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Crystallization of Polyethylene at Elevated Pressures

D. V.REES and D, C, BASSETT,
./, J. Thomson Physical Labo_rator%,
University of Reading, Réading, United Kingdom

Synopsis

The crystallization from the melt of three sharp polyethrlene fractions has been studied
at Skbar. It has been shown that the thickness of so-called extended-chain lamellae is a
function of time, temperature, and molecular weight.  There is by no_means just the
fullyé extended molecular configuration present.  Crystallization isqualitatively similar
to that of chain-folded crystalsat 1bar, giving an optimum lamellar thickness which in-
creases with time and decreasing supercooling.  Fractional crystallization is widespread
and_is a major cause of disparate lamellar thickness. ~Isothermal thickening of lamellae
during crystallization has been established dwectldv. Morp_hqlq?_lcal_detall suggests
further that layers can increase their thickness tenfold over their initial size.

INTRODUCTION

Interest in polyethylene crystallized from the melt under pressure centers
upon the phenomenon of “extended-chain” crystallization following the
work of Geil et alA in which crystals as thick as 3 g in the chain direction
were identified. This is in marked contrast to the familiar chain-folded
growth, where a dimension of ca. 200 A is typical. Moreover, many of the
properties of crystalline polymers are sensitive to the layer thickness be-
cause of the peculiar character of fold surfaces. When their proportion is
reduced, as by crystallization under pressure, then melting point depression
decreases, density increases, and chemical reactivity is reduced. All these
effects and more have confirmed the much greater crystallite thicknesses of
extended-chain crystals, but many of the most interesting questions regard-
ing the phenomenon still require clarification.

Our work in this area began with annealing experiments under pressure,
Le., in which samples were raised to and held at a maximum temperature
Ta It was discovered that crystals could be formed whose appearance and
high melting point corresponded to extended-chain samples.2-3 Moreover,
molecular orientation could be maintained throughout the process to
lengths of several thousand Angstroms, much greater than is possible in
similar experiments at 1 bar. The maintenance of molecular orientation is
significant in that it is characteristically associated with the increase of
lamellar thickness by annealing at atmospheric pressure.4 A molecular
description of this process is still obscure but it is generally recognized, on
good grounds, as being a distinctive one and is known variously as lamellar,
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386 REES AND BASSETT

crystal, isothermal, or solid-state thickening. The relationship of lamellar
thickening to melt crystallization is particularly interesting. The x-ray
measurements of developing lamellar thickness in both show a logarithmic
increase with time,56a phenomenon which is also, confusingly, known as
isothermal thickening.

In the formation of extended-chain crystals, two main hypothetical ex-
planations are suggested. One is that the large crystal thickness is formed on
an extended-chain nucleus; the other, proposed most notably by Peterlin,7
isthat enhanced lamellar thickening is responsible. The constancy of molec-
ular orientation to such high crystal thicknesses strongly suggests the lat-
ter,23a conclusion also reached by Wunderlich on several grounds.81n at-
tempting to clarify the situation we found it imperative to examine the
basic phenomena of crystallization from the melt at elevated pressures.
In this paper, controlled crystallization of fractionated polyethylenes is
reported, giving data on crystal thickness as functions of molecular length,
crystallization temperature, and time,

EXPERIMENTAL

All'high-pressure experiments have been carried out in a tetrahedral four-
anvil press with pressure transmitted to a stainless steel capsule through a
pyrophillite tetrahedron of 1in. edge (I'ig. 1) Specimens wrapped in plat-
inum foil to aid identification and help achieve uniformity of temperature
were immersed in water to provide an inert hydrostatic environment. The
can acted as its own heater and the temperature of its contents was mea-
sured and controlled to better than £1°C by a chromel-alumel thermo-
couple, piercing one of the Teflon end caps, in conjunction with an AEI
TC3 control unit. This figure was also the maximum nonuniformity of
temperature between the can wall and interior revealed by differential
measurements.
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A special feature of the apparatus is the capsule’s tiny thermal capacity
which permits extremely rapid quenching. Switching off the heating current
of some 200 A causes the temperature to plunge below 50°C within 15 sec.
Wiith this facility it is possible to determine the melting point of extended-
chain samples experimentally as that temperature of annealing which first
gives no high-melting material on quenching. Experimental values ob-
tained in this way have been used in calculating supercooling. The major
uncertainty in supercooling comes, however, not from this factor but from
frictional effects and is probably 2-3°C. All experiments were conducted
with the anvils at a constant load, maintained to 2%, but pressure is im-
perfectly transmitted through the pyrophillite and can to the sample.
Values of ca. 0.5 kbar are not untypical of the pressure uncertainty from
these causes in similar systems. Nevertheless, by careful attention to
detail, such as machining all tetrahedra from the same block of mineral and
especially by working with small samples occupying only a few per cent of
the space available3 (so that volume changes on fusion are negligible), it has
been possible to achieve rather better reproducibility of pressure, and
hence melting point, to the 2-3°C quoted.

Values of pressure in apparatus of this type have to come from calibration
against known transitions. Initially2this information was not available for
the particular arrangement used and pressure was estimated from values of
melting point variation obtained by earlierworkers.90 In retrospect these
gave values which were too low. Subsequently calibration has been
achieved against phase transitions of bismuth at temperatures similar to
those of the actual experiments. Data obtained in two ways, by changes of
electrical resistance in the Bi 1+ and I1-411 transitions and DTA measure-
ments of the melting of Bi(l) fitted well together. From these, the pressure
used in all experiments reported here was 4.9 + 0.25 kbar. For an ex-
tended-chain melting point of 243°C, this value agrees with the direct
measurements of others. Nevertheless, the melting of polyethylene itself is
a still more sensitive function of pressure than these methods provide and
would be abetter means of assessing pressure were absolute values available.

Measurements of Crystal Thickness

The aim in crystallization experiments was to investigate any variation in
lamellar thickness with time, temperature, and molecular weight and also to
establish whether the so-called extended-chain crystals were truly that.
For these purposes it was essential to work with fractionated material, and
accordingly three column-fractionated samples of narrow distribution,
designated A, B, and C, have been used almost exclusively. Their char-
acteristics are shown in Table I. W herever possible, two or more of these
have been treated in the same capsule for optimum comparability. As no
fraction is completely sharp, assessments of molecular extension have to
come from comparisons of polydispersity, measured in this instance by gel-
permeation chromatography (GPC),with distributions of crystal thicknesses
taken here from fracture surfaces.
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TABLE |
Sample Mn Mw Mw/Mn
A 21,600 24,700 1.14 1,960
B 50,100 57,100 1.14 4,550
C 280,000 518,000 1.85 25,400

Measurements on fracture surfaces can justifiably be criticized as being,
insome degree, unrepresentative, because fracture occurs at special places in
asample. We do find that the larger crystal thicknesses, which would in-
deed be especially easy to fracture, tend to be revealed to the virtual
exclusion of low-melting crystals which calorimetry shows also to be
present. The method does, nonetheless, give close agreement with expecta-
tion for extended-chain crystals, and the differences we observe are in any
case usually gross and insensitive, even to moderate bias in the data. We
are confident, therefore, that our measurements are sufficiently reliable for
present purposes.

Crystal thickness distributions have been computed from measurements
with an Oscillograph Analyzer and Reader (OSCAR). Usually two, ap-
proximately orthogonal lines were drawn on prints of fracture surfaces.
The thickness of all lamellae cut by the lines was taken, at their point of
intersection, along the striation direction (i.e., molecular ¢ axis) from the
positions of the two relevant surfaces and punched out by OSCAR on tape
ready for computation. The absolute values of length were checked by
calibration of the electron microscope against a standard grating. Ulti-
mately data were plotted as normalized histograms of frequency against
chain length in 200 A intervals, with means and standard deviations also
recorded. This gives a number-average distribution, of mean Z,,, hecause
each lamella is counted once.

With data of this kind, it is particularly necessary to establish their
statistical significance.  This has been checked with Student’s {test on the
hypothesis that the means of different distributions represent different
sampling of the same population. The probability of this being so was
evaluated from standard tables by using the statistic {defined as

= (1 - U) (Aw)A
(AW + AW )12

where LhL2are means, <2 22 variances, and Ni N2 the number of mea-
surements in the two respective distributions. It has been gratifying to
find throughout that all differences to be reported were significant at the
2.5% probability level or better. Conversely, differences between different
areas of the same sample or different subsets of the same data, e.g., along one
Ibine only, were never significant, with a probability of 70% or (usually)
gtter.

As a matter of routine, melting point and density of samples have also
been determined. The former has been taken as the peak of the melting
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endotherm given by a Perkin-Elmer DSCIB instrumentand isreproducible
to within 1°C. For the latter, a gradient column with a mixture of
isopropanol, diethylene glycol, and water gave acceptable measurements.

RESULTS

It is convenient to begin with sample B for which LN = 4550 A. A
typical crystallization cycle for this and the other samples consisted of im-
posing pressure, heating to 270°C (27°C above Tnf), cooling to the crystal-
lization temperature TCin about 45 sec., then holding for the stated times
prior to quenching to ambient temperature and a final release of pressure.
Figure 2 shows the consequence of varying crystallization temperatures on
the distribution of observed lameller thicknesses. It was possible initially
to quench from all these crystallization temperatures without forming high-
melting material, giving reason to believe that the values of TCquoted are’
those at which crystallization actually occurred. Significant increases in
thickness occur above 210°C (33° of supercooling) at which temperature,
with L, = 2104 A, an average molecule has one fold. Considerably more
folding results from quenching, giving a low melting point of ca. 130°C, but
crystallization then occurs so rapidly as not to be controllable. At 218 and
227°C all the sample crystallizes in the high-melting form. At 229°C, crys-
tallization is only 70% complete after 30 min; and a second, lower, melting-
peak appears whose proportion is reduced at longer times. Figure 3 il-
lustrates the point and shows, in particular, that higher thicknesses appear
later. At 231°C (Fig. 46,c) complete molecular extension is approached,
especially for greater times, in a similar way to Figure 3. The consequences
of more prolonged crystallization have still to be investigated in detail, but
initial experiments cooling from the melting point at rates as low as 1.5°C/
hr also confirm the trend shown in Figure 3. Greater thicknesses appear
with increasing times of crystallization, i.e., slower cooling rates. For
sample B, therefore, the observed mean thickness increases with crystalliza-
tion time and temperature, qualitatively paralleling behavior at 1 bar.

Similar experiments have been carried out on the other two fractions.
Sample A shows little change in distribution, which in the temperature
range considered is close to the molecular length. There is, however, a
small but highly significant, increase on raising crystallization temperature
from 227 to 231°C (Figs. 40, 5). At the latter temperature the sample is
very close to full molecular extension. Any time dependence is slight, the
only evidence for it being perhaps an increased tail at 231°C for 40 min over
20 min crystallization, but there is no significant shift of the mean.

Detailed assessment of molecular extension is discussed in the following-
section, but its relative degree is qualitatively evident in the character of
fracture obtained at liquid nitrogen temperature. For A samples, brittle
fracture is the rule even at ambient temperatures while in B samples partial
ductility is generally shown by pulled threads, especially for specimens
crystallized at lower temperatures i.e. with more folding.  When C samples
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PFRCFN TAGE

lamellar width in microns

Fig. 2. Histograms of molecular extensiotn agginst crystallization temperature for frac-
ion’B.
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Fig. 3. Histograms showing the variation of molecular extension with time for fraction
B crystallized at 229°C.

are examined, so ductile is the fracture that measurements of crystal thick-
ness have not generally been possible. There is no doubt, however, that
lamellar thicknesses are not commensurate with molecular lengths in
C (Ln: 2.5 u) but rather are comparable with, or a little thicker than, those
observed in B under the same conditions.  Fraction C crystallized at 210°C
for 30 min had an atmospheric melting point of 140°C, whereas identically
treated B gave 139°C. In afew clearer areas of C (which we associate with
internal flaws persisting, because of high melt viscosity, after attempted
consolidation of the initially powdered sample by melting) the snaking
lamellar morphology of Figure 6 predominates. These lamellae are thinner
than in B, no more than 2000 A thick and only microns wide. There are
also a few isolated thick lamellae, which appear in greater numbers at
218°C (Fig. 7). At this temperature, B and C samples fully crystallized
after 30 min gave melting points of 141 and 145°C, respectively. The
thickest lamellae seen measured 0.9 Nin B and Llyu in C. (Somewhat
similar lamellae are also evident in Figure 8 for whole Marlex 6002 polymer
crystallized at 232°C for 30 min.) These lamellae are particularly note-
worthy as representing the closest approach so far to isolated extended-
chain crjrstals. Notice that they taper off towards their extremities down
to below 1000 A in cases (Fig. 7) and also their geometry when two lamellae
touch (Figs. 7 and 8).
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0
Fig. 4 (continued)
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Fig. 4. Extended-chain morf)holog%/offractured surfaces: (@) fraction B crystallized at
190°C for 30 min; . (b) crystallized &t 231°C for 20 min and (c) for 40 min; *(cl) fraction
Adafter crystalllzatlon for 20 min at 231°C.
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Fig. 5. Histograms of crystal thickness in fraction A.

Fig. 6. Snaking lamellae in fraction C crystallized at 210°C for 30 min,
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Fig. S. Framework of thick lamellae infM%rOIex 6002 homopolymer crystallized at 232°C
or 30 min.
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Assessment of Molecular Extension

Although the term extended-chain has long been used to describe lamellae
grown under pressure, the variability of spacing revealed with altered condi-
tions shows that full molecular extension is not the general rule. It is of
interest, though, to determine whether this state is reached in particular
circumstances. For this purpose comparison has been made between the
highest measured distributions for fractions A and B (crystallization at
231°C for 40 min in both cases) and their intrinsic polydispersities.  The
latter were constructed in histogram form from the integral molecular
weight distributions derived from GPC measurements. There are two
matters affecting a straightforward test, namely to what extent a fracture
surface is representative of a sample, and secondly, the orientation of
measured lengths to the viewing direction.

If it is assumed that fracture surfaces are representative, then the ques-
tion of orientation can best be dealt with by stereoscopic measurement. A
useful alternative is the construction of apparent distributions.

A length L which lies at an angle (ir/2) — 9to the viewing direction will
be measured as | = Lcos 9 Let the probability of 9lying in (99 + 00 be
0(9)d0 and correspondingly of /lying in (/,/ — dl) be p(I)dl. ~ Then

and

whence

p(l) = —q(9) ddial = q(9)/(L sin 9 2)
Thus the distribution of any L among lcan be constructed for a known
angular probability. Note that although P(l) is infinite at 9 = 0, the iden-
tity (1) ensures that the chance of L appearing in any range of lower lengths
is finite. If Lis random|ly oriented in space then (d) = cos 9because cos 9
Mis the fractional surface area of a sphere in_the angular interval (9,0 +
The fracture process will tend to limit 6to lower values, making it
necessary to truncate the angular range accordingly.
For present purposes a still simpler procedure has been adopted, that is
the representation of each L as the average value, |, it would have in the
truncated angular range where

Putting 00) = cos 9gives
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L 2%ax + sin 2flniex
L 4 sin (0,,&)

Taking Oniax as %/ 6, ir/4, and w2, gives Z/Z = 0.961, 0.909, and T7r/4
respectively.

Although the distributions so constructed must inevitably terminate at
low values of |, nevertheless one can be confident that if a measured distribu-
tion falls below that constructed without angular truncation (i.e. Onax =
T142) then full molecular extension has not been attained. If the reverse is
true, then use must be made of a truncated distribution. Taking Omax =
7rl6, however, only shifts the intrinsic distribution to lower lengths by 4%,
which we ignore. On this basis Figure 9 shows the highest B distribution
lying between the intrinsic and 0, = Irf2 distributions. We conclude
that full molecular extension is near but has not quite been reached. In
Figure 10, however, the measured distribution straddles the intrinsic one.
Full extension must be very close, if indeed it has not already been reached.
For a rigorous conclusion one cannot escape a more detailed comparison.
¥V_e have not pursued this at present because two other points need quanti-
ying.

