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Abstract: The development in the crystal structure analysis of synthetic polymers using the hy-
bridized combination of wide-angle X-ray and neutron diffraction (WAXD and WAND, respectively)
techniques has been reviewed with many case studies performed by the authors. At first, the tech-
nical development was reviewed, in which the usage of high-energy synchrotron X-ray source was
emphasized for increasing the total number of the observable diffraction peaks, and several examples
were introduced. Secondly, the usage of the WAND method was introduced, in which the successful
extraction of hydrogen atomic positions was described. The third example is to show the impor-
tance for the hybrid combination of these two diffraction methods. The quantitative WAXD data
analysis gave the crystal structures of at-poly(vinyl alcohol) (at-PVA) and at-PVA-iodine complex.
However, the thus-proposed structure models were found not to reproduce the observed WAND
data very much. The reason came from the remarkable difference in the atomic scattering powers
of the constituting atomic species between WAXD and WAND phenomena. The introduction of
statistical disorder solved this serious problem, which reproduced both of the observed WAXD and
WAND data consistently. The more systematic combination of WAXD and WAND methods, or the
so-called X-N method, was applied also to the quantitative evaluation of the bonded electron density
distribution along the skeletal chains, where the results about polydiacetylene single crystals were
presented as the first successful study. Finally, the application of WAND technique in the trace of
structural changes induced under the application of external stress or temperature was described.
The future perspective is described for the development of structural science of synthetic polymers
on the basis of the combined WAXD/WAND techniques.

Keywords: wide-angle X-ray diffraction; wide-angle neutron diffraction; crystal structures; crystalline
polymers; X-N method; bonded electron density distribution; phase transition

1. Introduction

Since polymer science was started in early 1900s, X-ray crystal structure analysis
has been playing an important role in the study of the structure-property relationship of
synthetic polymers viewed from the atomistic level [1-5]. Unfortunately, in contrast to
the remarkable progress of the X-ray structure analysis of single crystals of low-molecular-
weight compounds, the developing pace of the crystal structure analysis of polymer mate-
rials is quite slow. There are still many unsolved problems even for such representative
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polymer substances as polyethylene, isotactic polypropylene, atactic poly(vinyl alcohol),
poly(ethylene terephthalate), and so on.

The analytical techniques of crystal structures based on the X-ray diffraction theory
have been developed stepwise by introducing the various ideas: (i) how to collect the
larger number of the X-ray diffraction peaks, (ii) how to analyze the position and integrated
intensity of the broad and overlapping peaks in a quantitative manner, (iii) how to find the
initial models consistent with the thus-analyzed data, and (iv) how to refine the models
so that the observed data can be reproduced not only for the integrated intensity but
also for the one-dimensional and two-dimensional diffraction patterns [5]. By finding the
various technical methods to solve these problems, for the first time, it may be said that
we obtain the most plausible structure model. The authors dare to use such ironic words
as “the most plausible model”. Even after the completion of the data analysis using the
above-mentioned techniques; unfortunately, we might have still serious problems about
the thus-derived structure models. The reasons come from such a real situation that the
total number of the observed diffraction peaks is limited to only several tens, at best, for
many kinds of synthetic polymers. In order to find the correct answer about the structure,
in general, the total number of the observed diffraction peaks must be 3-4 times larger
than the total number of structural parameters to be determined (the positional coordinates
and thermal parameters of the atoms). For example, a unit cell is assumed to consist of M
crystallographically asymmetric units, which are related to each other by the space group
symmetries. The N atoms are assumed to be contained in one asymmetric unit. The total
number of atoms in the unit cell is MN. However, it is enough to find the coordinates
and thermal parameters of the N atoms in one asymmetric unit, since the information of
the other units is obtained by the symmetry relations. The independent parameters to
be determined are the (x, y, z) coordinates and one global isotropic temperature factor
B of the N atoms, then the total number of parameters should be 3N + 1 + 1, where the
last “1” comes from the scale factor to adjust the total sum of the diffraction intensities
between the observed and calculated values. If N = 10, the total number of parameters
is 32. Then, we have to collect 32 x 3~32 x 4 = 96~128 diffraction peaks. The number of
the actually observed diffraction peaks is only 20, for example. In order to escape from
such a physically difficult situation in the X-ray structure analysis of synthetic polymers,
people have been seeking the various ideas. One successful technique is to use an X-ray
source of higher energy or an X-ray beam of shorter wavelength to collect more number of
diffraction signals. For example, the usage of synchrotron X-ray beam of wavelength 0.33 A,
instead of the 1.54 A beam often used in the laboratory X-ray equipment, can increase the
observable number of diffraction spots by one order, as will be shown concretely in a later
section. This technique can overcome one of the requirements necessary for the accurate
structure analysis. The remarkable progress in the X-ray detectors cannot be forgotten.
The development of so-called two-dimensional photon counter makes it possible to collect
the digitized diffraction data at a higher signal-to-noise ratio in a wide dynamic range of
1-10° photons in a short time, which can be treated quantitatively by using the various
excellent computer programs to collect an accurate set of diffraction data (the indices and
integrated intensities of the separated peak components).

The neutron diffraction method is one of the most useful techniques complementary
to the X-ray method. We can use the bulky sample and analyze the diffraction data by
using essentially the same concept of the reciprocal lattice. Since the atomic scattering
powers are different between the X-ray and neutron beams depending on the atomic
species, the structure information derived from these two analyses can mutually check the
reasonableness of the derived structural model, as will be described in a later section. For
example, the X-ray wave is diffracted by H atoms. However, the scattering power of H
atom is quite low compared with the other heavier atomic species (C, O, etc.) since the
scattered X-ray intensity is proportional to total number of electrons. Contrarily, the D atom
can scatter the coherent neutron wave with a larger scattering amplitude comparable to that
of C atom. This situation may make it possible to determine the H (D) atomic positions in
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the unit cell by analyzing the neutron diffraction data collected for the deuterated sample.
The information of H atomic positions is indispensable in the quantitative prediction of
the anisotropic physical property of the crystal phase, because the intermolecular non-
bonded H ... H interactions, in addition to the conformation of the skeletal chains, have
the most serious effect on the anisotropic property. More generally, as mentioned, the
atomic scattering power of neutron is not necessarily simply related to the total number of
electrons, but it is sensitively dependent on the atomic elements. For example, the heavy
iodine atom gives quite weak neutron scattering compared with the C and D atoms. As a
result, the structure model derived by the detailed X-ray diffraction data analysis might
be overridden by the neutron diffraction analysis. The concrete examples will be shown
in a later section. In this way, the organized combination of X-ray and neutron diffraction
techniques may be one of the most powerful methods to determine the crystal structure
and the structure—property relation of synthetic polymers with high reliability.

Unfortunately, however, the literature challenging this hard theme has been limited
in the long history of polymer science. The threshold to approach the neutron diffraction
study of synthetic polymers is high compared with that of the X-ray method in the various
points. For example, in the neutron experiment, the H atom gives overwhelmingly large
incoherent background but the D atom gives rather strong coherent signal, so we need to
prepare the deuterated samples to collect the coherently diffracted data necessary for the
structure analysis. Collaboration with the chemists is desirable to prepare the deuterated
polymer samples [6]. Another high barrier is how to increase the power of incident neutron
beam. At present, the neutron source, which is obtained by a nuclear fission of 2351 in the
reactor or by the spallation of heavy atom by the bombardment of high-energy protons, is
not very powerful compared with the X-ray beam (for example, synchrotron X-ray beam).
Therefore, the neutron diffraction experiment must be performed by irradiating the beam
on a sample of a large volume (a few mm-—cm size) for a long time (several hours to days).
Because of these serious situations, the neutron diffraction experiment is still minor in the
structure analysis of synthetic polymers, although this situation is now changing gradually
through the development of neutron facility.

Of course, the structure analysis is not carried out only by the X-ray and neutron
diffraction techniques. The utilization of such other analytical methods as vibrational
spectroscopy, solid-state NMR spectroscopy, electron diffraction technique, computer sim-
ulation method, and so on may be able to fill the unknown or ambiguous parts of the
structural information derived by the X-ray and/or neutron analyses [5]. These analyt-
ical techniques have their own excellent characters and give us the unexpected ideas or
knowledge useful for the forward advancement of the structure analysis. However, in the
case of electron diffraction method, for example, it requires an ultrathin film to avoid the
strong absorption of electron beam by the sample. Moreover, the range of the observable
diffraction angle is limited due to the limited spatial area. The multiple scattering effect
of the electron signals inside a single crystal may modify the relative intensity among the
diffraction signals and make the situation appreciably complicated [5,7]. Recently, the
so-called cryo-type transmission electron microscope has become popular for obtaining
the direct images of giant protein molecules [8]. In a near future, the application to the
synthetic polymer substance might be tried. At present, however, the electron diffraction
method has serious limitations in the structural analysis of synthetic polymers.

In this way, we have described the reasons why the combination of X-ray and neutron
diffraction methods is indispensable for the reliable crystal structure analysis of synthetic
polymers. In the present paper, we will review some of our research accumulated by using
the synchrotron high-energy X-ray beam and the wide-angle neutron diffraction system.
The thus-obtained structure information has made it possible to understand the physical
properties of the synthetic polymers from the atomic level. In an extreme case, the study
of the bonded electron density distribution along the polymer chain has been performed
successfully, which might be one excellent test case for the future progress in the structural
science of synthetic polymers from the electronic level [5].
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2. Experimental Systems
2.1. X-ray Diffraction System

As mentioned above, the accurate structure analysis of a polymer crystal needs as
many diffraction peaks as possible, which must be collected in a wide diffraction angle
and at the high signal-to-noise ratio. It is much better to use the X-ray beam of as short
a wavelength as possible. The practically useful X-ray beam is that generated from the
synchrotron light source. The wavelength of 0.33 A is used in our studies. The reason why
we need to use the X-ray beam of such a shorter wavelength comes from the principle of
X-ray diffraction by the crystal lattice [5]. As seen in the textbook, the so-called Bragg’s law
of reflection is given as

2dpy sin(6) = A @

where dyy; is the stacking spacing of the ikl planes, and 20 is the Bragg diffraction angle.
Equation (1) is equivalent to the following equation:

k= (ks — ki)/N = pua* 2

The k; and ks are the unit vectors representing the directions of the incident and scat-
tered X-ray beams, respectively; | ki | = | ks | =1. These two vectors are different in direction
by the angle 20. The k is the scattering vector and it has a magnitude | k| = (2/A)sin(0). The
pui” is the reciprocal lattice vector with the magnitude 1/dpy. The Equation (2) indicates
that the Bragg reflection should occur when the scattering vector k is equal to py*. This
geometrical relation can be understood by calling the concept of Ewald sphere. The Ewald
sphere of radius 1/A is set at the sample position. The origin of the reciprocal lattice space
is coincident with the edge of the sphere (Figure 1). It is said that the Bragg reflection from
the hkl planes occurs when the vector pj* crosses the Ewald sphere. The diffracted X-ray
signal goes toward the direction connecting the sample and the crossing point at the Bragg
20 angle. The total number of the reciprocal lattice points crossing the sphere is equal to
the number of the observable diffraction spots. Therefore, the total number of the observed
diffractions increases if the radius of the sphere becomes larger. In other words, the larger
number of the observed diffraction peaks can be collected by using the X-ray beam of
a shorter wavelength. Figure 2 shows one typical example demonstrating this situation
clearly [9]. The sample is highly oriented Polyethylene fiber. Compared with the data col-
lected using an X-ray beam of a longer wavelength (Cu-Ke, 1.54 A, and Mo-K«, 0.71 A), the
usage of synchrotron X-ray beam of 0.33 A gave a one-order-larger number of the observed
peaks. Another important point is to use the detector of a high sensitivity covering a wide
intensity range (1-10° photons). The digitized photon-counters are now quite popular in
the X-ray scattering experiments. However, these detectors are not necessarily fitted to the
experiment of the polymer materials. The size of one pixel of the detector is desired to be
as small as possible. Of course, the higher spatial resolution is better since the profile (or
shape) of the observed diffraction peak is important in the structure analysis of the polymer
material, different from the small and sharp peaks obtained for the single crystals of small
molecules. The usage of an imaging plate is useful for the polymer materials since the pixel
size is appreciably smaller than that of the popular photon counting detector.
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Bragg’s equation

Kk = p*hu

220

\ (@) 200 a*1

220
°

real lattice reciprocal lattice

Figure 1. Ewald sphere and Bragg’s reflection. The crossing point of a scattering vector k with a
reciprocal lattice point ikl causes the Bragg’s reflection on the 1kl planes of the spacing dj; in the real
lattice. The shorter wavelength of an incident X-ray beam gives the larger Ewald sphere, increasing

the crossing points.

