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ABSTRACT: Deformation mechanism of polydiacetylene single crystal [poly(1,6-dil N-carbazolyl)-2.
4-hexadiyne, PDCHD] under the application of tensile force along the chain axis has been in-
vestigated hy means of the combination of lattice dynamical theory with the infrared/Raman spec-
troscopic and X-ray structural analytical technigues. The lattice dynamical theory predicted that,
when the planar-zigzag chain of PDCHD is stretched along the chain axis, the skeletal chain should
be deformed mainly through the stretching of the bond lengths and the opening of the hond angles
but without any contribution of the torsional angle deformation. This theoretical prediction was first
experimentally proven by the measurement of the stress-induced shifts of the vibrational fre-

quencies of the infrared and Raman bands. These s

hifts were interpreted reasonably in terms of the

anharmonicity of the force constants. The strain-induced atomic displacements were obtained more
directly through the refined X-ray structural analysis made for the polydiacetylene single crystal

subjected to the tensile stress.

Introduction

It is quite important to clarify the relationship
between the structure and the mechanical prop-
erties of polymer materials because such an in-
formation is useful for the development of new poly-
mer materials with more excellent mechanical pro-
perties. In particular the structure-property re-

lationship of the crystalline region is important be-

cause the crystalline region may be assumed to be
the ultimate state of the polymer substances.

For these twenty years, we have investigated
the structure-mechanical property relationship for
the polymer crystals, especially by focusing on the
three-dimensional elastic constants.”” Even now,
however, there are several problems still yet to be
solved in these researchs. For example, when we
try to measure the crystallite modulus along the
chain axis by the X-ray diffraction method under
tension, we have to assume that the stress work-
ing on the crystalline region is equal to the ex-
ternally-applied bulk stress, ie. the mechanical
series model of the amorphous and crystalline
phases in the bulk sample. This assumption cannot
be applied to any types of polymer samples.” It is
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better to use the polymer materials where it is as
highly crystalline and highly oriented as possible.
The ultradrawn polyethylene and polyoxymethyl-
ene samples may satisfy this requirement. Unfor-
tunately, however, strictly speaking, even for
these samples, this assumption cannot be perfectly
realized instead some heterogeneous distribution of
stress is needed for the interpretation of the crys-
tallite modulus'™

For a more ideal case, therefore, we need to use
“perfect single crystals’ of polymers with a size
large enough for manual treatment. This reguire-
ment cannot be satisfied practically for the general
semjcrystalline polymers. But we have one ex-
ceptional polymer, polydiacetylene, which can be
obtained by the solid state polymerization of the
monomer single crystal by irradiating y-ray at
raom temperature.”” The length of the obtained sin-
gie crystal is several cm long, along the chain axis
and car be treated by hand. In this paper we will
describe the changes of the infrared/Raman spec-
tra and X-ray diffraction pattern induced by ten-
sile stress which was applied to the poly-
diacetylene “giant’ single crystal, in order to clarify
ethe structural change of this polymer chain that
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was viewed from the molecular level.
Experimental

Sample. Monomer used here was the di-
acetylene with the N-carbazolyl groups as side
chains. The needle-like single crystals were grown
slowly from a toluene solution at room tem-
perature, which were polymerized in the solid
state by an irradiation of “Co y-ray (40 Mrad) at
room temperature. Thus the obtained polymer
[poly(1,6-di{ N-carbazolyl)-2,4-hexadiyne, PDCHD]
single crystal has needle-like shape with a di-
mension of 30 mm length and 0.1 mm width, as
shown in Figure 1. The uniform single crystals
were picked out under an optical microscope and
supplied to the experiments. The cross-sectional
area of the crystil was homogeneous, allowing us
to apply a uniform stress (or strain) over the
whole sample.