The first is that because of fractional crystallization it is likely that a
random plane through a sample would not reveal a representative distribu-

PERCENTAGE

Fig. 9. Histograms of length distributions in fraction B: (-----) measured after 40 min
crystallization at 231°C; (--) predicted distributions, upper with full angular depen-
dence, lower without.
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Fi?. 10, Histo?rams of length distributions in fraction A: (-----) measured after 40 min
crystallization at 231°C; (— ) predicted distributions, with full angular dependence
(Ieft) and without (right).

tion of lamellar thicknesses. Fractional crystallization certainly occurs
because of the wide disparity in thicknesses between different lamellae ob-
served near full molecular extension.  While there is also variability in the
thickness of an individual lamellae, this lies, in our experience, in a much
smaller range. Now a representative sampling of lamellar thicknesses
would be revealed on a random surface were, for example, each molecular
species distributed randomly through a specimen. When this is not so,
there will be bias. Consider a case in which, as a consequence of fractional
crystallization, each molecular species forms a disk of thickness correspond-
ing to the molecular length L. Then the area of the disc must be propor-
tional to n(L), the number fraction of that species, For discs crystallized
as a parallel array, as is frequently seen (eg., Fig. Ad),then the chance of any
one intersecting an arbitrary surface normal to the discs will depend not on
the area of the disc but on its diameter and thereby will depend upon
[?((L)]/!. For sharp fractions such as ours, use of a normalized [n(L)]/*
instead of the N(L) distribution has only a minor effect, especially by
comparison with the effect of viewing orientation. W ith poorer fractions,
increasing skewness towards lower molecular weights would be progressively
introduced.

The second point is that the site of fracture is influenced by the degree of
molecular extension as has been mentioned previously. One expects that
fracture tends to occur where there is maximum extension. It follows that
any inhomogeneity in a sample caused eg., by spread of molecular weight
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would influence which lamellae are exposed on a fracture surface. This
effect will, however, diminish as all molecules reach full extension and,
indeed, the agreement between observed and expected distributions in
Figure 10is evidence that this is so.

DISCUSSION
Temperature Dependence

The variability of crystal thickness revealed among what are loosely
called extended-chain crystals is perhaps the most important feature of this
work. It has been demonstrated that there is by no means just the one
unique molecular extension but rather a whole range increasing with crystal-
lization temperature, time and, where appropriate, molecular weight.

The three fractions used fall conveniently, at 5 kbar, into the three
categories L < Ie, L ™ Ic and L > Zwhere L'is the molecular length and IC
the somewhat loosely defined crystal thickness given by an infinite molecule.
Crystallization of the three will now be discussed in sequence.

Molecular extension in fraction A varies little but is always lower than
that of B under identical conditions. One can be confident, therefore, that
its molecular length is always below G It is notable, therefore, that the
crystals formed are not automatically of fully extended-chains, but in-
corporate some folding. The increase of some 200 A in Enin raising the
crystallization temperature from 227 (or 229) to 231°C (Fig. 5) must mean
that at least at 227°C (and 229°C) there was some folding.  (Alternatives to
this deduction such as a more fringed lamellar surface or fractional rejection
of the shortest molecules at 231°C are ruled out respectively by higher den-
sity and a greater proportion of high-melting polymerat 231°C.)

The influence of lamellar thickening in this polymer is small, unlike that
of B in similar circumstances, there being no significant change with time at
227°C where increased thickness can still be effected by raising the crystal-
lization temperature is the major factor determining molecular extension in
this fraction.

Fraction B is still brittle enough to reveal much morphological detail and
gives the most documented behavior. With L ~ Ic crystallization is
analogous to that of oligomers at 1 bar. By and large, this is a little
investigated region, and the factors affecting fold period are not well ex-
plored, although in one or two special caseslt2 study has revealed quite
complex situations. Here the temperature dependence of lamellar thick-
ness (Fig. 11) has the upward curving shape typical of polymer crystalliza-
tion in more usual circumstances. Moreover, work still in progress shows
that this similarity may be more than qualitative, with crystallization of
low molecular weight polyethylene at atmospheric pressure and fraction B
at o kbar fitting the same reduced curve of LJL against 1/A7". This
work will be described in detail in a subsequent publication, but at present it
appears that although kinetic theories of chain folding cannot necessarily be
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Fig. 11. Variation of mean molecular extension with crystallization temperature for
fraction B.

expected to .aE.pIy where chain ends may affect growth sequences, their
general predictionsthat

k = 2adAS AT + §

where <eis the end surface free energy, A the entropy of fusion per unit
volume and AT the supercooling, does nevertheless fit data for oligomeric
crystallization. This area of research merits, and is receiving, further
investigation,

Time Dependence

Sample B shows pronounced time dependence of cr%/stal lengths. At
229°C, quqre 3 shows Ln = 3271 A after 30 min, when 70% of the sample
had crystallized, and Ln = 3982 A for 100% crystallized after 240 min. "It
will be argued that this is a fair indication of the extent of isothermal thick-
ening, although there is a complication to be considered, namely that the
30% of material crystalllzm? between the two times may be fractionated.
However, even on the worst possible (and unlikely) assumption, that the
high tail of the 4-hr distribution is due to the precipitation of higher-molecu-
lar weight-rich polymer after the first 30 min, there is still irreducible evi-
dence for isothermal thickening.  We may find this by examining a differen-
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Fig. 12. Histogram of the difference between length distributions in B after 30 min and
4 hr crystallization at 229°C shown in Fig. 3. The earlier distribution is given 70%
weight for all lengths.

tial distribution between the two times and looking esBeciaIIy at the lower
end. To make the test as severe as possible, it must be assumed that the
30% of material still molten after 30 min contained none of the shortest
molecules.  Accordingly, the frequencies in Figure 3a at the low end refer
only to 70% of the sample and must be multiplied b%/ 0.7 to put them on an
absolute basis.  This done, the difference between the (fully scaled) 30-min
and the 4-hr distributions is shown in Figure 12.  There is an unmistakable
initial positive region 5|gn|]?/|ng lamellae which have thickened followed by
anegative region (necessarily too large because of the scaling) corresponding
to later-formed thicknesses. ~ It follows that as well as fractional crystalliza-
tion, isothermal thickening does occur during the formation of extended-
chain lamellae by melt crystallization at 5 kbar. Furthermore, the true
extent of thickening is almost certamI){ badly underestimated by Figure
12, because there is no evidence that longer molecules in the fraction do
crystallize later under these conditions.  On the contrary, one often sees, at
|n.F|([1ure 13, anetwork of lamellae ca. 1* thick, i.e., of molecules of at least
this Tength, which must have formed first, filled in by thinner IaYers. It
may be concluded with some confidence, therefore, that if fractional crystal-
lization is indeed affecting the time dependence, it is by the shorter mole-
cules crystallizing later, so that, if anything, the straightforward comparison
ofFlgure 3 understates the case. o

If Figure 3 is used to estimate the overall rate of thickening, the value of
cIL/d log t, t being in minutes, is approximately 300 A, a figure several times
more than is measured at 1 bar.ew One may conclude, therefore, that
there is substantial thickening of lamellae during crystalliztion, even at
thicknesses of a few thousand Angstroms.

Effect of Pressure on Chain Extension

Consider now the implications of these results for the basic (1uestion of
why high pressure increases chain extension so markedly. Firstly, there is
no evidence whatsoever here for a single, unique, fully extended molecular
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configuration. ~ There is rather a spectrum of chain extensions varying with
temperature and time as do the thicknesses of lamellae formed at 1 bar.
“Extended-chain” crystallization is thus to be thought of as an extension
and modification of familiar chain-folded crystallization rather than as a
rival process favored at low supercooling. “Secondly, one particular hy-
Pothesw for the effect of pressure may be discounted.  Because for chain-
olded crystallization the curve of cristal thickness increases very rapidly
with declining supercoooling, it might have been argued that high chain ex-
tension was a consequence of growth at h%gh. pressure occurring at smaller
suFercqollngs than is normally possible. ~ This is no longer tenable. Crys-
tallization over the wide range of supercoolings of these experiments pro-
duces crystal thicknesses of some thousand Angstroms at 5 kbar, ten times
the thickness at 1bar.  Lowered supercooling 1s, however, still effective in
increasing spacing in all three fractions, and it 1s clearly part of the recipe for
the growth of the highest extensions to go to the lowest supercoolings.
Time is the other effective factor. . .

A second hypothesis stems from attempting to carry over the formalism
of kinetic theories of crystallization. Crystals ten times thicker than at
atmospheric Eressure would result from a tenfold increase in aeto, say, 500-
1000 ergicm2  While this parameter is expected to increase with pressure
(because the density deficit associated with fold surfaces will give rise to a
DAV term in the surface free energy) the effect will surely be too small,
unless the character of the fold surface alters. Here AV is the extra volume
required to accommodate a fold surface in a sample as compared to the same
mass in a lamellar interior and magi)e estimated from the density and
crystal thickness. For a lamella 200 A thick of overall density 0.96 g/cm3
as against the ideal 1.00, 4%, i.e., 8 A will be due to the presence of the two
fold surfaces. For each surface, therefore, the additional free energy at p
kbar will be 4p kbar A = 40p erg/cm2  One would anticipate accordingly a
rise in seof some 200 erg/cm2at 5 kbar, an increase of 200-400%, but by no
means enough directly to account for the observed crystal thicknesses.
Increasing AV could overcome this discrepancy and would not be incon-
sistent with observed densities of 0.995 g/cm3or less, but such a proposal
still raises problems, not the least of which is to explain why it should not
apply equally to solution crystallization. Experimentally, acc_ord[n% to
Wunderlichonand our own unpublished work, the two are distinguished.
High chain extensions have not been observed in cr)(stals_ from solution.

phenomenon which does differentiate crystallization from melt and
solution is isothermal thickening, so far observed only for the former.e The
time dependence of thickness in fraction B (Fig. 3) is firm direct evidence
that lamellar thickening also occurs in hlglh-pressure growth.  The conclu-
sion is reinforced by the tapered edges of Tamellae in sample C (Fig. 7) and
Marlex 6002 (Fig. ggéc.f. also Wunderlich and Melillo)8

These narrowmgi edges lead to the conclusion that molecules are added to
a crystal at much less extension than that obtained in the lamellar interior.
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This follows if growth faces are at the extremities of such pointed profiles as
those in Figures 7 and 8. The alternative, which we shall now exclude, is
that the hel%ht of the growmﬁ face is more or less that observed away from
the edges. 1f this were so, the tapering off must be due to sPemaI circum-
stances such as represent an early stage in the development of the height of
the growth face, i.e., close to a nucleus and/or the proximity to the surface
of another layer.  Plausible though these particular suggestions may be on
occasion, they are not able to provide a general explanation. In Figure 7
and sall edges are pointed, whether they abut on a second lamella or not.
Moreover, interpenetrating layers growing around each other, as at the top
of Figure gshow no tapering. - Evidently ?rowth next to an existing crystal
does not of itself generally restrict molecular extension. The Bresence of a
nearby nucleus can similarly be ruled out because, in addition, both edges of
layers narrow. Were hoth edges nucleated independently, they would in
general lead to two lamellae rather than the one observed. ~ No other special
circumstances seem particularly likely, so we are forced to conclude that
there is no reasonable alternative to the hypothesis that the edges (which, as
only one kind is seen, must include the growth edges) of extended-chain
lamellae narrow towards their extremities during growth from the melt.
This implies that in general molecular extension and lamellar thickness
increase rapidly behind the growth front. .

In suitable circumstances, therefore, the profile of any edge.ma be a
measure of the rate of thickening. One must use an isolate tlﬁ or this
because edges terminating on a second layer will usually have had extra
time available for thickening after impingement, and, as Figures 7 and 8
show, these latter do tend to have blunter profiles. Indeed, one really
needs to account for the lack of complete thickening up. As has already
been pointed out, the constraints of one layer on the other are not a suffi-
cient explanation because they do not cause tapering when IaKers grow
around each other.  Perhaps the difference in the orientation of the growth
face is significant. In one case the edge falls on the first layer, leaving a
taper, and in the other sweeps by it, with no evidence of narrowing. ~As
lamellar thickening must involve mass transiJort, itis very likely that fixing
the %rowmg edge would affect the process, although the observed distances,
of the order of microns, are considerable. Fig. 13 is of interest here,
because in one photograph, not onIY is there clear evidence of competitive
thickening of the enveloping lamellae in the Maltese cross, but also the
thinner lamellae of fraction B show no general tapering of edges such as seen
In Flﬁures 7and s. It would appear that the shorter molecules of thinner
lamellae have thickened up anﬁtaperlng edges once present, which would be
reasonable enough in terms of known behavior of laemllar thickening, where
both theorywmand experimentesindicate more rapid effects with diminish-
ing molecular length. The relative rate of this short-term thickening is
very high. Takmg an isolated edge and assuming a uniform growth rate
along the lamella during the entire thirty minutes crystallization, one ob-
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Fig. 13. Maltese cross of intersecting lamellae in fraction B crystallized at 21.S°C for
30 min.

tais values for <IL/d log tofthe order of 10=104A (where t is in minutes).
This value is not only higher than that for the direct measurements of
thickening in the longer term, but is quite unprecedented in behavior at
atmospheric pressure. _ _ o _

There is then considerable evidence for isothermal thickening both direct
and indirect, but the situation is not without its complications. For
example, it has been objected that the reduction of annealing data to a
common function of supercoolln? at both high and low pressures precludes
thickenin havmﬁ an enhanced effect at high pressures.s In our view these
data—with which we largely agree, though believing there to be a shift to
lower supercoolings with pressure—are more a commentary on the nature of
the thickening process than a fundamental objection. Certainly it is true
that annealing does not g;\(e quite such high chain extensions as crystalliza-
tion under identical conditions.  Figure 14 shows lamellae in a B Specimen
annealed at 233°C for 30 min which satisfy the criteria of extended-chain
crystals but are yet thinner than lamellae grown at lower temperatures (F|F.
4). Nevertheless we have demonstrated,2and it has been independently
confirmed,z that much higher chain extensions, to several thousand
Angstrom’s can be achieved by annealing under elevated pressure. At the
same time it has to be recognized that crystallization temperature also plays
a role in the adoption of high thicknesses. To resolve this situation one has
to enquire further into the nature of lamellar thickening.
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Fig. 14. Extended-chain lamellae produced by annealing fraction B at 233°C for 30 min.

At low temperatures we believe this to be more than the mere progressive
melting and r.ecrrstalllzatlon. which it is sometimes considered to be.
P_henomenologilcal y, crystallization and annealing treatments do give
different results. "The essential point is, however, that the state of the
initial sample determines the final product, which would not be so if true
melting had occurred.  Notonly is molecular orientation preserved on an-
nealmﬁ_4but, most importantly, the thinnest lamellae thicken fastest and
reach higher extensions first. 8 We have confirmed this last effect b;{ show-
ing the crossing of annealing curves for different fold lengths for all three
fractions A, B, and C, thereby removing a retrospective weakness in the
earlier work where molecular weight differences due to fractional crystalliza-
tion were present. Nevertheless, the distinction between annealing and
crystallization blurs at higher temperatures. ~ Regarding the origin of thick
crystals, therefore, our present position is that faced with abundant
evidence for thickening on one hand and clear observations of the im-
Fortance of crystallization temperature on the other, it would seem probable
hat the relationship of lamellar thickening to crystallization and the attain-
merg)tI of high chain extension under pressure are different aspects of the same
roblem.
d A recent series of articles by Wunderlich and co-authorswopublished while
this paper was in preparation cover the same broad field of interest, but in
our view, mostly in a complementary way. There is similar emphasis on
fractional crystallization and lamellr thickening, but their preoccupation
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lias been with the melting process and obtaining maximum chain extension
\Ai/]hllke we have been concemed to elucidate the factors affecting lamellar
thickness.

CONCLUSIONS

(1) The molecular extension in so-called extended-chain ﬁolyethylenle
crystals is a function of time, temperature, and molecular weight. - There is
by no means just the fully extended conflﬁuratlon present,

(2) Crystallization of polyethylene at high pressure gives lamellae of an
optimum- thickness which increases with cr?]/stalllzatlon temperature and
time in a qualitatively similar way to the behavior of chain-folded crystals
at 1bar. Fractional crystallization is widespread. .

(3) Isothermal thickening of lamellae during crystallization at high pres-
sures has been dlrec.tla\/ established. Morphological detail suggests further
that lamellae can thicken to ten times their initial size.

This work would not have been possible without the generous help of Mr. H. M.
Hutchinson and Dr. K. S. Lawrence of B. P. Chemicals Ltd. who supplied the fraction-
ated poRethylenes, and of Dr. It. G. Christensen and H. L. Wagner of the National
Bureau of Standards who characterized them by gel-permeation chromatography.

