasielastic intensity at nearly constant FWHM. 

A detailed description of the structure factor 
may be obtained within the two-phase model for 
the partially crystalline polymer [5] as 

Sine(q, (o) = -e~ine~' ,~eryst + (1  - -  ~c/~ine)'~am~ 
qeu2 v 

S .eryst(a o3) : e--5-6(e9) lne \'-/, 

q u 
~meSam~ (o) = e - ~ -  Le - 3 �9 6(co) 

+ (1 - e - ~ - )  e) 2 + (r)2 

(1) 

The elastic part of Sin e therefore carries the inten- 
sity 

A~ = ~ c ' e - ~ -  + (1 - ~c ) ' e - - -~ -  

The intensity of the quasielastic, Lorentzian, part 
is 

AL = (1-- ~ c , . e - @ ( 1 - -  e - ~ )  ; 

ec denotes the crystallinity of the sample. At low 
temperatures it is set to the value obtained in the 
DSC measurement. Its weak T dependence is 
taken from Ref. [5-1.6(c0) is a delta function de- 
scribing the elastic component  of the structure 
factor. The Debye-Waller factor of the system 
consists of two contributions. One is caused by 
the vibrational excitations and leads to a mean 
squared displacement of the average proton 
denoted u 2. It is assumed to apply to the crystal- 
line as well as to the amorphous part of the 
structure factor. The quasielastic component  itself 
is related to a further displacement u 2 which 
weakens the elastic contribution from the 
amorphous phase and shifts intensity to the 

quasielastic line. The latter is represented in Eq. 
(1) as a Lorentzian with F W H M  F. 

In order to fit the experimental data with the 
model given in Eq. (1), one has to take the finite 
resolution of the spectrometer into account. We 
use the purely elastic scattering from the sample at 
low temperatures to obtain the normalized 
resolution function R(co) independent of scatter- 
ing vector q. The data were obtained at constant 
monochromator  position and the intensity at 
a given energy transfer AE is therefore dependent 
on the volume of the resolution ellipsoid [7]. This 
effect is accounted for in the fitting procedure by 
a normalization factor k} cOtOa with k I denoting 
the wave vector of the scattered neutron and OA 
the Bragg angle of the analyzer crystal. This factor 
varies by approximately 2 across the spectra. The 
intensity is therefore given as 

I(q, co) = AR(co)*Sine(q, co)'k}cot Oa (2) 

with a normalization factor A. 
The quality of the fits is shown in Fig. 1 and, in 

more detail, in Fig. 2 for the example of 
a measurement on sample A at 117 ~ and a scat- 
tering vector q = 1~-x. Although the elastic line 
is the dominating part in the dynamic structure 
factor, it is seen in Fig. 2 that the quasielastic 
contribution may be reliably separated. 

The dependence of the F W H M  of the Lorent- 
zian on scattering vector q is displayed in Fig. 3. 
For the case of a diffusion process, one would 
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Fig. 2. Deconvolution of the incoherent structure factor into 
an elastic part, a quasielastic line and a fiat background. This 
spectrum was taken at q = 1/~- 1 and T = 390 K 
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Fig. 3. F W H M  of the quasielastic line in the incoherent ( � 9  
and the coherent ( I )  structure factor of PE. There is no 
dependence on q observ/tble in both cases 
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Fig. 4. Temperature dependence of F for the incoherent ( �9  
q = 2/~-a) and the coherent (0, q = 1.3 A-1) experiment 

expect a relation F ,-~ q2 which is clearly ruled out 
by the results shown in Fig. 3. This finding agrees 
with our previous results [5]. If the microscopic 
type of motion is assumed to be a diffusion pro- 
cess, it would have to be restricted to a volume of 
size 2rCqm~x ~ 3~. 

A further remarkable property of the fast pro- 
cess is its very weak temperature dependence as 
shown in Fig. 4. With the exception of the data 
points just above 260 K there is no significant 
further increase of F with T up to 400 K. In this 
respect, F shows a behavior that is completely dif- 
ferent from that of the ~ process. The latter is 
strongly activated with temperature and its 
relaxation time decreases by several orders of 
magnitude within the temperature range of our 
experiment. 