R
c-c20-C R R = -CHz N__
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Stress-Strain Curve. The crystailite modulus of
semi-crystalline polymers is generally evaluated by
the X-ray diffraction measurement under tension.
But, in the case of PDCHD single crystal, a more
convenient method is by measuring the stress-
strain curve of the bulk sample; as shown in Fig-
ure 2 {a), the sample was hung vertically with a
weight applied and the extension of the sample
length was measured by a direct observation under
an optical microscope. The temperature could be

.' cm

1 2 3

Figure 1, A photograph of PDCHD giant single crystal. The
scale between a couple of major ticks is 1 cm.
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changed arbitrarily by wusing the heater sur-
rounding the sample.”

FTIR/Raman Spectral Measurements under
Tension. For the measurements of the vibrational
spectra of PDCHD under tension, the home-made
cell shown in Figure 2 (b) was used.” The sample
was set horizontally. One end of the sample was
fixed at the holder and the other end was drawn
by applying a weight through a set of pulleys,
which could enfarge a small weight to the larger
force by a principle of lever. The polarized Fourier-
transform infrared (FTIR) spectra were measured
in a transmission fashion [Japan Spectroscopic Co.
Ltd., FTIR-5MP]. The Raman spectra were
measured by irradiating a He-Ne laser beam as an
excitation light source and the 90° scattered signals
were collected by a photomultiplier [Japan Spec-
troscopic Co. Ltd., R800].

X-ray Diffraction Measurement under Ten-
sion. The single crystal was set to the home-made
sample stretcher as shown in Figure 2(c}." Both
ends of the sample were fixed at the holder and
the sample was strained by carefully rotating the
screw. The sample was placed under tension at a
constant strain, during which the X-ray meas-
urement was made. This constant strain mode is dif -
ferent from the above-mentioned consfent stress
mode used in the measurements of the IR and Ra-
man spectra, In the case of general synthetic poly-
mers, some stress relaxation occurs frequently
when the samples are subjected to the comsfant
strain, which makes the strain behaviour am-
biguous because of stress relaxation during the ex-
periment. In the case of the PDCHD single crystal,
however, such a stress relaxation may not be con-
sidered to occur, because the stress-strain relation
obeys almost perfectly to the so-called Hookian
law, as shown later; in other words, this polymer
crystal is considered to exhibit an almost perfect
energy elasticity.

The X-ray diffraction data were collected by us-
ing an imaging plate {[P) system DIP3000 de-
veloped by MAC Science, Ltd., Japan. The IP sys-
tem was chosen for the present experiment be-
cause the IP gives two-dimensional X-ray dif-
fraction pattern and so we only need to oscillate
the sample around one axis (® axis), enabling us to
mount the sample stretcher (see Figure 2 (c)).
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Figure 2. An illustration of sample stretchers for the measurements of (a} stress-strain curve, (b} infrared and Raman spec-

tra, and (c) X-ray oscillation photographs.

This design is quite different from the auto 4-cir-
cle diffractometer in which the sample has to be
rotated in a complex manner, around the ¢ and %
axes (the ¢ axis is a spindle axis of the sample and
the % axis is a tilt angle along the meridional line),
making it difficult to hold the relatively heavy and
bulky sample stretcher. A total of 20 shots of quasi-
Weissenberg photographs with an oscillation angle
(Aw) of 5° and a translation width of 1cm were
taken in the range of ®w=0~100° at a constant
strain. where a graphite-monochromatized Mo-Ko
radiation (A =0.71073 &) was used as an incident
X-ray source (50 kV, 200 mA}). The 57 sets of 20
Weissenherg photographs were taken for the sam-
ple with the same strain in order to evaluate the
accuracy of the analyzed results and the ex-
perimental errors. The exposure time of one shot
was 10 min and only about 3.5 hrs were needed to
collect a set of photographs.

