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Table ITI
Elemental Analyses (%) of Polyamide 7
Polymer 7 C H N
Caled 68.31 3.94 4.97
a Found 67.88 4.16 5.01
Caled 68.31 3.94 4.97
b Found 66.81 3.98 4.99
Caled 71.46 4.10 4,38
c Found 69.30 3.99 4.65
Caled 69.71 4.00 4.27
d Found 69.87 4.53 4.14
Caled 71.76 4.32 4.29
e Found 70.08 4.57 3.80
Caled 64.94 3.72 3.98
f Found 63.42 3.86 4,17
Caled 71.14 3.87 4.48
g Found 69.05 3.84 4.42

4,4’-[Sulfonylbis( p-phenyleneoxy)}dibenzoic Acid (4). To 30
mL of dry methanol was added under nitrogen 2.15 g (0.05 mol + 10%
excess) of potassium metal and with stirring 8.4 g (0.05 mol + 10%
excess) of methy! p-hydroxybenzoate.8 The methanol was removed
under reduced pressure with heating at 30—40 °C. To the resulting
potassium salt was added 7.15 g (0.025 mol) of 4,4’-dichlorodiphenyl
sulfone, 1 g of potassium fluoride, and 20 mL of dry NMP.

The mixture was heated at 175-185 °C under nitrogen with stirring
for 6 h. After cooling, 50 mL of 10% aqueous sodium hydroxide was
added and the mixture was then heated at 100 °C with stirring, 2-3
h. After cooling, the volume of the mixture was diluted to 1 L with
water and 10% sulfuric acid was slowly added, with stirring, to pH 2.
The white precipitate of crude acid was filtered, washed with distilled
water 3-4 times, and dried. Recrystallization from glacial acetic acid
afforded 4.3 g (36%) of pure acid 4, mp 306-308 °C.

Anal. Caled for CogH15S04: C, 63.66; H, 3.69. Found: C, 63.31; H,
3.74.

4,4'-[Sulfonylbis(p-phenyleneoxy)]dibenzoyl Chloride (5).
A mixture of 40 mL of thionyl chloride and 4.9 g (0.01 mol) of diacid
(4) was heated to the reflux temperature for 2 h, after which time 3-4
drops of DMF was added. The heating was continued another 2 h and
then was left overnight at room temperature. The thionyl chloride
was removed under reduced pressure at 40-50 °C. The dry crude
product (5) was recrystallized from dry benzene to yield 4.7 g (89%)
of monomer, mp 183-185 °C.

Polymerization Reactions. Polymer 7e from 4,4'-[Sulfonyl-
bis(p-phenyleneoxy)]dibenzoyl Chloride (5) and 4,4’-Diami-
nodiphenyl Ether (6d). The polymerization flask was charged under
nitrogen with 0.666 g (0.0033 mol) of 6d and 20 mL of dry NMP. After
cooling the solution to 0 °C, 1.5 mL of propylene oxide was added. The
mixture was then cooled to —25 to —30 °C and with vigorous stirring
1.757 g (0.0033 mol) of dichloride (5) was added; 5 mL of dry NMP
was used to wash the dichloride addition funnel. The solution was
stirred at this temperature for 1 h and then for 4 h at room tempera-
ture. The solution obtained was slowly poured into a large volume of
methanol (300 mL) with vigorous stirring. The white polymer was
collected by filtration, washed well with methanol (3-4 times), and
dried.

The polycondensation reactions of dichloride (5) with other aro-
matic diamines (6) were carried out in NMP/propylene oxide, under
the same conditions. The elemental analyses are given in Table III.
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When positrons enter a condensed molecular medium, they
rapidly lose almost all of their energy by collisions with mol-
ecules. After a further, somewhat longer, period annihilation
may take place directly between the “free” positrons and
electrons bound to molecules or through a bound state of
positron-electron pair, called positronium (Ps). The charac-
teristics of the annihilation process, such as energies, mo-
menta, and time of emission, depend almost entirely on the
initial state of the positron and molecule medium. Thus, ob-
servation of positron decay in a medium provides useful in-
formation concerning electronic, atomic, molecular, and
crystal properties of the medium.

The measurement of positron annihilation lifetime has been
used to study many properties of polymers.2-15 The lifetime
spectrum of positrons annihilating in a polymer normally
consists of at least two lifetime components, a short lifetime
component with a meanlife 7; of about 0.3-0.4 ns and a long-
lifetime component with a meanlife 75 of about 1-3 ns. The
71 component has a complex origin, such as due to self-anni-
hilation of p-Ps, direct annihilation of free positrons, and
conversion and chemical genching of 0-Ps. The 73 component
is attributed to the pick-off annihilation of 0-Ps in amorphous
regions, including defects in the crystalline lattice, of the
polymer.

The pick-off annihilation rate of 0-Ps in a molecular sub-
stance not only depends on the “free volume” of the samples
but also on the interaction between o-Ps and the surrounding
molecules.10:11,22

Therefore, a plot of the annihilation rate of the long-lifetime
component (Ay = 1/75) against temperature should generally
resemble that of density against temperature. Indeed, this
kind of general trend has been found for several polymers
including polyethylene.1® However, only a few data appeared
for polyethylene in the temperature range below 300 K. It has
also been found that the positron annihilation rate Ag, in
polystyrene,? polyisobutylene,® and Nylon 6,* all show a
marked change at or near the glass transition temperature T,
reported by other conventional methods.

The glass transition temperature of polyethylene is still a
subject of widespread and growing controversy as indicated
in a recent review by Boyer!® and by the work of Davis and
Eby.17 This situation exists, as stated by Davis and Eby,!7
because the experimental techniques which can be used to
identify glass transitions in wholly amorphous polymers yield
less clear results in highly crystalline polymers. In parallel with
our measurements on positronium, annihilation of free posi-
trons is sensitive to the presence of defects in crystalline sol-
ids.18

In this note, we report briefly the changes of positron life-
times in linear polyethylene in a temperature range from 80
to 300 K and show that this technique is useful for detecting
transitions in amorphous regions dispersed relatively sparse
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Table I
Some of the Properties of the Polyethylene Samples
Den- Degof
Molwt M,/ sity, crystal-
Samples (M, M, g/cm® linity
(I) PE Grex 60-002E 11600 13.6¢ 0.950 0.68¢
(I1) PE Grex 60-002E 11600 13.6¢ 0.964 0.77¢
(pretreated)
(III) Polywax 1000 1000 1.17% 0.981% 0.97¢
(IV) Polywax 2000 2000 1.3> 0.960% 0.96¢

@ Data based on ref 17. ¥ Data supplied by the manufacturer.
¢ Calculated from an additive rule, using a density of 1.001 g/em?
for the crystalline phase and 0.855 g/cm3 for the amorphous phase.
d Measured by NMR32 using the method of Crist and Peter-
lin.33

within crystalline polymer such as polyethylene. For general
aspects of positron annihilation, the reader is referred to
several review articles,18-22

Experimental Section

The linear polyethylene, Grex 60-002E, was manufactured by W.
R. Grace and Co., and is available through the Allied Chemical Co.
It has 1.4 methyl groups per 1000 carbon atoms.!?

The highly linear, narrow molecular weight distribution poly-
ethylenes, Polywax 1000 and Polywax 2000, were made by Bareco
Division of Petrolite Corp. Some properties of these various polymers
are listed in Table L.

One sample of Grex 60-002E was precipitated from xylene under
nitrogen to remove the antioxidant, washed with ethanol, and dried
under vacuum. It was then melted under vacuum to remove air, kept
at a constant temperature of 400 K for 1 day, and slowly cooled to
room temperature. Another sample of Grex 60-002E and the Polywax
1000 and 2000 samples were measured as they were supplied without
pretreatment.

Positron annihilation lifetime spectra were measured using appa-
ratus similar to the ones described previously.? Samples were sealed
in glass tubes and evacuated at 90 C under vacuum (<10~5 Torr) for
about 24 h before measurements. Both procedures of ascending and
descending temperature were tried, but no appreciable difference in
the results could be found. Because of the long time duration, 24 h,
taken for each measurement, the samples should be well relaxed with
the temperature of the environment.

Results and Discussion

Positron lifetime spectra were separated into two lifetime
components. Values of the annihilation rate Ay for the four
polyethylene samples at various temperatures are shown in
Figure 1. The error bars indicate ranges of uncertainties in the
measurements.

The patterns of the Ao vs. temperature curves, as shown in
Figure 1, are similar for all polyethylene samples under in-
vestigation. Except for a transition region between 160 and
230 K, all of them show a nearly parallel linear temperature
dependence on both high- and low-temperature sides. If the
discontinuity of A, in the transition region is disregarded, the
change of \; with temperature resembles the change of density
with temperature.?3

All Xo-T curves show a change in slope near 150-160 K
which may be attributed to the v relaxation!® observed by
thermal expansion2? and other methods.24-27

The major difference between the Ao-T curves and the
thermal expansion curves?3 is that the slopes of Ao~T curves
outside the transition region are not affected by the crystal-
linity of the samples, while the thermal expansion coefficient
obtained is dependent on the degree of cyrstallinity. This
might be due to the fact that the slopes of Ao-T curves indicate
the structural changes in the disordered region where the
positronium is expected to be found. In other words, the free
volume change probed by o-Ps is a microscopic property near
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Figure 1. The annihilation rate A» of the long-lifetime component
as a function of temperature in polyethylene samples: (X) Grex 60-
002E; (1) Grex 60-002E (pretreated); (A) Polywax 1000; (0) Polywax
2000.

the place where ¢-Ps annihilates instead of a macroscopic
volumetric property.

The irregular change of A; for the Polywax in the transition
region 200-300 K might be brought about by molecular mo-
tions in amorphous regions. A plausible explanation is offered
here. On the scale of the lifetime of 0-Ps in polymers (a few
nanoseconds), polymer molecule motions with a correlation
frequency (v.) less than 107 Hz may be treated as stationary.
On the other hand, if the molecular motions reach a correla-
tion frequency comparable to Ag, the annihilation pattern of
0-Ps may be altered.2®

Evidence of such molecular motions has in fact been re-
ported by McCall and Douglass?® in their NMR studies on
linear polyethylene. They found that the liquid-like motions
of the amorphous chains attain an average frequency of 3 X
107 Hz at about 240 K. This is near the temperature range at
which the abnormal changes of Ag are observed. The onset of
such molecular motion might affect positron annihilation in
the following manner: First it causes the diffusion of electron
density into the free volume (which 0-Ps occupies); hence a
slower reduction of the pick-off annihilation rate is to be ex-
pected. As temperature increased further, a point may be
reached at which the Ps pressure may cause a sudden increase
in the free volume if the surrounding chain segments become
flexible enough. This would induce a drop in the pick-off
rate.

Above this temperature, the pick-off rate would again follow
the pattern of free volume change against temperature. The
data of Figure 1 also contain some possible evidence for small
irregularity of A in the Grex samples.

It is interesting to note that the irregularity of A, for the
Polywax samples investigated disappears approximately at
230 K. It might be a coincidence that this temperature, 230
K, is just the T reported by Davis and Eby,!” Chang,3® and
Illers.3! Obviously, further work is needed to clarify this
point.
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The helix—coil transition of poly-N5-(3-hydroxypropyl)-
L-glutamine, (PHPG), in water—methanol mixtures has been
studied by nuclear magnetic resonance and circular dichroism
spectroscopy but the actual conformation of the polymer was
not clearly defined.! This work deals with the conformational
properties of PHPG in the solid state obtained by an x-ray
investigation.

Methods and Materials

Poly-N5-(3-hydroxypropyl)-L-glutamine samples, with
molecular weight about 200 000, were synthesized as described
before.! PHPG films were prepared by stroking out a drying
film until it was solid. Fibers were also drawn by means of a
claw from a viscous solution of the sample. The solvents used
were water and water—methanol mixtures. Both the films and
the fibers were then heated to over 100 °C in vacuo for several
hours to remove the solvent and to promote crystallinity.
Their density was determined by flotation using benzene-
carbon tetrachloride mixture allowing the sample to reach the
equilibrium position. After 1 day the measured density was
1.23 g cm~2. The films and the fibers were examined in a flat
camera with the sample-to-photographic film distance, d,
variable from 4 to 10 cm, with Ni filtered Cu Ka radiation

‘from a fine and normal focus x-ray tube and a 0.6 mm pinhole.
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Figure 1. Normal beam x-ray diffraction pattern of PHPG oriented
film; flat camera d = 6 cm, Cu K« radiation; PHPG film and stroking
direction horizontal (h line).

/
1.498

Figure 2. Equiinclination x-ray diffraction pattern of PHPG oriented
film; flat camera d = 4 cm, Cu Ke radiation; PHPG film and stroking
direction horizontal; x-ray beam at 31° to normal of the stroking di-
rection (fiber axis) to record 1.49 A reflection.

Tilted specimens and equiinclination techniques were also
used.

Results and Discussion

The diffraction pictures showed that, besides amorphous
regions, some crystallinity is present in the examined samples,
which also proved to be sufficiently oriented for analysis
(Figure 1). Two main features of x-ray diffraction pattern are
prominent: a sharp meridional reflection at 1.49 A (Figure 2)
and a layer line at 5.4 A with a strong near meridional reflec-
tion. These data are typical of the Fourier transform of an
a-helix, the helices being oriented parallel to the stroking
direction.2-5

A detailed inspection of x-ray pictures, taken under dif-
ferent diffraction geometry, shows several reflections whose
observed spacings, dg, and estimated intensities, Iy, are re-
ported in Table I. With the above data, we tried to define the
unit cell dimensions. The ratio between the helical pitch (5.4
A) and the axial translation per residue (1.49 A) gives the
number of units per turn of helix, namely 3.62 which closely
corresponds to a 29/8 a-helix.5 In addition, the relative in-
tensities of the observed layer lines agree, well enough with
the diffraction pattern of this type of helix? although the ab-
sence of recorded intensities for the 13th and, particularly, the

. 21st layer lines may appear instances of disagreement.®

Nevertheless this behavior can be explained by remembering
that the treatment of Cochran, Crick, and Vand? is valid in
detail only when the conformational equivalence of the mo-
nomeric units (backbone and side-chain atoms) along the helix
is strictly fulfilled. As the side-chain length is large the
structure becomes less ordered and the previous theory may
sometimes break down.

We constructed a molecular model according to the 29/8
a-helical conformation by means of a mathematical method,
developed in our laboratory.” The results do not indicate any
steric interference between the side chain and the polypeptide
backbone. We may therefore assume for the true helix repeat



