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Non-Gaussian behavior of crystalline and amorphous phases of polyethylene
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We report on measurements of the incoherent elastic neutron-scattering intgi§dyof polyethylenes
with degrees of crystallinity 0.46 and 0.96 in a widdlength of scattering vectprange from 0.4 to 6.2 At
to observe the deviation from the Gaussian behavior. The non-Gaussian behavior was observed in both the
amorphous and the crystalline phases. The non-Gaussian behavior in the theoretically well-known crystalline
phase can be understood more or less quantitatively in terms of the anisotropy of the mean-square displace-
ment. The result implies that at least a part of the non-Gaussian behavior of the amorphous phase is due to the
same source, while another part may be due to the dynamical heterogeneity inherent to the amorphous phase.

In the incoherent elastic scattering from solids, one ofterroscopically oriented; one measures a polycrystalline aver-
finds deviations from the Gaussian behavior W2 age. Thus, the difference in mean-square displacement along
= aQZ; 2W and « are exponents of the Debye-Waller fac- the chaine and perpendicular to the chain in the crystal
tor and mean-square displacement of the atoms in the diregontributes to the measured non-Gaussian behavior.
tion of the momentum transfe®). These deviations are de-  Incoherent elastic-scattering measurements were per-
noted as non-Gaussian behavior. In amorphous solids, whef@rmed with a triple axis spectromet@P-TAS installed at
the low-frequency excitations are only poorly understbdd, 2 thermal neutron source in the JRR-3M reactor, Tokai. The
one has evidence for localized low-frequency modes fronincident energy of neutrons was 30 meV and the energy reso-
numerical workd=5 so it seems natural to attribute the non- lution evaluated from the full width at half maximum
Gaussianity to these localized modds, the spirit of the soft  (FWHM) was 1.6 meV. Under this condm?n, the spectrom-
potential modét® which postulates a continuous crossover€ter can cover & range from 0.4 to 6.4 A -
from the low-barrier tunneling modes to the additional vibra- After subtractl_ng the empty can scattering, the observed
tional modes. The non-Gaussianity of amorphous po|ymerg1coherent elast|c_ neutron-sgattenryg intensities have been
has been seen even more clearly in elastic measuremerﬁgr_reCted for mqlhple scattering,which affects the results
with good resolutiofr* up to a rather highQ. seriously, espegally at IQW temperatures beled00 K The

In this work, incoherent elastic neutron-scattering mea®bserved elastic-scattering intensity,(Q) of PE with de-
surements have been performed on amorphous and cryst&ltee of crystallinityp was assumed to be a linear combina-
line phases of polyethylene in a wid@ range to see the tion of those of the cry_stalllne phasg (Q) and the amor-
non-Gaussian behavior. One finds a strong non-Gaussianif§ous phasé ,(Q) weighted byp and 1-p, respectively,
also for the crystalline case, where one has no low-frequency
localized modes. It turns out that it is possible to understand lei,p(Q)=Pleic(Q)+(1—p)lea(Q). 1)

this non-Gaussianity in terms of the hydrogen vibrations inUsing the data fop=0.46 and 0.96, we have calculated the

the crystalline.s"[ructure. On the basjs of the rgsults, we Wilk|astic intensities of the crystalline phakg.(Q) and the
dlscuss_ the origin of the non-Gaussian behavior for both th%morphous phase, ,(Q) and the Iogarithms’ are plotted ver-
crystalline and amorphous phases. o ~ susQ? in Fig. 1, wherel ¢ (Q) andl,(Q) are divided by
Two types of polyethylene®E) were used in this experi- g6 4t 10 K to reduce the effects of the coherent scattering.
ment: semicrystalline and highly crystalline PE’s with de- Assuming a Gaussian distribution of the mean-square dis-

grees of crystalllinity 0.46 and 0.96, respective]y. The form'er lacementx (Gaussian approximationthe Q dependence of
was a low-density PESumikasene G806, Sumitomo Chemi- jncqherent elastic-scattering intensity can be described by
cal Industrial Co., Ltd. with a molecular weight of 80 600.

The latter was prepared by fractionating high-density PE 1(Q)=exp(— aQ?). )
(Sholex 6009, Japan Olefin Chem. Dtdnd crystallizing at

129 °C for 15 days. The molecular weight was 11 000. TheThis relation is sustained in a lo®-range in any system
degrees of crystallinities were determined by density meawhether it is amorphous or crystalliflt is clear from Fig.
surements and broadline NMR spectroscopy. It should bé thatl(Q)’s for the crystalline and amorphous phases de-
emphasized that the crystallites in our samples were not magdate from the relation of Eq.2), showing the non-Gaussian
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FIG. 1. Logarithm of incoherent elastic neutron-scattering inten- o2 -9~ §/£ T
sity 1(Q) for crystalline and amorphous phases of polyethylene as —§~ :§ ¢ 3 > —
a function ofQ? at 300 K. Elastic intensity(Q)r_1 was divided 01 [ =% ¢ i
by 1¢(Q)t=10 at 10 K. The solids curves are the results of fits with . . . . | .
Eq. (3) (see text 00 50 100 150 200 250 300 350

TK)
behavior in the highQ range. It was recently showthat the

non-Gaussian behavior arises from many reasons such as dy- FIG. 2. (8) Average of mean-square displacem@rf), (b) non-
namic heterogeneity, microscopic anisotropy, and anharmd=aussian paramete¥, for crystalline and amorphous phases of
nicity. The Q dependence df,(Q) can be approximated up polyethylene as a function of temperature. The lines were drawn by
to the order ofQ* in the following form?1%1! eye.

non-Gaussian parametay, is larger in the crystalline phase
, (3)  than in the amorphous phase. In previous studies on amor-
phous polymerd®!! the non-Gaussian parameter has been
wherea andA, are an average of the mean-square displacellterpreted as a measure of dynamic heterogeneity due to
ments and a non-Gaussian parameter. EquéBpwas fitted ~ different local environments around an individual molecule.
to the observed elastic-scattering intensity to evaluate th@n the other hand, it is obvious that the crystalline phase is
average of the mean-square displacementand the non- More homogeneous than the amorphous phase, at least on a
Gaussian parametéy,. The results of the fits are shown in Molecular level although it is anisotropic; the displacement
Fig. 1 as solid curves, showing a good fit. It should be em©f hydrogen atom is smaller in the direction parallel to the
phasized that the average of the mean-square displacemeffiaina; than in the direction perpendicular to the chain.
« evaluated here does not include the contributiong @t ~ This anisotropy must contribute to the non-Gaussian param-
10 K because the observed elastic-scattering intensity is dgter in the crystalline phase. In the caseagf=0.5 anda,

Aga?

|e|(Q)=EXD( —aQ* Q!

vided by that at 10 K in Fig. 1. The average of theal =1, for example, the non-Gaussian parametgris calcu-
mean-square displacements is given by lated to be 0.08. In the amorphous phase, where neighboring
polymer chains still tend to lie parallel to each other, but
a=agyst 1o ks (4)  with a considerable amount of disorder, the difference be-

wherea,, « is the average of the mean-square displacementtsweena” and a, will still persist, but could be smaller than

. in the well-ordered crystalline phase.

densiy of vibrational Statdéfor the lowregtiency modes T Mea-square dispiacement of the amorphous phase
below)f/v15 meV and from the normal-modeqcalcuéﬁﬁ)for has a larger value than that of the crystalline phase, as seen
the high-frequency modes such as bending and stretchi i Fig. 2@). Representing the excess value/y, the mean-

n ; .
modes. The contribution of the former &g,k is 0.0042 and &mare displacement in the amorphous phase can be de-

0.0108 X for the crystalline and amorphous phases, respec§cr'b‘ad by

tively, and that of the latter is 0.011%or both the phases. v+ Aa (5)

Then, the observed average of the mean-square displacement a e '

@ops and the non-Gaussian parametgy were corrected for If we assume thaA« is the same for all hydrogen atoms in
the effects ofa;ox. The correctedr and A, are plotted in  the amorphous phase, termedmogeneous assumptjand

Figs. 2a) and(b), respectively, for the crystalline and amor- the anisotropy of the mean-square displacement in the amor-
phous phases as a function of temperature. The average BRous phase is the same as that in the crystalline phase, the
the mean-square displacement in the amorphous phage hon-Gaussian parameté¥,, of the amorphous phase is
larger than that of the crystalline phasg. This result is  given by

very natural because motions of hydrogen atoms in the crys-

talline phase are suppressed much more than in the amor- A —A Qe ©6)
phous phase. On the other hand, it is very interesting that the 0a= 0\, [



RAPID COMMUNICATIONS

PRB 61 NON-GAUSSIAN BEHAVIOR OF CRYSTALLINE AND. .. R6453
Using the observed,, a,, andAq. we calculated the non- 0.8 ' ' ' o this work
Gaussian parametéy, , of the amorphous phase through Eq. polyethylene S Mertes
(6) and plotted as diamonds in Fig. 2. The calculated’s e b crystalline S Myers ot ai i
[ =Aoc(ad/az)?] are almost independent of temperature and % Kiagawa otal
at around 0.1, which is rather smaller than the obsefgd for carbon
Note that the calculatef, (e a,)? will probably overes- < 04 [ ¢ .
timate the non-Gaussianity from the chain anisotropy in the ® °
amorphous phase because this anisotropy will tend to be les Q/é @ © o
marked in the presence of a strong disorder. Hence, the fac 0.2 | —0-0% x 7
A0’a>A0YC(aC/aa)2 suggests that theomogeneous assump- a
tion is not valid for the excess mean-square displaceent 0 AN ! L ; !
in the amorphous phase, i.e., the additional mean-square dit 0 50 100 150 200 250 300 350
placementAa must have a distributiotheterogeneous as- T(K)
sumption which may be mainly caused by heterogeneous
environments around individual atoms. Under théteroge- FIG. 3. Comparison of non-Gaussian paraméjgin crystalline
neous assumptior‘the non-Gaussian parameméya of the phase of ponetherne(,O): this work, (.) neutron diffraction of
amorphous phase is described as d-PE, MertegRef. 16, (A): incoherent elastic neutron scattering of
uniaxially oriented PE, Lynckt al. (Ref. 17, (A): incoherent elas-
. 2 m Aa 2 tic neutron scattering of uni_axially ori_ent_ed PE_, Myers and _Ran-
AOa:AOcQ _\ . 7) dolph (Ref. 18, (V): calculation on_unlaX|aIIy oriented PE, Kita-
! “\ag/ Aa? aa/ gawa et al. (Ref. 19, (x): calculation of temperature factor of

carbon in crystalline phase, Kitagawaal. (Ref. 19. The line was
The heterogeneous distribution of the excess mean-squagieawn by eye.

displacement produces an additional contribution to the non-

Gaussian parametéfA o — Aa®)/Aa’}(Aalay)®. The dif-  present valudsee Fig. 3 These small values must be be-
ference between the observedl,, and the calculated cayse the crystallinity of the used sample was not i&§h-
Aoc(acl ay)® may be attributed to the additional contribution 90%) and the uniaxial orientation of chain axis was not per-
originated from the heterogeneous distribution of the excesfect. The Debye-Waller factors of uniaxially oriented PE
mean-square displacement. As seen in Fi9),2he differ-  were calculated by Kitagawa and MiyazaWéor the same
ence betweer;, andAq(a./ a,)? is ranging from 0.05 to  condition as the experimeht.The non-Gaussian parameters
0.1, corresponding to the contribution of the heterogeneity of\, evaluated from the calculated Debye-Waller factors par-
the amorphous phase. Note that the value of 0.05 to 0.1 is thellel and perpendicular to the oriented direction are plotted in
lowest because the anisotropy in the amorphous phase musig. 3, which are larger than the values of Lyrethal 1’ and
be smaller than in the crystalline phase. This heterogeneitylyers and Randolpfi but still smaller than the value @
may be an indication of vibrational localization of low- of this work. Kitagawa and Randolphalso calculated the
frequency modes in the amorphous phasethe following  temperature factor of carbon atoms for the b, andc di-
we will compare our results for the crystalline phase withrections in the crystalline phase. The non-Gaussian param-
literature data, experimental as well as theoretical ones, ieter A, evaluated from the calculated temperature factors is
order to confirm whether or not the present results are reaalso shown in Fig. 3 and is close to the observed value of
sonable. Ao . Although the values of\,. in Fig. 3 show a strong
Temperature factor® of carbon and deuterium atoms scatter, these comparisons show that the non-Gaussian pa-
were estimated for tha, b, andc directions in the crystal- rameterA, in the crystalline phase surely arises from the
line phase of deuterated polyethylef@PE) at 5, 80, and anisotropy of the mean-square displacements and the values
300 K by neutron-diffraction measurememsOn the basis are not far from the present observation.
of the data, we calculated the average of the mean-square As for the amorphous phase, there are no experimental
displacements and the non-Gaussian parameAgy, of the  data which can be directly compared with the present result
crystalline phase. Correcting the mass effect, the average aithough some experimental works have reported the mean-
the mean-square displacements calculated from the tempersguare displacement of PE in the amorphous pHa&eRe-
ture factorB (=8m2a/3) shows a good agreement with the cently, Roe performed a molecular-dynamis4D) simula-
present data while the calculated non-Gaussian parameton on an amorphous polyethylene mddeind calculated
Ao is larger than the present result, especially at 5 and 80 Khe mean-square displacement and the non-Gaussian param-
as shown in Fig. 3. This disagreement is due to a large areter as a function of time. The present measurements of the
isotropy of the temperature factor at 5 and 80 K. Neutronnon-Gaussian parameter were performed in a frequency do-
scattering measurements were also performed by Lynchain with an energy resolution FWHM of 1.6 meV, approxi-
et all” and Myers and Randolphon highly stretch-oriented mately corresponding to a time ef0.8 ps. Then, the non-
PE to obtain the Debye-Waller factor parallel and perpenGaussian parameters of the MD simulation are plotted in Fig.
dicular to the oriented direction. The averages of the mear4 att=0.5 and 1 ps for comparison with the experimental
square displacements evaluated from these experimemnslue. The values ofg, from the MD simulation are around
agree with the observation in this work. However, the non-at 0.15-0.2. This value is larger than the non-Gaussian pa-
Gaussian parametefg evaluated from the anisotropy of the rameter due to the anisotropyy (a./@,)?, suggesting that
macroscopically oriented sample are much smaller than thihe contribution of the dynamic heterogeneity to the non-
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FIG. 4. Comparison of non-Gaussian parameigrin amor-
phous phase of polyethylen@®): this work, (A): MD simulation
by Roe(Ref. 22 att=0.5ps,(A): at=1 ps. The line was drawn by

eye.
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which suggest the vibrational motions observed here are har-
monic. However, the anharmonic effect may not be negli-
gible above the glass transition temperatdig [~200 K
(Ref. 23].

In summary, we have shown that the crystalline phase of
polyethylene shows a clear non-Gaussian behavior as well as
the amorphous phase. It was surprisingly found that the
evaluated non-Gaussian paramefgj. in the crystalline
phase is larger than thét,, in the amorphous phase while
the mean-square displacement in the crystalline phase is
smaller than in the amorphous phase. The predicted value of
Ao, under an assumption of the homogeneous distribution of
the additional mean-square displacemdnt in the amor-
phous phase is smaller than the observed one, suggesting that
A« has a distribution probably due to the heterogeneous lo-
cal environments around the individual molecule in the
amorphous phase. In other words, the non-Gaussian param-
eter in the amorphous phasg, involves contributions due
to the dynamic heterogeneity in addition to the anisotropy of

Gaussian parameter is not negligible in the amorphous phasge displacement.

but it is slightly lower than the observed valueA,. This

may suggest that PE in the MD simulation is less heteroge- We are grateful to Professor T. Odagaki, Dr. R. Zorn, and
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