Structural Amalysis. For the indexing of re-
flections and the integration of the intensity, com-
puter softwares “DENZO" and "XDISPLAYF" were
used.™ DENZO can index the diffraction pattern,
and refine the crystal lattice parameters and de-
tector parameters such as the rotation axis of the
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sample, the ceater position of the oscillation, etc.
and integrate the diffraction intensity. XDISPLAYF
can compare the observed IP pattern with the re-
flection spots calculated by using the fitted parame-
ters which are obtained and refined in the course of
data analysis by DENZO, The total number of the
observed reflections was about 6000, from which
the effective and independent reflections, about 2300,
were extracted (0 <h<18, 0<k<4, and -24 <[ <
23). On the basis of the collected reflectional data,
another software, "SCALEPACK’, was used to de-
termine more accurate lattice parameters and the
scale factors between the successive frames of pho-
tograph, from which the accurately corrected data
of structure factor were obtained. The structural
analysis through the direct method was made on the
basis of MULTAN78.” Least-squares refinement
was made on the basis of full matrix method by us-
ing the quantity Zu(|Ff* - |[F*)* as a minimized func-
tion with the weight w =explFA sin’g/(Vs*(F.))]
where the o*F.) is the squared standard error of
the observed structure factor and the coefficient FA
was set to the value 0.001. The reflections used in
the least-squares calculation were about 1300 with
the data reduction cut-off of |Fi = [36(|F.|). Final
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reliability factors were R=0.04-0.05 and R = 0.04-
0.05 for all the samples, where the R and R, are de-
fined as follows: R=Zl|F|-|FI/ZIF] and R.=

NEATF. - F P/ IF I

Result and Discussion

Lattice-Dynamical Prediction of Deforma-
tion Mechanism. The Young's modulus of poly-
mer crystal aleng the chain axis is almost decided
by the intramolecular interactions and the con-
tribution of the intermolecular interactions is ap-
preciably small. Therefore, under a good ap-
proximation we may calculate the Young's mod-
ulus along the chain axis by taking into account
only the intramolecular interactions, that is, for
the isolated single chain.’ As one of the calculation
methods of the elastic constants, the lattice dy-
namical theory is useful to understand the ma-
croscopic physical property from the TNICIO8COPIC
point of view on a basis of concrete crystal struc-
ture and interatomic interactions. The Young's mod-
ulus along the chain axis is expressed as follows.

E =[F —F (F)'F gy (n
F =BFB,

F, =B F.B,

F£=BlFRBE‘

B, =BW

where

Fyis the force constant matrix representing the in-
teratomic interactions. B, is the transformation ma-
trix hetween the internal displacement vector AR
lincluding the bond stretching Ar, hond angle de-
formation A®, internal torsional angle change Az
and so on] and the Cartesian displacement vector
AX: AR = B, AX. W is the matrix consisting of the
Cartesian coordinates of the constituent atoms. v
is the effective volume of a basic monomeric (or
crystallographically asymmetric) unit. The B B,
and B. matrices are calculated on the basis of the
atomic coordinates and the Fun F, Fu. and F.
matrices are calculated by employing suitable force
field such as valence force field, Urey-Bradley
force field, and so on.

The lattice dynamics can predict not only the
crystallite modulus E. but also the atomic dis-
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placements induced by the application of the ex-
ternal force. The atomic displacement coordinate
AX is calculated by the equation

AX =W +p=[W-(F )'F J¢ (2}

where each atom is originally assumed to be dis-
placed along the chain axis by an amount pro-
portional to the product of W and strain € (affine
deformation, the first term of Eq 2) but such an
“external deformation  is not necessarily the maost
advantageous, energetically, and the atoms change
their relative positions to minimize as effectively
as possible the externally applied deformation.
This additional displacement of the atoms is called
the internal strain p, which can be obtained under
the condition of energy minimum at p (the second
term in Eq 2). Similarly, the internal displacement
coordinate vector AR is given by

AR =B AX =[B B (F)'F_Je 3

This lattice-dynamics method also can calculate
the vibrational frequencies of the crystal: the dy-
namical equation for the normal modes is ex-
pressed as

DL =LA,

where A, is an eigenvalue matrix, L. is an eigen-
vectar, and the dynamical matrix D, is expressed as

D, =M-VB F B M (4)

In this equation, M is a diagonal matrix consisting
of atomic masses. The wavenumber v is given as
follows by using the eigenvalue 2.

v = 130294 (o) (5

Therefore, by comparing the calculated vibrational
frequencies with the observed values, we can
check whether or not the used force field is suit-
able (and the molecular geometry). The spec-
troscopically guaranteed force field and structure
can lead to more reliable calculated results of the
Young's modulus.

