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ABSTRACT: Direct-current conductivity og, of CHCls-cast films of three urethane-substituted poly(diacetylenes)
[poly(xACMU)] was studied as a function of dopant (iodine) concentration Y, temperature T, and molecular
weight. The polymers were poly[4,6-decadiyne-1,10-diol bis([(n-butoxycarbonyl)methyljurethane)], poly-
[4,6-decadiyne-1,10-diol bis([(ethoxycarbonyl)methyljurethane)], and poly[3,5-octadiyne-1,8-diol bis([(n-
butoxycarbonyl)methyl]urethane)], abbreviated as poly(3BCMU), poly(SECMU), and poly(2BCMU), re-
spectively. In all cases, the doping increased the o4, of CHCl;-cast films, which were poorly crystalline. The
substituent side groups affected the conductivity very little. The log o4, vs. log Y curves showed a break at
characteristic dopant concentrations Y,, which were roughly the same for the three poly(xACMUs). The log
4. v8. log 1/T curves also showed a break at characteristic temperatures T,. There appeared to be two different
conduction regimes above and below T,. Possible conduction mechanisms were discussed. The dependence
of o4, on molecular weight was investigated for CHCl;-cast films of seven poly(SBCMU) samples. The oy,
at given Y was proportional to the number-average molecular weight M,. The thermal activation energy E,
of conduction in the region T > T, was independent of Y but proportional to M,™, and the value at M, —

© wag approximately 0.44 eV.

Introduction

In recent years the electrical conduction of fully conju-
gated linear polymers has been attracting attention as a
model of low-dimensional conductors.>* One of such
polymers is poly(diacetylenes) having a highly conjugated
poly(enyne) backbone with an admixture of the butatriene
structure.’8

The solid-state polymerization of diacetylenes (RC=
C—C=CR) with various substituent groups R has been
studied and reviewed by many authors.”® Since some
poly(diacetylenes) were obtained as almost perfect single
crystals without macroscopic defects, impurities, and
dislocations, they have been used as model substances for
investigation of the properties of conjugated polymers.510
Usually, poly(diacetylenes) have very low dark conduc-
tivities and photoconductivities.!''3 However, recent
findings on the enhancement of electrical conductivity of
polyacetylene by doping has stimulated studies of the
conductivity of doped poly(diacetylenes).*1415 These
findings also motivated us to carry out a series of studies
on some poly(diacetylenes) soluble in organic solvents such
as CHCl,.'® The soluble poly(diacetylenes) are appropriate
for the studies of the relationship between molecular
characteristics and electrical conductivity because they can
be easily characterized by dilute solution techniques. The
poly(diacetylenes) studied here have the substituent R =
-(CH,),0CONHCH,COO(CH,),CH; with x = 1-4 and y
=1 or 3. They are referred to as poly(xACMU), standing
for the number of methylene groups, and [(alkoxy-
carbonyl)methyl]urethane side chain.