D. V. Rees is also indebted to the Science Research Council for a postgraduate student-
ship.
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Synopsis

The orientation distribution function for noncrystalline structural units in polymer
systems cannot be determined completely from any experimental source; only the
second and/or fourth moments of the distribution .function, i.e., the second and/or
fourth orders of the generalized orientation factors FIJ, can be evaluated. It is there-
fore necessary to estimate the distribution function from F2 and FImt. in this paper,
a graphical representation of the state of orientation is first discussed in terms of plots
of F,g against F2 for several types of distribution functions for uniaxial orientation.
These are three types of extreme concentration of the distribution at particular polar
angles dOgiven by #0= 0, 0< #< ir/2, and b= 7r/2; five types of rather realistic distribu-
tions having single maxima at 6 = 0, 0Q @2 and double maxima at 6] —0, x/2, and a
single minimum at 0 = OQ and four types of more realistic distributions including
Kratky's floating rod model in an affine matrix.  Second, estimation of the distribution
function for uniaxial orientation from FI0’ and F¥s is discussed gquantitatively in terms
of the mean-square error by three approximation methods: (a) expansion of the dis-
tribution function in finite series of spherical harmonics through the fourth order, (b)
approximation of the distribution function as a composite of two components, random
orientation and a particular orientation distribution given by Na (cos2,), iYa being a
constant, and (c) approximation of the distribution function by Na (cos2t,)" alone. It
is concluded that when the orientation distribution is sharp, estimation by the second
method of approximation gives a smaller error than the first.

Introduction

The degree of orientation of polymer molecules within an oriented system
can be evaluated from,oEthaI quantities such as birefringence, and absorp-
tion and/or emission dichroism of polarized light.1~5 These oPtlcaI quanti-
ties, however, do not give the entire orientation distribution of the polymer
molecules, but rather the second and/or fourth moments of the orientation
distribution, i.e., the second and/or fourth orders of the generalized orienta-
tion factors.e . . o

Actually, the only experimental technique which gives orientation factors

* Presented at the 19th Annual Meeting of the Society of Polymer Science, Japan,
Tokyo, May 22, 1970.
t On leave from Research Center, Mitsui Petrochemical Industries, Ltd., Iwakuni,
Yamaguchi-ken, Japan.
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higher than the fourth order is x-ray diffraction, from which the complete;
orientation distribution, as well as any order of orientation factors of polg/-
mer molecules within the crystalline phase of the oriented system, can be
evaluated. Consequently, the orientation distribution of molecules within
the noncrystalline phase of the system cannot be obtained directly from
anY experimental sources. _ o

n the previous papereof this series of studies on the orientation of poly-
mer systems, a mathematical E)_rocedu.re for estimating the orientation dis-
tribution function from generalized orientation factors was discussed. The
method is based on expansion of the distribution function in a finite series
of spherical harmonics, and graphical representation of the state of orienta-
tion has also been described in terms of the second-order and fourth-order
orientation factors, TV and /'V/, for rather extreme models for orientation
distribution. o . o

In this paper, the discussions will be extended to more realistic models
for orientation distribution in order to permit better estimation of the orien-
tatlo? distribution function from the second-order and fourth-order orienta-
tion factors.

Mathematical Relation between Orientation Factors and Series Expansion
of Orientation Distribution Function for Uniaxially Oriented System

Let the orientation distribution function for a given axis r, within the
bulk specimen be Ni(ﬂﬁﬁi), where 0} and 4>§'are the polar and azimuthal
angles of the ij axis with respect to the x3axis of Cartesian coordinates
fixed within the bulk specimen as shown in Figure L If we assume the
sy\rstlem_tq have cylindrical stme_try with respect to the x3 axis, then
(dj<t>)) is a function of & only. Tire normalized orientation distribution
function, g/fj), can then be given by

(1)

Fi%. 1 Polar and.azinhuthal angles 0, and  speci iH the orientatiogj of thej th axis
of the structural Unit with respect’to the Cartesian coordates o~ xixa3fixed with respect
0 the macroscopic specimen.
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where f- = cos dit and the normalization is performed over all of the speci-
men space:

Q o 1 @)

The function g/f,) can be expanded in a series of normalized Legendre
functions, 1p(fj), as follows:78

Qifti) = £V ILGD) )

where | is even. Furthermore, the coefficient Qioj can be obtained from

Q0j =3 VGnII (tM | (4)

The coefficient Q j is further related to the generalized orientation factor
as follows:s

IV = {2/(21 + 1)}152irQni (5)
Thus, eq. (3) may be rewritten as
qttj) = (L/2*) /Iéo | oo, [',if) G
where Ptis the Legendre function (not normalized)* given by
3 ni(x)nn(x)dx = Sn
and

~ Pix)P,(x)dx = §i,, A »
j:
where 8mis the Kronecker delta.

- W+ U n -w ()

Now, the mean-square error involved in approximating the distribution

function with a finite series expansion through the kth order, in place of the
infinite expansion as given by eq. (3), is given by

9= Josofjz_ 1) - QlIQM D] ©)

where g/(f,) is the approximate distribution function. Upon substituting
the series expansion of eq. (3) through the frth order into eq. (g), the mean-
square error can be written:

<M - f=0u’ -11 A fo<esj )

IT/(a:) and PI(X) have the orthogonality property.
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= 2-ka_1 - 211F:0(ij (10)
or

q=of - (12t) IE_OU-/K ' (H)

For random orientation, g/f*) equals 1/4w and (Qi®2is 1/S720r zero
when | is zero or nonzero, resRectlveI%. Thus, akis zero even when k is
zero,  On the other hand, the sharper the distribution function, the larger is
the integral on the right-hand side of eg. (z0) or (11), and the larger is the
error.  Therefore, larger k will be necessary to obtain a satisfactory approxi-
mation, especially for sharper orientation”distributions of the jth" axis.
~The error of the finite series expansion for a particular distribution func-
tion involving uniaxial orientation, such as Ivratky’s model, a rod roatmg
in an affinie matrix,ohas been briefly discussed in the previous papersan
will be discussed in more detail in the following sections, together with the
other types of distribution functions for uniaxial orientation.

Some Characteristic Orientation Distribution Functions and a Graphical
Representation of the State of Orientation in Terms of a Plot of
Fwj against F3s

~As discussed in the previous paper,slet us substitute the following rela-
tions given by

m = N2TTry,(f) R (12)
and
0Q) = (13)
into the following Schwarz inequality:
{1 ifirwsM-y At dtrdhr; £ 1P/ Gh)}(i4)

The relation hetween the second and fourth moments of the orientation
distribution will then be given by

((cos26jy)2 < (cos40) (Id)
In addition, multiplying both sides of the inequality (1C)
C0526] > C€0S46j (16)

by 270j (cos dj) and integrating the both sides with respect to the angle 0},
wye ob%éi% thej)relation (197): ! d o)

(cos26)) > (cosaf)) (17)

With egs. (15) and (17), the relation between the second-order and fourth-
order orientation factors will be given by
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Fig. 2. Plots of F4o?against F-iO] for three types of extreme concentration of orientation
distribution at particular polar angles, as explained in the text.

— 0 0 0 - 0
=0 0°<6, <90 @=90
Model Model I Model [E
Fig. 3. Pole figures illustrating three extremes of concentration of orientation distribu-
tion, models I, II, and III.

(5IV + )12 > FW > 3bFE - IM218 - 37 (19)

Therefore, a plot of the fourth-order orientation factor TV against the
second-order orientation factor iV for a.nP/ type of distribution function
involving uniaxial orientation must, as is illustrated in Figure 2, fall within
the area defined by eq. (IS). Inturn, any type of orientation distribution
may be estimated, in principle, from comparison of a.BIot of Fw3 against
F.J with Flots of certain characteristic orientation distribution functions,

_First of all, let us consider the extreme madels for orientation distribu-
tions shown in Figure 3, where all of the vectors r, orient uniaxially at a
g(l)ven polar angle d0with respect to the x3 axis. For model I, in which
o0 = 0, the plot degenerates to the point X3in Figure 2. For model I,
in which d = 7/2, the plot degenerates to a point Ah, while for model II,
in which o< d)< x/2, the plot is given by the locus of the equation FV =
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30[(I'V — UT)2I<S] —3/7. Further, an extreme orientation distribution
composed of two components, represented by models | and I11 with rela-
tive amounts given by the ratio of straight-line segments X X" and X 'X xin
Figure 2, is plotted at the point X", The plot of another extreme orienta-
tion distribution composed of two components, model | and a random
origntation (i)omt R) in relative amounts RY and FA/, is given by the
point F, while an orientation distribution composed of two comPonenIs,
model 111 and the orientation distribution represented by the point F with
relative amounts YZ and FA/, corresponds to a point Z. Therefore, any
plot of 'V against FV can be represented, in principle, by combinations of
models I, 11, and 11l and a random orientation, with appropriate fractions
of each component. . . -
_Similar considerations may be applied to the simple, but more realistic,
distribution functions given by

gAcos 9)) = N,Nj(dj) (19)
where Nj%dj% is distribution function of uniaxial orientation further defined

for any of the orientation models (20)-(24)
Model IV:
NAO)) = (cosaely (20)
Model V:
NAdj) = (sin26,Y (21)
Model VI:
Nj(6)) = (2 cos2t cos20j — cos4d))a
0<oBway (22
Model VII:
Nj(6]) = (2 sinzft sin2dj — sinadj)n
(ird Q< tl2) ()
Model VIII:

ATj(6) = [(cos2dj — cos2092
0<Q<t) (24
and Nais a normalization constantfiven by

VN a=2ir | Nj(d) sin dj (24)

The function given by e(i]. (20) or (21) has a single maximum when dj is
0 or /2, respectively. The functions given by egs. (22) and (232) also give
asingle maximum at'dj = 0Qwhile eq. ?24) gives maxima atdj = 0, /2 and
a minimum at g = d) These features of the respective models are il-
lustrated in Figure 4, by taking the value of a as unity or 2. The plot of
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/V'.a?ain_st Fyfor each of the orientation models illustrated in Figure 4 is
depicted in Figure 5 by open circles; the notation is that of Figure 4.

hen a = 0, every function defined by egs. EZO)-(245) represents the
random orientation corresponding to point R in Figure 5. On the other

Model IV Model VI Model VI Model V

Polar  Angle, (degree)

Fig. 4. some examples of distribution functions for uniaxial orientation corresponding
to models IV-YTII given by egs. (20)-(24), respectively, where @ is chosen as unity

or 2.

Fig. 5. Plots of Fid against F20>for models 1V VI11for O < d < o and 0o fixed as
indicated.
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hand, whena = the functions defined by eqgs. (20) and (21) represent
models | and [I1, which correspond to the points X 3and X xin Flgure 5
respectively. Equation (248 with a = o represents model | or model I,
depdenldlllng on the choice of 0Q and egs. (22) and (23) with a =  represent
model 11.

If the value of a is varied from oto », the plot of FV against /'V for
model IV, e%. (20), %I\_/GS curve RABX3in Figure 5 where Fm' = FVSnFV
=2)I(5 — /'VI__), while the ?Iot for model ’e% (21), gives curve R.JIXg,
where FV = 3FV(6FV + 1)/(8FV + 10). The carresponding plots for
model VI, \%llven by eq. (22) with 00= 30°, 40°, 45°, are represented b
curves RMW, RV, and RLU, respectively. Plots for model V11, eq. (2
with Qu = 45°, 50°, 00° are curves RLU, RT, and RKS, respectively.
Plots for the model VI, e(k (24g with 00=30°, 40°, 45°, 50°, 00° are
curves RHX 1, RCXi, REX1 REX3 and RD X7 respectively.

Plots of FV against FV for models such as those gilven by eq. (24), or
the combination of models | and 111, which have double maxima at dj = 0,
7/2, fall in the reglon above curves XiJR and RABX3in Figure 5, while
the plots for models such as those given %eqs. (22) and (23) and model 11,
which have a single maximum at ®- d©-< 60< ir/2) fall in the region
below these curves. _ _ o

Point D in Figure 5, the intersection of the curve RDXsand straight line
RDC, corresponds to a distribution function given by eq. (24) or to an
extreme distribution involving a combination of random orientation and
the orientation corresponding to the point C with relative amounts CD and
DR, respectively. In other words, the point D may arise from two in-
distinguishable types of orientation. However, the distribution function
for uniaxial orientation of a noncrystalline phase usually has a single maxi-
mum at dj = o; hence this ambiguity may not be of practical concern.

Estimation of the Uniaxial Orientation Distribution Function for the
Noncrystalline Phase from Orientation Factors FV and FV

~We now consider the error of estimating some specific distribution func-
tions for uniaxial orientation of n.oncrrstallme f)hases from FV and FV.
The orientation distribution functions for so-called statistically equivalent
chain segments proposed by Kuhn and Grinwou will be omitted, both be-
cause a small error is expected because of relatively broad distribution
characterized by the function and because a full discussion has been given
by Roe and Krighaum.2 - _
K/lhedf?lllg)(wmg four specific distribution functions will be considered.
odel IX:

WY W)y oy O

Model X :
¢jiicos 0) = (nw2ir) (exp{cos20-})" (27)
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Fig. 6. Plots of Fr> against F-,O’ for four uniaxiaborientation distributions, models
IX-X 11, given by egs. (26)—(29), respectively, with U and c between zero and infinity,
and Xbetween unity and infinity.

Model X1
Qcos Q) l’VX/LM)) - (X3-" 1) cos20)\ (28)

Model X1I
(cos B) = (Nd2t)((exp{cos2Bj})c — 1] (29)

Here Nb N\, and Ncare normalization constants and \ is the elongation
ratio of the affine matrix. Equation (26) is the distribution function pro-
posed by Kratky for his floating rod model in an affine matrix,9and egs.
(28) and (29) are deduced by substracting the random component from
eqs. (26) and (27), respectively. _ _

Variation of eand cor Xfrom 0to °°, or from unity to *, gives plots of
Fwj against TV represented {J)/ curves 1X, X, X1, and X11 in Figure e for
these four models, Curve IV for model IV, %llven by eq. (20), has been
added for comparison. The distribution function correspondlnﬁ to curve
IX is the sharpest of the four functions, as shown by the fact that it falls
closest to line RX3 which may be considered as a combination of random
orientation and model . With increasing /'V, curves X and XII con-
verge to the point Viand approximate curve IV more closely than curves
X “and XI. " With decreasing FV, on the other hand, curves IX and X
converge to point R, while curves X1 and X 11 approximate point A.
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By analogy with egs. (3) and (e), the distribution function g/fr) can be
approximated as a series expansion through the fourth order:

0l(t) = EVILGD) = (AME 2, 1APTa) (i)
and the mean-square error is given by eq. (11) withk = 4, ie,,
4 = 2X Jf_I [QjttIM] - (d/2t) £—5 (I'V)2 (31)

where | is even. o , o

~As another type of approximation, let us consider the distribution func-
tion to be composed of two comFonents, a distribution given by model IV
and by random orientation, with composition fractions faand @ —1/,,),
respectively; ie.,

ql'tii) = SaNaiiry + (1- /)(1/4%) (3)

Fi%. 1 Chang?

of the mean-square error in calculatjon of the orientation distribytion
func ton bx.e . 305 or g, ?3%(3{/&\ mcrease o?fv ?or two types 0 %lstrlbutlon L%unc-
tions for uniaxial‘orfentation, models IX and X.
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For the random component, we have
IV'=FJ] =0 (33)

and for the component described by model IV,
'V = 2al(2a + 3) (34
'V = 4a(a- 1)/(ea+ 3)(2a + 5 (35

Upon eliminating a from egs. (}34) and SSS), the following relation for /'
in terms of F2 (which was used for the plot of /'V against/'V for model |
in Figs. 5 and G) is obtained:

IV = IN(SIV - 2)I(5 - 2IV) (30)

-~ ~—

=<<

Polar Angle, § (degree)

Fig. S. Comparison of distribution functions approximated according to egs. (30) and
(32) with the exact distribution function given by tlie model IX for values of elongation
ratio Xranging from 1.00 lo 4.00: (—--) 2l (, (£>); (=) 47r (] (EW) sin 8f, () 27c},"(£));
(0)4*-</I'(&) sin O~ (A) 2r </I(E,); (A) 4x g/(£,-) sin O-



418 NOMURA, NAKAMURA, AND KAWAL

The plot of FJ against Fws for the approximate distribution function
E/_'IFJ) should appear within the area bounded by line RX3and curve IV in

igure 6. If the coordinates of the point N in Figure ( are = Fi] x,
Fml =y, then a,/,, and Naare given by

a= (X+ 5))2(x - y) (37)
fa = x(ox + 2y)/(2x + 5) (38)
Na= (2a+ I)/4 (39)

The mean-square error for the latter type of approximation is given by

Model X

g1 AT
30 760 — 90
Polar  Angle, 6.