0.33 A (synchrotron) cylindrical camera 0.71 A (Mo-Ka) cylindrical camera
v —— - L4 N L2
L2 R e WA L 1
LO " -uom‘o“nu " LO
EEREEREL N - WIS
b

- . L1

Figure 2. 2D wide-angle X-ray diffraction patterns measured for an ultra-drawn polyethylene sample
using the X-ray beam of the various wavelengths. L indicates the layer line [9].
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2.2. Neutron Diffraction Systems

The wide-angle neutron diffraction data are measured mainly by two methods. One is
to use the monochromatized neutron beam originated from the atomic reactor, and another
one is to use the neutron pulses generated by the so-called spallation method.

2.2.1. Monochromatic Neutron Beam

The neutron is created by a nuclear fission of °U species. The most representative
neutron facility in Japan is JRR-3 of the JAEA (Japan Atomic Energy Association [10]).
The neutron beam of a unique wavelength is extracted as an incident beam using such a
monochromator as silicon single crystal (Figure 3a). The thus-obtained neutron beam is not
very powerful. Therefore, a highly sensitive detector must be used. The 2D imaging plate
specialized for the neutron signal collection is useful, which is installed in the BIX-3 system
of the JRR-3 [11]. The sample must have a large volume of about 5 mm x 5 mm x 5 mm.
A long exposure time of several tens of hours is needed to obtain the diffraction data at
relatively high signal-to-noise ratio.

|~ Pb (y-ray)
 _ IP(Gd,0.+
Ba,BF+Eu™)
neutron beam D

slt  sample
e beam

stopper

<> {—8C

(external neutron)
r— IP reader

B.C

(external neutron)
shutter /\
K 11 o beam

g s stopper

monitor

neutron beam

Si(111)

Pb (y-ray)

Camera Body without 2-Layer Shield

IP(Gd,0.+ Ba,BF+Eu*)

(b) ©

SNS

MLF

Figure 3. (a) A BIX-3 system set in the JRR-3, (b) a neutron pulse generation system in the MLF
(Materials and Life Science Experimental Facility) of J-PARC by utilizing a proton (p*)-bombardment-
induced spallation of mercury, and (c) an iBIX system set in the beam line 03 of MLF. In (b), LINAC:
linear accelerator, RCS: rapid-cycling synchrotron, and SNS: spallation neutron source with mercury
target vessel (the picture).
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2.2.2. Neutron Pulses

The proton particles accelerated almost closely to a light velocity are bombarded to a
liquid Hg tank, from which the strong neutron beams are scattered through the nuclear
fission. The radially emitted neutron beams are led toward the individual experimental
hatches (Figure 3b). Since the protons are injected discontinuously at a constant period,
the neutron signals are pulses, which consists of the various neuron waves of the different
wavelengths or the different velocities (v). The neutron signals scattered by the sample
reach the detector at the different timing. This is called a TOF (time-of-flight) method.
Using the de Broglei’s equation (A = h/(m,v)), the Bragg equation is expressed as

2d sin(0) = A = h/(mov) = t(h/my)/L 3)

where 1, is a neutron mass, h is a Planck constant, L is a flight distance of the neutron,
and ¢ is a flight time (L = vt). One detector set at a fixed 26 direction collects the neutron
signals of the various d spacings at the different timings. The thus-accumulated 3D data as
a function of (x, y, t) coordinates are converted to a series of the 2D diffraction patterns of
(1/dy, 1/ dy) coordinates at the different ts.

2.2.3. Sample Preparations for WAND Experiments

The polymer samples for the X-ray diffraction measurements should be as highly
crystalline and highly oriented as possible in order to obtain the good diffraction patterns
of many mutually separated peaks. The samples necessary for the WAND experiments
must be the deuterated polymer species. Moreover, their volumes must be large to obtain
the signals of high signal-to-noise (S/N) ratio. The reasons for the usage of deuterated
samples are understood from Table 1.

Table 1. X-ray and neutron scattering powers of the various atomic species.

Atomic Species H D C (0] K* I-
Number of electrons 1 1 6 8 18 54
Coherent neutron scattering amplitude (10~ cm) —3.74 6.67 6.65 5.80 3.67 5.28
Coherent neutron cross-sectional area (10724 cm?) 1.76 5.59 5.55 423 1.69 3.50
Incoherent neutron cross-sectional area (10724 cm?) 80.27 2.05 0.00 0.00 0.27 0.31
X-ray scattering factor at 20 = 0° 1 1 6 8 18 54

The X-ray scattering power is stronger in the order of the total number of electrons
surrounding the nucleus. In contrast, the light H atom strongly scatters the incoherent
neutron signals, which are observed as the strong background to cover the weaker coherent
signals. On the other hand, the incoherent scattering from the D atom is overwhelmingly
smaller. The D atom can scatter the coherent neutron signals relatively strongly, and the
scattering power (cross-sectional area) is almost comparable to that of C atom. In fact, as
seen in Figure 4, the hydrogenated high-density polyethylene (HDPE-h4, -[CH,CH;]x-)
and the deuterated polyethylene (HDPE-d4, -[CD,CD;],-) samples give the remarkably
different diffraction patterns. The HDPE-d4 sample shows the clear diffraction pattern with
weak background, while the PE-h4 sample exhibits the appreciably strong background and
the quite weak coherent Bragg diffraction peaks. In addition, as mentioned already, the
sample size must be large, about 5 mm diameter and 5 mm length. Such a large sample
is difficult to prepare, and a bundle of the highly drawn rods was used as a sample in
our experiments.
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(a) HDPE-d4
{100 K}

PR . LA
- el N
= 3

{b) HDPE-d4

wo

{c) HDPE-h4
(300 K)

Figure 4. 2D wide-angle neutron diffraction patterns measured for uniaxially oriented polyethylene
samples (HDPE-d4 at 100 K and 300 K and HDPE-h4 at 300 K).

3. Several Examples of X-ray Crystal Structure Analysis of Polymers

To demonstrate the usefulness of the WAXD data analysis in the structure analysis
of synthetic polymers, we will show here several examples of the crystal structures of
biodegradable polymers.

3.1. PLLA « Form

The high-energy synchrotron X-ray beam (of a short wavelength) gave us the beauti-
ful 2D diffraction pattern of the uniaxially-oriented poly(L-lactic acid) (PLLA, -[CHCHj;-
OCOJx-) « form. By using about 700 diffraction peaks, the accurate crystal structure was
derived as shown in Figure 5 [12]. This structure satisfied both of the observed X-ray and
neutron diffraction data quite consistently. The molecular chains take approximately the
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10/3 helical conformation, that is, the 3-turn helix consisting of 10 monomeric units in
the repeating period along the chain axis. In more crystallographically strict expression,
these chains do not possess any symmetry, slightly deformed from the regular helix. The
ultimate Young’s modulus along the chain axis and the 3-dimensional elastic constants
matrix were predicted by the lattice dynamical calculation based on the thus-determined
crystal structure [13].

Synchrotron (A = 0.33 A)

(a)

Mo-Ko: (A = 0.71 A)

Cu-Ko (A = 1.54 A)

e SN

‘5% &
‘:Q.
S .

ARSI 00 -

““__;“

o
(@)
N—"

Intensity

10 12 14 16 18 20

116

(d) PLLA(a) WAND hke 2%

calcd

426
136

Intensity

3. 106
i
é j‘ !'\f\ L/A\ A». obsd
= N/ L\j -/ ‘\1/\'\"‘
20 l ‘310‘ ' 40 l 50
6 8 10 12 14
2theta/degree 20/ degree

Figure 5. (a) 2D WAXD patterns of an ultra-drawn PLLA (« form) measured by the X-ray beams
of various wavelengths, (b) the crystal structure of PLLA « form, (c) the comparison between the
observed and calculated X-ray diffraction profiles along the equatorial (#k0) and the 6 layer line
(hk6), and (d) the comparison of the WAND profile (hk6) [12].

3.2. PLLA/PDLA Stereocomplex

The blend samples between the optically enantiomeric PLLA and PDLA (poly-D-lactic
acid) chains at the 3/7-7/3 molar ratio were found to produce the so-called stereocomplex
in the solid-state after cooled from the melt [14]. The detailed X-ray data analysis gave
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the crystal structure shown in Figure 6 [15]. Both of the PLLA and PDLA chains take the
3/1 helices, but their handedness is opposite. So far, the structure of the space group R3c
had been utilized popularly for the stereocomplex, in which the pairs of PDLA and PLLA
chains are packed regularly and alternately side by side under the 3; helical symmetric
constrains [16]. However, the R3¢ structure model requires the serious constraints on both
the chain conformation and the chain packing mode: only the upward (or downward)
helices of PLLA and PDLA chains are packed in the unit cell at the ratio of 1:1 only.
The various experiments suggested that the stereocomplex is formed in a wide range of
PLLA/PDLA ratio of 3/7 to 7/3. The circular dichroic IR spectral data support also this
point [17]. The newly proposed crystal structure is shown in Figure 6, which can satisfy
the various experimental data consistently [15]. The space group is P3, lower than the R3c
model. The pairs of PLLA and PDLA chain stems are packed in the trigonal cell under
the 3-fold-rotation symmetry relation. Let us focus on one lattice site. For example, in the
stereocomplex formed from the PDLA 70%/PLLA 30% mixture, one lattice site is occupied
by the upward PDLA chain at 70% probability and the downward PLLA chain at 30%
probability. Another site adjacent to this site is occupied by the downward PDLA chain of
70% probability and the upward PLLA chain of 30% probability. The shapes of the upward
PLLA and the downward PDLA chains are the same as each other when viewed along
the chain axis. The statistical coexistence of the upward and downward chains allows the
formation of the thin lamellar structure with the folded chain stems, which are realized as
the spherulites and detected as the long period in the small-angle X-ray scattering pattern.

(a) (b)

Ru/Ld
%&. | {;“Lu/Rd
HRutd \
> ¢
/ S
Lu/Rd Ru/Ld

Figure 6. Crystal structure of PLLA /PDLA stereocomplex (PLLA/PDLA = 50/50) with the space
group P3. (a) Left-upward (Lu) (3/1) helical chain and right-downward (Rd) (3/1) helical chain are
located on the same lattice site at 50% probability, whose projected views along the chain axis give the
same form. (b) The Lu/Rd chain and Ru/Ld chain are located at the adjacent sites, and these pairs
are connected in the trigonal unit cell by the 3-fold rotation axes [15]. An ideal and regular packing
structure of Ru and Lu chains is made by the space group symmetry R3c [16], which cannot cover all
of the cases of L/D =30/70~70/30 [15].