The dominant  influence of temperature on the 
fast process lies in an increase of the intensity 
found in the quasielastic line with T. In Fig. 5a 
and 5b, we show the variation of the elastic and 
the quasielastic intensity, A~ and AL, respectively. 
These values are obtained from a fit of the inco- 
herent structure factor according to Eq. (2). The 
scattering vector dependence of the intensities is 
indeed found to be well described by the assump- 
tion of an isotropic Gaussian distribution for the 
position of the scattering proton. This leads to the 
Debye-Waller factor used in Eq. (1) of the integ- 
rated intensities A~ and AL. The remaining pre- 
factor in Eq, 2 is determined at low temperatures 

(T = 100 K) where the total scattering is elastic. 
The mean squared displacements (u 2) and @2) 
are consequently relative values referring to 
zero displacements at T = 100 K. Their absolute 
value may be obtained by adding 

2 = 0.06 ~k 2 [5 ,  6]. (uv)T=100 , ,  
Figure 5a displays variation of the elastic inten- 

sity with q for several temperatures together with 
a fit of the q dependence given in Eq. (1). The only 
adjustable parameter for each T is the mean 
squared displacement (u 2) caused by the fast 
process which shows up as a quasielastic line in the 
structure factor. The parameter (u 2) referring to 
the vibrational part of the spectrum which is not 
covered by our measurement is taken from experi- 
ments [5] at larger q and used here as a fixed 
parameter. As a check of consistency we then use 
the thus obtained (u 2) to calculate the variation 
of the quasielastic intensity in Fig. 5b. The agree- 
ment between Eq. (1) and the data is satisfactory. 

We may then study the temperature depend- 
ence of the mean squared displacement (u~) as is 
done in Fig. 6. We include here also the data 
obtained from high resolution backscattering ex- 
periments that have been reported previously [5]. 
Whereas the (u~) measured  on IN10 with an 
energy resolution of 1 ~teV are clearly larger than 
the present results, we find exact agreement be- 
tween IN13 and our results. Obviously, there is an 
additional process contained in the dynamics of 
PE with a frequency in between 1 #eV and 
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Fig. 5. Intensity of the elastic (a) and the inelastic (b) part of 
the incoherent structure factor. The lines are fits of the 
q dependence given in Eq. (t) and allow us to determine the 
mean squared displacement (u~) 

10/zeV. This processes has been identified as the 
/~/7 process [5, 6]. 

The agreement between IN13 and our results 
demonst ra tes  the correctness of the data-evalu- 
ation procedure applied to the backscattering 
data  which do not  cover the full width of the fast 
quasielastic process at all temperatures. (u  2) 
there was obtained from fixed window scans 
measuring the elastic intensity within the resolu- 
tion of the instrument. It shows further that there 
is no additional contribution to the dynamics in 
between 8 #eV and 80 #eV, the resolution of both 
experiments. 

I0~ 0 IN13 (EISF) [6~=8/~eV] i i 
l �9 TAS7 (S(q,w)) [6w=80ueV]  T T 

n /  ~ . �9 . , - ,  . . . .  , , ', , , , . . . .  
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t e m p e r a t u r e  [K] 

Fig. 6. Temperature dependence of (u,2). Above 260 K the 
mean squared displacement of the average proton increases 
strongly with T. The broken lines are guide lines for the eye 

The temperature dependence of the mean 
squared displacement of the average proton in the 
amorphous phase changes drastically at 
T = 260 K. This temperature also marks the ap- 
pearance of the fast process in the dynamic struc- 
ture factor. Work on noncrystalline polymers has 
shown that this temperature is located just above 
the glass transition temperature of the material. 
(u~)  gains an additional temperature dependence 
and increases up to 4/~ 2 at 390 K. 

In partially crystalline linear PE the glass 
transition temperature is not welt defined by ther- 
mal or mechanical experiments. There is no mech- 
anically active process in PE that shows a clear 
WLF behavior and thus leads to a determination 
of T 9. In branched PE samples with low crystal- 
linity one observes the/~ process which has the 
properties of a glass transition, with a Tg around 
250 K. It is interesting to note that our experiment 
on a highly crystalline material now locates the 
onset of a local mode in exactly the same temper- 
ature range. 

B. Coherent scattering 

In order to study the contribution of correlated 
mot ion to the fast process in the dynamic struc- 
ture factor of PE, we have investigated the coher- 
ent scattering from a fully deuterated P E  (sample 
B). The static scattering from this sample 'displays 
an amorphous  halo in addition to the Bragg re- 
flections from the crystalline part  of the sample 
(see Fig. 7). The halo is caused by interchain as 
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Fig. 7. Static scattering from deuterated PE. The arrows 
mark the q positions of the inelastic measurements. The lines 
indicate the positions of the (110) and (200) Bragg reflections 
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Fig. 8. Dynamic  s t ructure  factor of deutera ted PE. The de- 
convolution into elastic and quasielastic intensity is indicated 

well as intrachain correlations. The arrows in Fig. 
7 indicate the scattering vectors at which the dy- 
namic structure factor was measured. 