Fig. 9. Comparison of distribution functions approximated according to egs. (30) and
(32) with the exact distribution function given by the Model X for values of branging
from 3.5 to 8.4: (—----) 2x (/¢ (fi); (=) 4rr </;(Ey) sin Q] () 2*-2/'(?,*); (0)4*-g/'ffi)
sinoi (A) 27 g/(f ) (A) 4 2/(f,) sin o
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Model X

60 90

30 60 90 0
Polar  Angle, & (degree)

Fig. 10. Comparison of distribution functions approximated according to egs. (30),
(32), or (41) with the exact distribution functions given by the model X | with X = 2.2

(=) 4 j(Si)

and X = 3.2, and model X Il with ¢ = 55 and C = 8.5: (-—-)2r f{j(t])
sin 0,; (+) 27 (0) 4 g,-"(£i) sin 0,; (A) 2W Q/(E]); (a) Ir qu 1) sin 0~ (1)
2TR(r).

<=2t [«a ) - g/%) N (40)

The two types of mean-square error, o, and a", multiplied by aFﬁropri-
ate factors for comfarlson, are plotted q%alr]st I'V_in Figure 7. The two
illustrative models IX and X have distributions dlfferm:? in sharpness, as
illustrated in Figure 6. As can be seen in Figure 7, eq. (32) gives a smaller
error than eq. 830) (the finite series expansion through the Tourth order),
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espe(czi?)lly for functions having a sharper distribution than that given by
€q. (2/). :

the approximate functions, Q/iX,) andgi" (fJ),as well as a further approxi-
mate function obtained by omitting the random component from eq. (32),
e,

a"ii) = (41)
are com[f)ared with the corresponding exact functions gj($i) in Figures €10
for the four types of distribution functions given by eqs. (2(i)-(29). In
each flgfu.re,. the exact function, as well as the three approximate functions,
are multiplied by factors 2ir and 47t sin dj. - As is shown by the figures, the
approximate function, g/(Zj) exhibits some nggatlve re%lo.ns arising from
addition of the Legendre functions, Poitj), Pz(f ), and P\Xj). Upon com-
paring Figure s for model IX with Figure 9 for model X, the conclusion
that g/ Itg) (}]IVGS a smaller error than q/()g) for sharp distributions is reaf-
firmed. Further substantiation is provided by the results shown in Figure
10 for two models X1 and X 11, which are defined so as to eliminate the ran-
dom component from models IX and X. Furthermore models X | and X1
more differ in sharpness of distribution than do models IX and X.

When the above functions are m.ultlﬁlled by sin dt gs (cos dj sin dj, for
example, is the numbers of r; within the angular element daj at the polar
angle dj, and the difference between the approximate functions and the ex-
act functions becomes so small that the differences leading to the above
conclusion are difficult to depict.

The authors are indebted to the Mitsui Petrochemical Industries, Ltd., the Nippon
Gosei Kagaku Co., Ltd., and the Dai-Nippon Cellophane Mfg. Co., Ltd., for financial
support through a scientific research grant.
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LogCan Badigin Lo sty Rivahjae

J. A. COTE and M. SHIDA, Chemplex Company,
Rolling Meadows, llinois 60008

Synopsis

A method is given for the analysis of long-chain branching in polymers by using com-
bined GPC and intrinsic viscosity measurements. A computer program was written to
evaluate branching indices by atabular, iterative method. The method was applied to
the evaluation of long-chain branching in low-density polyethylene.

INTRODUCTION

A branched polymer molecule occupies a smaller volume in solution than
a linear molecule of the same molecular weight. Gel-permeation chro-
matography (GPC) is known to separate molecules by hydrodynamic
volume,1-3 and therefore any independent measure of molecularlwelgiht
can be combined with GPC data to yield information on branching in poly-
mer systems.45 _ _
~ Tungshas proposed the use of concurrent GPC and sedimentation veloc-
ity measurements, Drottahas proposed the simpler technique of evalua-
tion of intrinsic viscosity of the whole polymer combined with GPC mea-
surements.  The branching indices obtained are based on a specific branch
distribution—that proposed by Zimm and Stockmayer.e Drott assumed
that the branch density (the ratio of the number of branches per molecule to
molecular weight) is independent of molecular weight. For this distribu-
tion, the branch density is proportional to molecular weight for species of
low molecular weight and asymﬁtotlcally constant only at high molecular
weights. The arbitrariness of this assumption has been pointed out in a
recent paper by Shultz.7 In his work, by specifying the branch distribu-
tion, he can evaluate branching indices solely from molecular weight mea-
surements. . _ _

In this paper, we will present our method for the analysis of branching
by combined GPC and intrinsic viscosity measurements.

Theoretical

For an ideal polymer solution, the ratio of the intrinsic viscosity of a
branched molecule (Bz to that of a linear molecule (L) of the same molecu-
lar weight is equal to the ratio of the two hydrodynamic volumes:

Mb = * <3B37MB (1)
421
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M= $r<V/IIIML (2)

M b/M 1 = (i2b3/7 (>2)L3 (3)

where (r2 denotes the mean square molecular radius and $is a constant.
The ratio g is defined by:

g= (r28B/(i-21 (4)

giving, therefore:

M b/M 1 = f/A (5)

For real polymer solutions, eq. (5) must be modified to include effects of
excluded volume, shielding and polymer-solvent interactions. In this
modification, the exponent Is changed:

Mob/M 1= fif (6)
Zimm and Stockmayerestate that the value of the exponent is given by:
e=2- a (7)

where ais the Mark-Houwink exponent appearing in the expression for the
intrinsic viscosity of a linear molecule:

M1 = KM' (8)

If [0]iB represents the intrinsic viscosity of a single fraction, appearing as
apointon the GPC curve with concentration Ct (in units of mass/volume),
then the intrinsic viscosity of the whole polymer will be given by:

Mb=E M«cyE ct (9)
i i

Equations (e), (7) and (9) can be combined to give:
Mmbe=k ZgW f Ct/ZCt (io)

For the distributioneto be considered here, gtis a function of the molecu-
lar weight Mi and a branch index X Thus, from eq. (10), a knowledge of
Mit Ciand M bis sufficient to evaluate the branch index X In practice, we
do not know Mt since the separation in GPC is by hydrodynamic volume.
The calibration curve gives Mt t as a function of elution volume. (The
Froduct [V]iMi is proportional to the hydrodynamic volume of species i.)
t has been demonstrated that this curve is “universal”; it holds for both
linear and branched polymer.17 . _ _

Since for a given Xwe can evaluate [v]tas a function of Mj, this curve is
sufficient to give the additional information required to evaluate X The
method requires a knowledge of the (11 factor as a function of degree of
branching and molecular weight and the relation between the degree of
branching and the molecular weight. For an arbitrary distribution, these
relations are not known; however, they have been set forth by Zimm and
Stockmayer for a distribution originally treated by Florv ghereafter referred
to as the FZS distribution.
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In this distribution, it is assumed that the location of branch points,
number of branches and branch lengths are completely random variables.
We consider only the case, appropriate to polyethylene, of trifunctional
branch points. Two parameters, a and g, describe the distribution, The
parameter a is the probability that a chain starting from a branch unit ends
In another branch unit. If a chain is selected at random, the probability
that both ends are branched is a2 while the probability that such a chain
has a branch at one end and terminates in an endgroup at the other is
a(l —a). The second parameter qis the probability of continuation of a
chain equal, in kinetic terms, to the average propagation rate divided by the
average termination rate. The quantity %1 —q%qle is the probability that
a chain branch consists of .r monomer units.  The g factor and the number
of branches per molecular depend on a, ¢ and molecular weight. For
other distributions, other g factors would apply, which might differ mark-
edly An their functional dependence on degree of branching and molecular
weight.

Cgertain properties of this distribution are known. For fractions of uni-
form molecular weight from it, we have

W=y = 2[«v,(I - a)IKl - q)/MEM (1)
and m, the average number of branch points per molecule, is given by:c
1 = (yh)ls(y)h(y) (2)
where 73and h are modified Bessel functions of order 3 and order 2:
) = E, A e
W2
) = E i T z

At large values of m (>5) and y, m is proportional to M but at low values
of m, m varies as the square of the molecular weight (Fig. 1). Thus, the
assumption that the branch density m/M is constant, used by Drott,4
holds only for large M _

Equations relating averaged g factors to the number of branch Fomts.per
molecule are known for: (a) material monodisperse in molecular weight
and number n of branch points per molecule:

g= 3120n)A- 5/(2) (15)

(b) fractions of the original distribution homogeneous in molecular weight
and containing an average number m of branch points per molecule:

© = [L+ m/Tyr+ 4m/9ir] 1A (Hi)
and (c) polydisperse materials (the original distribution),

_ » @t n,)A
(g) =& 4, net+ o ! (17)
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Fig. 1. Branch points per molecule vs. molecular weight for fractions homogeneous in
molecular weight from the FZS distribution; X = 1.24 X 10-4.

in which nwis the weight-average number of branch points per molecule.
Since the species comprising the distributions corresponding to egs. (15)
and (16) are uniform in molecular weight, {o) represents the arithmetic
mean, but (g)wis a weight average.e Equations (15fand (16) are analytical
apR‘rommatlons to series expressions that cannot be written in closed form.

one of these forms for g is aPproprlate for GPC, which separates by
hydrodynamic volume. A g for fractions of the FZS distribution having
constant hydrodynamic volume, not constant molecular weight, should be
used. This expression is not known; it is assumed that case (b) Is closest to
it. It is also assumed in the computer program that at any ﬁlven elution
volume, the molecular weight of the eluent is fixed, and the degree of
branching is a nonlinear function of molecular weight.
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The relation between the branching index Aand the parameters a and q is:
X= 22 - a)allq[(l - q)/q] (18)

where 2vois the monomer molecular weight. o
Because of the assumptions inherent in the treatment, branching indices
obtained should be considered relative, not absolute, numbers. _
Applicability of the method is based on the validity of the assumed dis-
tribution (the FZS distribution) for polyethylene. 1f polyethylene were
found to have a branching distribution other than this, the equations for
the g functions would have to be modified.

Experimental

The branched polrethyjene samples used in this study are commercially
available resins. ~ All resins used were of the hl?h pressure, low density

type. Properties of these resins are shown in Table I.
TABLE |
Polyethylene Samples Used in This Study*
Resin Density g/cc6 Melt index"
LD 100 0.924 1.4
LD 101 0.933 3.5
LD 102 0.919 0.6
LD 103 0.915 3.2
LD 109 0.922 2.6
LD 110 0.922 2.8
LD 111 0.925 29.0
LD 108 0.916 12.0
LD 106 0.926 22.0
LD 104 0.917 4.1
LD 107 0.915 23.0
LD 112 0.922 55.9
LD 114 0.923 2.0
LD 115 0.925 2.0
LD 116 0.926 1.5

“ All polyethylenes synthesized by the high-pressure process.
1TASTM D1505-57T.
0OASTM D1238-57T.

A Waters Associates Model 200 gel-permeation chromatograph was used
in this study. Four columns were used, packed with Styragel of pore sizes
10s, 105 104and 103A. The operating temperature was 135°C; 1,2 4-tri-
chlorobenzene was used as the solvent. The flow rate was 1.0 ml/min;
2.0 ml of a 0.25% polymer solution was injected after filtering at 135°C.
Calibration was carried out with anionic polystyrene standards supplied
by the Pressure Chemical Company. The values of Mwand Mnare taken
from data issued by the manufacturer and were obtained by light scattering
and osmometry, respectively. Data on these standards are shown in
Table 11, The calibration curve is apprommatelr linear on a log molecular
weight-elution volume plot. Polystyrene and linear and branched poly-
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Fig. 2. Universal calibration curve; [I't\M vs. count. Data points are for polystyrene

fractions.

TABLE Il

Polystyrene Calibration Samples

Molecular weight

Mn

19650
49000
96200
104000
352000
773000

Mw

19850
51000
98200
173000
411000
867000

Intrinsic
viscosity
M, dl/ig*

0.060
0.214
0.336
0.544
1.130
1.960

°In 1,2,4-tric.hlorobenzene (TCB) at 135°C.

[d]Mw dimole

1190
10900
33000
94100

464000
1700000

Elution vol-
ume, count

30.5
28.5
L 27.5
26.7
24.8
23.5
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ethylenes will give the same master curve if log ([|?AM) is plotted as a
function of elution volume, as has been pointed out by Benoitrand by Wild
and Guliana.9 A plot of this type is shown in Figure 2.

Intrinsic viscosities were measured in trichlorobenzene at 135°C; re-
sults are reported in demllters/Fram. Intrinsic viscosities of fractions of
linear polyethylene gave the following Mark-Houwink constants:

K=71X10-4
a = 067
Computer Evaluation of Data

A co.mput.erg)rogram using a tabular, iterative method to evaluated X
was written in Fortran IV. The steps in the program are summarized below.

A table of forty M tvalues is set up, each equally s(Faced logarithmically
over the range 10< Mf< 3 X 102 For each M tand an assumed value of
X the program calculates mf from egs. (11) and (12), gt/3 from eq. (16),
[iiL from eq. (8), h(]lB from eq. (eg and the product [/JiBMi.
~Counts corresponding to the products [g]l tare obtained by interpola-
tion of the universal calibration curve. Concentration versus count data
from GPC measurements are stored in the computer. Interpolation of the
count versus wJ<BtabIe provides concentration versus - |<Bdata. Equation
(9) is then used to calculate the intrinsic viscosity ]Bof the whole poly-
mer for comparison with the experimental value. . .

If the values differ, a new Xis chosen and the process is repeated until
the experimental and calculated values of - ]Bagree to within +0.005 dl/g.
The iteration of Xis such that Xconverges to the correct value. Once this
point has been reached, the table of M tversus count can be used to deter-
mine other molecular weight averages: Mn, Mw Mz and M z+.

Results and Discussion

While the mode of fractionation in GPC is by hydrodynamic volume, not
molecular weight, we have assumed that the proper equatlon to use for g is
that for fractions of constant molecular Welgihl, eq. (16).

_Data of Wild and Gulianazon fractions of hranched polyethylene were
fitted by adjusting Xvalues to %Iots of g versus m. Figure 3 shows these
plots fore = y2 A, and 32 The fit is best for . = #3and . = ¥2and
poorest fore = y2 We believe that a choice of = #3rather than 32is
more reasonable, for the following reasons. From egs. (12) and (16), at
large molecular weights,

g -+ [(2X/9V)M]-e2 (19)

With [t]o given by eq. E)6) and a Mark-Houwink exponent of 23 we should
observe the following behavior at large molecular weight: if e = 4

[7Bis constant; if e< 43 gﬂBshouId increase with increasing molecular
weight; if <> 43 ] shoulc ﬁass through a maximum and then decrease
with increasing molecular weight.  On physical grounds, the decrease of ]B
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Fig. 3. J€vs. branch points per molecule, M. (-) g3/2 (1) resin A, X = 097 X 10 4
(A) resin B, X = 0.93 X 10~4; (¢) resin C, X = 0.67 X 10-4; (- )<I43 (NresinA,
X = 124 X 10“4 (A), resin B, X = 1.14 X 10“4; (*) resin C, X = 0.82 X 10“4; (-—-)
gv\z (v) resin A, X = 85.1 X 10-4 (A) resin B, X = 81.6 X 10-4; (¢) resin C, X =
454 X 10-4

Fig. 4. [?]b vs. molecular weight M for resin LD 114: (-—-)c=1/2; (-)e= 4/3;
- * = 3/2.

with increasing molecular weight is improbable, and therefore, 43 was
chosen as the value for..

This behavior is shown in Figure 4 for e = y2 43 and 32for 1.D 114
resin. (hS|m|Iar.curves are obtained for other resins, with shifts in the posi-
tion of the maximum and plateau levels.)