3.3. Poly(3-Hydroxybutyrate)

Poly(3-hydroxybutyrate) (PHB, -[CH,CHCH3-COO],-) shows the crystal modifica-
tions of the o and {3 forms [18]. The o form is obtained when the sample is cooled from
the melt. The « form takes the orthorhombic unit cell of P2;2,2; symmetry, as shown in
Figure 7 [19]. The 2; helical chains of TTGG conformation are connected by the 2; screw
symmetries. The detailed X-ray data analysis indicated a little short non-bonded H... O
distance between the CH3 and O=C groups belonging to the neighboring chains [20]. This
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suggests the existence of some unusual interactions between the H (CH3) and O (C=0)
atoms. The anomalous interactions are consistent with such a spectroscopic observation
that one particular IR band of the asymmetric CHj stretching modes locates at a remarkably
high frequency position compared with those observed for the other substances. Sato et al.
proposed the formation of C-H ... O=C intermolecular hydrogen bonds as the secondary
interactions in addition to the normal van der Waals interactions [21]. This secondary
interaction makes the free rotation of CHj groups difficult to occur, as known from the
experimental observation that the CHj torsional motion starts at around 140 K, which is
appreciably higher than the temperature 100 K observed for the CHj rotation of isotactic
polypropylene [20,22].

(a) o (b)o+p (c) extracted B

PR L S N Y

A\

B B R

NN S sy

o

Figure 7. (upper) 2D X-ray diffraction patterns of the uniaxially-oriented PHB samples: (a) the pure
o form, (b) the mixture of the oc and 3 forms, and (c) the 3 form pattern obtained by the subtraction
(a) from (b). (lower) The chain conformations and crystal structures of the « and 3 forms [20,23].

The B crystal modification of PHB is formed only under the application of a high
tensile force. When the uniaxially oriented o form sample is tensioned at about 60% of the
original length at room temperature, the mixture of these two crystalline phases is obtained
(see Figure 7b) [23]. The perfect transformation to the {3 form is impossible, before which the
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sample is broken at last. It is impossible to obtain the 2D WAXD pattern of the pure 3 form.
In order to obtain the diffraction pattern expected for the pure 3 form, the X-ray diffraction
pattern of the pure o form was subtracted from the original diffraction pattern taken for the
mixture sample. The result is shown in Figure 7c, from which the crystal structure model
of the 3 form was proposed. The chains take the fully extended conformation and they
are packed in the hexagonal unit cell with the space group P3,21. The tensile force causes
the extension of the originally contracted 2; helix of the « form. The streak lines detected
on the X-ray diffraction pattern indicate the disorder of the relative height between the
neighboring chains. The combination of the WAXD and SAXS (small-angle X-ray scattering)
data revealed the transition mechanism viewed from the higher-order level. As shown in
Figure 8, the short tie chains passing through the neighboring lamellae are extended by the
strong tensile force and crystallize to the 3 form [23]. The molecular chains packed in the
a-form lamellae are also forced to change to the extended 3 form. The remarkable change
of the SAXS pattern, that is, the increase of the long period and the creation of many voids,
can be interpreted by these structural changes. As the tensile force is increased furthermore,
the extended chains are broken and the small voids increase in size. Finally, these voids are
fused together to form the macro-voids, resulting in the fracture of the whole sample.

(A) strain 0% strain 60% WAXD s
§ o-lamella Al e "
oM
LTI o
short tie chains - .
7S B-crystal b
N Y9 LP1 ys

LP2 60%
1/LP2

F0) ) S =

(B) (a) strain 0% (b) strain 60% (c) strain 80%

o-lamella

I z LP1(0)
T B -
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o-crystalline part of
lower orientation

)

Figure 8. (A) Illustration of the higher-order structure of the o and 3 forms of the oriented PHB
sample. (B) The higher-order structural change in the tensile deformation process of the oriented
PHB sample. (a) The stacked lamellar structure of the initial o form with the short and long tie
chains connecting the adjacent lamellae. (b) The tensile deformation induces the high extension of
the short tie-chain segments, which transform to the 3 form. The lamellar domain of the « form
connected to these strained tie chains is also transformed to the § form. The -form bundles are
arrayed side-by-side with the averaged long period LP2. (c) The further tension causes the breakage
of the highly stressed short tie chains and generate the micro-voids, which grow to larger macro-voids
and cause the breakage of the sample [23].
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4. Crystal Structures of Synthetic Polymers by WAND Data Analyses

It has been limited to use the WAND data for the crystal structure analysis of synthetic
polymers. This is because most of the structural discussion can be made by the X-ray
diffraction data analysis. However, we cannot miss the weak point of X-ray diffraction
method. As shown in Table 1, the X-ray scattering power (atomic scattering factor) becomes
stronger in the order of total number of electrons contained in the atoms. It is almost
impossible to determine the positions of H atoms in the crystal lattice, because H atom
contains only one electron. From such a sense, we have a dilemma in the quantitative
discussion of structure—property relation of polymers. As mentioned above, in order to
interpret the anisotropic mechanical property, we have to clarify the H positions at high
accuracy. The neutron diffraction data may play an important role in the dissolution of
such a serious dilemma. As already mentioned, the D atom (not H atom) can scatter the
coherent neutron signals with almost comparable power with C atom. In this way, one
important motivation for the usage of WAND data is to determine the D (H) positions in
the unit cell.

4.1. Orthorhombic Polyethylene

The 2D WAND patterns of the D- and H-orthorhombic PE samples are already shown
in Figure 4. The Fourier-transform maps of nuclear density derived from the WAND
data are shown in Figure 9. In HDPE-d4, the positive peaks of both of C and D atoms
are detected clearly [24]. The difference Fourier transform obtained by subtracting the
contributions of the C atoms gives the D atom peaks more clearly. On the other hand, the
Fourier-transform map of the HDPE-h4 sample gives the positive C peaks and the negative
H peaks (refer to Table 1). However, as shown in Figure 4, the observed diffraction peaks
were not large in number to refine the structure.

(a) HDPE-d,

0 0.1 0.2 0.3 0.4 0.5 0.6 0 0.1 0.2 0.3 0.4 0.5 0.6

Figure 9. The two-dimensional maps of the nuclear density distributions in the unit cell of the or-
thorhombic polyethylene crystal. The difference Fourier (Fo—Fc) maps are also shown. (a) Deuterated
PE (HDPE-d4) and (b) hydrogenous PE (HDPE-h4) (refer to Figure 4b,c) [24].
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A series of random copolymers of H and D-ethylene monomers were synthesized and
their WAND patterns were measured. The systematic change of the diffraction pattern was
reproduced quite well on the basis of the above-determined crystal structure. The details
are referred to in the literature [25].

The 2D WAND pattern of HDPE-d4 was measured also with the i-BIX system. As
shown in Figure 10, the diffraction angle range was very wide, giving up to the 4th layer
lines. The agreement between the observed and calculated diffraction profiles is nice for
these layer lines.
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Figure 10. (a) 2D WAND pattern of HDPE-d4 sample measured at 300 K using iBIX system. The left
pattern is the calculated one. (b) The comparison of the diffraction profiles along the various layer
lines (LO-L3) between the observed and calculated ones.
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4.2. Trigonal Polyoxymethylene
4.2.1. Crystal Structure of POM

The hydrogenated polyoxymethylene (POM-H100, -[CH;O],-) sample was obtained
by the y-ray-induced solid-state polymerization reaction of trioxane (or tetraoxane) needle-
type single crystal. The thus-obtained POM-H100 sample is 100% crystalline and perfectly
oriented; however, it is not a single crystal but a bundle of multi-crystals. The 2D WAXD
pattern was measured by rotating the sample around the chain axis to erase the hetero-
geneous intensity distribution coming from such multiple crystals [26]. The data were
collected using a high energy synchrotron X-ray beam and with the cylindrical imaging—
plate camera as a 2D detector [27]. The quantitative analysis of the observed 500 diffraction
peaks revealed the C, O and H atomic positions at high accuracy. The 2D-WAND data were
obtained for both the POM-D100 (-[CD,0O],-) and POM-H100 crystals, where the deuter-
ated POM samples were produced by the solid-state polymerization of deuterated-trioxane
single crystals. The detailed analysis gave the D atomic positions, as shown in Figure 11.
The thus-determined crystal structure allowed us to estimate the anisotropic 3D elastic
constants matrix, from which the various mechanical properties were evaluated [13].

(a) POM-H100 (b) POM-D100
Fo(+)  Fo(-) Fo(+)

Figure 11. Chain conformation and crystal structure of POM. The nuclear density distributions
revealed by the WAND data analyses are shown in (a) POM-H100 and (b) POM-D100, respectively.
The positions of the light H atoms are detected as the negative peaks (Fo(—)) in a wider diffraction
angle range [27].
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4.2.2. D/H Random Copolymers

As one application, a series of blend samples of D-trioxane and H-trioxane monomers
were prepared (H/D =100/0,70/30,50/50, 30/70, and 0/100 molar ratio). The y-ray irradi-
ation was performed to synthesize the D/H copolymers. Are these polymers really random
copolymers of the D and H monomeric units? The following experiment was performed.

The trioxane (TOX) monomers are volatile and they are put in a sealed glass tube. By
leaving it at room temperature for a while, they crystalize into a cylindrical rod. The X-ray
analysis revealed the crystal structure shown in Figure 12 [28]. The TOX is a polar crystal,
where the polar ring molecules are packed with their dipoles in parallel to the c axis. The
LO (longitudinal optical) and TO (transverse optical) vibrational modes were observed
clearly in the Raman spectra [29]. The blend samples of the D- and H-TOX monomers form
the similar single crystals. As illustrated in Figure 12a, these isotopic monomer species
might be packed in the crystals in the several possible modes: (a-1) the D and H rings are
packed randomly in the crystal lattice; (a-2) the D (or H) rings are stacked regularly along
the ¢ axis to form a columnar rod, and these D (or H) rods are packed randomly in the
crystal lattice, and (a-3, not shown) the D- and H-monomers are perfectly separated to form
the individual domains.

The y-ray polymerization reaction of the D/H-TOX blend samples gave the crystalline
polymer samples containing the D and H monomeric units. The polymerization reaction of
TOX occurs along the c axis, as indicated by the blue arrows in Figure 12a. In the case of the
D/H-blended TOX crystal with the regular packing structure shown in Figure 12(a2), the
produced polymer sample may consist of the mixture of POM-D100 and POM-H100 chains
as illustrated in Figure 12(b2). The IR spectra might be a simple overlap of the two spectra
intrinsic to these different types of chains. The band positions in the actually observed
IR data were shifted depending on the D/H content because of the vibrational couplings
(not shown here), inconsistent with the above-mentioned prediction. Then, we might have
the random copolymers as shown in the model Figure 12(b1). The spatial distribution of
the D and H monomeric units can be checked by the WAND data. Among the various
models, the random copolymer model was found to reproduce the observed fiber pattern
well, as shown in Figure 13. In the observed WAND patterns, the relative intensity of
the diffraction peaks changes differently between the D100 and D50/H50 samples. The
WAND pattern of the random copolymer model (D50/H50), which was calculated using
a commercial software Cerius? (Biovia), was similar to the actually observed pattern of
the D50/H50 POM sample. The mixture model of POM-D100 and POM-H100 chains in
the common crystal lattice Figure 12(b2) cannot reproduce the observed data well. The
conclusion is as follows: the D- and H-trioxane molecules are packed randomly in the
crystal lattice, and the y-ray-polymerized POM crystal consists of the parallel array of the
D/H random copolymer chains. (It must be noted that the trioxane molecule has a triple
sequence of CH,O units and so the random copolymers must be treated as the random
arrays of (CH,O)3; and (CD,0)3 segments in the model building process.)