The above-mentioned lattice dynamical cal-
culation was performed for PDCHD chain.” The
force constants were determined so that the cal-
culated vibrational frequencies are in agreement
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Figure 3. Stress-strain curves of PDCHD giant single crys-
tal measured at the various temperatures.™

with the observed ones. The calculated modulus E,
for PDCHD is 41.1 GPa. Figure 3 shows the stress-
strain curve measured for PDCHD, from the slope
of which the observed Young's modulus is evalu-
ated to be 43.2 GPa at room temperature. The cal-
culated value is in good agreement with the ob-
served value.

Figure 4 shows the atomic displacements and
the distribution of the strain energy (SED) to the
various internal coordinates, which were also cal-
culated on the bhasis of Eq 3. The SED is defined as
follows and indicates how largely the mternal dis-
placement contribute to the de-
formation of the chamn.

coordinates

SED(%) for the i —th coordinate = 100xF, AR ¥XF AR (6)

In the case of PDCHD, the bond stretching and
bond angle deformation of the skeletal chain con-
tribute mainly to the stretching of the planar-zig-
zag chain under the application of the tensile force.

Spectroscopic Proof of the Theoretically-Pre-

170

Strain Energy
Distribution

Figure 4. Atomic displacements and potential energy dis-
tributions calculated for polydiacetylene chain subjected to a
hypothetically large tensile strain of 10%."

dicted Chain Deformation Mechanism. The lat-
tice dynamics predicted the atomic displacement of
the PDCHD chain which was subjected to the ten-
sile force as shown in Figure 4, This theoretical
prediction needs to be confirmed through the ex-
perimental evidence. For example, vibrational spec-
tra are very sensitive to slight changes in local
structure. That is to say, the changes in bond
lengths, bond angles, internal rotation angles and
so on, and the changes in the corresponding force
constants can be traced accurately by measuring
the changes in frequency, intensity and breadth of
vibrational bands. Therefore, vibrational
troscopy is expected to be one of the most pow-
erful methods to evaluate the stress-induced slight
changes in structure and interactions and to
deduce molecular deformation mechanisms of
polymer crystals."*™

Figure 5 shows the Raman spectral change

spec-
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Figure 5. Raman spectral change of PDCHD crystal me-
asured under tensile stress.” Asterisks are emissions from
Neon lamp to check the wavenumber drift.

measured for PDCHD under an application of ten-
sile load."*'# This polymer has an absorption peak
of visible-ultraviolet spectra arcund 660 nm, and
the obtained spectra are so-called resonance Ra-
man spectra, where only the vibrational modes as-
sociated with the skeletal electronic conjugation
system (stretching modes of double and triple
ponds, etc.) were detected when the incident laser
with 632.8 nm wavelength was used as an exX-
citation light source. The peak position of the
bands was found to shift clearly to the lower fre-
quency side with increasing tensile stress. The pro-
file change was also observed in the frequency re-
gions of 1500~1400 and 1260-1200 cm’, which
comes from the change in the vibrational coupling
between the skeletal and side-group modes. The
skeletal modes with high frequency shift factors
[9v/d6] corresponded well to those of high SEDs,
predicted for the stressed PDCHD chain (Figure 4y
the C=C stretching [W(C=C)], C=C stretching
[w(C=C)] and C-C=C bending [8(CCC)] modes.
The calculation predicts a high SED to the skeletal
C-C single bond, therefore we may expect a large
frequency shift for the corresponding C-C stretch-
ing band [+(CC)]. This v(CC) is Raman inactive, as
known from the factor group analysis and we need
to search the band in the infrared spectra. Al-
though the measurement was difficult for a thin
and small single crystal of PDCHD, as long as the
conventional dispersion-type infrared spectrometer
was used, the FTIR spectroscopy lead to a success
in the measurement of the polarized infrared
transmission spectra of PDCHD single crystal.” Fig-
ure 6 shows the obtained FTIR spectral change, in-
duced by the tensile stress. Both the vibrational
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Figure 6. FTIR change of polydiacetylene thin erystal
measured under tensile stress {the parallel component).™

bands of the main chain and side groups were in-
frared active and so the spectra were very com-
plicated. Among these many infrared bands, only
one band locating at ca. 1307 ¢cm™ was found to
show a large frequency shift (-31cm™/GPa}. The
normal modes calculation revealed this band as-
signable to the antisymmetric skeletal C-C stretch-
ing mode v.(C-C). Figure 7 summarizes the stress
dependence of the vibrational frequencies of the
detected Raman and infrared-active skeletal modes.

At this stage we have a question: Why does such
a vibrational frequency shift occur for the de-
formation of the chains? A vibrational frequency
shift has been explained in terms of the an-
harmonicity of the vibration.*™ The lattice dy-
namical method was adopted to the problem of
stress-induced vibrational frequency shift of poly-
mer crystals under the gquasiharmonic ap-
proximation. As shown in eqs 4 and 5, the vi-
brational frequency n can be obtained by salving
the dynamical equation which is a function of force
constants, molecular (and crystal) structure and a-
tomic masses. The external stress may cause the
structural deformation, which affects the in-
tramolecular (and intermelecular) force fields and
then the frequency v. We assume here that the in-
ternal coordinates (bond length, bond angle, etc.)
will change from R. to R as a result of deformation
of the crystal. The mechanical strain energy V of

in
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Figure 7. Stress dependence of the vibrational frequencies
measured for PDCHD sample crystal.”

the system 1s expressed by

V =V, +H3V/0R,), AR, +(1/ ) HFV /IR, OR ). ARi R, +
(L/3NEESPV /IR 3R OR, ), AR AR AR+ (T)

Here AR is that defined in Eq 3 and should be dis-
tinguished from AR, the internal displacement
coordinate for representing the vibrationally caus-
ed displacement of bond length, bond angle, etc. As-
suming V, equal to zero and employing the con-
dition {(aV/dR}=0, the above equation can be
rewritten as follows.

V =(1/2)ZZ[(*V/3R,9R,), +(1/3) TPV /IR 3R OR,),
DELATR,JAR AR+
=(1/2)ZEF, AR AR, (8)
where
F, =(FPV/0R.3R), +(13)Z2*V/3R,IR R,), AR,
=F+XF AR, (9

ik

Equation 8 corresponds formally to the expression
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Figure 8. Stress dependence of the force constants es-
timated for PDCHD sample.”

of the harmonic potential energy with the force con-
stant F; but the F; is affected by the change m the
internal coordinates AR. This kind of treatment is
reasonable for an infinitesimally small change of R
and called a ‘guasiharmonic approximation . Since
the internal displacement coordinates AR, are ex-
pressed as a linear function of the stress © or stram
£ (Eq 3), we have the following expression for Fy:

F,=F +F, 0 (10)

That 1s, the force constants are expressed as a
function of .

In the actual analysis of the spectroscopic data,
the diagonal components of the force constants
were determined by the least squares method so
that the calculated vibrational frequencies would
be as close to the observed values as possible. The
obtained stress-dependence of the diagenal force
constants is plotted in Figure 8, where an effect of
temperature is also included.

As seen from the comparison of Figure 4 with
Figure 7. the vibrational modes with large fre-
quency shift correspond to the internal dis-
placement coordinates to which the strain energy
1s largely distributed. What type of quantitative re-

Korea Polym. ]J., Vol. 4, No. 2, 1996
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jationship is existent between the SED and the fre-
quency shift A4v? The development of the equations
derived under a quasi-harmonic approximation
gives the following expression for the frequency
shift Av:

Av o BPF’\JSED /E, {11

where B., F, and F' are the components of the B
and F matrices (F.: harmonic compoenent and F":
antharmonic component). Av is proportional to SED
and so we can interpret why only the vibrational
frequencies of the skeletal modes are shifted ap-
preciably by the application of tensile stress. E-
guation 11 can be rewritten as