We have reported the synthesis, characterization, and
mechanical and electrical properties of poly[4,6-decadi-
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yne-1,10-diol bis([(n-butoxycarbonyl)methyl]urethane)],
abbreviated as poly(3BCMU), for which x = 3 and B =
butoxy (y = 8).!"1® The results of our study of poly-
(8BCMU)'® were as follows. (i) The glass transition tem-
perature T, of CHCl;-cast film is increased by doping with
iodine. (ii) The electrical conductivity of the film is largely
increased from 10712 to 107 &' em™ by doping with iodine.
(iii) The conductivity may depend on the molecular weight
and its distribution and/or the degree of crystallinity,
although the films are poorly crystalline. (iv) The con-
duction appears to occur mainly through an electronic
mechanism; the iodine dopant interacts with and provides
charge carriers along the conjugated main chains.
Recently, we also examined CHCl;-cast films and single
crystals of poly[5,7-dodecadiyne-1,12-diol bis([(n-butoxy-
carbonyl)methyl]urethane)], abbreviated as poly(4BCMU),
for which x = 4 and ¥ = 3.1 From a preliminary X-ray
diffraction analysis on poly(4BCMU) single crystals, the
following conclusions were deduced.!® The fiber period (¢
axis) and the subcell dimensions perpendicular to the ¢ axis
are ¢ = 0.488 nm, a’ = 0.533 nm, and b’ = 5.436 nm, re-
spectively. The b’ axis is almost parallel to the urethane
group, and the a’ axis is perpendicular to both of the main
chain and urethane group directions and hence corre-
sponds to the chain stacking direction. The electrical
conductivity of CHCl;-cast films of this polymer was in-
creased from 1073 to 1075 Q! ¢cm™ by doping with 2 mol
of I3~ per 4BCMU unit in a manner similar to that of
poly(3BCMU). However, a single-crystal specimen could
be doped only to a level of 2 X 102 mol, and the maximum
attainable conductivities along the ¢ axis, ¢, and along the
a’ axis, 0, were 4.1 X 1077 and 6.5 X 1078 Q! cm™, re-
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spectively. The anisotropy ¢,/¢, of the single-crystal
poly(4BCMU) was 6.5 = 0.4, independent of the dopant
concentration. These results suggested the following ad-
ditional conclusions: (i) the conduction along the polymer
chain is easier than that along the chain stacking direction;
(ii) doping takes place to a greater extent in amorphous
regions of the specimens than in the crystalline regions.

In order to achieve better understanding of the nature
and mechanism of electrical conduction in fully conjugated
linear polymers, we have synthesized two other soluble
poly(xACMUs): poly{4,6-decadiyne-1,10-diol bis([(eth-
oxycarbonyl)methyljurethane)] [poly(3ECMU); x = 3 and
y = 1] and poly[3,5-octadiyne-1,8-diol bis([(n-butoxy-
carbonyl)methyl]urethane)] [poly(2BCMU); x = 2 and y
= 3]. We have investigated the effect of their substituent
side groups on the electrical conductivity of CHCl;-cast
films in comparison with poly(3BCMU) and poly-
(4BCMU). In addition, the dependence of electrical con-
ductivity on molecular weight was examined, using
CHCl;-cast films of seven poly(3BCMU) samples with
different molecular weights. The results are reported in
this article.

Experimental Section

Materials. 4-Pentyn-1-ol was synthesized by the reaction
reported previously.!” 3-Butyn-2-ol was obtained from Tokyo
Kasei Co., Ltd., Tokyo, Japan. The precursors 4,6-decadiyne-
1,10-diol and 3,5-octadiyne-1,8-diol were prepared by Hay’s
method of oxidative coupling® of 4-pentyn-1-ol and 8-butyn-1-ol,
respectively. The diacetylene diols were allowed to react with
either n-butyl isocyanatoacetate or ethyl isocyanatoacetate in
purified THF using triethylamine and dibutyltin di-2-ethyl-
hexanoate as catalysts to obtain SBBCMU, 2BCMU, and 3ECMU
monomers. The structures of the monomers were confirmed by
IR, NMR, DSC, and elemental analysis. Poly(xACMUs) were
obtained by solid-state polymerization, exposing the respective
powdered monomers to 8Co v-ray irradiation. The polymer
powders were purified by extracting unreacted monomers with
acetone.

The purified poly(xACMUs) were cast from 2% (w/v) CHCl,
solution into films about 0.2 mm thick. The solvent was allowed
to evaporate slowly at room temperature over a period of 80 h.
The films obtained showed metallic black-gold luster for poly-
(3BCMU), metallic black-purple luster for poly(3ECMU), and
metallic black-red luster for poly(2BCMU).