In order to confirm this conclusion, the WAND powder patterns were measured
in a wider diffraction angle range for a series of D/H random copolymers, which were
synthesized in the homogeneous solutions [30] and slowly cooled from the molten state to
obtain the unoriented samples. The thus-measured diffraction profiles were compared with
those predicted for the various models. The pure POM-D100 and POM-H100 gave a good
agreement between the observed and calculated profiles (Figures 14a and 14b, respectively).
The random copolymer model of the D- and H-monomeric units along the chain axis
(Figure 12(b1)) reproduced the WAND profile observed for the D50/H50 copolymer sample
nicely [Figure 14c].
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(b1) (b2)

Figure 12. (a) Crystal structure of trioxane (TOX): (al) random packing of D- and H-TOXs,
(a2) random-packing model of D-TOX columns and H-TOX columns. The vertical blue arrows
indicate the direction of the possible polymerization reaction. (b) The corresponding POM crystals:
(b1) random arrangements of D/H monomeric units along the chain axis, (b2) random array of
POM-D100 and POM-H100 chains.
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Figure 13. Comparison between the observed and calculated 2D WAND patterns of POM-D100 and
POM-D50/H50 copolymer samples. The (b1) and (b2) correspond to the models shown in Figure 12.
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Figure 14. (a) WAND profiles of unoriented POM samples: (a) deuterated POM-D100, (b) POM-H100,
and (c) POM-D50/H50 random copolymer. These observed data are compared with the profiles
calculated for POM-D100, POM-H100, and POM-D50/H50 random copolymer (Figure 12(b1)),
respectively. (d) The hypothetic model consisting of POM-D100 chains and POM-H100 chains in the
lattice at 50% ratio, which is compared with the 50D/50H copolymer sample (refer to Figure 12(b2)).

5. Dilemma between the WAXD and WAND Analyses

The above-mentioned several examples of the crystal structure analyses of synthetic
polymers suggest that they confirm the consistency between the WAXD and WAND meth-
ods. It might be indisputable to say that the X-ray structure analysis gives the reliable
crystal structures of synthetic polymers as long as the total number of the observed diffrac-
tions is relatively high. In other words, we have a plausible reason why people have
performed mainly the X-ray data analyses to extract the crystal structure information of
synthetic polymers. The neutron facility is one of the so-called big sciences, and much care
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is needed for the collection of the WAND data. Moreover, the WAND measurements still
have many unsolved problems: the deuterated polymers must be synthesized; the large
samples of a few mm? size must be prepared; the more sensitive detectors are required
for the data collection of higher S/N ratio; the power of the neutron source is needed to
increase furthermore. Judging from these realistic situations, the WAND data analysis may
be assumed as the secondary (or comprehensive) tool as far as the crystal structure analysis
of synthetic polymers is concerned.

However, this passive opinion is not necessarily true for a kind of polymer species.
Recently, we have encountered a serious problem, in which the structure model derived by
the X-ray analysis at a high accuracy could not reproduce the observed WAND data at all.
This is the case of the structure analysis of at-PVA and its iodine complex [31].

5.1. Crystal Structure of at-PVA

The history of crystal structure analysis of atactic poly(vinyl alcohol) (at-PVA,
[-CH,HC(OH)]y-) is quite long. Since polymer science started about a century ago, the crys-
tal structure of at-PVA was reported in many papers using the X-ray analysis. One model
is shown in Figure 15a, which was proposed by Bunn [32] and supported by the Japanese
group [33]. The polarized Raman spectra measured for the doubly oriented sample were
consistent with this structure model [34]. However, another structure model was proposed
also with the X-ray diffraction data analysis by the other Japanese group [35]. In the former
model, the planar-zigzag chains are packed in the unit cell so that the intermolecular hydro-
gen bonds are formed between the neighboring chains along the 110 plane and along the b
axis, as shown in Figure 15a. In the latter model, on the other hand, the zigzag chains are
arrayed along the a axial direction with the intermolecular hydrogen bonds. In many works,
the former model has been used as the crystal structure of at-PVA. However, the latter
model is still quoted in some papers. We needed to establish the structure. We measured the
WAXD data again using a Mo-Ko X-ray beam of shorter wavelength, which was helpful to
collect more diffraction data [31]. The observed diffraction data, in particular, the layer line
profiles were not reproduced very well by the latter model. Therefore, the former crystal
structure model (Figure 15a) may be usable for at-PVA as long as the WAXD data covering
the hkl diffractions of I = 0~2 are analyzed. Before the WAND data analysis of at-PVA is
mentioned, it might be better to learn about the structure of at-PVA-iodine complex.

5.2. Crystal Structure of at-PVA-Iodine Complex

When the oriented at-PVA sample is immersed into a KI/I, aqueous solution, the so-
called at-PVA-iodine complex is formed in the amorphous region and also in the crystalline
phase, the formation behavior of which is dependent on the iodine concentration [36]. Here,
we focus on the case of the highly concentrated solution (3 mol/L). The thus-prepared
complex is named form II [37,38]. As shown in Figure 16¢, the X-ray diffraction pattern
from form II gives many sharp peaks along the equatorial line. In the 2D pattern (not
shown here), the diffuse streaks are observed on the layer lines, which originate from the
disorder of the relative height of the neighboring I3” ion columns [37]. The equatorial line
profile allows us to deduce the structure of the complex projected along the chain axis.
The thus-determined structure model is shown in Figure 16b, which gave the excellent
agreement between the observed and calculated X-ray diffraction profiles (Figure 16¢).
The quantum mechanical calculation performed using this structure model revealed the
formation mechanism of the complex (that is, the charge-transfer mechanism) [39].
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Figure 15. (a) Crystal structure of at-PVA derived by the WAXD data analysis, and (b) the comparison
of the observed X-ray data with those calculated for the structure model (a). The Mo-Ka line with
0.71 A wavelength was used as the incident X-ray beam [31].
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Figure 16. (a) Comparison of the observed and calculated WAND equatorial line profile for deuterated
at-PVA sample, where the calculation was performed for the crystal structure model derived by the
WAXD data analysis (refer to Figure 15). (b) Crystal structure model of at-PVA-iodine complex (form
II) derived from the WAXD data analysis [37]. (c) Comparison of the observed WAXD equatorial line
profile of at-PVA-iodine complex (II) with that calculated for the X-ray analyzed structure model (b).
(d) Comparison of the observed WAND equatorial line profile of at-PVA-iodine complex (II) with
that calculated using the X-ray derived model (b) [31].

5.3. The Combination of WAXD and WAND Data Analysis

In this way, the crystal structures of at-PVA and its iodine complex (form II) were
determined by the quantitative analysis of the WAXD data. As you notice, however,
the thus-determined structures may always have some ambiguity because the observed
diffraction data were quite limited in number. Then, we tried to check these structures
on the basis of the WAND data analyses. The WAND patterns were measured using the
deuterated at-PVA sample and its iodine complex (form II) [31]. The WAND data were
measured using the above-mentioned two types of the neutron diffractometers so that any
inconsistency was not remained in the neutron data themselves. The thus-obtained WAND
data were compared with the profiles predicted for the crystal structure models shown
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in Figures 15a and 16b. For the at-PVA sample, the agreement between the observed and
calculated data was not very bad. However, one discrepancy was detected in the relative
intensity of the most intense equatorial-line peaks (110 and 110) (Figure 16a). Once we
focused on the WAND equatorial-line profile of the at-PVA-iodine complex, as shown in
Figure 16d, we were shocked to find a great difference of the observed data from the profile
predicted for the above-mentioned iodine-complex structure model in spite of the fact that
this model gave a good agreement with the observed X-ray diffraction profile!

After many trial-and-error processes, we found one model to satisfy both of the
observed WAXD and WAND data consistently; an introduction of a packing disorder. In
the case of at-PVA itself, the new structure model assumes the statistical disorder of the
two unit cells by shifting dq19/2 along the 110 plane (the two structures of gray and green
colors in Figure 17). This disorder model may be imagined as the statistical aggregation
of the translationally shifted domains, where the local structure is the same among the
domains. These domains are coherent with each other and the diffraction profile is affected
by modifying the aggregation mode of the domains. As shown in Figure 18a, the relative
intensity of the 110 and 110 peaks detected in the WAND profiles of the at-PVA itself
has been revised better, compared with that of the regular model (Figure 16a). This type
of domain-aggregation disorder introduced into the at-PVA crystalline region should be
remained even when the iodine complex is formed after immersing the at-PVA sample into
the iodine solution. In fact, as shown in Figure 18b, the equatorial line profile observed for
the at-PVA-iodine complex form II has been also reproduced quite well for both the WAXD
and WAND data [31].

Figure 17. Introduction of packing disorder to the crystal structure of at-PVA shown in Figure 15a.
The original unit cell was shifted by 1/2 along the 110 diagonal plane [31].
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Figure 18. (a) Comparison of the observed and calculated WAND line profiles (equatorial and first-
layer lines) for deuterated at-PVA sample, where the calculation was performed for the statistically
disordered crystal structure model (refer to Figure 17). (b) Comparison of the observed WAND
equatorial line profile of at-PVA-iodine complex (II) with that calculated for the statistically disordered
model shown in Figure 19 [31].

The origin of this dramatic story comes from the difference in the atomic scattering
power between the X-ray and neutron beams. The at-PVA-iodine complex is made of the
atomic species of C, O, H, K, and I elements. As shown in Table 1, the X-ray scattering power
of an atom is proportional to the number of electrons, so the iodine ions give an overwhelm-
ingly large contribution to the observed X-ray diffraction intensity (I >> K > O~C >> H).
Therefore, the information extracted from the WAXD data analysis is mainly about the
positions of iodine atoms in the unit cell. On the other hand, the neutron scattering power
is not simply dependent on the atomic number, but it changes in a complicated way; the
so-called neutron scattering cross sectional area is C~O~D >> K and I. The neuron data
analysis can give the positional information about the at-PVA chains mainly. Therefore,
even if the position and orientation of the at-PVA chains is wrong in the structural model
of the iodine complex, it is difficult to find these errors by the X-ray structure analysis only.
Once the X-ray-derived model is adopted in the WAND data analysis, we notice for the
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first time the inconsistency of the X-ray-derived model, as found in Figure 16. In the case
of at-PVA and its iodine complex, the introduction of the statistically disordered structure
has been able to solve such a dilemma between the WAXD and WAND data analyses, as
mentioned above.
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Figure 19. Schematic structural transformation of at-PVA to a series of at-PVA-iodine complexes
(forms I, II, and III) which are prepared by immersing the pristine at-PVA sample into the iodine
solutions of the different concentrations) [38]. (a) The statistically-randomly-slipped domain structure
of at-PVA crystal. (b) It changes to the iodine complex I by immersing in the 0.1~0.8 M KI/I; solution,
() to the iodine complex II in the 1~3 M KI/I, solution, and (d) to the iodine complex III in the 3 M
HI/1, solution.

As summarized in Figure 19, four different types of the at-PVA-iodine complex have
been found out so far; forms I, II, III, and IV [38]. The form IV is produced in the oriented
amorphous region immersed into a dilute iodine solution, which is the structural origin
of the optical polarizer. The I5s™ ions are surrounded by the 6 at-PVA chains, and these
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PVA crystallites
FTa T AN
| YA Y'L ’ “nxiu

form IV in oriented
amorphous region

groups are packed in the hexagonal mode (see Figure 20). The other three forms are formed
in the crystalline regions. The structural transformation occurring in the at-PVA sample
immersed in the iodine solution is illustrated in Figure 19 with the above-mentioned
disordered aggregation of the domains taken into account, where the packing mode of
iodine ions and the relative orientation of at-PVA chains are changed stepwise depending
on the immersion time and/or the iodine concentration.

cross-links via boric acid

form 1V in the intermediate
region on the crystallite surface

Figure 20. Structural model of a polarizer. The crystalline lamellae are stacked along the drawn
direction. The complex form IV is created in some of the oriented amorphous regions. The oriented
amorphous chains are existent near the top and bottom surfaces of the crystallites and also as the
extended tie chain segments (or the extended rigid amorphous chains) in the normal amorphous
regions. Industrially, the at-PVA sample is also immersed in the boric acid solution. The cross linkages
are formed in some parts of the amorphous regions through the chemical bonds between the boric
acid molecules and the hydroxyl groups of at-PVA chains, which stabilize the complex structure [38].

6. Distribution of the Bonded Electron Density along the Polymer Chain (X-N Method)

As mentioned in the introductory section, we can obtain the so-called giant single
crystal of polymer in a lucky case. For example, a large single crystal of diacetylene
compound is prepared by the solid-state photo-induced polymerization reaction of the
corresponding monomer single crystal [40]. The thus-prepared polymer single crystal
gives the several thousands of sharp diffraction spots, from which the details of the atomic
arrangement in the crystal lattice can be derived at high accuracy. In a case, we may
know the atomistic mechanical deformation mechanism of polymer chain subjected to a
tensile force [41]. In a luckier case, we can extract the information of the electron density
distribution by combining the WAXD and WAND data [42].

The polymer single crystals focused on here are polydiacetylene compounds. Depend-
ing on the side groups, the degree of electronic conjugation between diacetylene and side
groups is more or less different. The diacetylene compounds treated here are shown in
Figure 21. The DCHD molecule has CH, units between the diacetylene and carbazolyl
group, and so the electronic conjugation between the skeletal chain and the side groups is
cut off. In the FDAC case, some degree of conjugation is expected to occur between them.
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Figure 21. Chemical formulae of diacetylene monomers. DCHD: 1,6-di(N-carbazolyl)-2,4- hexadiyne.
FDAC:1,4-di(4-butyl 2,3,5,6-tetrafluorophenyl)diyne. The irradiation of light induces the polymeriza-
tion reaction in the solid state.

6.1. Photoinduced Solid-State Polymerization of FDAC

Before the detailed structure analysis is described, it might be better to figure out the
polymerization reaction itself under the photon irradiation. As an example, we will see
here the case of FDAC [43]. The single crystal of FDAC was prepared from the petroleum
ether solution in the dark room. The crystal was transparent and non-colored. When the
crystal was exposed to a fluorescent lamp, the crystal changed to a purple blue color as
shown in Figure 22a, where the crystal shape was almost kept unchanged even after a
long time of irradiation. The UV—visible spectra changed remarkably during this process
(Figure 22b). The original monomer crystal showed the absorption peaks in the UV region
(250-350 nm) and no absorption was detected in the visible region (450-650 nm). The
reacted crystal absorbed the visible light in the green-to-red color region, corresponding to
the observed purple blue color of the crystal. The IR and Raman spectra were also observed
to change remarkably. In particular, in the Raman spectra, the so-called resonance Raman
phenomena occurred since the green laser of 532 nm wavelength was used, which was
included in the UV-Vis absorption region. Once the sample was irradiated, the strong
C=C stretching band started to be detected at around 2060 cm !, which is assigned to the
reaction products. As the irradiation time was increased, the peak height increased and
its position shifted gradually toward the higher wavenumber side, about 2080 cm ™. The
remarkable change was also observed in the X-ray diffraction measurement (see Figure 23).
In this way, the structural change was detected to occur with the remarkable change of
the various data. In order to know the details of the structure change, the X-ray structure
analysis was performed by collecting the diffraction data at the constant time intervals
during the long reaction process, where the incident X-ray beam (Mo-Ka, 0.71 A) worked as
the monitor of the structure changes and as the excitation photon of the reaction (a similar
experiment was performed also using the synchrotron X-ray beam). At the initial stage
of reaction, the monomer molecules are packed in the monoclinic unit cell of a = 14.78 A,
b=491A,c=15.02 A, and B = 96.13°. The crystal structure is shown in Figure 24b. On
the way of reaction, the cell parameters changed apparently continuously as shown in
Figure 24a. At the final stage, the unit cell changed to that of the parameters a = 13.83 A,
b (chain axis) = 4.85 A, ¢ = 15.80 A, and B = 95.63°. The monomeric units are related by
the space group symmetry of P12;/nl. From the comparison of the molecular packing
mode between the initial and final structures, we can say clearly that the polymerization
reaction occurs through the formation of covalent bonds between the neighboring monomer
molecules (Figure 24b). The irradiation time dependence of the crystal structure was
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investigated by performing the analyses of a series of X-ray diffraction data collected in the
various time regions. Figure 25 shows the changes of the averaged structure containing
both the monomer and polymer components. After the X-ray irradiation for 78 h, the
slight deformation of the monomer molecules occurred (Figure 25b). At about 174 h from
the start, the two possible bonds were extracted, which correspond, respectively, to the
inner bonds of the original monomer molecules and the covalent bonds connecting the
neighboring monomer units (Figure 25¢). The final structure is the polymer chain molecules
(Figures 24b and 25d). In an approximate way, the diffraction data might be simplified as
the mixture of those of monomer and polymer species. This approximation gave us the
change of the polymer fraction with the irradiation time, as shown in Figure 26a. However,
this type of analysis seems to ignore the sensitive structural changes, and it does not give
us the detailed information about the geometrical change of the monomeric unit itself.

(a)
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Figure 22. (a) A single crystal of FDAC before (non-color) and after (purple blue) the irradiation
of a fluorescence light at room temperature. (b) UV-irradiation-time dependence of the UV-Vis
absorption spectra of FDAC. The bands at around 300 nm decreased in intensity, while the bands in
the 500-600 nm region increased in parallel. (¢) Time dependence of the resonance Raman spectra
of FDAC, where the incident laser beam (532 nm wavelength) played as the irradiation light of the
reaction and as the excitation beam of Raman spectral measurement [44].
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Figure 23. Change of the X-ray diffraction pattern of the FDAC powder sample in the progress of the
polymerization reaction, where the X-ray beam (Cu-K«, 1.54 A) worked as the reaction stimulator
and as the incident beam for the diffraction profile measurement [44].
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Figure 24. (a) The time dependence of the unit cell parameters obtained by the WAXD data analysis
of FDAC single crystal under the X-ray irradiation process. (b) The crystal structures of monomer
(white) and polymer (red).
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(a) Monomer (b) Pale blue (78 h)

Figure 25. The crystal structure change of FDAC under the X-ray irradiation process. The models
shown here are the averaged structures derived by the analyses of all the X-ray diffraction peaks.
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Figure 26. (a) Irradiation time dependence of the relative content of poly(FDAC) evaluated by the
X-ray data analysis. (b) The illustration of the structural changes occurring in the crystal lattice of

FDAC monomers.

Apart from the X-ray data, one of the good ideas to trace the reaction process is to
observe the Raman spectral change as a function of time. As mentioned above, once the
polymerization reaction started, the C=C stretching band appeared and increased the
intensity. However, we have to notice that the peak position actually shifted toward the
higher frequency side (Figure 22¢). The similar observation was reported for the other kind
of diacetylene [44] and for cis-cis-diethyl muconate [45]. In general, the vibrational modes
of the skeletal chains are shifted toward the lower-frequency side when the chains are
tensioned strongly along the chain axis [46]. The above-detected higher-frequency shift of
the C=C band is totally opposite and interpreted in the following way. The concrete images
are illustrated in Figure 26b. At first, we have to notice that the repeating period along the
b axis is 4.91 A for the monomer crystal, which is longer than the period of the final polymer
product, 4.85 A. The short polymer chain segments produced in the early stage are highly
tensioned, because they are surrounded by many monomer molecules with the longer
repeating period. The tensile stress working on the polymer chain segments are gradually
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relaxed with the progress of reaction. The long polymer chains produced at the final stage
are totally free of the tensile stress. In this way, the gradual higher-frequency-shift of the
Raman C=C peak can monitor the relaxation of a tensile stress on the produced polymer
chain segments.

6.2. Bonded Electron Density Distribution along the Polymer Chain

The above-mentioned large single crystals of polydiacetylene may allow us to perform
the detailed study about the electron density distribution. The X-ray structure analysis
revealed the fully extended conformation of polydiacetylene chains in the crystal lattice.
Therefore, the electronic conjugation along the chain axis is predicted to develop to a high
degree. This electron conjugation can be estimated quantitatively by the coupling of WAXD
and WAND analyses or by using the so-called X-N method [47].

The wide-angle neutron diffraction data analysis reveals the positions of the atomic
nuclei, while the X-ray diffraction data give the information about the center positons of
electron density distributions, since the X-ray waves are scattered by the electron clouds.
Strictly speaking, the positions of the centers of mass are different between the atomic
nuclei and the electron clouds. If we imagine the formation process of a molecule, the atoms
having the spherical electron distributions approach each other and create the covalent
bonds by exchanging the electrons with each other. The electron clouds are shared by
the two neighboring atoms and the distributions are deformed more or less from the
original spherical shapes. In other words, the change of electron density distribution after
the covalent bond formation may be evaluated from the slight difference of the positons
between the atomic nuclei (deduced by the WAND analysis) and the electron density
distributions (by the WAXD analysis). The concrete process is made in the following way.

(i) The whole electron density distribution (p (x)Xfmy) is calculated by the Fourier
transform of the structure factors (F,ps(q)* ") obtained by the X-ray analysis,

o) = (1/V) [ Fasla)® e dg @)

where g is a scattering vector, x is the position, and V is the volume of the unit cell.

(ii) The positions (xj”e”tm") and thermal parameters (Uj"e“t’“") of atomic nuclei derived
neutron ]

by the WAND data analysis are read out, and the electron density distributions [p(x)
of the isolated atoms are calculated by assuming the spherical electron distributions at

the nuclear positions, where the X-ray scattering factors ( fj(q)Xfmy) are utilized in the

calculation of the structure factors Fsp, (q)”e”t"’”'
p(x)spherﬁ’ _ (1/V) /Fsph (q)neutroneiqxdq )
Fsph(q)neutrun — Z] fj(q)Xfmye—iqxjneutroneiiquineutran (6)

(iii) The subtraction Ap(x) between the total electron distribution [p(x)* "] and the
hypothetic spherical electron distribution [o(x)*""“"*] is calculated as

Bp(x) = p(x) " — () = (1/7) [ [Fasl@) "™ = Eyu(a)™"" [ g 7)

This treatment is called the X-N method. The actually performed result is shown
in Figures 27 and 28, respectively, for poly(DCHD) [42] and poly(FDAC). In the case of
poly(DCHD) (Figure 27a), the high electron densities are detected clearly at the centers of
the C=C, C=C, and C-C bonds. As shown in Figure 27c, the thus-experimentally derived
bonded electron density distribution is in good agreement with the quantum-mechanically
calculated result (Figure 27b), where the distribution is presented along the skeletal bonds.
Figure 28 shows the result obtained for poly(FDAC). The distribution around C=C bonds
is slightly distorted, compared with poly(DCHD). This suggests the lower accuracy of
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the structure analysis of poly(FDAC) using the WAND data, probably since the alkyl
chain parts are not deuterated and they are thermally activated at room temperature. A
slight deviation of the atomic position affects the deformed electron density distribution
sensitively, as explained in the paper [42]. In the benzene ring parts, the clear distribution
is detected at the C=C bond centers. The electron density of the F atoms is not only on
the centers of the C-F bonds, but it is also located slightly on the outer side of the F atoms
because of the higher electron-withdrawing effect, as checked by the DFT calculation.

! X-N method
i (experiment)

Ap(x) (arbitrary)

DFT (calc)

1 " 1 " 1 " 1 " 1 " 1 " 1

Figure 27. (a) The bonded electron density map obtained for PDCHD crystal by the X-N method.
(b) The 3D map of electron density distribution calculated by the density functional theory. The pale
red indicates the total electron density distribution, and the dark red indicates the bonded-electron
density [42]. The DFT calculation was performed using a DMol® program of Materials Studio package
(Biovia-Accelrys). The GGA-PBE functional and DNP basis set were used. The details were described
in the reference [42]. (c) The comparison of the bonded electron density distribution along the skeletal
chain between the observed result (red) and the DFT-calculated result (blue).
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Figure 28. The 2D maps showing the deformed electron density distribution derived experimentally
by the X-N method: (a) along the polydiacetylene chain (poly(FDCA) and (b) the tetrafluorobenzene
ring part. These results are consistent with the calculated results by the density functional theory
(right side), where the isosurfaces are shown by brown color.

In principle, the X-N method can be applied to the general synthetic polymers for the
purpose to clarify the bonded electron distributions. For example, the bonded electron
density distribution is predicted for orthorhombic polyethylene as shown in Figure 29,
which was calculated with the density functional theory. The bonded electrons between
the C and H atoms do not locate at the center positions between them, but the electrons are
attracted toward the H atoms. In order to check such a quantum-mechanical prediction
from the experimental viewpoint, the application of the X-N method may be the best
way. Unfortunately, however, the accuracy of the atomic positions is still lower even for
the orthorhombic polyethylene compared with the giant single crystal of polydiacetylene,
making us to hesitate to challenge. These studies should be useful for the new development
of polymer science in the quantum-mechanical level.
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Figure 29. The isosurfaces of the total electron density distribution (large pale blue tubes) and bonded
electron density distribution (inner dark blue lobes) predicted for the orthorhombic polyethylene
crystal, which was calculated with the density functional theory.

7. Temperature-Dependent WAND Measurements

The thermal motions of atoms are important for the study of the temperature depen-
dence of the physical property. In some cases, the thermally induced phase transitions may
occur. The WAXD method is powerful for tracing the structural changes as a function of
temperature, as reported in very many papers [5]. Contrarily, the papers on WAND data
collection as a function of temperature are quite limited for polymer samples. Among the
many merits, the temperature-dependent WAND data are useful for detecting the thermal
motion of hydrogen (deuterium) atoms in the crystal lattice. We have challenged to develop
the heating/cooling systems for measuring the 2D-WAND data in a wide temperature
range, which were installed in the BIX-3 and iBIX systems.
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7.1. Crystal Structure of Orthorhombic Polyethylene at Low Temperature

In Figure 4, the 2D WAND patterns of the uniaxially oriented orthorhombic HDPE-d4
sample are compared between room temperature and 100 K, where the data were collected
using a cryostat installed in the BIX-3 system [48]. The diffraction peaks in the higher angle
region became stronger and sharper at 100 K because of the cease of thermal motion of the
zigzag chains. The Fourier maps obtained by the diffraction data analyses are shown in
Figure 30. The position of the D atoms was detected more clearly at 100 K. This is consistent
with the results deduced from the synchrotron X-ray diffraction data analysis made at the
low temperatures [49]. Similar results were obtained by the analysis of the iBIX data.

b 300K

v

Figure 30. Crystal structure of orthorhombic polyethylene at 300 K and 100 K, analyzed by the 2D-
WAND data analysis (BIX3). (300 K) a = 7.417 A, b=4.945 A, ¢ (chain axis) = 2.550 A. The space group
Pnam, and thermal parameters, C: Uj; = 0.062 A, Uy, = 0.075 A, Dy: Uyq = 0.048 A, Uy, = 0.107 A, Dy:
Uy =0.115 A, Uy =0.032 A (100 K) 2 =7.193 A, b = 4.905 A, ¢ (chain axis) = 2.547 A. Pnam, thermal
parameters, C: Uyp = 0.043 A, Uy = 0.021 A, Dy: Uy = 0.027 A, Uy = 0.074 A, Dy: Uyy = 0.035 A,
Uy, = 0.035 A.
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7.2. Temperature Dependence of WAND Data in the Heating Process

The heating system was produced by us and installed in the iBIX system. The sample
was put in a cell sandwiched by a pair of heaters. The geometrical constraints were serious
in the setting of the heater in the narrow iBIX system. As already mentioned, however, the
TOF method made it possible to do so because the sample did not need to rotate. Figure 31
shows the 1D WAND profiles measured for the unoriented HDPE-d4 sample in the heating
process. The diffraction peaks shifted toward the lower angle side due to the thermal
expansion of the unit cell. These crystalline peaks disappeared totally above the melting
point, and the amorphous halo peak increased the intensity remarkably. The detailed
analysis is now given.

unoriented HDPE-d4 (heating)

144°C
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Figure 31. Temperature dependence of the TOF-WAND profiles measured for the unoriented HDPE-
d4 sample in the heating process, where the homemade heater was installed in the iBIX system.

8. WAND Measurements under the Tensile Force

Some polymers show the phase transition by the application of a tensile force. The typ-
ical example is seen for the uniaxially oriented poly(tetramethylene terephthalate) (PTMT)
sample [50-52]. The stable crystal phase under tension free condition is the o form, which
takes the skeletal chain conformation of TGTGT with the contracted repeating period. The
application of a tensile stress beyond the critical value causes the discontinuous transition
to the 3 form of the fully extended all-trans chain conformation. The structures of these
two crystalline forms were analyzed by the several groups based on the X-ray diffraction
data analyses [53-55]. However, the thus-proposed local conformations of the O(CH;),O
segmental part have not yet been established well, as seen in the doubtful interpretation of
the IR (and Raman) spectral data [51,52]. In order to check these ambiguities, the PTMT
samples with the deuterated methylene segments were synthesized, and the WAND data of
the oriented samples were measured under the tensile force. The snapshot of the stretching
device specialized for the WAND experiment is shown in Figure 32. The experimental
data are shown in Figure 33 in comparison between the WAXD and WAND data. With
an increase of the tensile strain, the equatorial line profiles of the o and 3 forms changed.
However, the relative intensity and peak positions are not very well reproduced in the
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calculation. This might be originated from the still ambiguous crystal structure models.
The quantitative analysis is now being performed.

Figure 32. A stretching instrument produced for the tensile experiment in the iBIX system, J-PARC.
A bundle of the oriented rods was set vertically.
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Figure 33. Stress-induced phase transition of a uniaxially oriented PTMT sample. (a) The crystal
structure of the o and 3 forms. (b) The strain dependence of the WAXD and WAND equatorial line
profiles in comparison between the observed and calculated profiles.

9. Summary and Future Perspectives

In this review, we introduced our recent studies about the crystal structure analyses of
synthetic polymers by the hybrid combination of WAXD and WAND techniques. Because
of the limited number of the broad and (sometimes diffuse) diffraction peaks, the highly
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reliable crystal structure analysis of polymer substances is quite difficult to perform. The
utilization of a high-energy synchrotron X-ray beam has allowed us to collect a greater
number of the observable diffractions, which is helpful for the accurate structure analysis.
In fact, the structure analyses of such representative multi-purpose polymers as PE, POM,
PLLA etc. were carried out satisfactorily, by which the mechanical properties were predicted
theoretically with the highest reliability. The WAND data collected for the deuterated
species of these polymer species allowed us to confirm the reliability of the crystal structures
derived by the X-ray data analyses. However, in some cases, the crystal structure model
derived by the X-ray data analysis could not reproduce the observed WAND data at all. The
typical examples were presented here for at-PVA and its iodine complex. In the latter case,
the remarkable difference of the X-ray and neutron scattering powers between the various
atomic groups (C, D, O) and (K and I) gave inconsistent results of the structure model. The
X-ray data are governed mainly by the (K and I) atomic groups, even if the positions of (C,
D (H), O) groups are not correct. On the other hand, the WAND data are determined mainly
by the (C, D, O) groups. The final structure model was obtained successfully by introducing
the statistical disorder of the chain packing, and both of the WAXD and WAND data were
consistently reproduced well. In addition, the hybrid usage of WAXD and WAND data
helps us to evaluate the bonded electron density distribution along the polymer chain
by the so-called X-N method. The quantitative agreement was obtained between the
thus-experimentally-derived result and the quantum-mechanical prediction. However, the
successful results have been obtained only for quite limited polymer species, the giant
single crystals of polydiacetylene. It should be a good challengeable theme to apply the
X-N method to such general polymer substances as polyethylene, polyoxymethylene and
so on. Another challenge is to trace the time-resolved change of crystal structure in the
solid-state polymerization reaction. By collecting the WAXD and WAND data at high time
resolution, the concrete information of the bonded electron density distribution change
may be obtained as a function of time. As mentioned in the present review, we challenged
to trace the structural evolution in the solid-state polymerization reaction of diacetylene
single crystals (FDAC). The approximate description of the photo-induced polymerization
reaction of FDAC was given in this article. However, it is still not satisfactory enough to
reveal deeper information of the reaction.

As presented in the last section, the hybrid usage of WAXD and WAND techniques
is needed for the study of the structural changes in the phase transitions under such an
externally applied field as temperature, stress, or electric field [56,57]. The instruments for
the WAXD data collection have been developed already, while those of WAND experiment
are still not matured. The several reasons are listed: the weak neutron source, the necessity
to use a deuterated sample of a large volume, etc. The further development of the neutron
facility, for example, J-PARC system, may be helpful for the solution of these problems.

The above-mentioned J-PARC is characterized as a TOF system, which may be useful
for the further development of neutron science. As mentioned, the neutron beams generated
by the spallation technique are pulses, which consist of the neutron components of the
widely distributed wavelengths. In the ]-PARC system, a series of these neutron pulses
are generated at 25 Hz, and they arrive at the sample position at every 40 msec [58,59].
The scattered neutron-beam components of the different wavelengths enter the various
positions (x, y) of the 2D detector at the different timing (f), and so we have such a series of
data as illustrated in Figure 34. All of these data give us the different structure information
in principle. It might be possible to build up many types of experiments by arranging the
concrete processes of the data collection [60].

As pointed out above, the structural analysis based on the WAND data has not yet
been reported in many papers. However, once when the experimental techniques and
the data analytical methods are developed further, we may obtain many useful structure
information, for example, the information about the mechanically or thermally induced
changes of the positions and thermal mobility of the hydrogen (deuterium) atoms in the
crystal lattice. This information is indispensable for the quantitative discussion of the



Polymers 2023, 15, 465

41 of 44

structure-property relation, since the intermolecular interactions between the non-bonded
H ... H pairs govern the physical property and its anisotropy quite sensitively.