Whereas the incoherent scattering is given by 
the self correlation function Gs of the scattering 
particles alone, the coherent experiment adds cor- 
relations between pairs of distinct scatterers and 
thus provides access to the full pair correlation 
function. The experimental spectra as shown for 
the example of a scattering vector q = 1.3/~- 1 at 
T = 380 K in Fig. 8 look very similar to the inco- 

herent case of Fig. 2. Again, one observes a fast 
inelastic process which is described by the Lorent- 
zian line as in Eq (1). 

The results for the F W H M  and its dependence 
on q and temperature are included in Fig. 3 and 4. 
The coherent scattering contains a fast process 
with the same characteristics that were deter- 
mined for the incoherent case. The fact that the 
F W H M  F is about 30% smaller may be at- 
tributed to the contribution of pair correlations 
along the polymer chain that decay slower than 
the self-correlation part. There was no difference 
in the q dependence of F between the incoherent 
and the coherent experiment. 

IV. Discussion 

Our results have shown that the amorphous 
phase of partially crystalline PE possesses a local 
mode of motion which is related to the glass 
transition, although it is essentially different from 
the glass process itself. It appears at To ~ 260 K 
and then gives rise to a strong increase of the 
mean squared displacement of the average proton 
with T above To. The F W H M  of the mode is 
nearly independent of temperature up to 390 K 
and corresponds to a characteristic time 
"~ ~ 10  - 1 1 S .  

It seems impossible to envisage a type of 
motion with these characteristics for an isolated 
PE chain. The conformational and dynamic pro- 
perties of such a molecule are described within the 
rotational isomeric state (RIS) model. The poten- 
tial for rotations around a C-C-bond  is schemati- 
cally depicted in Fig. 9. It is obvious from the 
figure that relaxation processes like kink or 
crank-shaft motions would have to cross the po- 
tential barrier of 10 kJ/mol. Their corresponding 
relaxation time would therefore have to show 
a clear temperature dependence which is not pre- 
sent in our experiment. 

An alternative mechanism underlying the ob- 
served mode could be based on low frequency 
vibrational excitations. They correspond to col- 
lective oscillations around the positions of the 
minima in Fig. 9. Although PE chains in the melt 
are coiled, we turn for the moment  to a discussion 
of all-trans chains. The qualitative picture will 
also hold for the melt. Experimentally, these 
modes have been studied using Raman spectro- 
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Fig. 9. Schematic graph of the potential E for rotations 
around C-C-bonds. 4) is the rotation angle 

scopy. For the out-of-plane torsional and bending 
modes, one finds a dispersion relation [8-1, 

co = x/2-f2 sinf cosfi/2, (3) 

where fi is the phase angle between successive 
bonds and co the frequency of the oscillation. The 
value of f2 has been found to be 5'1012 S-1. In 
order to account for the observed line width in the 
incoherent dynamic structure factor, one needs to 
use values of 6 in Eq. (3) that are very close to 0 or 
re, respectively. Approximately 40 successive 
bonds would have to oscillate collectively in order 
to support such a low-frequency excitation. The 
observed mode, however, is of local character, and 
does not show this high degree of collectivity. 

We are therefore led to conclude that neither 
relaxational nor vibrational types of motion of 
a PE chain in its RIS equilibrium conformation 
are in accordance with the properties of the ob- 
served dynamics. In the following we propose 
a speculative explanation of the phenomenon, 
a non-equilibrium soft-mode. Consider again as 
an example an all-trans PE chain with a RIS 
potential as depicted in Fig. 9. If the chain is 
subjected to an external torque the torsion angle 
cp may be transferred to a value near the point of 
inflection of the potential. Oscillations around 
this position will be controlled by an effective 
spring constant which is extremely small as it is 
given by the second derivative of the potential. 
Large amplitudes will become possible, and the 
effect seen in the incoherent dynamic st~ru,cture 

factor will be the sum of a large number of soft 
modes, effectively summing up to a quasielastic 
line. 

We are left with the problem of the origin of the 
external forces. They may be a result of a possible 
heterogeneous dynamic structure of the liquid in 
the temperature regime above T o . As has been 
discussed in the literature [9-11] the system may 
be considered as consisting of solid-like and 
liquid-like regions, The liquid-like chain segments 
then could be subjected to constraints due to their 
frozen environment and are thus forced into 
a configurational state that lies far out of the RIS 
equilibrium. 

In conclusion, we suggest the quasielastic line in 
the dynamic structure factor of the amorphous 
phase in PE to be caused by non-equilibrium soft 
modes of the liquid-like chain segments. 
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