Doping with Iodine. Poly(xACMU) films were doped with
iodine by exposing them to iodine vapor; this doping method is
referred to as the vapor method. The procedure has been de-
scribed elsewhere.!® The amount of iodine absorbed by the
specimen was determined by weighing. For poly(3BCMU), doping
was also carried out by mixing the polymer with iodine in CHCl,,
followed by evaporating the solvent to obtain doped films. This
doping technique is referred to as the solution method. The
amount of dopant in the film was calculated from the initial
amounts of the two components and was corrected for sublimation
during casting by comparing the difference in weights of the film
and the polymer plus iodine in the initial solution. The dopant
concentration Y was expressed as the number of moles of I3 ion
per 1 mol of the diacetylene monomer unit because I3~ appeared
to be the most likely dopant species.!® Doped films are designated
as poly[xACMU(I,)y].

Methods. Dynamic mechanical measurements were made on
a Rheovibron DDV-II (Toyo-Baldwin Co.) at 110 Hz. Differential
scanning calorimetry was carried out on a DSC apparatus (Rigaku
Denki Co., Model 8055) with a heating rate of 10 K min™.

The direct current (dc) conductivity, o4, was measured by a
four-terminal method usually with a film of 20 X 5 X 0.2 mm?
size or a parallel-plate electrode with guarding (the area of
electrode was 1-2 cm? and the film thickness was 0.2 mm).
Electrodes were made on each film by painting carbon-black
conductive paste (Dotite XC-12, Fujikura Kasei Co.), and by
connecting platinum wires to them. In each measurement, a
specimen with the electrodes was sealed in a glass cell or a brass
container?! filled with helium. The temperature was measured
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Table I
Molecular Characteristics of Poly(x ACMU) Powders
Prepared at 45-Mrd Dose®

samples 10¢M, 107¢M,, M, /M,
poly(3BBCMU) 0.077 0.97 12
poly(3ECMU) 0.10 1.00 10
poly(2BCMU) 0.066 0.89 13

@Molecular weights based on polystyrene standards.
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Figure 1. Temperature dependence of storage Young’s moduli

E’, loss moduli E”, and tan é at 110 Hz for CHCls-cast films of
poly(xACMUs).

with a copper—constantan thermocouple placed close to the
specimen. Currents were measured under an applied voltage
between 1 and 130 V with a Keithley 640 electrometer. The
procedures are described elsewhere.!81®

Results and Discussion

Dynamic Mechanical Properties and Differential
Scanning Calorimetry (DSC). Table I shows molecular
characteristics of poly(xACMU) samples obtained by ir-
radiating the monomers with ¥Co ~-rays at about 45-Mrd
dose. Dynamic mechanical measurements were carried out
on CHCl;-cast films of these samples. Figure 1 shows
temperature dependences of storage Young’s moduli, E,
loss moduli, E”, and tan é of the three poly(xACMU)
samples. These results resemble those of common semi-
crystalline polymers. The loss maximum temperatures
T sz corresponding to the glass transition temperatures
T, for poly(3BCMU), poly(BECMU), and poly(2BCMU)
are about 270, 295, and 273 K, respectively. Poly(3BCMU)
and poly(3ECMU) films began to flow at about 420 K and
poly(2BCMU) film at about 360 K. For poly(3BCMU)?8
and poly(4BCMU),® the DSC thermograms of as-
polymerized powder and/or single-crystal specimens usu-
ally exhibited two endothermic peaks, while those of the
CHCl;-cast specimens exhibited only one peak corre-
sponding to the high-temperature peak of the former.
Figure 2 shows DSC thermograms of CHCl;-cast films of
poly(83BCMU), poly(3ECMU), and poly(2BCMU). Only
one endothermic peak, tailing to lower temperature, is
observed for all the films. The melting temperatures de-
termined from the endothermic peaks of the thermograms
were 440, 445, and 398 K for poly(3BCMU), poly(3ECMU),
and poly(2BCMU), respectively. These values correspond
to those of the high-temperature peaks of the powder form
or single-crystal specimens. Figure 2 also shows the en-
thalpy of fusion, AHj, calculated from the areas under the
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Figure 3. Dc conductivity of poly(xACMU) and polybutadiene
films as a function of dopant concentration Y.