#3

#2
#1 h

Heating, stretching

Figure 34. A series of TOF data. If the phase transition occurs during the TOF measurement, all the
snapshots are those at the different timings. The structural changes can be traced at a quite high
time resolution in principle. (Of course, the effect of wavelength on the patterns must be taken into
consideration in the analysis).

The usage of powerful synchrotron X-ray source has accelerated the development
of the structural science of the polymer materials. The complementary combination of
WAXD and WAND techniques will accelerate the developing speed of this research field
more remarkably.

In the present review, we focused only on the wide-angle X-ray and neutron scatterings.
In order to discuss the structure—property relation of synthetic polymers, of course, we
need to combine the wide-angle and small-angle scattering data. This can be said not only
for the X-ray scattering but also for the neutron scattering. The concrete research is referred
to in the literature [5].

Author Contributions: Conceptualization, K.T.; methodology, K.T., KK, HY., TH., S.0. and T.O;
writing—original draft preparation—review and editing, K.T. and K.K. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was financially supported by the leading research project of Ibaraki Neutron
Beamline in the fiscal years from 2018 to 2021.

Acknowledgments: The authors (K.T. and H.Y.) wish to thank Mikio Yamasaki of the X-ray Research
Laboratory, Rigaku Corporation for his kind support in the crystal structure analysis of FDAC.
The neutron diffraction experiments were conducted under the following proposals: 2018PX0003
(Ibaraki Neutron Beamline Prefectural Project), 2019PX2001, 2019PX2008 (Innovative Research Project
of Ibaraki Neutron Beamline), 2019PX3009, 2019PX3023, 2020PX3009, 2020PX3014, 2021PX3002,
and 2021PX3012 (Leading Research Project of Ibaraki Neutron Beamline) in J-PARC, MLFE. Some
WAXD experiments were performed at SPring-8, JASRI (proposal numbers; 2016B1439, 2017A1056,
2017B1215, and 2018A1410).

Conflicts of Interest: The authors declare no conflict of interest.



Polymers 2023, 15, 465 42 of 44

References

1. Alexander, L. X-ray Diffraction Methods in Polymer Science; John Wiley & Sons Inc.: Hoboken, NJ, USA, 1969. [CrossRef]

2. Tadokoro, H. Structure of Crystalline Polymers; John Wiley & Sons Inc.: Hoboken, NJ, USA, 1990.

3. Watson, ].D.; Crick, EH.C. Molecular Structure of Nucleic Acids: A Structure for Deoxyribose Nucleic Acid. Nature 1953, 171,
737-738. [CrossRef] [PubMed]

4. Natta, G.; Corradini, P. Kristallstruktur des isotaktischen polystyrols. Makromol. Chem. 1955, 16, 77-80. [CrossRef]

5. Tashiro, K. Structural Science of Crystalline Polymers; Springer Nature: Berlin/Heidelberg, Germany, 2022.

6. Lengwan, L.; Jakowski, J.; Do, C.; Hong, K. Deuteration and Polymers: Rich History with Great Potential. Macromolecules 2021, 54,
3555-3584.

7. Werner, K. Forty years in cryoEM of membrane proteins. Microscopy 2022, 71 (Suppl. 1), i30-i50.

8. Dorset, D.L. Structural Electron Crystallography; Plenum Press: New York, NY, USA, 1995. [CrossRef]

9.  Tashiro, K.; Hanesaka, M.; Ozeki, T. Structure Analysis of Polymer Crystal Based on Wide-Angle X-ray Diffraction Data by
Utilizing High-Energy Synchrotron X-ray Beam. Polym. Prepr. Jpn. 2008, 57, 2518.

10. Available online: https://www.jaea.go.jp (accessed on 24 November 2022).

11. Niimura, N.; Karasawa, Y.; Tanaka, I.; Miyahara, J.; Akahashi, K.; Saito, H.; Koizumi, S.; Hidaka, M. An imaging plate neutron
detector. Nucl. Instr. Methods Phys. Res. 1994, A349, 521-525. [CrossRef]

12. Wasanasuk, K.; Tashiro, K.; Hanesaka, M.; Ohhara, T.; Kurihara, K.; Kuroki, R.; Tamada, T.; Ozeki, T.; Kanamoto, T. Crystal
Structure Analysis of Poly(l-lactic Acid) x Form On the basis of the 2-Dimensional Wide-Angle Synchrotron X-ray and Neutron
Diffraction Measurements. Macromolecules 2011, 44, 6441-6452. [CrossRef]

13.  Wasanasuk, K.; Tashiro, K. Theoretical and Experimental Evaluation of Crystallite Moduli of Various Crystalline Forms of
Poly(l-lactic acid). Macromolecules 2012, 45, 7019-7026. [CrossRef]

14. Ikada, Y.; Jamshidi, K.; Tsuji, H.; Hyon, S.H. Stereocomplex formation between enantiomeric poly(lactides). Macromolecules 1987,
20, 904-906. [CrossRef]

15.  Tashiro, K.; Kouno, N.; Wang, H.; Tsuji, H. Crystal Structure of Poly(lactic acid) Stereocomplex: Random Packing Model of PDLA
and PLLA Chains As Studied by X-ray Diffraction Analysis. Macromolecules 2017, 50, 8048-8065. [CrossRef]

16. Cartier, L.; Okihara, T.; Lotz, B. Triangular Polymer Single Crystals: Stereocomplexes, Twins, and Frustrated Structures. Macro-
molecules 1997, 30, 6313-6322. [CrossRef]

17.  Tashiro, K.; Wang, H.; Kouno, N.; Koshobu, J.; Watanabe, K. Confirmation of the X-ray-Analyzed Heterogeneous Distribution of
the PDLA and PLLA Chain Stems in the Crystal Lattice of Poly(lactic acid) Stereocomplex on the Basis of the Vibrational Circular
Dichroism IR Spectral Measurement. Macromolecules 2017, 50, 8066—-8071. [CrossRef]

18. Iwata, T.; Aoyagi, Y.; Tanaka, T.; Fujita, M.; Takeuchi, A.; Suzuki, Y.; Uesugi, K. Microbeam X-ray Diffraction and Enzymatic
Degradation of Poly[(R)-3-hydroxybutyrate] Fibers with Two Kinds of Molecular Conformations. Macromolecules 2006, 39,
5789-5795. [CrossRef]

19.  Yokouchi, M.; Chatani, Y.; Tadokoro, H.; Teranishi, K.; Tani, H. Structural studies of polyesters: 5. Molecular and crystal structures
of optically active and racemic poly(p-hydroxybutyrate). Polymer 1973, 14, 267-272. [CrossRef]

20. Wang, H.; Tashiro, K. Reinvestigation of Crystal Structure and Intermolecular Interactions of Biodegradable Poly(3-
Hydroxybutyrate) o-Form and the Prediction of Its Mechanical Property. Macromolecules 2016, 49, 581-594. [CrossRef]

21. Sato, H.; Murakami, R.; Padermshoke, A.; Hirose, F.; Senda, K.; Noda, I.; Ozaki, Y. Infrared Spectroscopy Studies of CHO
Hydrogen Bondings and Thermal Behavior of Biodegradable Poly(hydroxyalkanoate). Macromolecules 2004, 37, 7203-7213.
[CrossRef]

22. Tashiro, K.; Kobayashi, M.; Tadokoro, H. Vibrational Spectra and Theoretical Three-Dimensional Elastic Constants of Isotactic
Polypropylene Crystal: An Important Role of Anharmonic Vibrations. Polym. J. 1992, 24, 899-916. [CrossRef]

23. Phongtamrug, S.; Tashiro, K. X-ray Crystal Structure Analysis of Poly(3-hydroxybutyrate) 3-Form and the Proposition of a
Mechanism of the Stress-Induced o-to-f3 Phase Transition. Macromolecules 2019, 52, 2995-3009. [CrossRef]

24. Tashiro, K,; Tanaka, I.; Ohhara, T.; Niimura, N.; Fujiwara, S.; Kamae, T. Extraction of Hydrogen Atom Positions in Poly-ethylene
Crystal Lattice from the Wide-Angle Neutron Diffraction Data Collected by 2-Dimensional Imaging Plate System: A Comparison
with the X-ray and Electron Diffraction Results. Macromolecules 2004, 37, 4109-4117. [CrossRef]

25. Tashiro, K.; Hanesaka, M.; Yamamoto, H.; Wasanasuk, K.; Jayaratri, P.; Yoshizawa, Y.; Tanaka, I.; Niimura, N.; Kusaka, K.; Hosoya,
T,; et al. Accurate Structure Analyses of Polymer Crystals on the Basis of Wide-Angle X-ray and Neutron Diffractions. Kobunshi
Ronbunshu 2014, 71, 508-526. [CrossRef]

26. Uchida, T.; Tadokoro, H. Structural studies of polyethers. IV. Structure analysis of the polyoxymethylene molecule by three-
dimensional fourier syntheses. J. Polym. Sci. Part A-2 Polym. Phys. 1967, 5, 63-81. [CrossRef]

27. Tashiro, K.; Hanesaka, M.; Ohhara, T.; Ozeki, T.; Kitano, T.; Nishu, T.; Kurihara, K.; Tamada, T.; Kuroki, R.; Fujiwara, S.; et al.
Structural Refinement and Extraction of Hydrogen Atomic Positions in Polyoxymethylene Crystal Based on the First Successful
Measurements of 2-Dimensional High-Energy Synchrotron X-ray Diffraction and Wide-Angle Neutron Diffraction Patterns of
Hydrogenated and Deuterated Species. Polym. ]. 2007, 39, 1253-1273. [CrossRef]

28. Busetti, V.; Mammi, M.; Carazzolo, G. A three-dimensional refinement of crystalline structure of trioxane. Z. Fiir Krist. 1963, 119,
310-318. [CrossRef]

29. Kobayashi, M. Raman study of polar phonons in piezoelectric trioxane crystal. J. Chem. Phys. 1982, 76, 1187-1193. [CrossRef]


http://doi.org/10.1007/bf00550300
http://doi.org/10.1038/171737a0
http://www.ncbi.nlm.nih.gov/pubmed/13054692
http://doi.org/10.1002/macp.1955.020160111
http://doi.org/10.1007/978-1-4757-6621-9
https://www.jaea.go.jp
http://doi.org/10.1016/0168-9002(94)91220-3
http://doi.org/10.1021/ma2006624
http://doi.org/10.1021/ma3010982
http://doi.org/10.1021/ma00170a034
http://doi.org/10.1021/acs.macromol.7b01468
http://doi.org/10.1021/ma9707998
http://doi.org/10.1021/acs.macromol.7b01573
http://doi.org/10.1021/ma060908v
http://doi.org/10.1016/0032-3861(73)90087-6
http://doi.org/10.1021/acs.macromol.5b02310
http://doi.org/10.1021/ma049117o
http://doi.org/10.1295/polymj.24.899
http://doi.org/10.1021/acs.macromol.9b00225
http://doi.org/10.1021/ma036003o
http://doi.org/10.1295/koron.71.508
http://doi.org/10.1002/pol.1967.160050106
http://doi.org/10.1295/polymj.pj2007076
http://doi.org/10.1524/zkri.1963.119.3-4.310
http://doi.org/10.1063/1.443133

Polymers 2023, 15, 465 43 of 44

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

43.
44.
45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Kummara, S.; Tashiro, K.; Monma, T.; Horita, K. Isotope Effect on the Melt—Isothermal Crystallization of Polyoxymethylene D/H
Random Copolymers and D/H Blend Samples. Macromolecules 2015, 48, 8070-8081. [CrossRef]

Tashiro, K.; Kusaka, K.; Yamamoto, H.; Hanesaka, M. Introduction of Disorder in the Crystal Structures ofAtacticPoly(vinyl
Alcohol) and Its Iodine Complex To Solve a Dilemma between X-ray and Neutron Diffraction Data Analyses. Macromolecules
2020, 53, 6656—6671. [CrossRef]

Bunn, C.W. Crystal Structure of Polyvinyl Alcohol. Nature 1948, 161, 929-930. [CrossRef]

Nitta, I.; Taguchi, I.; Chatani, Y. Crystal structure of P. V. A. Ann. Rep. Inst. Fiber Sci. 1957, 10, 1.

Tashiro, K.; Kobayashi, M.; Tadokoro, H. Polarized Raman spectra of doubly oriented poly(vinyl alcohol). Polym. Bull. 1978, 1,
61-66. [CrossRef]

Sakurada, I.; Fuchino, K.; Okada, N. Crystal Structure of Polyvinyl Alcohol. Bull. Inst. Chem. Res. Kyoto Univ. 1950, 23, 78-79.
Miyasaka, K. PVA-Iodine complexes: Formation, structure, and properties. Adv. Polym. Sci. 1993, 108, 91-129. [CrossRef]
Tashiro, K.; Kitai, H.; Saharin, S.M.; Shimazu, A.; Itou, T. Quantitative Crystal Structure Analysis of Poly(vinyl Alcohol)-Iodine
Complexes on the Basis of 2D X-ray Diffraction, Raman Spectra, and Computer Simulation Techniques. Macromolecules 2015, 48,
2138-2148. [CrossRef]

Tashiro, K.; Takahama, T.; Wang, M.-F. X-ray Study of Poly(vinyl Alcohol)-Iodine Complex Prepared from the Dilute Iodine
Solution as a Hint to Know the Inner Structure of Polarizer. Polymer 2021, 233, 124180. [CrossRef]

Takahama, T.; Saharin, S.M.; Tashiro, K. Details of the intermolecular interactions in poly(vinyl alcohol)-iodine complexes as
studied by quantum chemical calculations. Polymer 2016, 99, 566-579. [CrossRef]

Wegner, G. Solid-State Polymerization Mechanisms. Pure Appl. Chem. 1977, 49, 443-453. [CrossRef]

Tashiro, K.; Nishimura, H.; Kobayashi, M. First Success in Direct Analysis of Microscopic Deformation Mechanism of Polydi-
acetylene Single Crystal by the X-ray Imaging-Plate System. Macromolecules 1996, 29, 8188-8196. [CrossRef]

Tashiro, K.; Kusaka, K.; Hosoya, T.; Ohhara, T.; Hanesaka, M.; Yoshizawa, Y.; Yamamoto, H.; Niimura, N.; Tanaka, I.; Kurihara, K,;
et al. Structure Analysis and Derivation of Deformed Electron Density Distribution of Polydiacetylene Giant Single Crystal by the
Combination of X-ray and Neutron Diffraction Data. Macromolecules 2018, 51, 3911-3922. [CrossRef]

Yamamoto, H.; Tashiro, K.; Okada, S. In-situ Observation of Molecular and Crystal Structural Changes in Photo-induced
Solid-state Polymerization Reaction of a Wholly-conjugated Diacetylene Compound. Polym. Prepr. Jpn. 2011, 60, 720.
Enkelman, V. Structural aspects of the topochemical polymerization of diacetylenes. Adv. Polym. Sci. 1984, 63, 91-136.
Nakamoto, S.; Tashiro, K.; Matsumoto, A. Quantitative evaluation of stress distribution in bulk polymer samples through the
comparison of mechanical behaviors between giant single-crystal and semicrystalline samples of poly(trans-1,4-diethyl muconate).
J. Polym. Sci. Part B Polym. Phys. 2003, 41, 444-453. [CrossRef]

Tashiro, K.; Minami, S.; Wu, G.; Kobayashi, M. Quasiharmonic treatment of infrared and raman vibrational frequency shifts
induced by tensile deformation of polymer chains. II. Application to the polyoxymethylene and isotactic polypropylene single
chains and the three-dimensional orthorhombic polyethylene crystal. J. Polym. Sci. Part B Polym. Phys. 1992, 30, 1143-1155.
[CrossRef]

Coppens, P.; Hermansson, K. X-ray Charge Densities and Chemical Bonding; Oxford University Press Inc.: Oxford, UK, 1997.
[CrossRef]

Tashiro, K.; Yamamoto, H.; Ohhara, T.; Kurihara, K.; Kuroki, R.; Tamada, T. Temperature Dependent Measurement of 2D-Wide-
Angle Neutron Diffraction Diagrams of Uniaxially-oriented Deuterated Polyethylene Sample and Quantitative Analysis of
Thermal Motion of Hydrogen Atoms in the Crystal Lattice. Polym. Prepr. Jpn. 2011, 60, 717.

Tashiro, K.; Ishino, K.; Ohta, T. Temperature dependence of crystal structure of uniaxially-oriented polyethylene analysed by an
X-ray imaging plate system. Polymer 1999, 40, 3469-3478. [CrossRef]

Jakeways, R.; Smith, T.; Ward, LM.; Wilding, M.A. Reversible crystal deformation and conformational changes in
poly(tetramethylene terephthalate). J. Polym. Sci. Polym. Lett. Ed. 1976, 14, 41-46. [CrossRef]

Tashiro, K.; Nakai, Y.; Kobayashi, M.; Tadokoro, H. Solid-State Transition of Poly(butylene terephthalate) Induced by Mechanical
Deformation. Macromolecules 1980, 13, 137-145. [CrossRef]

Tashiro, K.; Yamamoto, H.; Yoshioka, T.; Ninh, T.H.; Tasaki, M.; Shimada, S.; Nakatani, T.; Iwamoto, H.; Ohta, N.; Masunaga,
H. Hierarchical Structural Change in the Stress-Induced Phase Transition of Poly(tetramethylene terephthalate) As Studied by
the Simultaneous Measurement of FTIR Spectra and 2D Synchrotron Undulator WAXD/SAXS Data. Macromolecules 2014, 47,
2052-2061. [CrossRef]

Yokouchi, M.; Sakakibara, Y.; Chatani, Y.; Tadokoro, H.; Tanaka, T.; Yoda, K. Structures of Two Crystalline Forms of Poly(butylene
terephthalate) and Reversible Transition between Them by Mechanical Deformation. Macromolecules 1976, 9, 266-273. [CrossRef]
Hall, I; Pass, M. Chain conformation of poly(tetramethylene terephthalate) and its change with strain. Polymer 1976, 17, 807-816.
[CrossRef]

Desborough, I.; Hall, I. A comparison of published crystalline structures of poly(tetramethylene terephthalate). Polymer 1977, 18,
825-830. [CrossRef]

Tashiro, K.; Yamamoto, H.; Kummara, S.; Takahama, T.; Aoyama, K.; Sekiguchi, H.; Iwamoto, H. High-Electric-Field-Induced
Hierarchical Structure Change of Poly(vinylidene fluoride) as Studied by the Simultaneous Time-Resolved WAXD/SAXS/FTIR
Measurements and Computer Simulations. Macromolecules 2021, 54, 2334-2352. [CrossRef]


http://doi.org/10.1021/acs.macromol.5b01448
http://doi.org/10.1021/acs.macromol.0c00839
http://doi.org/10.1038/161929a0
http://doi.org/10.1007/BF00280967
http://doi.org/10.1007/3-540-56579-5_3
http://doi.org/10.1021/acs.macromol.5b00119
http://doi.org/10.1016/j.polymer.2021.124180
http://doi.org/10.1016/j.polymer.2016.07.055
http://doi.org/10.1351/pac197749040443
http://doi.org/10.1021/ma960882f
http://doi.org/10.1021/acs.macromol.8b00650
http://doi.org/10.1002/polb.10396
http://doi.org/10.1002/polb.1992.090301009
http://doi.org/10.1063/1.882350
http://doi.org/10.1016/S0032-3861(98)00553-9
http://doi.org/10.1002/pol.1976.130140108
http://doi.org/10.1021/ma60073a026
http://doi.org/10.1021/ma402041r
http://doi.org/10.1021/ma60050a018
http://doi.org/10.1016/0032-3861(76)90036-7
http://doi.org/10.1016/0032-3861(77)90189-6
http://doi.org/10.1021/acs.macromol.0c02567

Polymers 2023, 15, 465 44 of 44

57. Tashiro, K.; Yamamoto, H.; Kummara, S.; Tahara, D.; Aoyama, K.; Sekiguchi, H. Electric-Field-Induced Phase Transition and
Crystal Structural Change of the Oriented Poly(vinylidene Fluoride) 3 Form as Clarified by the In Situ Synchrotron Wide-Angle
X-ray Diffraction Measurement. Macromolecules 2022, 55, 6644—-6660. [CrossRef]

58. Kusaka, K.; Hosoya, T.; Yamada, T.; Tomoyori, K.; Ohhara, T.; Katagiri, M.; Kurihara, K.; Tanaka, I.; Niimura, N. Evaluation
of performance for IBARAKI biological crystal diffractometer iBIX with new detectors. J. Synchrotron Radiat. 2013, 20, 994-998.
[CrossRef] [PubMed]

59. Hosoya, T.; Nakamura, T.; Katagiri, M.; Birumachi, A.; Ebine, M.; Soyama, K. Development of a new detector and DAQ systems
for iBIX. Nucl. Instrum. Methods Phys. Res. A 2009, 600, 217-219. [CrossRef]

60. Niimura, N. Analysis of Transient Phenomena in Crystalline and Liquid structures Using Neutron Time-of-Flight Techniques.
Nuc. Instr. Methods 1975, 126, 87-92. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1021/acs.macromol.2c01015
http://doi.org/10.1107/S0909049513021845
http://www.ncbi.nlm.nih.gov/pubmed/24121355
http://doi.org/10.1016/j.nima.2008.11.123
http://doi.org/10.1016/0029-554X(75)90235-9

	Introduction 
	Experimental Systems 
	X-ray Diffraction System 
	Neutron Diffraction Systems 
	Monochromatic Neutron Beam 
	Neutron Pulses 
	Sample Preparations for WAND Experiments 


	Several Examples of X-ray Crystal Structure Analysis of Polymers 
	PLLA  Form 
	PLLA/PDLA Stereocomplex 
	Poly(3-Hydroxybutyrate) 

	Crystal Structures of Synthetic Polymers by WAND Data Analyses 
	Orthorhombic Polyethylene 
	Trigonal Polyoxymethylene 
	Crystal Structure of POM 
	D/H Random Copolymers 


	Dilemma between the WAXD and WAND Analyses 
	Crystal Structure of at-PVA 
	Crystal Structure of at-PVA-Iodine Complex 
	The Combination of WAXD and WAND Data Analysis 

	Distribution of the Bonded Electron Density along the Polymer Chain (X-N Method) 
	Photoinduced Solid-State Polymerization of FDAC 
	Bonded Electron Density Distribution along the Polymer Chain 

	Temperature-Dependent WAND Measurements 
	Crystal Structure of Orthorhombic Polyethylene at Low Temperature 
	Temperature Dependence of WAND Data in the Heating Process 

	WAND Measurements under the Tensile Force 
	Summary and Future Perspectives 
	References