Computer evaluation of the branching indices X and nmfor the low-
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densityTponethyI_enes are shown in Table 11l fore = 2 43 and 32 Be-
cause of the nonlinear dependence of M on molecular weight,

nw= AMw

does not hold. Although Avalues vary greatly, there is some consistency in
the relative ranking of the branch indices. Thus, |fonly relative figures are
desired, any e from =2to r2could be used. The absolute values of N wfor
e= ¥2data appear to be too high. The calculated molecular weight aver-
ages Tor t = 43are shown in Table IV,

TABLE 111
Branching Data

M
(135°¢, X X 10~4 T
TCB),

Resin dl/g e=V» *=4s €=V. *=y2 *=yVs *=|A

LD 107 0.732 1.32 2.02 58.97 45.83 62.52 1103

LD 103 0.974 0.81 1.25 43.07 38.22 54.77 1293

LD 104 0.935 0.82 1.26 43.07 37.75 53.48 1227

LD 102 1.015 0.72 1.11 33.92 32.12 46.78 990

LD 106 0.677 1.35 2.05 41.47 27.14 38.05 504

LD 108 0.892 0.75 1.06 28.80 25.54 32.09 631

LD 111 0.648 1.25 1.95 23.85 15.11 22.81 193

LD 112 0.531 2.17 3.19 33.07 14.78 20.90 160

LD 109 0.770 1.11 1.70 18.74 13.80 20.82 171

LD 110 0.778 1.10 1.69 17.95 13.59 20.54 163

LD 115 0.834 1.03 1.51 10.67 7.63 11.45 71

LD 101 0.792 0.77 1.16 7.50 6.66 9.87 48

LD 116 0.854 0.84 1.23 7.50 5.74 8.64 a7

LD 100 0.789 0.85 1.25 7.11 4.72 7.23 37

LD 114 0.986 0.37 0.60 1.38 1.08 2.11 5

TABLE IV
Molecular Weight Data

Resin x o Mwx 10-6 M, x 10« Mit 1x 10%«
LD 100 1.614 1.306 0.746 2.058
LD 101 1.745 1.864 3.198 8.632
LD 102 2.368 8.574 6.056 10.489
LD 103 2.640 8.948 6.380 11.470
LD 104 2.331 8.619 6.606 11.609
LD 106 1.636 3.803 4.758 12.264
LD 107 1.911 6.303 6.803 13.095
LD 108 1.359 6.248 5.498 9.738
LD 109 2.037 2.568 2.210 5.516
LD 110 2.287 2.558 2.111 4.983
LD 111 1.348 2.442 2.829 6.492
LD 112 1.606 1.377 1.497 4.256
LD 114 2.045 0.955 0.316 0.635
LD 115 2.929 1.657 0.854 2.483

LD 116 2.509 1.562 0.950 2911
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The computer also provides several other branching indices. The
weight-average and number-average molecular weights of linear chain
elements are determined. These are the weight-average and number-
average molecular weights of the distribution which would result if the
molecule were broken at each branch point so as to create three chain ends,
Le.,

WoSE falges (=
{M), = EC./E CanM)CUM, (21)

The intrinsic viscosity which would result if the molecules were all linear
with the same molecular weight distribution is aiso calculated. The ratio of
this to the observed intrinsic viscosity provides another branching index.
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Side-Chain Relaxation in Stereoregular
Poly(isobulyl Methacrylate)

HIROSHI OCHIAI, HEISABURO SHINDO, and HITOSHI
YAMAMURA, Department of Chemistry, Faculty of Science, Hiroshima
University, Hiroshima 730, Japan

Synopsis

The effects of stereoregularity on the low-temperature relaxation processes were studied
by dynamic mechanical measurements on isotactic and syndiotactic polyisobutyl meth-
acrylates (iso-PiBMA and syn-PiBMA). The a, o, and y relaxation processes were ob-
served in both stereoregular forms. Both the d and 0 loss peaks were at lower tempera-
tures for iso-PiBMA than for syn-PiBMA. The , loss peak was observed at about
— 155°C at 30 Hz for both forms, and the apparent activation energy of this process was
same for both samples within experimental error (6.7 £ 0.5 kcal/mole). It was reduced
from these results that the @ and 0 processes are both considerably influenced by the
isotactic configuration but the y process is not.

INTRODUCTION

It is well known that in alkyl methagrylatedpolymers_several relaxation
rocesses can be observed by mechanical ana dielectric measurements.1
hey are designated the a, /! 7 relaxation processes, and so on, in order
of decreasing temperature. In these relaxation processes, the loss peak of
the 7 8rocess ordinarily appears at a tem[)erature between —100 and
—200°C for alkyl methacrylate polymers with fairly long side chains such
as n-propyl and n-butyl,2but cannot be observed in this temFerqture range
for methacrylate polymers with fairly short (methyl, _ethy%s;de chains.
Even so, the detailed mechanism for the effect of the side chain on the y
relaxation process is not known. o o

One can conceive of the following characteristics as dominating the
mechanism of the 7 process: (1) the length and/or bulkiness of the side
chain, and (2) the mObI|It¥; of the backbone chain, which pIaKs a_major
role in the appearance of the glass-transition phenomenon. ~The effect of
the dimensions of the side chain can be examined by ch_angijlng the ester
alkyl Hroup in the polymers. Studies of these polymer series have revealed
that the location of the 7 loss peak is essentially independent of the length
of the ester alkyl group.--3 However, in these cases it must be remembered
that the substitution of ester aIkKI.grou’g_s may also have serious effects on
the mobility of the backbone chain. For instance, the glass transition
temperatures become lower as the L{gngth ol the ester alkyl group is in-

1
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creased. Thus the decreased mobility of the ester alkyl group as a whole
with mcreasmgi length may be counteracted by a contribution from the in-
creased mobility of the backbane chain. _

As to the effécts of the mobility of the backbone chain on the y process,
Wada et al . have shown for copolymers of methyl methacrylate FMMA&
with n-butyl methacrylate (n-B.M 2 that the location of the y loss pea
a33|?ned to the motion of the n-butyl group does not chan?e or n-B.MA
content up to about 50 mole-%. In"stereoregular methacrylate polymers,
one can change the glass transition temperature over a fairly wide range by
varying the Stereorggularity without changln% the chemical speciess and
hence it may be possible to Study the effects of the mobility of the backbone
chain on the yprocess somewhat independently of the other effects. From
this point of view, we here discuss the effects of the mobility of the back-
bone chain on the y process as. revealed by dynamic measurements on iso-
tactllc t(|3)0-P|BMA?/and syndiotactic (syn-PIBMA) poly(isobutyl meth-
acrylates).

Materials and Methods

The iso-PiBMA was ﬁrepa,red in toluene solution at —70°C with lithium
aluminum hydride as the initiator, and_the syn-PiBMA was obtained by
polymerization in THF solution at —70°C with lithium aluminum hy-
dride. The products were repeatedly purified by ,repremﬁltatlon with"a
lc_oglgd_ W%tebrl-mlethanol mixture. The characteristics of the samples are
isted in Table 1.

TABLIi |
Some Characteristics of Stereoregular Poly(isobutyl Methacrylates)

101 0
Tacticity from NMR spectra, % Density (25°C),

Sample Isotactic Syndiotactic glee T, °C
is0-PIBMA 90 10 1.0487 7
syn-PiIBMA 20 80 1.0412 53

The ap;t)aratus used here was a forced-oscillation type of viscoelastic
spectrometer (Iwamoto Seisakuslio Co. Ltd.). Films Cast from benzene
solutions of the samBIe (about 0.2 mm thick) were cut into the form of
rectangular strips (about 5 X 50 mm% for dynamic mechanical measure-
ments.” Some care was taken to keep the inifial extension imposed on the
sample sufficiently small to stay in the linear region. The dynamic Young’s
storage modulus E' and the loss modulus E™* for each sample were gbtained
as a function of temperature over the range of —175 to 100°C at fixed fre-
quencies of 5, .30, and O Hz.

Results and Discussion

For iso-PiBMA and syn-PiBMA, log E' and log E* & 5 Hz are plotted
against temperature in Figure 1 Three ypos of relaxation processes can
be discerned in the curves of the loss modulus for each sample. The loss
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Fig. I. Temperature dependence of the dynamic storage modulus E' and loss modulus
E" for (A) isotactic and (0) syndiotactic poly(isobutyl methacrylate).

peak at high temperature can be attributed to the micro-Brownian motion
of the chain backbone (the aprocess). By com arln? the glass transition
temperature of the two samples listed in Table |, the aloss témperature can
be assigned to the glass transition temperature of each I_Polymer. It is
lower by about 40°C for the isotactic sample (25°C at 5 Hz) than for the
s;f/ndlotactlc sample (65°C at 5 Hz). The @loss attributed to the motion
of the ester oxgcarbonyl group can be clearly observed in the temperature
range —20 to 50°C for syn-PIBMA as a shoulder of the large aloss peak,
but for iso-PIBMA it is observed as a small, broad peak at about —40°C.

In higher alkyl methacrylate polymers, the loss peak tends to be sub-
merged In the large aloss peak, since the Borocess is considerably influenced
b?/t e aprocess 1 which shifts to lower temperature as the length of the
alkyl side group increases. This implies that the mobility of the backbone
chain is increased by the longer alky! side group. Similarresults have been
reported for some ‘Isotactic " stereoregular polymers;s» however Heijboers
and Mikhailovs have clearly observed the o loss peak in isotactic methyl
and tert-butyl methacrylate polymers, respectively. Their results show
that both the a and ft 0ss peaks appear at higher temperatures for syndio-
tactic than for isotactic samples and that the magnitude of the 3peak of
isotactic polymer is smaller than that of the syndiotactic Polymer. Ac-
cordingly, our results in PIBAIA suggest that the'mobilities of the backbone
chain and the side chain are increased for the isotactic configuration as in
PMMA and PtBMA. However it should be noted that it isopen to some
question whether the small peak observed in iso-PIBMA may be attributed
merely to adsorbed water and accordingly whether the Bloss may in fact
be submerged in the large apeak. ,

The increase in loss modulus as the temperature is lowered below-120"C
has been attributed to the - relaxation process. The temperature de-



431 OC111A1, S11INDO, AND YAMAMUHA

Temperature ,°C Temperature ,°C

Fig. 2. Temperature dependence of log (E]'/E'R al (0) 5 Hz, ‘10) 30 Hz, and () 80 11z
for isotactic and syndiotactic poly(isobutyl methacrylate).

pendence of the lows tangent E'/E at frequencies of 5, 30, and SO Hz are
shown for the %proc,ess In Figure 2. Stereoreqularity affects the y process
in two ways: fhe height of the yloss peak is slightly greater in the"isotactic
olymer, and it incréases with increasing frequency only for iso-PiBAIA,
n the other hand, both the location of the yloss peak (—155°C at 30 Hz%
and the apparent activation energy of the corresponding process (6.7 £ 0.
kcal/molel)I are independent of the stereprePuIarlty. _ o
Generally in methacrylate polymers, including the PIBMA in Flgzure 1,
both the aand d processes are greatIK affected b stereore%ularl Y 1012
Furthermore, from NMR studiesss-i« it has been deduced that the mobility
of the amethyl group is increased in the isotactic configuration. However
in our study, ‘since both the location and the activation energ%/ of the y
process were found to be independent of the stereoreqularity, the above-
mentioned differences seem not to be essential, Thus it maybe concluded
that the yprocess is practically independent of the differences in the stereo-
reqularity (independent, espemall(r of the glass transition temperature)
and also that it Is scarcelkl affected by the mobility of the backbone chain.
Conse(iuently, we su%ges that the y process is due to the motion of the
ester alkyl group farthest away fromthe backbone chain,
It still'seems necessary to make more systematic studies of the y process
in order to interpret experimental results in view of the possible effects of
the length and/or bulkiness of the side chain, and of the_presence of dipolar
groups and of substituents at the aposition on the main chain.
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Liguid-Induced Reversible Long-Spacing Changes
in Polyethylene Single Crystals and Their
Implications for the Fold-Surface Problem

V. UDAGAWA and A. KELLER, HH. Wills Fhysics Lebtoratay;
Urivarsity of Bristd), Bristol BSS 1TL, F%Sam

Synopsis

The long spacing of single-crystal mats of polyethylene was found to increase reversibly
on addition of liquids which normally act as swelling agents. The ma%nitude of the in-
crease follows the sequence of the solvent power which these liquid exhibit at higher tem-
peratures. The increase in long spacing depends to a minor extent on crystallization
conditions, such as concentration and crystallization temperature, but increases very
markedly with the molecular weight of the polymer.  Heattreatment reduces the amount
of swelling, even in the range of low' treatment temperatures which do not produce a fold-
length increase, imFIyin% areorganization of the fold surface. It isinferred that there is
alayer along the fold surface which expands by swelling which in turn implies a disordered
amorphous component. Nevertheless, such disordered material need not be an intrinsic
consequence of chain folding, as its amount can be reduced to insignificant proportions,
e.0., by taking molecules which are short but still fold.  Thus both, the presence of amor-
phous disorder and the nonuni(}ue nature of such a disorder along the surface is demon-
strated.  Further implications tor the fold-surface problem are discussed.

‘As has long been established, sedimented mats of single crystals give
discrete x-ra)( reflections in the low-angle region which correlate with the
thickness of the crystals and hence provide a measure of the fold Ien?th.l
While the long period determined in this wa}/ has proved to be one of the
most characteristic and reproducible parameters in the characterization of
crystalline polymers, at least in the form of solution-grown sm?le crystals,
it must be remembered that it is not a direct measure of the fold length as
such, but that of the layer periodicity. The latter may be affected hoth by
additional features of the surface structure and by the mode of packing and
sedimentation of the layers themselves. The present note contains Some
observations of the variability of the long periods due to such factors.  This
Is of consequence for the fold- en%th values as derived from the long sBacmgs
and for studies on the nature of the fold surface itself, which is a Subject of
current topicality. _ o

The experiments to be reported consisted of the determination of the lon
spacings when the polymer was wetted with different liquids. ~Such liquids
were Xylene, octane, and decalin, all three of which dissolve the crystals at
suitably high temperatures but are nonsolvents at room temperature where
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the long spacing determination was performed. In one case silicone oil was
used, which is anonsolvent under alf circumstances.

EXPERIMENTAL

The experiments to be relo_orted here were carried out on the linear poly-
ethY,Iene Rigidex 50 crystallized from an 0.025% xylene solution by slow
cooling and Sedimented'so as to yield an oriented mat in the usual manner.
The long spacing was determinéd to an accuracy of £ 1 A by means of a
slit-collimated Kratky and/or point-collimated Franks focussing camera in
which the mat was placed horizontally on a suitable suPport. After re-
cording the low-angle x-ray diffraction pattern, drops of the appropriate
liquid Were placed onto the mat, until the mat la completely covered be-
neath a layer of liquid, when the diffraction pattern was again recorded.
In order to keep the sample under the liquid, losses due to evaporation were
replaced during exposure when necessary.  in the following stage the liquid
was exchanged with acetone which could then be readily rémoved by evap-
?rat{_on. e dried sample was examined again as regards low-angle dif-
raction,

RESULTS

The addition of the liquid to the crystal had two effects. - The intensity of
the reflection increased and the reflection angle decreased, i.e., the corre-
sponding spacm% increased in the wet state. The intensity effect will be
OPlt briefly mentioned, while the change of spacing will form’the main body
of the paper.

Intensity Changes

Figure la illustrates the photometer trace of the low-angle pattern, dry
and wet, while Figure 16 shows the corresponding traces for the 110 reflec-
tion in the wide-angle region with decalin as thé liquid. As can be seen,
there is a very large increase of the low-angle intensity on wettln%. If we
attribute the ‘decrease of the wide-angle intensity to increased adsorption
due to the liquid droE placed on the specimen ( & point which would need
further check) and take its intrinsic scattering power unaltered, hence use it
as a standard, we still obtain an intensity increase of 3.6 X In the scattering
in the low-angle pattern. This effect 'was reversible: the intensity re-
verted to the original on drying of the sample. As seen from Figure la,
the continuous central scattéring became greatly reduced under the effect
of the added liquid.

Spacing Changes with Time

Figure 2 shows the effect of the time of immersion on the long spacinP.
The abscissa gives the time of separate immersion prior to exposure. I
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(a)Small Angle Reflection

(b)Widc Angle (110) Reflection

Fig. 1. Photometer traces from x-ray diffraction pattern of dry and wet single-crystal
mats of polyethylene: (a) small-angle reflection; (b) 110 wide-angle reflection.

Long Spacing
A
150 -
II Wet  **

Dry

10 [

I 4 4
Wetting time (Hrs ) before measurement

Fig. 2. Effect of wetting with decalin on the long spacing of a single-crystal mat as a
function of time.

this case the exposure itself required a further « hr with the liquid drop
9Iaced_on the specimen.  As can be seen, there was no chanFe between 1and

2 hr immersion time; the long spacing took up its final value after the
shortest treatment employed here.” The lower time limit was not explored,
but it was noted that the initially opaque sample became translucent im-
mediately on immersion; hence on"our time scale at least, the liquid penetra-
1ion was nstantaneous.
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Long Spacing

Long Spacing

Dry Wet
(d)

Fig. 3. Long spacing changes in single-crystal mats produced by different addition
liquids:™ @decalin; (6)xylene; (c) octane; (@silicone oil.

Effect of Different Addition Liquids

The results are shown in Figure 3. Points Zand 2compare the long
spacings in the dry and wet states, respectively, for four difrerent liquids.
As seen the spacing increase was largest with decalin (22 A) and diminished
in the sequence of xylene (L7 A) octane (15 A) and silicone oil ‘—1 A) (the
—L A'in the last case is within experimental error, consequently the effect
of silicone oil can be taken as zero).

Reversibility of Spacing Changes

Points 8in Figures 3band 3c were obtained after the two samples exposed
to xylene and octane were washed in acetone and dried in a vacuum oven.
The original starting value of the long spacing was regained.

In the case of Figure 3a the removal of the liquid was done in three stages
which could be readily performed in this case in view of the low vaf)or pres-
sure of decalin.  This allows the removal of the liquid to be readily spaced
out.  For the same reason the intermediate amounts of liquid at edch stage
can be retained during the exposure without special precautions.

Point 3corresponds to a sample which, after having yielded Pomt 2 Was
cleared from overlaying liquid and kept in air for 1 "hr prior to exposure.
As noted, there is a’small but noticeable decrease in the long spacing. A
further, much greater decrease was obtained when this same sample was
placed ill acetone and allowed to dry in air (point 4 The initial starting
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Long Spacing

Fig. 4. Effect of repeated wetting on the long spacin? of single-crystal mats: (1) initial
dry state; ($) after first wetting with xylene; (3) after subsequent drying; (4) after
ssecond wetting with xylene.

.(s:Pacmg_ was fully regained on repeated immersion in acetone and subsequent
erg In avacuum oven &pomta o .

n all these experiments complete reversibility has been achieved. In
one instance with xylene as a swelling agent a cycling experiment was also
carried out.  The results with the explanatory captlon are given by Figure
4. As is seen, the swelling effect can be repeated. (The poins, of the
second cycle lie 2-3 A above the first (which is only just above experimental
_error).2 Comparison with Figure 3bcarried out on the same preparation,
indicates that points 1and 2 1.e., those of the first cycle may be low owing
to some systematic error. As this small discrepancy was of no further
consequence, it was not pursued further.

Effect of Crystallization Conditions and Sample Treatment
on the Spacing Changes

Effect of Concentrations.  Figures 5a and Soshow the effect of the con-
centration of the crystalllzmg Solution. Al pre?arathns Wwere obtained
from xYIene crystallized at 80°C.  The subsequent swelling liquid was dec-
alin. 1n agreement with ems_tmg experience, the long Spacing was un-
affected by concen_tratlor]Z’S(Flg. a).  There isonly asmall but neverthe-
less noticeable variation in the Tong Spacing increaseé on addition of decalin:
samples crystallized from hl?her concentration ?ave a slightly larger long
%pacmg increase.  The effect is about 6 A over two decades of concentra-
lon.

Effect of Crystallization Temperature. The crystals were prepared from
0.02% xylene solution by crystallizing at different temperatures. ~They
were subsequently immersed in decalin.  As seen from Figure 6, the long
spacing increases with the crystallization temperature, which.is the well es-
tablished fundamental behavior of chain-folded crystallization,l At the
highest crystallization temperature of 90°C, two sRacmgs are obtained simul-
taneously. As is well known,2this arises from the fact that some materia
remains uncrystallized at these high temperatures and precipitates during
cooling at a lower temperature with a correspondingly lower spacing.  (The
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Long Spacing

o Wat
A « Dry
150 - o o 00 o o
o
0 A » A
J L
(a)
Change of
Long Spacing
40 m
30 m
1
-2 1 0

Concentration log (%)

©)

Figi. 5. Plots of (a) the effect of added decalm on the IongISﬁacing of single-crystal mats
as a function of the concentration of the solution from which the crystals had heen pre-
cipitated; (6) long-spacing increments from (o).

Long Spacing

Change of
Long Spacing

8

Fig. 6. Plots of (a) the effect of added decalin on the long spacing of single-crystal mats
as a function of the crystallization temperature; (6) long-spacing increments from (a).
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higher sP]acmg can be obtained on its own if the precipitate is filtered off at
90°C, which was not done in the present experiment.) o

. The Ionﬂ-_spapmg[mcrement on addition of decalin increases with increas-
ing crystallization temperature (Fig. 6loranging from 20 A to 32 Az;' The
second, shorter spacing in the samBIe_nomlnaII crystallized at 90°C is
lower than any of the isothermally obtained Pom s 1tis verX noteworthy
that the corresponding spacing increment is also the lowest (8 A).

Effect of Heat Treatment (SAnneaIing). The starting material was ob-
tained by crystallization at 80°C from a.0.1% xylene solution by means of
the self-Seeding technique (Ts=102.1°C).45 The dried crystals were an-
nealed at different tem]peratures for 24 hr, a fresh sample being used for
each heat treatment.  The long spacings were measured first, dry, then after
immersion in decalin.  The results are shown by Figure 7.

Long Spacing

Change of
Long Spacing

Fig. 7. Plots of (a) the effect of added decalin on the long spacing of annealed single-
fcrysteEI )mats as a function of the annealing temperature; (6) long-spacing increments
rom (a).

_ It is seen from Figure lathat the long spacing of the dry mat starts to
increase when the annealmﬁ_ temperature exceeds S0°C, i.e., the tempera-
ture of the original crystallization. UA{) to an anne,alln? temperature of
100°C this effect is sllgi,t (less than 5 A), but there is a Targe Increase be-
yond, at higher annealing temperatures. = This of course is in agreement
with extensive past experience on annealing behavior/" The long-spacing
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increment due to addition of decalin (Fig. 7) remains constant up to an
annealing temperature of 50°C but then decreases markedly. It is to be
noted that it decreases to about half its value for the unarinealed sample
before any c_hanPe in long spacmgI in the dry samples is observed. At 80°C,
when the dried fon sRacmg is still completely unaltered, this increment has
reduced to about T5 A from an initial value of 25 A, and at the stage when
the long spacing increase in the dried samples becomes definite 8100°C1
this increment has been reduced to a bare 4-5 A It stays at such a small
value and finally falls to a ne?hgmle amount at the higher annealing tem-
p,erlatures, wher most of the Tong-spacing increase of the initial dry mate-
rial occurs.

Effect of Molecular Weight.  The fractions available for this study, to-
gether with their special characteristics as made available to us, and source
of supply are listed'in Table I.

TABLE |

Molecular
Weight M JIMn Supplier*
2.6 X 103 M, - P
9 X 103 Mw 1.13 P
1.6 X ICH M w 1.60 P
7.6 X 104 M v 113 M
1.4 X 105 Mw 1.10 P
3.5 X 105 M, 2.25 M
.4 X 10 My Broad A

distribution

(Not fraction)

°Suppliers: P = Dr. A. J. Pennings, Central Laboratory, Staat,smijnen/DSM.,
Geleen, The Netherlands; M = Dr. J. Mann, Shell Chemical Company, Carrington
Plastics Laboratory, Manchester; A = Allied Chemical Co.

. The fractions were crystallized from 0,02% solutionof xylene by cooling
in a 150-ml flask to room temperature. The Iong_sRacmgs of dried samEles
were not quite identical; they increased slightly with molecular weight (Fig.
8a). (This means that the longer molecules must have crystallized ata
lower supercooling during the cooling process, which in turn‘implies higher
rates of crystallization at comparable undercoolings.)

Decalin’was used as an immersion liquid. It was, noticed that the sam-
ples of lowest molecular weight did not imbibe decalin readily, and for this
reason an immersion time of 24 hr was adopted.  The effect on the long
spacing is shown by Figures 8a and 86. As it is seen, the long-spacing
increment is larger ‘and increasingly so for the higher molecular weights.
This increase ranges from 8 to 38 Afor M= 26 to M = 14 X 1061,
we have adifference of 30 A Itis true that by Figure 6 the increasing lon
‘perlod of the starting material should be partl*,responsmle for this ef-
ect. However, even if the relation shown by Figure 6 held equally for
all the molecular weights involved, the change in the long-spacing increment
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Longlﬁpacing

150 -

130 -

90 -

@

Change of
Long Spacing

Fig. 8. Plots of (a? the effect of added decalin on the long spacing of single-crystal mats
as a function of molecular weight of the polymer as stated in Tahle I; (b) long-spacing
increment from (0). O = wet state; « = dry state.

caused by decalin due to differences in the initial long sPacings would be
within 10 A Consequently, there remains a very sizéable effect attribut-
able to differences in molecular weight.

DISCUSSION

Evidence for Swelling of Crystals

The principal effect under discussion is the reversible increase of the Iong
period on addition of appropriate liquids. The question could be aske
Whether the spacing increase is gust one transient stage in the process of
disintegration of the lamellar stack into its constituénts. However, the
observations are deflnlteh{ against this possibility. The ultimate sPam_n
value for the wet mats could not be increased by the addition of more liquid,
neither was it seen to increase with time (Fig. 2). It appears, therefore,
that the increased separation of the layers onthe addition of liquid corre-
sponds to an equilibrium state. . _

One may suggest an absorption layer on the crystal interface causm? the
spacing increase. However, an increase of 22 A (i, 11 A per surface)
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would_be too high for the low molecular W€I(%h'[ liquids involved. Further,
variations for samples of different chain length speak against s_|mPIe surface
absorption, as the hasic absorption characteristics of a particular liquid-
polymer pair are not expected to depend on the mojecular weight of the
polymer. " It appears therefore that the effect in question may be due to the
structure of the surface layer itself. o

The most obvious suggestion is that the surface swells. ~ This is borne out
by the fact that the threg liquids ﬁroducm%the effect are swelling agents, the
swelling power as assessed from the solvent power at elevated temperatures,
increasing in the sequence octane-xylene-decalin. We see that the effect
on the long spacing increases is in the same order.  Silicone oil is not ex-
pected to swell polyethylene, neither is any change of the long spacing ob-
served on its addition. ~ o ,

‘The observed intensity increase of the low-angle reflections is consistent
with the picture. Scattering is due to a variation in the electron density
which in the present case.of dried crystals corresponds to an alternation of a
wide crystal portion of hlgh and a narrow interfacial region of low electron
density.  The widening of the region of low electron density caused by the
swelling agent will inCrease the intensity of the diffraction peak, more
et><a|cftly, dependent on the amount and electron density of the swelling agent
itself.

Structural Implications Concerning the Fold Surface

It is self evident that the, crystals themselves do not swell, and therefore
the swelling must involve disordered material which is tied to the crystal so
as to exhibit the effect of limited swelling, as is familiar in crosslinked elas-
tomers.  There are two possibilities: (e% there are loose surface regions on
the crystal to begin with; (I3 such regions form under the action of the swell-
ing agent at the expense of the crystal, i.., the lattice breaks up surface
downwards. Of course (0).and (g could pertain simultaneously. Ir-
re_sRectlve_whether the cause is (a) or (6) it is important to note that it varies
with the kind of material and sample preparation involved. ,

We may now consider the type of surface logseness which can be envis-
aged in a chain-folded crystal..” There could be loose hairs; Iarge loose loops
due to nonreentrant fosids; individual, protruding, adjacently regntrant
folds taking up a loose configuration; a distinct defective surface region due
to fold stems of uneven length, hence folds terminating beneath the layer
boundary: and possibly loose tie molecules between consecutive layers.
All'these have been discussed elsewhere.78 Even so, it will be stated that
the model of uneven fold length has been recently receiving mcreasmgi
experimental support and emphasisd D in addition to previous theoretica
PI’_edICtIOHS.]l t emerges that this factor is a general one for crystals ob-
ained under a variety of circumstances and is likely to be the principal
cause of the crystalllnltK deficiency observed in_crystals obtained from di-
|ute solution to which other sources of looseness listéd above may contribute
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to varying extents.  Accordingly, the crystal layer would consist of a com-
par_atlveIY perfect central core with a%raduall increasing number of termi-
nating folds as the surface is approached. These buried folds will need to
be adjacently reentrant, folds with nonadjacent reentry—so far as they are
present—heing necessarily confined to the to? stratum of the crystallinjty-
deficient layer. Irrespective of structural detail, this model will result in'a
surface region of decreasing density on gom% outwards from the interior.
Relatively few folds terminating deep inside the crystal will cause only dis-
locations, but as the number of such folds increases further towards the
layer surface, the lattice will have to break up %radually and will virtually
cgase to exist at a level where the average density becornes equal to that of
the amorphous material. _ _ _

More spec_lflcall}/, if we confing ourselves to adjacent reentry, folds will
have increasingly tewer neighbors until they will represent single fold (Joro-
trusions.  The average amorphous d_ensﬂY, however, will be preserved, as
such folds with few or'no neighbors will bu qe out in a random configuration
and lie down on the folds terminating at a lower leve| around them. _ Fur-
ther isolated protrusions will then lie flat on such disordered material al-
ready present, to%ether with such nonadjacently reentrant large loops and
logse hairs as might be present in the uppermost crystal level.

There is evidence that in the absence of much overhung material, surfaces
of superposed layers containing uneven folds may intermesh, which under
some circumstances can lead to CB/staI continuity between the layers
(crystals with dislocation networks). _

ith the above picture in mind, the effect of swelling aqent_s can he
readily visualized even without invoking destruction of more lattice. Ac-
cordingly, all the overlying loose elements would swell by virtue of pre-
ferred interaction with Solvent and the accompanyln? increase in entropy,
due to the larger number of configurations available for the loose elements
when protruding in the solution & compared Wlth_|yln% on the crystal sur-
face. Further, the swelllnq agent will ﬁenetrate into the layer of uneven
folds and will produce swe Im&; of all those folds which have loosely col-
lapsed on their lower-lying fold environment as deep down as such are
present, thus contrlbutln_ci_ further to the thickness increase of the layer.
A certain amount of mobilization may still occur deep down in the layer of
gurl_eo_l {]Qlds but its contribution to the thickness increase will be rapidly

iminishing.

In the |I%]h'[ of the foregoing, certain variations of the swelling effect fall
readily in line. Lar?e logse loaps, hairs, loose intermolecular ties— that s,
all those features of surface disorder which we consider as adventitious
irreqularities in the deposition of long chains—are expected to increase in
number with molecular wellght. The corresponding increase in swe,llln% IS
in fact observed (Fig. 8). [ncrease in concentration is expected to give the
same trend; this agaln seems to be observed even if the ma%r_utude of the
effect is unexpectedly small (Fig. 5f) Increase in crystallization tempera-
ture could have several opposing effects, the results of which are not readily
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Predlcted. It is |Ik_e|K to lead to long excluded hairs owm,% to the Iar?er
ength of chains which is expected to be in equilibrium with a deposited
chain-folded ribbon.  Also, the surface roughness caused by uneven folds
should be _Iarﬁer as far as these are due to equilibrium roughness. However,
the kinetically determined unevenness of folds should become smaller,
leading to an ‘opposite dependence on crystallization temperature.l
_Anriealing is seen to reduce the amount of swelling (Fig. 7). Two dis-
tinct temperature regions where such a reduction occurs can g s?ecmed:
region A, in which the long spacing of the dried crystals is unaffected, and
region B, where the long Spacing of the dried crystals is increased. The
effect in reqlonAls potentially very significant beCause it is direct evidence
that the fold surface can altér without chan%e in_long spacing, and, con-
versely, that a given Ion% spacing obtained at a given crystallization tem-
erature for a Plven material need not uniquely define the fold surface.
lore s;;e_cmca_l y, the reduction of the swelling between 50 and S5°C in
FI?UI‘G Is indicative of a reqularization of the fold surface, a point of great
inferest requiring further exploration.13 The total reduction of swelling in
rE?IOH_ B may appear suaprlsmgh It could well be due to intermeshing of
folds in the course of fold-length increase which would both impede liquid
Penetratlon and reduce swelling, as interpenetrating folds will not be able
0 extend along the stem direction; for this the chains need to have a com-
ponent lying parallel to the basal faces.

On the Possibility of Partial Lattice Disruption

So far the possibility that more material capable of swelling is created
by the solvent has not been invoked. The possibility of this occurring is
implicit in the interfacial premelting theories by Zachmann#and Fischer.b
These authors consider that the usual broad melting range of polymer
crystals is attributable to a gradual increase of the amorphous portion at the
crystal surface.  These arguments are based on the following considera-
tions.  The chain portions within the folds have a restricted confl(t;uratlon
and hence lower entropies than the amorphous material in the melt but do
not have the lowered enthalpy associated with the crystal proper. If the
loops get Iar?er,_ these constraints are released and the entropy increased.
Up toa point this can lead to a decrease of the total free energty of the sys-
tem, even when the increase of the loop occurs at the expense of the crystal;
that is, the total amount of crystalline material is reduced. = The extent to
which the loops can Increase at the expense of the crystal with a net reduc-
tion of free enerqy will depend on the temperature; with increasing temFe_ra-
ture the equilibrium loop 'size will increase and the equilibrium crystallinity
will decrease. The issue is, more _stralgzhtforward in case of nonadjacently
reentrant large loops.8 With adjacently reentrant loops this process can
only take place in case of folds of sufficiently unequal length so as to provide
an ‘additional entropy of mixing.5 (When the folds are equal the effect
should not only be abisent but even superheating may occur as far as inter-
facial melting is concerned.  See comment in Ref. SX
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Structurally, the increase of surface looseness can in principle occur in
two ways: (fé the crystal thickness is reduced from the surface downwards,
(%) the crystal thickness stays unaltered but more material is being fed into
the fold region by movements equivalent to a refolding mechanism of the
whole chain; _‘1) should lead to no appreciable change in the total layer
thickness, while (2) should make it larger. It is suggested that reversible
long-spacing changes observed in some special instances may be account-
able in this way. b _ .

As in the presence of solvents all melting phenomena are shifted to lower
temperatures, the possibility arises that the observed surface me,ltln% effects
may be due to this cause. "As an increase in layer thickness is involved, it
waould need to be by mechanism %2? If such a mechanism does occur at all
—it is unproven even in dry crystals—it would necessitate movement of the
chain through the lattice. ~Chain mobility necessary for this is implied by
all refolding phenomena but only at temperatures close to the melting
range,of the dry crystals. Solvent is not expected to increase the chain
moDility within" the lattice. Consequently, by this argument refolding,
such as implied by the above interfacial premelting considerations, is not
expected to occur ‘at room temperature. We conclude, therefore, that our
swelling effect involves on_I%/ material which is present in a form accessible
to the Solvent to begin with, and not disordered material created by the
solvent at the expense of the crystal.

Correlation with Other Effects

Evidence for swelling of crrstals has been obtained previously by different
techniques, namely by NM 1T and by direct electron microscope observation
of gold-decorated Crystals. _

NMR. It has been reported'that the Eroton resonance absor_Btlon eak
narrowed on addition of swelling agents, the effect being reversiple.  This
impligs increase of chain mobility on liquid addition, hence swelling. ~ The
experiments as theY stand do nof define the location of this mobilizable ma-
terial. However, the observation that the thinning of the crystal by selec-
tive oxidationi819 eliminates this mobilization effect strongly suggests that
It is situated along the fold surface. The method should. n principle give
the quantity of mobilizable material; however, this is sensitively dependent
on the procedure by which the peaks are isolated in_ the resonance curve.
Earlier results imply only 2-6% of mobilizable material; 1719 however, more
recent separation methods put these figures up to 10% and beyond.d

Electron I\{Iicroscop? of Gold-Decorated Crystals. AS described else-
where,2La thin layer of gold, not sufficient to cover the surfaces, produces a
deposit of fin gold grains aplpearmg as dark spots along the crystal surface.
These dots align preferentially anr(Bq edges and steps and hence can be used
to show up such discontinuities.  On surfaces with no such structural fea-
tures they form a random pattern of dots. When such decorated crystals
are flooded with xylene, the random dot pattern changes, acquiring a coarser
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distribution.82 E_\(ldentl%/ the solvent affects the crystal surface in so
far as it must mobilize material along it, which implies swelling. ~ It can be
seen further that this mobilization effect is not uniform, e.g., crystal portions
rown atthe earI¥_ stages, that is within the crystal interior, are more effected.
urrent exploration of such effects reveal that hlgher molecular weight
material leads to more mobilizable fold surface and hence must give rise
to more loose material, which is in line with expectations.&

To sum up, the three completely different methods all reveal the same
phenomenon: partial swelling of the crystals. The three methods are
comEJIementary. NMR tells us about changes in molecular mobility as a
result of swelling, and at least in principle it should be able to give quanti-
tative information.. The low-angle x-ray method reveals the volume in-
crease associated with the swelling and attributes the effect to the material
hung between the_ lamellag, hence by implication along the lamella inter-
face. Electron microscopy provides direct visual evidence for the presence
of mobilizable material along the crystal face and provides means of dis-
tin ul_shmgi_ between individual crystals and crystal portions as regards
mobilizability. However, this test'is only qualifative. -

We see that the present low-angle x-ra¥ studies occupy a central position
among the other methods of detecting solvent-induced swelling and mobil-
ity in"single _crk/stals. Studies of this kind have obviously an important
part to play in the elucidation of fold-surface problems and’in combination
with other techniques offer some obvious new points of departure. Such
are the quantitative assessment of solvent uptake, evaluation of the low-
angle x-ray intensities, and correlation with selective degradation studies.

CONCLUSIONS

The observed liquid-induced long-spacing increase is consistent with
swelling of the crystal surface.  This implies the presence of material there
capable of swelling, which by necessity must be in a disordered state with a
sizeable chain component along the plane of the basal surface of the crystal.
Nevertheless, such material cannot be a unique attribute of chain folding as
the amount of this swellln? effect depends on molecular weight, crystalliza-
tion conditions, and heat treatment of otherwise chain-folded systems and
in fact can be altered within one and the same sample without change in
fold length.  Neither can it be the onIY or even the main source of crystal-
linit defluen_q{ in chain-folded crystals, as such crystals of low molécular
w_equ t material show _hardl(Y any swelling, possibly only absorption, while
stil possessmg cr¥stallln|ty, eficiency as assessed by conventional methods.2
We suggest that the material responsible for the swelling is a variable com-
Pqnen of surface looseness overlying the rest of the fold surface which con-
ains other, possibly more intrinsic, sources of crystallinity deficiency.

~We are greatly indebted to Professor S. Okajima, Tokyo Metropolitan University, who
first suggested the investigation of the effect of swelling agents on single crystals. The
first positive effect was obtained by one of us (Y.U.) in the course of a trial experiment in
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his laboratory. ~ Also we wish to thank Dr. H. Hendus, Ludwigshafen, for drawing our at-

tenti

on to the effect of residual solvents on the long spacing. ~Our thanks are due to Dr.

A.J. Pennings, Dutch State Mine Laboratories, Geleen and Dr. J. Mann, Shell, Carring-
ton Laboratories, Manchester for supply of fractions.

References

A. Keller and A. O’Connor, Discussions Faraday Soc., 25, 114 (1958).

. D. C.Bassettand A. Keller, Phil. Mag., 7, 1553 (1962).
T. Kawai, Makromol. Chem., 113, 282 (1968).

. D.J. Blundell, A. Keller, and A.J. Kovacs, J. Polym. Sei. B, 4,481 (1906).

. D.J. Blundell and A. Keller, J. Macromol. Sei. B, 2, 337 (1968).

W. 0. Station and P. H. Geil, J. Appl. Polym. Sei., 3,357 (1960).

. A Keller, Kolloid Z. Z. Polym., 231, 386 (1969).

. A Keller, Repts. Progr. Phys., 31, Part 2, 623 (1968).

. A Keller, E. Martuscelli, D.J. Priest, and Y. Udagawa, paper presented at IUPAC

Symposium, Leiden, 1970; Preprint V6, submitted to J. Polymer Sei. A-2.
: 10.)D. M. Sadler, T. Williams, A. Keller, and 1. M. Ward, J. Polym. Sei. A-%, 7, 1819
1969).

11
[ 12

. J. 1. Lauritzenand E. Passaglia, J. Res. Nat. Bur. Stand., A-71,261 (1967).
. D. M. Sadlerand A. Keller, Kolloid Z. Z. Polym., 239, 641 (1970).

13. J. D. Hoffman, J. I. Lauritzen, E. Passaglia, G. S. Ross, L. J. Frolen, and J. J.
Weeks, Kolloid Z. Z. Polym., 231,564 (1969).

14
15
16
1
18
19
20
21
22
23

Rec

. H. G. Zachmann, Kolloid Z. Z. Polym., 231,504 51969).
. E. W. Fischer, Kolloid Z. Z. Polym., 231, 458 (1969).

. H. G. Zachmann and A. Peterlin, J . Macromol. Sei. B, 3, 493 (1969).

. E. W. Fischer and A. Peterlin, Makromol. Chem., 74, 1 (1964).

. A Peterlin, G. Meinel, and H. G. OIf,./. Polym. Sei. B, 4, 399 51966).

. D.J. Blundell, A. Keller, and T. Connor, J. Polym. Sei. A-2, 5,991 (1967).
. K.Bergman and K. Nawotky, KolloidZ. Z. Polym., 219,132 (19672.
. G. A Bassett, D. J. Blundell, and A. Keller, J. Macromol. Sei.. B, 1, 161 (1967).
. D.J. Blundell, Ph.D. Thesis, University of Bristol (1967).

. A Kellerand D. M. Sadler, to be published.

eived July 13, 1970



JOURNAL OF POLYMER SCIENCE: PART A-2 VOL. 9, 453-462 (1971)

Occurrence of Rippling During the Deformation of
Oriented Polyethylene

RICHARD E. ROBERTSON,* Garad Hettric Rsearch ard Dedgmnart
Gae, Steedady, New Yak 12301

Synopsis

Rippling is another mode, in addition to kink-band formation, by which oriented
polyethylene can deform and results in a profuse and irregular waviness in the fibrils.
For the medium-density and high-density polyethylenes investigated, ripplin?(tended to
occur only at strain rates below about I min-1 at 25°C.  Above this rate, kink bands
tended to form. It s suggested that rippling results from easy slip between the fibrils of
the oriented polymers and from the resistance of the fibrils to shortening under a compres-
sive stress. The applied shear stress is reduced b% the easy slip to a simple compression
along the fibrils, and this distorts the fibril into the series of waves that constitutes rip-
pling. Stress-strain measurements confirm that fibril slip is considerably easier under
the rates at which rippling occurs than at the rates at which kink bands form,

INTRODUCTION

It was previously reportedl that kink bands formed when oriented
polyethylene was sheared along directions in which the fibrils of the
oriénted polymer were compressed. The kink bands appear in the speci-
men at low magnification as lines that run more or less parallel with planes
of maximum shear stress. At hlgher magnification the lines are seen to be
bands within which the fibrous texture of the polymer changes direction.
The striking characteristics of the kink bands are the sharpness of the
band edges"and the mirror symmetry of the fibrous texture within the
band compared to that without. The sharpness of the edges is due to
the abr_uP]_ness with which the fibrils entering the band change direction,
often within a width of about 100 A _ o

We now wish to report on a type of deformation we call “rlpplmg”
that occurs during a similar shearing of oriented polyethylene. An
example of rlpplln]q is_shown in Figure 1 in a specimen that had been
sheared about 15%. The photo%raph shows the gauge section or the
section of the specimen between the two clamps of the shearl_nt[] device.
The clamps were positioned just beYond the side edges of the picture, and
during the shearing the left-nand clamp moved downward and the right-
hand clamp upward. 1t is the periodically recurring dark bands that we

8*2Present address: Scientific Research Staff, Ford Motor Co., Dearborn, Michigan
48121,
453

© 1971 by John Wiley & Sons, Inc.



151 R. E. ROBERTSON

Fig. 1. Annealed, oriented high-density polyethylene after being sheared at the rate
of 10-2 min-1, as seen with transmitted light. During shearing the left edge of the
specimen had moved downward and the right edge had moved upward.

call npplln?. We see that these bands are just perpendicular to the back-
ground texture of the specimen due to the orientation, which runs from
Upper left to lower right. In the fo_II_ome we shall describe the rippling
texture in more, detail, give the conditions for its occurrence, and present a
mechanism for it.

EXPERIMENTAL

Two polyethylencs were studied: a high-density polyethylene (Marlex
6050) and a medium-density polyethyleng that containéd a small amount
of butylene (Marlex 5065)." Both were made by the Phillips Petroleum
Co., Bartlesville, Oklahoma. The (Polymers were pressed into Vrin-
thick sheets and stretched about 700% after a few minutes exposure in an
air oven.  The temperature of the oven for the high-density polyethylene
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was 135°C and that for the medium-density polyethylene was 1.30°C.
After stretching, the polgmers were quwkIY Cooled” to room temperature
under tension. ~ The medium-density polyethylene was used as stretched,
but the high-density polyethylene was usually annealed free for /2 hr at
125°C after stretching, © However, the occurrence of rlpplmgi was in-
S'ﬁ aerr;ﬂgnt of whether the specimen had or had not been annealed before

The specimens were deformed in simple shear with devices described
previously.-2 The specimens shown in the_light and electron micro-
graphs were sheared with our “improved” device.1 These specimens were
about 0.25 mm thick and were sheared across a Ogap of a width about 0.5
mm, The stress-strain measurements were made with our first shearing
device.2 The specimens for this were about 0.L mm thick and were
sheared across a gap of nominal width 0.1 mm. A variable in all of our
studies has been the angle between the plane across which shearing occurs
and the axis along which the specimen had been previously stretched.
All of the shearing was done at approximately 25°C.

RESULTS

Rippling and the Conditions for Its Occurrence

The sloemme_n that was shown in Figure 1, which was taken with trans-
mitted light, is shown with a combination of transmitted and reflected
|I§1ht and at higher magnification_in Figure 2. We see that the fibrils
follow, more or’less together, an irregular, weaving path, though before
shearing the fibrils were straight. ~ In general, this waviness exists thrqugh-
out the gauge section of the Specimen. A similar texture is seen at higher
resolution in the electron micrograph shown in Figure 3. This micrograph
was obtained from a shadowed replica of the surface of another rlﬁpled
sReumen_. The dark bands in Figure 1 are found to be correlated with the
changes in fibril directions.  The darkness of the bands seems to arise from
scattering of light being transmitted through the specimen.

As occurs when kink bands form, continued, shearing eventually_ re-
establishes the fibrous texture, though in the mirror image of the initial
texture; .., if the angle between the shear plane and the axis of orientation
initially is_a, the angle becomes —« after the re-establishment of the
texture.  Shearing the s_ﬁ)emmens beyond the amounts shown in Flﬁures
1-3 often causes the fibrils to bend sharply enough that the waves collapse
Into kinks.  Such a result is shown in |?ure . FoIIome the coIIaPse
of the waves into kinks, further shearing often causes the angle between the
fibrils on the two sides of the kink to decrease. This confinues until the
two ends of each fibril, where the% pass under the two clamps, are brought
just opposite each other across the gaugie gap. At this point the fibrils
will have been compressed as muchas they will be in the reorientation
process, and further shearing causes the angle between the fibrils on the two
Sides of the kink to increase. The increaSe in angle then continues until
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Fig. 2. Same specimen with the same orientation as in Fig. 1, here seen at higher mag-
nification with a combination of transmitted and reflected light.

the kinks essentially disappear and the texture obtained is the mirror
image of the initial texture. _ o

e effect on the deformation, of the angle between the axis of orientation
and Ihe direction of shear is shown in Figure 5 For each of the pho-
tographs shown in Figure 5 the clamp just out of the left edge of each
picture had moved downward and that outside the right edge had moved
upward during shearln?. We see that essentially the same_ deformation
pattern was produced for the _ran(ie of_anqles shown.  This is almost the
whole range of angles for which the fibrils are compressed by shearing.
Regardless of the ‘Initial angle belween the shearing direction and the
orientation axis, the dark bands are all seen to be more or less perpendicular
to the fibrous, texture of the oriented polymer, and the texture seen at
higher magnification in each specimen was similar to that in Figure 2.
However, as the specimens differ in the extent to which the fibrils are
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Fig. 3. Electron micrograph of a rippled surface; oriented high-density polyethylene,
not annealed.

compressed in the reorientation process, the collapse of the fibril waves into
kinks, as in Figure 4, does not occur in all specimens.  The kinks develop
only in the specimens for which the angle between the shear plane and the
axi$ of orientation is less than about 45°. o

For the polymers studied we found that rippling occurred when the
strain rate was below about 1 min-L. Figure 6 Indicates the change
In the type of deformation as the strain rate is varied through 1 min-1.
The narrow band or line extending upward from the bottom center of
Flgure 6 is a kink band that was produced as the specimen was strained
10% at the rate of about 10 min-1. The kink band initiated at a flaw
Sactually_a razor cut) just below the area photographed.. Following the
0% strain at the rate of 10 min-1, the specimen was strained 20% at the
rate of 0.1 min-1. It was during this latter rate that the rippling occurred.



45y R. E. ROBERTSON

Fig. 4. Electron micrograph of a rippled surface after about twice the strain as that in
Fig. 3; annealed, oriented high-density polyethylene.

_ Fig. 5. A series of rippled specimens sheared with the angles indicated between the
initial orientation axis and the shear plane, which was vertical in these pictures. The
shear rate used was about 10“2min-1. The width of each picture is about 400 m-
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Fi%. 6. Aspecimen containing both a rippled region and a kink band. This specimen
had been sheared (right side upward, left side downward) 10% at the rate of approxi-
Toa%aly 10 min-1 and then 20% at approximately 0.1 min-1. The marker represents

Strammi; other specimens at strain rates intermediate between 0.1 and
10 min-T gave mixtures of rippling and kink bands; occasionally mixtures
were obtained even outside the range 0.1-10 min-1, but kink bands clearly
predominated at rates above and rippling below about 1 min-1.

Change in the Anisotropy of Oriented Polyethylene with Strain Rate

Previous3shear stress-strain measurements had been made on annealed,
oriented high-density polyethylene strained at a rate of 0.001 in./min.
These were extended to the medlum-den3|(tjy Pol¥ethylene, and the measure-
ments for_both materials were extended to the rate of 0.050 in./min.
Shown in Table | are the yield stresses for shear parallel to the orientation
axis for both the unannealed medium-density and the annealed,hlﬂr;-
density POl ethylenes at the two rates. = Because of an uncertainty in the
gap width between the clamps, though it was nominally 0.004 in., we are
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uncertain of the actual strain rates, but they do straddle 1 min-1 and
correspond in order of magnitude to 0.1 and 10 min-1, respectively. For
both polyethylenes the yield stresses are seen to be considerably smaller
at the slower rate,

TABLE |
Shear Yield Stress Parallel to Orientation Axis and Anisotropy Ratio versus Rate
Clamp Yield
displacement, stress Pnilk
rate, X 108 €=
Polyethylene in./min. dyne/cm? e 0 0.002 in.
Marlrf}( 5065 0.001 0,70 0.39 0.42
0.05 115 0.28 0.36
Marlgy 6050-an&ealed 0.001 1.30 0.22 0.31
0.05 1.65 0.17 0.25

A perhaps more appropriate measure of the effect of rate on the shear
stress is the mechanical anisotropy, which was obtained as follows. ~ Stress-
strain curves were plotted for many different angles between the orientation
axis and the shear direction. - The stresses from each at %l\(en amounts of
strain were then fitted to the following equation, which is the simplest
equation that fits the data at all well:

a=Bat B10s2(a —5 —B2AB4a

where ais the stress &, a particular level of strain, aus the angle between the
axis of orientation and the shear P_Iane, and BOBhB2and Sare constants.
An example of the data and the fitted curve is shown in FI%UI‘G 7. These
data for annealed, oriented high-density polyethylene deformed at the
rate of 0.001 in./min are the same as (;Pven previously,3 though the sense
of the angle ahas here been reversed to conform to general Usage. The

Fiji. 7. Shear stresses after shearing annealed, oriented high-density polyethylene
specimens to a clamp displacement of 0.0015 in.
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anisotropy is given essentially by the ratio B2BO The term Ih arises

from the difference in responise Detween stretching and compressing the

fibrils and_extrapolates to zero at zero strain.3 Included in Table T are

hoth the I|m|t|ngz values of B>MDat zero strain and Ihe values after a

displacement of the clamps by 0.002 in., which corresponds to a nominal

%ﬁralra of 50%%. We see for both polymers that the anisotropy is larger at
e Slower rate,

DISCUSSION

We can readily understand the origin of rippling if we assume that (a)
the fibrils of the oriented polyethylene are relatively free and (b) that
they do not shorten on being compressed. In effect,” we are viewing the
oriénted polyethylene as a collection of threads. The shear strain applied
to the specimenn Fl_?ure 8a then becomes acomﬁressmn along the iprils,
In response, the fibrils, like threads, become slack and tend t0 loop back
and forth. It is because the fibrils are packed together that they tend to
weave in concert with their neighbors as indicated in Flgzure 8.

_ The assumption that the fibrils do not shorten when they are compressed
is more or less confirmed by the results.  The contour length of the fibrils
after the deformation remains approximately the same as efore shearing.
Xor do the fibrils seem to shorten during the formation of kink bands
either.  The constancy of fibril length is believed to be the reason for the

a
Fig. 8. Mechanism of rippling.
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mirror symmetry of the fibrous texture within the kink band as compared
with the texture without.1 . _

Support for the assumption that the fibrils are relatively free under the
conditions durlng which rlpplmg oceurs s given by the data in Table I.
Of course, the fibrils are not completely free, for then the yield stress for
shear parallel to the orientation axis would be zero. Nonetheless, it is
seen in Table | that over the ran%_e of strain rates for which the deformation
changes from kink band formation to rippling that the yield stress de-
creases considerably and the anisotropy increases significantly. - This sug-
gests, that rlppllngn replaces the formation of kink "bands because of the
relative ease of fioril slip. The converse sutqgestlon IS that kink band
formation replaces rippling at higher strain rafes because of the inhibition
of fibril slip.” Without easy fibril slip the shear stress can concentrate at
flaws of the type shown in Figure 8, leading to a localized deformation of
the fibrils adjacent to the flaw” and thence to' the kink band.

We wish to acknowledge the help of Mrs. C. W. Joynson with the stress-strain mea-
surements and W. J. Barnes with the electron micrographs.
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Effect of Pressure in Capillary Flow of Polystyrene

RICHARD C. PENWELL and ROGER S. PORTER, Siae
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Synopsis

~Several corrections possibly required for capillary flow are based on the existence of a
linear relationship between the pressure drop along the capillary and the length-to-
diameter ratio at a given temperature and shear rate. Recentl¥, the appearance of
nonlinearities in this relationship has created some concern as to the cause of this be-
havior. The occurrence and an explanation of the nonlinearities for polystyrene form
the basis of this study. A narrow-distribution, low molecular welght (20,4(_)0) poly-
styrene was tested in eight capillaries at temperatures of 140 and 160°C to Initiate the
discussion of the nonlmearltY]_m a AP (p_ressurez versus L/D (length/diameter of capil-
Iary? plot. The sample exhibits negligible extrudate swelling at all pressures which
reinforces the idea that pressure is influencing the flow. The B&essure dependence of
viscosity is determined using the equivalent expression of the WLF equation derived
from free volume theory.  Justification for its use is presented. A pressure correction,
representing the increased shear stress necessary for flow of the higher viscosity material,
is found to linearize the AP versus L/D data. A narrow-distribution, high molecular
welqht polystyrene (670,000) is subjected to a similar analysis at 165°C by using nine
capillaries,” The situation is quite different, as the high molecular weight sample s not
nearly as ideal as the low molecular weight polystyrene.

INTRODUCTION

In a previous work,1a possible pressure effect on poI?/mer Viscosity in
capillary flow was considered. ~Narrow-distribution polystyrenes of low
(% ,400{and high (670,000) molecular Welght were studied. * Pressure was
f ouqh to decrease the free volume available for flow and thereby increase
the glass transition temperature Tg Variations in the viscosity resulting
front a shift in the glass transition were calculated by using the WLF equa-
tion. A more critical view of the use of the WLF equation for this purpose
based on its derivation from Doolittle’s free volume expression, s discussed
in the Present_work. o _

Nonlinearities occurring in pressure versus L/D Elen th-to-diameter
ratio of a capillary) plots, frequentl¥ called Bagle¥ lots, for polystyrenes
have consistently’been reported in the literature.14 The nonlinear data
were disregarded in one case,2 while in another, the possibility of hydro-
static pressure aftectmg the results was sug([;ested, without analysis.4
Although McLuckie and Rogers have chosen'to analyze their nonlinear
pressure versus L/D plots as due to elastic energy effécts,3there is much
463
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evidence to su%gest that the nonlinearities could very well be due to the
pressure dependence of the apparent viscosity.1'315 _

The present work is concerned with an attempt to clarify the cause for
the nonlinearities which have aneared in Bagley plots for polystyrene, as
have been mentioned many times recently. “A low molecular we|%ht
(20,400) polystyrene of narrow distribution (hereafter called the 20.4K
polymer) was selected for initial study, as it represents a model system in
many réspects. The apparent viscosity exhibits Newtonian behavior in
the dbsence of pressure effects, Lit ?lves no indication of elastic energy stor-
age and it is comparatively stable to shear and thermal degradation for the
conditions used. ' The influence of pressure is evaluated from any nonlineari-
ties appearing in Bagley plots by utilizing the WLF equation.”

Conclusions drawn from the ‘study of the low molecular WEI(_1h'[ poly-
styrene_ are a%Jlled to the analysis of the nonlinearities in Bagley plots
for a high (670,000) molecular weight polystyrene of narrow distribution
(hereafter called the 670K polymer?. his represents a more complicated
system, as it is h|gh|¥ susceptible to_thermal and shear degradation. It
I also a power-law fluid and exhibits appreciable elastic energy effects.
The total entrance correction is of such magnitude that it must be ac-
counted for before a pressure correction can be applied. Pressure-corrected
caplllar3t1 data are presented and compared with data from a cone-and-plate
viscometer.

EXPERIMENTAL

The low and_hlgh molecular weight polystyrene standards used in the
tests were obtained from Pressure Chemical Company, Pittsburgh, Penn-
sylvania. The 204K polymer has Mafvin< 1.06 anid the 6701V polymer
has Mwfvin< 1.10.  Sufficient material of each molecular welﬁht was
available to make reuse unnecessary and thus minimizing thermal, shear,
and oxidation effects. , o

_ All flow measurements were made through tungsten carbide capillarigs
in an Instron capillary rheometer (Instron” Corporation). Several capil-
Iarles,,necessar?/ to obtain data for the Bagley plots, were used and are
listed in Table [. The various capillaries gave a span of length to diameter

_ ~ TABLE |
Capillary Dimensions, Entry Angle 90°

Diameter, in. Length/diameter
0.02000 12.20
0.02000 50.32
0.03020 30.53
0.03015 66.57
0.03018 99.67
0.05035 39.01
0.06026 4.26
0.06040 33.11

0.06014 49.88
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ratios from approximately 4 to 100, The temperature variation along
their !ength_s was estimated to be within 1°C. _ _

It is. desirable to eliminate voids in samples packed in the capillary
reservoir. This was_accomplished by careful ;l)ackmg of the polymer
Fowder and flakes. The test temperatures were 140°C and 1G0°C for the
ow molecular weight polystyrene and 165°C for the hltgh molecular weight
polystyrene. Thermal degradation at these temperatures was negll(t;l le
Insidle the rheometer. This was important, as the time required for stress
ec?]umbrlum_was_large com?ared tothe time required for thermal equilibrium.
The limitation in most of the tests was the maximum recommended load
that the instrument would sustain, 1900 kg/cm.2 Data points rechecked
at various times within the same run and on different runs indicated a
reproducibility of approximately 5%. _

Several corrections possibly required for capillary flow measurements
were considered. Pressure losses In the barrel region were measured, by
using the barrel as a capillary, for all crosshead speeds and were found to be
negligible except for the capiflary of lowest L/D. This matter is discussed
in a later section.  The Kinetic energy correction was assumed to be negllgl-
ble for the conditions of these tests. ™ In the absence of pressure effects, the
end correction from a linear extrapolation of a Bagley plot¥ and the
Rabinowitsch correctionBare easily obtained. However, as found earlier,1
deviations from Newtonian and power-law_behavior caused by pressure
effects make hoth corrections fatuous. The possibility of making the
{Bhagley ckorrectlons under conditions of pressure effects forms the basis for

IS work.

A Weissenberg Rheogoniometer (Model No. 17) was used fo measure
the apparent viscosity of the 670K polymer for comparison with the cor-
rected capillary data.” To insure the removal of air, the gowde_rwas_ laced
on the Rlate of the rheometer and was maintained at 185°C in a nitrogen
atmosphere for several hours. Upon attainment of thermal equilibrium at
165°C, measurements were made with a 5.0-cm plate and a 2° angle cone.
The viscosity values calculated, by comﬁarlson with the literature, O were
for a polystyrene with a molecular weignt of 67,000. Molecular degrada-
tion reduced the molecular weight by a decade, in agreement with the work
of Arisawa and Porter.5 The thermal degradation problem was circum-
vented by preforming the test sample in a press at_165°C until all voids
were eliminated. The time required for thermal equilibrium at 160°C had
little effect on the degradation of the sample in the rheometer.b

DISCUSSION

Free-Volume Model

The pressure dependence of the apparent viscosity and related properties
for amorphous polymers has received considerable attention re-
cently. M.s-n,203"a discussion appropriate to the present work can be in-
itiated by considering Doolittle’s relation between viscosity and free vol-
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?re DoolertgelfOﬁJqF Pear relatrﬂn whe In tvv?s Iottedasafunctron

?re five free WX 3 Eﬁetstgdc?ﬁatlce gn e ?rc]oshg IatrveN?ree
ult tr B

V0 um COH| result Trom ¢ an? n re%surf an 86[ ature ? %ﬁ)
eare h € a very convenient means of relating viscosity to free volume

a\/\eﬁ“a%rgzgeurggg atP rm of Doolittle’s equation

B
log 7= logA +
/K1 S S AR

_ B
= logA | 9303

wh(ere/ IS hhe relative fre volvme A and B may be considered conftairts
i the volume at the asstransrtro? & g el to cacuate
are fre volume aameters mthe dlata 0X an

rene
55 N o al « lo ogn asmentro ed% Hf' lams,

the F omfng equerva ent fgrm %fnlre WIE;F e%uatron results: ®
o T )

GaT= ot T—Ta ()

where the glass tr srtror] temperature T,, Is taken e}she reference te
SFHéea 85 the thermal expansion coefficient, and /; is the relative free
tratton subse e tI tem tedt de the pressure ge-

Penger%e op viscosity by usi gt exr‘o owing mo | ormqorrr erelatrve

ree volume:z
f=f"+a(T-T,)- pP 8

where in errdevelgg gn aandPar ?onSK%ereFasconst
Hayvardeshas considered t ecom assr olymers as en the sum
rﬁ re vo ume com re J llity an amoe om ressiol 0“}/

Llat molecular cofm Ssl occ s onl es re >300
eﬁrses |s modr ed van seq atront cu atecmpress

Martn kan Semenchenk estudre ete erature dependerrce oF
om re sr %rthP po mers nrn ere rons re o
om ress (gy |on n \frhrc ¥

af ofhrhc |b| 8 |c he o
rg%str 0|saI|n ar unctr no ed x-ra echnrquesto verr
Mathe

y Brs Were amor tvar OUS I'ESSLI es
e erardfrrer%@?rriﬁerrre o) by



CAPILLARY FLOW OF POLYSTYRENE 467

volumete 0 H su tstha the vi scoustoYvrnust be d termrnf q
the protth ofsu re volume be rgava ab %the ow molecule
atheerr %era]n etratu es ty o a molecularjump which pregominates at
Eio usrng aWestover eextr sion rheo etr reported the effect of
hydrostatic pr ssure on osrty or several p me59
vscosrR/ tb P/ dt [en sowed an Increase rxrmateya actor of
10vr/n su ec rostatr ressure o
H n fens| nte ts on po stfy ne under h ostatrc ressure agtd
note a rom ntteto ductile fai ureasthe es ure rncrease
eco that the Increase In the m rm m oa wrt ressure Was
cause %y rstatrc pressure mcreasrn the a%s trans“ emp rat [e.
ﬁ e an Herafo noted an | eas the modulus and ctr ity

\)oressure 1 fe[y also concluded.tha ressure can decrease the

Iume and snift the gnass tranartron tem erature.

Bso aa axwell avew xtensive measure ntsofl}nec
Pressr %rstgﬂen e 0 erve th% tthe S ass
Lansrtron or identic etransrh r bhe to een
f Oenrgtecudr; Hressure application.  They found no Indicati nofc sta rza

revr%r| the su estion was mae t at the aﬁgarent viscosity of
narrow-ais |but|o %enes measured | aca vrso eter, “was
t1 Consr ering teco drtro

Stro(rj]ee%{)((lgrriss\j|3¥05| [ee- V |U 10d t g resstt?rsets Lﬂ

tO e
Brras See vr}n é) nerar F €] uatron
USed as given In eq ere tfle relatr ve ree VO ume IS.

JtofT- T) o
with a (t hermal Onsron c%effrcrent T, and 0 resgrbrlr coeffi-
crent”J ?ure depencent., T Fress re unctrogs ort e aopve parame-
ters ﬁ S ree Ve bee ﬂven y Gee.an apgear to pe hased on
soundaa SIS0 He has dse tfie Tait"equation to describe t ecompres
sion of polystyrene in t e form:

—V = VoChi [1 + (P/B)] ©)

where V is the volume at ressure P, