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ABSTRACT: Two-dimensional wide-angle neutron diffraction patterns have been measured successfully
for uniaxially oriented fully deuterated and fully hydrogeneous polyethylene samples by using an imaging
plate system (BI1X-3) installed at the Japan Atomic Energy Research Institute. The detailed data analysis
allowed us to extract the positions of hydrogen atoms in the crystal lattice accurately. The results were
compared quantitatively with those obtained from the X-ray and electron diffraction experiments as well

as the computer simulation result.

Introduction

To discuss the quantitative relationship between
structural and physical properties of a crystalline
polymer in the limiting state we need detailed and
accurate information about the atomic positions in the
crystal lattice. In particular, the positions of hydrogen
atoms are quite important because most of the signifi-
cant intermolecular interactions are hydrogen—hydro-
gen interactions between the neighboring chains, which
may determine the magnitude and anisotropy of such
physical properties as elastic constants.? One of the best
methods to evaluate the atomic positions as accurately
as possible is to perform X-ray structure analysis for a
highly oriented and highly crystalline polymer sample.
Unfortunately, however, different from the single crys-
tals of low-molecular-weight compounds, seimcrystalline
polymer samples exhibit, in general, the wide-angle
X-ray diffraction (WAXD) data of a small number of
broad reflections except for the case of such a large
single crystal as polydiacetylene?® and poly(cis,cis-
diethyl muconate).*#> One key point to overcome this
problem is to collect as many reflections as possible with
exact intensity values. Regarding this point, it may be
valuable to briefly review the various works analyzing
the crystal structure of orthorhombic polyethylene (PE)
as a typical case of the above-mentioned problem, since
this polymer has the simplest chemical formula and
possesses the structure of high space group symmetry.

Since the first report by Bunn, crystal structure anal-
ysis of PE has been tried by the various researchers.5-21
First, we will discuss work on X-ray structure analysis.
Swan® measured the temperature dependence of the
unit cell dimensions for the unoriented PE samples,
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clarifying that the linear thermal expansion coefficient
along the a axis is larger than that of the b axis in the
temperature range from —196 to 130 °C. As one of the
important crystal structure parameters of PE, the
setting angle of the planar-zigzag chain is used, which
is defined as the angle between the skeletal zigzag plane
and the b—c plane. Using the 28 hkO reflections mea-
sured for the PE single crystal, Kawaguchi et al.l®
carried out structure analysis by trial-and-error under
the constraining condition of fixed bond lengths and
angles and reported that the setting angle is almost
constant (ca. 45°) below 0 °C but changes slightly above
0 °C. Kavesh and Schultz!! reported that the setting
angle (¢) becomes larger as the temperature increases
from room temperature (¢ = 45° at 20 °C and ¢ =50° at
100 °C). Their crystal structure analysis was based on
only nine X-ray Bragg reflections collected for the
unoriented sample, where five structural parameters
(scale factor, fractional coordinates, and anisotropic
temperature factors of the carbon atom) were varied to
minimize the difference between the calculated and
observed reflectional intensities. lohara et al.1? reported
the temperature dependence of the mean-squared dis-
placement parameters of the carbon atoms and the
setting angle in the temperature range from —160 to
120 °C based on the X-ray reflection data. In their
analysis they refined seven parameters including the
scale factor, fractional coordinates, and anisotropic
displacement parameters(Uaa, Upp, Uc, Uap) of the
carbon atoms by using the 32 reflections collected by a
Geiger-Muller counter. By utilizing a one-dimensional
position-sensitive proportional counter, Chatani et al.1415
collected the X-ray diffraction data at room temperature
for the various types of PE samples, including both the
unoriented and oriented samples, and reported that the
setting angle becomes larger for the sample with larger
lattice strain. Busing'® measured the X-ray diffraction
profiles of ultradrawn PE fibers from the equatorial line
to the forth layer line using a Mo Ka line as an incident
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beam and analyzed the crystal structure on the basis
of the Rietveld method so that all the observed layer
line profiles could be reproduced as well as possible. His
result seems a little curious from a stereochemical point
of view: CC bond length = 1.509 A and CCC bond angle
= 115.4°. He ascribed these values to the effect of
thermal motion. By introducing the two-dimensional
imaging plate detector system, Tashiro et al. measured
the fiber diagram of uniaxially oriented PE sample up
to the second layer line using a Mo Ko beam,® and they
evaluated the integrated intensities of 68 reflections
after the separation of overlapped reflections by home-
made software for the analysis of digitized reflection
data. They found the carbon-atom positions by applying
the direct method for the so-called phase problem,?° and
they also revealed the positions of hydrogen atoms by
calculating the so-called F, — F; Fourier map, where F,
and F; were the observed and calculated structure
factors for the carbon atoms. However, they could not
refine the hydrogen-atom positions in the least-squares
refinement stage and reset them to the theoretically
derived standard positions. At almost the same time,
Dorset?! applied the direct method to analyze the crystal
structure of PE by using X-ray diffraction data reported
by Kawaguchi et al.13 In this analysis the CC bond
length was 1.59 A, and the CCC bond angle was 106°,
a little different from the standard values. Tashiro et
al.?2 measured the X-ray fiber diagrams of ultradrawn
PE sample as well as the normally drawn sample at
various temperatures. They analyzed the temperature
dependence of various parameters such as the unit cell
constants, setting angle, and anisotropic thermal par-
ameters by using ca. 50—60 reflections on average.
Consistent with the reports by Kawaguchi et al.,'?
Kavesh and Schultz,!! and lohara et al.,’? the slopes of
these structure parameters were found to change around
ca. 10 °C. In addition, the thermal behavior was found
to be different between the normally oriented sample
and the ultradrawn sample. Unfortunately in these
analyses, however, they could not refine the hydrogen-
atom positions even for diffraction data collected at
—100 °C, at which the atomic thermal motions should
be suppressed to some extent. However, this is not
limited to the case of PE sample. Even for the single
crystals of low-molecular-weight compounds giving 5000—
6000 reflections in all, there are many examples in
which the hydrogen-atom positions cannot be deter-
mined accurately.

Another useful method to detect hydrogen atoms is
the electron diffraction (ED) technique. As pointed out
already,?® the electron scattering factor of the hydrogen
atom remains almost constant in a wide scattering angle
range, in contrast to the relatively rapid decrease of the
electron (and X-ray) scattering factor of the carbon atom,
making it preferable to detect the hydrogen atoms than
in the X-ray diffraction case. For solution-grown single
crystals of PE and n-alkanes, Dorset?324 and Ogawa et
al.?> analyzed the crystal structure on the basis of ED
data. Only a brief review is made here because the
details about the thorough structure analysis of these
samples were described well in Dorset’s excellent text-
book.Z% In a relatively early period of ED analysis of
n-paraffin crystals, Vainshtein and Pinsker reported the
“reasonable” structure parameters of CC 1.52 A, CH
1.17 A, CCC 110°, and HCH 105° by utilizing about 90
reflections in all.?6 Afterward many analyses were tried
for n-paraffin single crystals, but the structure param-

Macromolecules, Vol. 37, No. 11, 2004

eters were more or less curious from a stereochemical
point of view. Careful and thorough structure analysis
of ED data was reported by Dorset for both n-paraffin?’
and PE?428 single crystals: the HCH angle was 98° for
n-C3sH7, (total number of reflections = 42) and the CC
= 1.52 A and CCC = 114.3° for PE crystal (51 unique
reflections). They tried to refine the hydrogen-atom
positions also, but the hydrogen positions had to be reset
to the idealized positions after least-squares procedures.
Ogawa et al.?> applied the imaging plate detector for
collecting ED data for PE single crystal and found the
hydrogen atoms by calculating the F, — F, map, but
even the geometry of the carbon skeleton was still
unreasonable: CC = 1.51 A and CCC = 115°. In this
way, despite many efforts in data collection and struc-
ture analysis, ED data cannot give highly reasonable
structure parameters for PE crystal. As pointed out by
Dorset,? this may originate from the multiple scattering
effect occurring in the single-crystal sample: an electron
beam reflected on a lattice plane is diffracted again by
some other lattice plane. The relative intensity of the
observed reflections is modified more or less due to this
scattering effect, resulting in the curious structure
parameters. Dorset indicated several methods valuable
for escape from this burdensome problem: increase in
accelerating voltage, decrease of sample thickness,
analysis based on dynamical scattering theory, etc.23

How can we obtain accurate hydrogen-atom positions
in the crystal lattice of a semicrystalline polymer, in
particular those in the orthorhombic PE? One idea is
to utilize a fully deuterated sample and measure the
wide-angle neutron diffraction (WAND) data since the
heavy hydrogen atom gives appreciably large coherent
scattering power, different from the strong incoherent
background from light hydrogen atom, and this coherent
cross section is comparable to that of the carbon atom.
We know many successful cases for low-molecular-
weight compounds.?® For polymer materials, however,
most of the measurements were made for deuterated
but unoriented samples®®3! or only the equatorial reflec-
tions of oriented samples with or without deutera-
tion.32735 As for PE, Avitabile et al. collected the WAXD
data for deuterated samples at 4 and 90 K.3¢ Their
analysis gave a CC bond length of 1.574 A and CCC
bond angle of 108°, although the reasons are not clear
at present. Takahashi®2 measured 17 equatorial (hkO0)
reflections of a fully deuterated PE sample and analyzed
the temperature dependence of the crystal structure (in
Table 4 of his paper the 27 hkO reflections are listed
but some are overlapped to give an apparent one
observed reflection). Unfortunately, however, a rigid-
rod body was assumed for the PE chain and the
molecular parameters were fixed in the structure re-
finement. In other words, the best use of the merits of
neutron scattering from the deuterated species or the
power to extract the hydrogen-atom positions was not
made. In addition, it is necessary to collect not only the
equatorial hkO reflections but also the layer line reflec-
tions in order to determine the hydrogen-atom positions
as accurately as possible. Langan et al. reported the two-
dimensional neutron diffraction pattern of deuterated
cellulose fibers and successfully extracted the hydrogen
atoms in the hydrogen bonds between the neighboring
cellulose chains.3’ In their experiment they collected the
reflections with a four-circle single-crystal diffractome-
ter equipped with a position-sensitive detector. For
polymer materials, however, it might be better to take
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the two-dimensional diffraction pattern, from which the
shape and relative intensity of the broad and overlapped
reflections can be evaluated accurately, as exemplified
for the structure analysis by using the X-ray imaging
plate detector mentioned above. One decade ago Ni-
imura et al. developed a neutron imaging plate (NIP)
system?38:39 and succeeded to extract the hydrogen-atom
positions in the crystal lattices of proteins.*° The imag-
ing plate detector gave them the highly resolved two-
dimensional diffraction data at a highly quantitative
level. We utilized this NIP system to obtain the fiber
diffraction pattern of uniaxially oriented and fully
deuterated PE samples as a first trial. As a result we
succeeded in finding the hydrogen-atom positions clearly
and refined the crystal structure of orthorhombic PE
with reasonable molecular geometry in a more accurate
manner than that reported in the previous paper.122
In the present paper we will describe the details of
the structure analysis of the PE crystal on the basis of
two-dimensional WAND patterns taken for the uniaxi-
ally oriented fully deuterated PE sample as well as for
the uniaxially oriented normal (or hydrogeneous) PE
sample. At the same time we compare the thus obtained
results with those by the X-ray diffraction data, as
reported before,1%22 and also with the results obtained
from the ED data collected for a solution-grown single
crystal. We believe this first trial will make some
contribution to the development of the structure analy-
sis of polymer crystals with more accurate information
about the atomic positions including hydrogen atoms,
which should be absolutely necessary for quantitative
discussion of the structure—property relationship.

Experimental Section

Samples. Fully deuterated high-density PE (—(CD,CD;)—,
HDPE-d4) was purchased from Merck Chemical Inc. Hydro-
geneous (or normal) high-density PE (—(CH,CH,)—, HDPE-
h4) was supplied by Exxon Co. Ltd. These samples were melted
and quenched into an ice—water bath. Rectangular strips were
cut and stretched by ca. 7 times the original length on a hot
plate, followed by heat treatment at 120 °C for a few hours
under tension. These samples were cut into several pieces of
rods. These oriented rods were bundled together in parallel
to prepare thick samples for the neutron diffraction measure-
ments. A single crystal of HDPE-h, (Marlex 50) for electron
diffraction measurement was grown from p-xylene solution
(concentration 0.01 wt %) at 80 °C for 2 days. Other samples
used for electron diffraction measurement were prepared by
an epitaxial method on a benzoic acid crystal surface (for the
measurement of the Okl reflections) and also by melt-crystal-
lization of a thin film on a KBr crystal with the beforehand-
rubbed surface (for the measurement of the 2kl and 3kl
reflections).?84143 |In the former case, the chain axis was
parallel to the surface of the benzoic acid crystal, while the
chains were tiled by 45° in the latter case. It is said that
inorganic substrates such as KBr often need to be outgassed
in vacuo after cleavage before they can serve as such sub-
strates, but this procedure was not done in the present
experiment.

Measurements. (1) Wide-Angle Neutron Diffraction. A
BIX-3 system (high-resolution neutron diffractometer dedi-
cated to biological macromolecules) built in the JRR-3M reactor
hall of the Japan Atomic Energy Research Institute was used
for measurement of two-dimensional WAND patterns of the
uniaxially oriented PE samples.®%4% A schematic illustration
of the BIX-3 cylindrical camera is shown in Figure 1. The
sample was set vertically on a goniometer head, which was
set on top of a cylindrical camera 40 cm in diameter. An
imaging plate containing Gd.Os, Ba,BF, and Eu?* was initially
positioned around the sample. The monochromatized neutron
beam with a wavelength of 1.51 A was incident on the sample
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Figure 1. Schematic illustration of BIX-3 system.

through a slit 3 mm in diameter. The imaging plate was
defended from y-rays by covering with a lead plate and also
from neutron scatterings coming from outer sources by cover-
ing with a B4C plate. After a predetermined exposure time,
the imaging plate was moved continuously to the lower part
of the camera, during which the reflection data were read by
irradiating a He—Ne laser beam. For one PE sample, two
WAND diagrams with 6 and 12 h exposure time were taken
in order to collect as many reflections of strong to weak
intensities as possible.

(2) Electron Diffraction Measurement. Single crystals were
set onto a carbon-coated collodion mesh from the solution and
put into a transmission electron microscope, JEOL-JEM 1010.
The wavelength of the electron beam was 0.0037 A (100 kV).
The diffracted image was taken by an imaging plate detector
and read by a JEOL DL2000 IP reader. The samples were
tilted in the range from —30° to 30° to collect as many
reflections as possible. To reduce sample damage by an
incident electron beam, the electron beam intensity was
reduced as much as possible with the combination of a highly
sensitive imaging plate detector.*

(3) X-ray Diffraction Measurement. Details have been de-
scribed in previous papers.t®?? The incident X-ray beam was
a graphite-monochromatized Mo Ka line (wavelength 0.711
A). The sample used for the measurement was a ultradrawn
PE sample.

Data Analysis. The two-dimensional diffraction pattern
was analyzed by software developed in-house.'%2?? The position
and integrated intensity of a reflection were evaluated after
separating an overlap of neighboring reflections. The inte-
grated intensity was corrected for the Lorentz factor for
neutron diffraction data. No correction was made for the
absorption effect. The structure factors were evaluated by
taking multiplicity into account. For ED data, the structure
factor was evaluated as a square root of the integrated
intensity with the multiplicity taken into account.?® Quantita-
tive analysis of X-ray diffraction data has been described in
previous papers.1%22

The thus collected structure factor data were used for
calculation of the density map (or electrostatic potential map
for ED), where the phase angles of the reflections were
estimated from the already reported crystal structure informa-
tion for orthorhombic PE.*° Refinement of the atomic positions
extracted from the density map was performed so that the
calculated structure factors became as close to the observed
ones as possible. As described in a previous paper,'® in some
cases, several reciprocal points with almost the same lattice
spacings contribute to the same reflection [e.g., a pair of (4, 1,
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Figure 2. WAND diagrams taken for uniaxially oriented
polyethylene samples: (top) HDPE-d, and (bottom) HDPE-
hs. The chain axis is parallel to the vertical direction.

0) and (3, 2, 0)]. These reflections were separated by assuming
the observed intensity (lopsa) IS @ summation of these reflection
intensities (1)): lobsa = =i li and i = Wilohsa Where wi = mi|Fearcil?/
=i Mi|Fear,i|> with the multiplicity m for the calculated structure
factor Feai. At first the weight w; was calculated on the basis
of the structure revealed by only unique (nonoverlapped)
reflections. After one cycle of refinement, the new w; was esti-
mated by using Fcac,i for the slightly changed structure. This
process was repeated until w; (and the reliability factor R,
defined later, and geometrical parameters) remained un-
changed.

Results and Discussion

WAND Patterns of HDPE-d;, and HDPE-h; Sam-
ples. Figure 2 shows the WAND diagrams taken for the
uniaxially oriented HDPE-d, and HDPE-h,; samples.
HDPE-d, gave a clear and intense diffraction pattern
with relatively low background. In the case of the
HDPE-h, sample, in contrast, the background is quite
strong, making observation of coherent scatterings
difficult. It is noticed immediately that the relative
intensities are very different between these two patterns
and different also from the WAXD pattern. When the
diffraction diagrams of Figure 2 were investigated in
detail, the peak heights were found to be different,
though slightly, at the corresponding positions in the
right and left quadrants. This may come from the
inherent characters of the BIX-3 system. However, the
integrated intensity of the corresponding reflection was
found to be essentially the same between the right and
left quadrants. The structure factors were evaluated
from these integrated intensities after separation of
overlapped reflections into components. Then the neu-
tron density map p(X, y, z) was calculated on the basis
of the following equation

p(X,y, z) =%, 2, 2, F(hkl) exp[—27i(hx + ky + 12)]

where (X, y, z) is the fractional coordinate and F(hkl) is
a structure factor for the hkl reflection

F(hkl) = |F(hkl)| explia(hkl)] = Sx Sy Sz f(hkl) exp
[27i(hx + ky + 12)]
The unit cell parameters were a = 7.43 A, b = 4.93 A,
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Table 1. Atomic Fractional Coordinates and Temperature
Factors of HDPE-d4 Obtained from WAND Data Analysis

atom x/a y/b zlc Biso/A?

C 0.460 + 0.012 0.560 + 0.018 0.25 4.700 £ 0.000
D1 0.490 + 0.023 0.780 + 0.038 0.25 6.818 + 5.368
D> 0.312 + 0.023 0.539 + 0.041 0.25 6.322 + 4.805

¢ (fiber axis) = 2.545 A, and the space group was Pnam.
In this calculation the phase angle a(hkl) of each
structure factor was estimated through calculation of
the structure factors for the carbon atoms, the positions
of which were already known by X-ray structure analy-
sis.19 The neutron density maps are shown in Figure 3,
where some region of the unit cell is magnified for
clarity. In the case of HDPE-d4, the positions of heavy
hydrogen atoms were detected relatively clearly in
addition to the carbon-atom position. The light hydrogen
atoms are detected also for HDPE-hy4, where the density
is a negative value since the coherent neutron scattering
factor of light hydrogen atom is negative. (In Figure 3
the peaks are indicated by dark gray corresponding to
the negative density height.) The F, — F, maps were
calculated by subtracting the contribution of carbon
atoms (F¢) from the observed structure factors (F,). The
Fo - Fc maps are shown on the right side of Figure 3.
The hydrogen atom peaks are seen quite clearly in the
case of both HDPE-d; and HDPE-hs. However, the
geometrical parameters estimated from these positions
were not very reasonable. For example, C—D bond
distances were too long, 1.33 and 1.28 A, compared with
the standard value (about 1.1 A).

Structure refinement was made by least-squares
method so that the agreement between the observed and
calculated structure factors was best. Since the total
number of observed reflections was only 29 (for HDPE-
d4 sample) including accidentally overlapped reflections
(refer to the Experimental Section), the variable pa-
rameters in the least-squares calculation were reduced
to the x, y, z coordinates and the isotropic temperature
factors (Biso) for carbon and hydrogen atoms in addition
to the scale factor. The results are summarized as
follows.

(1) HDPE-d4. The reliability factor (R) was 13.5% for
29 reflections, where R is defined as 100% x Z; (|Fopsdli
— |Featcdli)/Zi| Fobsdli (Fobsd @nd Fcaicq are the observed and
calculated structure factors, respectively). The fractional
coordinates and the temperature factors are listed in
Table 1. Comparison between the observed and calcu-
lated structure factors is made in Table 2. The molecular
parameters are C—C = 1.530 + 0.023 A, C—D; = 1.099
+0.045 A, C—-D, = 1.105 4+ 0.045 A, C-C—-C = 112.6°
+ 2.1°, and D;-C—-D, = 107.3° + 5.7°. The crystal
structure is shown in Figure 4. The setting angle of the
planar-zigzag chain plane measured from the b axis is
42.4° £ 3.3°, almost coincident with the value 44.0° +
0.9° estimated by X-ray analysis.1®22 Since the samples
used in the neutron and X-ray diffraction experiments
are different, the setting angle might be different, strict-
ly speaking, between the two cases due to the difference
in the internal residual strain, the crystallite size,
etc.14717.22 However, as pointed out by Hu and Dorset,28
it might not be significant to compare the setting angles
evaluated by the various methods if the experimental
errors are not very small. To discuss it in more detail
we need to lower the estimation error of atomic positions
as much as possible by increasing the total number of
the observed reflections in the neutron experiment.
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Figure 3. Fourier neutron density maps obtained from the WAND data taken for uniaxially oriented polyethylene samples:

(top) HDPE-d4 and (bottom) HDPE-h,.

Table 2. WAND Structure Factors of HDPE-d4s Sample

hkl F(obsd) F(calcd)
110 99.8 106.3
200 82.6 80.7
210 -34.8 426
020 37.1 43.0
120 -35.0 —44.1
310 -17.8 —16.4
220 —-37.4 —45.7
400 69.4 68.5
410 -20.0 —25.0
130 65.3 64.6
510 55.1 45.9
140 —427 325
600 420 34.4
610 -41.2 -40.6
520 -35.4 285
040 25.5 21.6
430 236 -18.7
140 -39.8 325
610 -30.4 326
240 7.0 4.6
011 113.0 83.9
111 79.4 78.2
201 72.4 66.9
211 74.6 75.1
121 36.0 4.7
221 40.0 46.6
411 35.8 48.4
131 26.8 29.3
141 52.9 61.4

(2) HDPE-h4. The R factor was 19.1% for 17 reflec-
tions. Atomic fractional coordinates and temperature
factors are given in Table 3. Structure factors are listed
in Table 4. The molecular geometry is C—C = 1.527 +
0.089 A, C—H; = 1.107 + 0.201 A, C—H, = 1.103 +
0.319 A, C-C—-C = 112.9° £ 8.1°, and H;—C—H; =

Figure 4. Crystal structure of orthorhombic polyethylene.

107.2° £+ 32.9°. The setting angle is 45.4° + 11.8°. Since
the total number of observed reflections is smaller and
the incoherent background is higher for HDPE-h, than
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Table 3. Atomic Fractional Coordinates and Temperature
Factors of HDPE-h, Obtained from WAND Data Analysis

atom x/a ylb zlc Biso/A?

C 0.460 +£0.012 0.560 +£0.018 0.25 4.700 (fix)
Hi 0.490 £0.023 0.780+£0.038 0.25 6.818 +5.368
H> 0.312 +£0.023 0.539+0.041 0.25 6.322 +4.805

Table 4. WAND Structure Factors of HDPE-h,; Sample

hkl F(obsd) F(calcd)
110 69.5 79.6
200 68.2 50.4
020 67.3 46.0
310 107.5 102.9
220 96.2 113.7
320 —38.0 —43.2
410 —20.2 —22.9
230 -32.5 -17.0
420 43.8 48.1
011 —37.5 —15.0
111 -32.2 —18.2
211 —19.4 —4.7
121 52.4 54.0
311 59.0 59.0
401 74.1 53.9
321 49.7 51.7
421 58.3 56.9
(a) WAXD
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Figure 5. Comparison of (a) the X-ray diffraction pattern and
(b and c) the neutron diffraction patterns of uniaxially oriented
high-density polyethylene between the calculated (left) and
observed patterns. The fully deuterated sample is used for b
and the hydrogeneous sample for c. The WAXD pattern was
observed with a flat imaging plate and transferred to the
cylindrical coordinate system.?® The WAND patterns were
taken with a cylindrical camera.