Av Bp(ad/R)P/\f%? (12)

where (3d/3R) is the elongation of the helical pitch
d (or the repeat period along the chain axis) per
unit change in the internal coordinate R The
wavenumber shift Av is governed by the product
of the geometrical factor B(3d/aR) and the in-
teraction factor F'/{F.)* In other words, the vi-
brational mode with soft (small) force constants F,
and high anharmonicity F ' shifts largely but the
degree is also determined by the geometrical fac-
tor (or the conformation of the polymer chain).

Refined X-ray Structural Analysis of the De-
formed PDCHD Chain. In this way, the infrared
and Raman spectroscopic methods could supply
very important informations on the atomic dis-
placements in a form of vibrational frequency
shifts. Based on the lattice dynamical theory de-
veloped under a guasitharmonic approximation, we
were able to clarify the quantitative relationship
betweégﬁ the frequency shifts and the atomic dis-
placements (Eqs 11 and 12) by assuming that the
farce conétants were modified through the changes
in thee internal coordinates such as the bond
lengths, bond angles and/or internal torsional an-
gles (Egs 9 and 10).

At this stage, however, we have to realize that
the vibrational spectroscopic interpretation of the
mechanically deformed polymer crystals has a lim-
itation to getting a direct information concerning
the atomic displacements. This is because the vi-
brational frequency is a function of the force con-
stants and the atomic coordinates in a complicated
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manner. In order to obtain more direct and de-
finite information concerning the atomic  dis-
placements, we have to necessarily rely on the re-
fined crystal structural analysis by using the X-ray
diffraction technigue. In general, the polymer crys-
tals show quite a poor X-ray diffraction pattern,
consisting of a small number of broad reflections,
making it difficult to utilize the “direct’” method
employed frequently in the refined structural
analysis of low-melecular-weight compounds. This
situation makes it practically impossible to detect
the quite small atomic displacements pccurring in
the deformed polymer crystal. We need to obtain a
single crystal of polymer which is large enough to
be treatable manually. Then, we can utilize the
PDCHD single crystal as a candidate for the above-
mentioned purpose, i.e., a direct experimental
proof of molecular deformation mechanism. Con-
cretely speaking, this PDCHD sample was ten-
sioned uniaxially by using the home-made stretch-
er, which was mounted on the goniometer head
and the sets of X-ray oscillation photographs were
taken by using the imaging-plate {IP) system. The
refined structural analysis was made for the col-
lected IP data and the change n the unit cell
parameters, as well as, the atomic positions were
evaluated.”

Strain-induced Change of Unit Cell Paramet-
ers of PDCHD. In Figure 9 the molecular and crys-
tal structures of PDCHD analyzed at the strain
free state are shown. The cell parameters av-
eraged over the 7 independent results are <g>=12.
84640001 A, <b> (fiber axis)=4.887%0.001 A,
<e>=17.332+0.004 A, and <P>=108.30=0.01"
The "space group is P2,-Cx’ The averaged re-
liability factor <R>=5.0%. As seen in Figure 9, the
molecular chain takes essentially the fully ex-
tended all-trans conformation and the carbazolyl
side-chain groups are packed well in a herringbone
structure.

The crystal was stretched at a constant strain,
during which a set of Weissenberg photographs
were taken at room temperature, This process
was repeated 67 times at almost the same stramn
value in order to check the reproducibility of the
analyzed results. The change in the lattice paramet-
ers evaluated from these data are listed below and
also plotted against the applied strain as shown in
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Figure 9. (a) Molecular and (b) crystal structures of PDCHD in the strain free state."

strain/% a/A BA /A B/

0.0 12,346 4887 17.332 108.30
0.25 12826 4899 17317  108.30
0.39 12.824  4.906 17.318  108.30
0.67 12788  4.919  17.286  108.33