melting peaks. These values are very small in comparison
with AH; = 28.5 J g™! of the corresponding peak of poly-
(3BCMU) powder specimens.!®

Patel and Miller® assigned the two endothermic peaks
of powder and/or single-crystal specimens to the de-
struction of intermolecular and intramolecular ordering
(from the low-temperature side). They also suggested that
the intramolecular ordering is reinforced by the intramo-
lecular hydrogen bonding between the C=0 and N—H
groups of the adjacent side chains, and that poly(xACMU)
chains assume a planar flat ribbonlike conformation in the
solid state. The flat ribbons are stacked to form inter-
molecular ordering. Then, the absence of the low-tem-
perature peak and the small AH; value of the high-tem-
perature peak for the CHCl;-cast specimens imply that the
degrees of the inter- and intramolecular orderings are very
low. These results coincide with the previous result!® that
the degrees of crystallinity (in terms of both inter- and
intramolecular ordering) of CHCls-cast films of poly-
(3BCMU) and poly(4BCMU) are usually very low.

Electrical Conductivity of Poly(x ACMUs). Figure
3 shows the dependence of dc conductivity, og4, at 25 °C
on dopant concentration Y for iodine-doped poly(xACMU)
and polybutadiene films. The doping was carried out by
the vapor method. The ¢4, of poly(xACMUs) increases
with increasing Y and finally reaches the value of the
semiconductive region of 10°-10% Q! cm™! at Y of about
0.7. The o4, of polybutadiene is almost constant in the
range of Y from 1072 to 101, These results suggest that
the conjugated main chains of poly(xACMUs) strongly
contribute to their high s4.. As reported previously for a
doped poly(3BCMU) sample,'® the current through a
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Table I1
Dec Conductivities of Poly(3BCMU) Films Doped by the
Solution Method

specimen og S /(@ em™) 04>/ 04’
poly[3BBCMU(I5)y03,] 52 % 1077 1 x 10°
poly[3BCMU(I5).4) 2.9 x 1078 2 x 10
poly[3BCMU(I,)05;] 2.6 X 10°¢ 2 x 107!

doped film under constant voltage did not change over
more than 200 h, and the total amount of the transported
charge during the period was 100 times larger than that
of iodine (assumed in the form of I;") absorbed by the film.
Probably, iodine ions are not acting merely as ionic carriers
but also as electron acceptors, thereby producing holes
along the conjugated chains.

As seen in Figure 3, the log o4, vs. log Y curves comprise
two straight lines with a break at a characteristic dopant
concentration, Y, for each poly(xACMU). The Y, appears
to be nearly the same for the three poly(xACMUs). The
two lines may be represented approximately by o4.(Y) =
AY?® with A and a being empirical parameters depending
on the polymer species. The values of a for poly(3BCMU),
poly(8BECMU), and poly(2BCMU) films are 1.8, 1.3, and
1.2 in the region of Y < Y,, and 3.9, 4.8, and 5.7 in the
region of Y > Y, respectively. If iodine molecules were
acting merely as ionic carriers, a should be directly pro-
portional to Y. However, since the values of a are always
greater than 1, the iodine dopant must be interacting with
the conjugated main chains of poly(xACMU) to produce
charge carriers along the chains.

A possible explanation for Y is that vapor-phase doping
is inhomogeneous at low dopant concentrations, leading
to a heterophase structure composed of doped conducting
and undoped insulating domains. In the region Y > Y,
the doped domains may join to make a continuous semi-
conductive phase.

Another possibility is that iodine molecules diffusing into
the film are absorbed first by urethane groups and only
a fraction of them act as effective dopants at low dopant
concentrations. These speculations are consistent with the
result that the values of Y, are roughly the same for all the
samples.

Table II shows the conductivity, 45, of poly-
(3BCMU)/0.09 Mrd A films doped by the solution method,
and the ratio, 04,/ a4.", to that of the vapor-doped films,
o4’ At Y =0.032, 0,5 is larger than o4.” by three orders
of magnitude, and at Y = 0.23 by a factor of 20. This result
implies that solution doping proceeds rather inhomoge-
neously even at low dopant concentrations. On the other
hand, at Y = 0.81 0,5 is smaller than ¢4’ by one order
of magnitude. At this high dopant concentration, we ob-
served that iodine molecules separated from the polymer
during solvent evaporation and deposited on the surface
of the film. Obviously, the conductivity of doped poly-
{(xACMU) films depends on the effective concentration of
iodine complexed with conjugated backbones and not on
the overall quantity absorbed by the specimen. Our at-
tempts to determine the concentration and the distribution
of effective dopants have not yet succeeded and are con-
tinuing.

Figure 4 shows the temperature dependence of oy for
iodine-doped poly(x ACMU) films. For comparison, the
data for undoped poly(3BCMU) are also shown. The
values of o4, first decrease rapidly with decreasing tem-
perature and then become constant or decrease only
slightly below certain characteristic temperatures, T..

Such a sharp break in the temperature-dependence
curves may possibly be an artifact in the equipment due
to its incapability of dealing with high-impedance samples.
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Figure 4. Temperature dependence of dc conductivity og4, for
iodine-doped poly(xACMU) and undoped poly(3BCMU) films.

However, this possibility is unlikely for the following
reasons. In our typical low-temperature experiments, we
employed specimens (with a conductivity of roughly 1074
Q! cm™) with about 1-cm? electrode area and 0.2 mm thick
and confirmed that the Ohm’s law was obeyed under the
applied voltage of 1-130 V. The current through the
specimen was approximately 107:2-1071° A, These values
are certainly above the sensitivity limit (about 107> A) of
the high-performance electrometer employed in this study.

Additional evidence is that similar changes in the tem-
perature dependence have been observed in the alternating
current (ac) conduction g, of doped poly(3BCMU) films
measured with a transformer bridge at four frequencies
of 0.1, 1, 10, and 100 kHz. The values of o, at fixed
tempei'satures extrapolated to zero frequency reached those
of o de*

A common feature of ionic conduction in polymers is a
change in temperature dependence of conduction as the
temperature is decreased through the glass transition
temperature T,.2>2* However, this is not the case for the
poly(xACMU) films. The values of T, for the doped
poly(xACMUs) are much lower than the values of T, es-
timated from dynamic mechanical measurements.

From the slope of the plots of log o4, vs. 1/T above T,
we estimated the thermal activation energy E, as 1.07 eV
for poly(3BCMU), 0.98 ¢V for poly(BECMU), and 0.99 eV
for poly(2BCMU). The values of E, are not significantly
different among the different polymer species. The values
of E, for the undoped films are also nearly the same as
those of the doped films, although the conductivities of
the former are much smaller than those of the latter. The
dopant appears to have a significant effect on a4, but little
on E,.

In the low-temperature region, the E, is 0.33, 0.0085, and
0.019 eV for the iodine-doped poly(3BCMU), poly-
(3ECMU), and poly(2BCMU) specimens, respectively.
The g4, of undoped films in the low-temperature region
was too small to be measured accurately. Thus, the data
are not shown in Figure 4.

The temperature dependence of a4, for poly(xACMUs)
suggests that two independent conduction regimes might
exist above and below T',.. In the high-temperature region,
the conduction mechanism might be governed by a ther-
mally activated process in which both the number and the
mobility of charge carriers increase with temperature. In
the low-temperature region, an electronic process such as
tunneling or variable-range hopping over low barriers close

Electrical Conductivity of Poly(diacetylenes) 2129

Table III
Molecular Characteristics and Heat of Fusion, AH, for
CHC;-Cast Poly(3BCMU) Films

poly(3BCMU)*  10°M, 1076M,, M./M, AH/(J g™

0.09 Mrd A 0.23 1.38 5.8 11.5
0.09 Mrd B 0.15 0.87 5.6

0.09 Mrd C 0.071 0.63 8.8 10.9
0.6 Mrd? 0.10 0.58 5.6 12.1
15 Mrd? 0.044 0.73 16 10.9
45 Mrd A 0.039 2.3 58 10.9
45 Mrd B 0.020 0.41 20 5.0

¢A, B, and C for poly(3BCMU) polymerized at the same total
dose designate samples of different polymerization batches and/or
different casting history. °These two samples are the polymer
listed in Table L.

to the Fermi level might be prevailing. A similar tem-
perature-dependence behavior of o4, has been reported for
poly(phenylacetylene) films by Bhatt et al.?* They also
showed that T, is independent of the dopant concentration
Y within experimental error.

The temperature dependence of o4, for the various
poly(xACMU) films is qualitatively similar. This result
suggests that the electrical conduction is mainly due to the
conjugated main chains of poly(xACMU), and the sub-
stituent side groups affect the conductivity relatively little,
presumably through their influence on the planarity of the
chain backbones.

Molecular Weight Dependence of Conductivity.
The conductivity of doped poly(x ACMU) films may also
depend in a complicated manner on various structural
parameters of the films, including the degree of crystal-
linity and the molecular weight and its distribution.

In order to study the effects of molecular weight on
electrical conductivity, we prepared poly(3BCMU) powder
samples with different molecular weights by adjusting the
total dose of ®Co y-rays in the solid-state polymerization
because the total dose has been found to affect not only
the conversion to polymer but also the molecular weight
and its distribution.!®

We also found that the molecular weights of CHC;-cast
films are always lower than those of the corresponding
powder specimens, and the molecular weights of powder
and solvent-cast specimens decrease rather slowly on aging.
The observed decrease in molecular weight on aging may
have resulted from UV-induced chain scission and/or
degradation due to oxygen or impurities in the CHCl,. In
fact, photoinduced random scission of poly(diacetylene)
chains in solution has been reported for poly(5,7-dodeca-
diyne-1,12-diol bis(p-toluenesulfonate)] by Wenz and
Wegner.8 Recently, Patel et al.?” reported that the
blue-colored poly(3BCMU) on filter paper decolorized in
seconds on exposure to ozone at 2 ppm concentration. This
result was attributed to destruction of the conjugated
backbones, and the authors suggested the use of poly-
(xtACMUs) as ozone indicators and dosimeters.?’” There-
fore, when some previously made solvent-cast films were
used for conductivity measurements, we redissolved them
in CHCl; and redetermined the molecular weights by GPC.
Table IIT shows molecular weight data including these
redetermined values, together with the values of AH; es-
timated from DSC measurements on these films. The
values of AH; are almost the same except for that of
poly(3BCMU) /45 Mrd B film. Therefore, it can be con-
cluded that there is little difference in the degree of mo-
lecular ordering in the films.

Figure 5 shows the dependence of ¢4, on Y at 18 °C for
iodine-doped films of the seven poly(3BCMU) samples.
Doping was carried out by the vapor method. Obviously,
the values of o4, at a given Y are different for samples of
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04.

different molecular weights. This result may be the first
evidence that demonstrates the molecular weight depen-
dence of ¢4 in conducting polymers. No correlation was
found between a4, and M, at a given Y, but a good cor-
relation was found between o4, and M,. Figure 6 shows
that o4, increases linearly with increasing M, for each value
of Y. The o4, appears to extrapolate to zero at M, = 0.
If the migration of dopant ions is the main cause of the
conduction, g4, cannot depend on the molecular weight.
Presumably, electrons or holes in the conjugated backbones
are dominant charge carriers. The migration of electrons
and/or holes may be delayed at the chain ends. Therefore,
the resistivity is proportional to the number of chain ends,
and oy, is directly proportional to M, rather than to M,,.

Figure 7 shows the temperature dependence of o4, for
iodine-doped films of poly(83BCMUE) in the region T > T..
All the films showed the same temperature dependence
before and after doping, although the curves for undoped
specimens are not shown. A typical example is shown for
undoped and doped films of poly(3BCMU) in Figure 4.
The activation energy E,, determined from the Arrhenius
plots, does not depend on Y but depends on the molecular
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weight of the films.

Figure 8 shows the activation energy E, plotted against
M, The value of E, decreases with decreasing M, ™, and
extrapolates to 0.44 eV for infinitely large M,. This value
might correspond to the energy needed to produce an
electron or a hole in the conjugated backbone of the
polymer from the dopant iodine and for transporting it
along a chain of infinite molecular weight. In a chain with
a finite molecular weight, presumably the chain ends act
as localized trap sites and provide a barrier for hopping
of charge carriers to another chain.
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ABSTRACT: Local conformations of poly(methyl methacrylate) (PMMA) chains in solution have been
investigated by intermediate-angle X-ray scattering. Scattered intensity was measured for atactic and
syndiotactic PMMA dissolved in benzene, acetone, and 3-heptanone (6-solvent) and placed on an absolute
scale with reference to the primary beam intensity. The theoretical scattering functions were also calculated
by use of the rotational isomeric state scheme based on the conformation energies calculated by Sundararajan
and Flory. All atoms effective to X-ray scattering were incorporated in the calculations. The effect of the
electron density of the solvent was also taken into account but found to have no major influence on the scattering
curves. Although the theoretical scattering functions based on the ordinary two-state scheme can reproduce
major features of the experimental scattering functions, quantitative agreement was inadequate. Adoption
of an increased number of rotational isomeric states (14-state scheme) was found to fail in reducing this
discrepancy. In an attempt at readjusting the molecular parameters in favor of the accordance between the
theory and experiments, considerably better agreement was observed when a larger skeletal bond angle (¢
= 53°) at the dyad was assumed. This readjusted angle, however, seems to be slightly beyond the uncertainty
of the conformation energy calculations. Therefore we are led to suspect the existence of specific long-range
interactions, which annihilate the simple statistical mechanical treatment, owing to specific characteristics

of the chain.

Introduction

The methods! of determining overall conformations of
polymer chains in solution have fully been established; e.g.,
the radius of gyration of the polymer chain can be deter-
mined by light scattering® with accuracy. A vast body of
information thereby accumulated provides foundations for
comprehensive theories of polymer solutions. On the other
hand, little is known about local conformations, or con-
formations in short bond sequences within polymer chains,
despite their importance for elucidating conformation-
dependent properties on a molecular level. Scattering of
X-rays and neutrons,® mean-square dipole moments, and
optical anisotropy are known to depend on such local
conformations.* In particular, intermediate-angle X-ray
scattering (IAXS)* corresponding to a Bragg spacing of
about 5-50 A has been proven to be sensitive to correla-
tions between the loci of atoms separated by short bond
sequences and hence to the local conformations.

The conformation of poly(methyl methacrylate)
(PMMA) in solution has been studied by many investi-
gators. Kirste and co-workers®”’ measured X-ray and
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neutron scattering from PMMA of different tacticities in
solution and in bulk and observed oscillation in the scat-
tering curve at intermediate angles for the syndiotactic
chain. They attributed this peculiarity to a helical feature
of the local chain conformation based on the calculations
of the scattering functions of wormlike chains with per-
sistence of curvature.® Yoon and Flory®!® also calculated
the scattering function of syndiotactic PMMA using a
more realistic model based on conformational energy
calculations!! and the rotational isomeric state (RIS)
scheme.’? Whereas their calculation!® of the neutron
scattering function was performed by treating methyl and
methylene groups as scattering elements, the X-ray scat-
tering function was calculated with « carbons regarded as
the scattering loci. Since the choice of the scattering el-
ements is of crucial importance in the precise calculations
of the scattering functions at intermediate angles,'® it is
desirable to calculate the X-ray scattering functions by
taking into account all effective atoms explicitly.

In this paper we performed absolute measurements of
IAXS by syndiotactic and atactic PMMA in benzene,
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