HDPE-d,, the accuracy of the molecular geometry is
lower in the case of HDPE-h,.

The two-dimensional neutron diffraction patterns are
calculated with Cerius? (version 4.6, Accelrys Inc.) by
using the thus obtained atomic coordinates and are
compared with the actually observed patterns as shown
in Figure 5b and 5¢ for HDPE-d, and HDPE-hy, respec-
tively. The calculation condition was as follows: crys-
tallite size a =b = ¢ =200 A, lattice straina=b=c =
0.1%, and degree of chain orientation 3°. In Figure 5a

Macromolecules, Vol. 37, No. 11, 2004

t‘)*

e
020 220
y s
i 310
S
L2000 40D *
_,—0—-—»&
NS

| 2K2
-~ S %)
NN Cok2

[ v~ 1Kl
PRNS

3kl
2kl

Figure 6. Electron diffraction patterns taken for polyethylene
crystals: (a) hkO reflections for a solution-grown single crystal,
(b) hk1 and hk2 reflections for a sample epitaxially grown on
a benzoic single-crystal substrate, and (c) 2k1 and 3k1 reflec-
tions for a sample which was melt-cooled on a KBr single-
crystal substrate.

the calculated and observed X-ray diffraction diagrams
are also shown for reference. The simulated patterns
are in good agreement with the observed ones for all
three cases.

Structure Analysis by Electron Diffraction Data.
Figure 6a shows the ED pattern taken for a PE single
crystal with the electron beam incident along the normal
to the crystal surface, from which the integrated inten-
sities of the hkO reflections were evaluated. Figure 6b
shows the ED pattern for a PE crystal epitaxially grown
on a benzoic acid crystal surface, from which a series of
Okl, 1kl, and 2Kl reflections were observed. In Figure
6¢ is shown the ED pattern for a PE sample which was
melt-cooled on a KBr substrate with the surface rubbed
beforehand. In this case, the 2kl and 3Kkl reflections were
detected. There were 45 reflections used for structure
analysis. The unit cell parameters were a = 7.46 A, b
=4.98 A, and c (fiber axis) = 2.55 A. By calculating the
electrostatic potential map, the carbon and hydrogen
atom positions were determined as shown in Figure 7.
The structure was refined by least-squares method,
where the (X, y) coordinates and isotropic temperature
factors of both the carbon and hydrogen atoms were
varied. (We did not introduce constraining conditions
to fix the hydrogen-atom positions to fit the idealized
geometry because we wanted to check the convergence
of atomic positions after refinement.) The R factor was
17.6% for 45 reflections. The F, — F; map was calculated
by using the thus refined carbon-atom positions, as also
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Figure 7. Electrostatic potential maps calculated for electron diffraction data taken for polyethylene single crystal.

Table 5. Atomic Fractional Coordinates and Temperature
Factors of Polyethylene Crystal Obtained from Electron
Diffraction Data Analysis

atom xla y/b zlc Biso/ A2

C 0.463 £0.002  0.559 £0.003 0.25 7.120 £ 0.679
H; 0.491 £0.017 0.837+£0.022 025 15.14+4.378
H> 0.297 £0.014 0.530+£0.021 0.25  12.445 4+ 3.849

Table 6. Structure Factors of Electron Diffraction for
Polyethylene Single Crystal

hkl F(obsd) F(calcd)
002 —2.62 —4.08
011 5.05 10.01
020 8.17 9.19
031 2.89 5.68
040 0.94 0.28
110 16.63 26.74
120 —2.44 —4.36
130 2.49 4.21
140 —1.08 -1.39
141 117 4,51
150 —0.98 —0.86
200 14.40 17.93
201 4.96 9.31
210 —3.37 —5.63
211 3.91 8.64
220 4.61 5.22
221 2.19 5.10
230 —1.96 —3.86
231 1.80 5.01
241 0.53 0.08
250 -0.73 -0.82
310 5.23 7.88
311 3.54 7.95
320 —2.60 —4.98
330 127 1.47
331 0.87 1.35
340 -1.34 —2.09
341 0.93 2.23
400 3.80 5.83
410 —2.00 —3.60
420 1.65 1.93
430 -1.61 -3.12
441 —0.30 -0.13
450 -0.79 0.84
510 1.36 2.45
520 —1.60 -3.19
530 1.08 0.65
540 —0.87 —1.58
600 1.04 0.71
610 -1.12 —1.80
630 -1.01 -1.82
650 —0.59 —0.54
720 —0.83 -1.33
810 —0.61 —0.53
820 —0.66 -0.41

shown in Figure 7. The hydrogen-atom positions are
detected clearly, as already pointed out by Ogawa et al.?>
Fractional coordinates and isotropic temperature factors
of C and H atoms are listed in Table 5. Structure factors
are given in Table 6. The molecular geometry is C—C

n-C2gHss, 100kVolt
PE(X-ray)

¥

[1(110)/1(200)1'"?

0-7 1 1 1 | 1
100 200 300 400

Thickness / A

Figure 8. Variation of intensity ratio between the 110 and
200 reflections measured in the electron diffraction experi-
ments for n-CysHsg single crystals with different thickness. The
value at thickness 0 comes from the X-ray diffraction data as
a kinematical limit in an approximation.

o

= 1.506 + 0.015 A, C—H; = 1.404 4+ 0.109 A, C—H, =
1.247 £ 0.103 A, C-C—C = 115.3° £+ 1.4°, and H;—C—
H, = 105.2° £+ 12.6°, and the setting angle of the zigzag
chain is 44.0° £ 2.0°. For reference, the parameters
analyzed by Dorset are C—C = 1.52 A, C—-C—-C=114.3°,
and Bis,(C) = 5.2 A2 and the setting angle = 47°, where
the hydrogen-atom positions were reset to the idealized
positions after refinement cycles.?3725> Similarly, the
parameters reported by Ogawa et al.?> are C—C = 1.51
A and C—C—C = 115° and the setting angle = 46°.
The molecular parameters deduced from the ED data
commonly are not very reasonable to these three
independent analyses, although the total number of
observed reflections was not very small. As Dorset
discussed in detail?® and as explained in the Introduc-
tion, this may come from the so-called multiple scat-
tering effect in the single crystal: the electron beams
diffracted on a set of crystal planes are reflected again
on another different set of crystal planes and the
scattering intensity is modified more or less from the
kinematical limitation value. For example, Figure 8
shows variation of the intensity ratio of the 110 and 200
reflections taken for a series of n-CygHsg single crystals
with different thickness, where the thickness was
estimated by a shadowing method. As seen here, the
intensity ratio between the 110 and 200 reflections
changes remarkably depending on the sample thick-
ness: the thick sample gave an intensity ratio almost
opposite to that predicted for the kinematical limitation
(the X-ray value in Figure 8). A similar situation was
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Table 7. Comparison of Molecular Parameters of Polyethylene between WAND, WAXD, and ED

method c-ca c-c-C C—Hd H-C—H Biso(C) Biso(H) @
WAND? 1.530(23)° 112.6(21) 1.102(45) 107.3(57) 4.19(83) 8.70(118) 42.4 (33)
WAXD 1.537 (8) 111.7 (7) 1.100(fix) 108.1(fix) 4.73(80) 7.97(fix) 43.0 (1)
ED 1.506(10) 115.3(19) 1.323(10) 105.2(16) 7.12(68) 13.8(41) 44.0 (1)

a Units: [C—C, C—H] A, [C—C—C, H—C—H, f] degree, [Bis,] A2. P WAND: for deuterated polyethylene sample. ¢ The parentheses indicate
the standard deviation. For example, 1.538 (38) means 1.538 4 0.038 A. d The averaged value between C—H; and C—H..

already pointed out by Dorset.?3 Figure 8 suggests using
as thin of a single crystal as possible to escape from the
multiple scattering effect. In other words, even when
an appreciably large number of accurately observed
reflections is utilized in the structure analysis, the result
might be different depending on the sample thickness
of the single crystal used in the ED experiment as long
as the analysis is made on the basis of the kinematical
theory. Therefore, it is difficult as a general tendency
to obtain stereochemically reasonable geometrical pa-
rameters when we use PE single crystals of relatively
large thickness, which are grown under normal condi-
tions.

Comparison of Structural Data among WAND,
WAXD, and ED. Table 7 shows the structural param-
eters of orthorhombic PE crystal, which were obtained
by the different kinds of diffraction data: WAND (for
deuterated sample), WAXD, and ED. Analysis of WAXD
and WAND data gave almost the same values for the
structure parameters, although the standard deviations
indicated in parentheses are larger for WAND than
WAXD because of smaller number of the observed
reflections in the former case. However, as for the
hydrogen-atom positions, the large number of observed
reflections does not necessarily give a chemically rea-
sonable geometry, although the standard error may be
smaller. In fact, despite the large number of observed
reflections compared with the total number of variables,
structure analysis based on WAXD data could not give
us the reasonably converged hydrogen-atom positions,
which had to be fixed to the theoretical positions
determined by the conditions of C—H = 1.1 A and
H—-C—H = 108.1°.1%22 This situation was not limited
to the present orthorhombic PE case. In the WAXD
analysis, in general, the position of hydrogen atoms is
quite difficult to determine even for the single crystals
of low-molecular-weight compounds giving 5000—6000
reflections. In the WAND analysis, on the other hand,
the positions of hydrogen atoms were extracted clearly
and reasonable molecular parameters were obtained
even when the hydrogen-atom positions were varied in
the least-squares refinement. The ED data also gave the
hydrogen-atom positions, as seen in the F, — F. map of
Figure 7, but the refined molecular parameters were not
reasonable to a greater or less extent, although the total
number of observed reflections was much larger than
the WAND data. Of course, we should not misunder-
stand that the ED method is not useful for determina-
tion of hydrogen-atom positions. As pointed out in many
times in this paper, the most serious problem in ED
analysis is how to escape from the multiple scattering
effect which modifies the relative intensity of reflections
from the values expected for kinematical theory (see
Figure 8). Since the observed reflections are many in
number and sharp in their shape, ED analysis may give
us quite reasonable structure information when various
considerations are made properly: to use the dynamical
scattering theory, to increase the accelerating voltage,
to decrease the sample thickness, etc., all of which are
mainly for reducing the multiple scattering effect.?3

In the present paper the authors wish to emphasize
the usefulness of WAND data for the extraction of
hydrogen-atom positions in polymer crystals, which had
not been discussed in a quantitative manner. However,
we must not say, of course, that only the WAND
technique is powerful for structure analysis of polymer
crystal. As seen above, the standard deviations of the
geometrical parameters are not very small compared
with those by WAXD and ED. WAXD is the most
convenient technique to collect large numbers of reflec-
tions, which can be used for kinematical structure
analysis. However, unfortunately, the polymer sample
gives the data of small number of broad reflections
except for some special cases of large single crystals.2—5
In this regard, ED is great for collecting many sharp
reflections from a single crystal, but the multiple
scattering effect gives us various problems in the
convenient structure analysis. Therefore, the best way
to obtain accurate and reasonable structure information
for all constituent atoms in the polymer crystal lattice
may be an organized combination of these three types
of techniques, WAXD, ED, and WAND. (As another
method to evaluate the C—H (C—D) distance and HCH
bond angle, one of the reviews suggested performing
neutron-based pair distribution analysis of very high
scattering angle data. At sufficiently high momentum
transfer the major residual contribution to the oscilla-
tory portions of the scattering function would be domi-
nated by the H---H, C---C, and C--H (C---D) pair
correlations. Therefore, one could achieve a good mea-
sure of the C—H (C—D) pair distances if the C-C
distance is well known.)

The thus-collected information about the three-
dimensional coordinates of all the atoms included in the
crystal lattice is useful for various purposes. One typical
example is given here. We often want to predict the
crystal structure of a polymer by performing a potential-
energy calculation. Good choice of potential function
parameters is quite important in such a calculation. As
discussed in a previous paper,*®> we modified the poten-
tial function parameters proposed for PE crystal by
Karasawa et al.*¢ so that the crystal structure param-
eters and vibrational data®® measured at 4 K were
reproduced satisfactorily. Using this potential function
set we performed the molecular dynamics calculation
of PE crystal at 300 K.*> The structure parameters,
which were averaged over a long calculation time range,
were estimated as follows: a =726 A, b =483 A, ¢
(fiber axis) = 2.53 A, setting angle of the zigzag chain
= 43.7°, isotropic temperature factors Bis,(C) = 3.4 A?
and Bis,(H) = 5.1 A2, molecular geometry C—C = 1.50
A, C-H=1.04A C-C-C=115.4°, H—C—H = 106.1°,
and C—C—C—C = 180.0°. Compared with the observed
data shown in Table 7, the molecular dynamics calcula-
tions are not bad as a whole but the potential function
parameters need to be modified further to satisfactorily
reproduce the data observed at room temperature or the
temperature dependence of the structure parameters.
In this way, the refined structure information shown
in Table 7 is important and useful for the various
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problems in the discussion of the structure and physical
properties of PE crystal.

Conclusions

In the present paper we analyzed the WAND data
taken for the uniaxially oriented deuterated and hy-
drogeneous PE samples by utilizing the BIX-3 system
equipped with an imaging plate detector. When the
thus-analyzed structure information is compared with
those obtained by WAXD and ED analyses, the struc-
ture data by the WAND method seems to be accurate
concerning the positions of hydrogen atoms as well as
carbon atoms, although the standard deviations are not
low enough due to the small number of observed
reflections. By changing the wavelength of the incident
neutron beam from 1.51 A to a shorter one, for example,
the number of observable reflections should be in-
creased, making the standard deviations much lower.
It must be noted here that our previous WAXD data
collected by an imaging plate system was not bad or
rather excellent in such a meaning that even the
hydrogen-atom positions could be extracted.®?> Unfor-
tunately, however, the final refinement of the hydrogen-
atom positions could not be made successfully. A similar
situation is seen also for the ED data. Because of the
multiple scattering effect in the single crystal, the
intensity data are more or less modified, resulting in
the unreasonable stereochemical structure despite the
successful collection of so many of sharp reflections. The
WAND data collected for hydrogenous PE sample
(HDPE-h,) gave us the positions of hydrogen atoms,
though the peak heights were negative. In regard we
might use a nondeuterated (or hydrogeneous) polymer
sample for the structure analysis to determine hydrogen
atom positions in the crystal lattice. However, as shown
in the previous section, the background originating from
the incoherent scattering makes evaluation of the
coherent reflections quite difficult (see Figure 5). In
addition, the total number of observable reflections
should be reduced appreciably, as actually exemplified
in the present paper. Although a fully deuterated
polymer sample is difficult to prepare, the usefulness
of this sample is clear as discussed here. We are now
being challenged to the analysis of the crystal structures
of various kinds of deuterated semicrystalline polymer
samples on the basis of WAND experiments with the
two-dimensional NIP system.
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