Figure 10, where the changes are represented by
percentages with the parameters obtained at the
free strain as initial values (the strain along the
chain axis is calculated as (b-b,)/b, where b-axial
value averaged for all the date obtained at free
strain states was used as b,). As the fiber axis b is
increased by tension, the @ and ¢ axes are con-
tracted but the angle § does not change much.
These strain-induced changes in the cell constants
are almost perfectly reversible, From these data
we may estimate the so-called Poisson's ratios as
follows:

v, =—(AC /¢, W(Ab /B, )= (Ac sin B/, sinB)/(Ab /B, )

=0.67
v, =—(Aa/a,)(Ab/b,) =038

where the ¢' is the component of the ¢ axis per-
pendicular to the # axis and the angle B is prac-
tically constant. Such an exact evaluation of the
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Figure 10. Stress-induced changes of lattice parameters
plotted against the strain (room temperature)}.™

Poisson's ratio of polymer crystal is considered to
be the first case as far as the authors know.

Chain Deformation and Geometrical Changes,
All the X-ray diffraction data thus collected were u-
tilized in the refined structure analyses. The
changes in the structural parameters of the molec-
ular chains are plotted against the strain in Figures
11 and 12. As shown in Figure 11, the bond lengths
of the skeletal chaing R (C-C) and R, (C=C) are
stretched almost linearly with an increase of tensile
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Figure 11. Strain dependence of bond lengths of PDCHD chain (room temperature).” The definition of the bond lengths is
made in the right side of this figure.
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Figure 12. Strain dependence of bond angles of PDCHID chain {(room temperature). The definition of the bond angles is
made in the right side of this figure.

strain, while the bond length B (C=C) and the »
{the bond length between the skeletal chain atom
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and the side group atom CH.) are decreased to some
extent. The hond length 7. in the side group does
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tension=0.00%

0.26
0.40
0.67 .

0.00%
0.29
0.49
0.59

Figure 13. X-ray analyzed changes of the internal coor-
dinates of PDCHD skeletal chain." Four rows of strain per-
centages shown at each internal coordinate correspond to
the four stages of tension (from 0.0 to 0.67%).

not change at all. In Figure 12, the bond angle ¢
(<C-C=C) of the skeletal zigzag chain increases but
the angle 8. {between the bonds R, and #,) decreases
s0 as to compensate the increment of these angles ¢
and 8. The increase of the bond lengths and bond
angles of the planar-zigzag skeletal chain subjected
to the tensile stretching field can be easily imagined.
The skeletal angle §. 15 the angle <C-C=C of an al-
most linear part of the skeletal zigzag chain (178.9°
at the free strain state). This angle is decreased
when the chain is stretched, meaning that the long
virtual hond of C-C=C-C is bent and wound slightly
under tension. The inner structure of the side
groups shows almost no geometrical charge during
the tensile deformation, although the orientation of
the carbazolyl groups 1s changed slightly, as a result
of the skeletal chain deformation and also due to the

176

compression from the surrounding chains.

Comparison of the X-ray Analyzed Deforma-
tion Mechanism with the Lattice-Dynamical
Prediction. As shown in Figure 4, we predicted
the atomic displacements occurring in the strained
PDCHD chain on the hasis of the lattice dynamical
theory., The strain energy distributes pre-
ferentially to the change of the skeletal chain con-
formation: in particular, the distribution to the
stretching of the skeletal C-C, C=C and C=C
bonds and the opening of the angle <C=C-C 1s sig-
nificant. This type of chain deformation is qual-
itatively in good coincidence with the above-men-
tioned conformational change {see Figure 13 where
the changes of the parameters are listed cor-
respondingly to the increase of the tension from 0.0
to 0.67%], although the guantitative comparison is
stil} difficult at present because the force field em-
ployed in the theoretical calculation was too sim-
plified”, However, we may say that the X-ray
structural analvsis has been for the first time able
to confirm experimenfally the molecular de-
formation mechanism of the PDCHD applied strain
as shown in chain which was predicted theoret-
ically on the basis of the lattice dynamical cal-
culation.
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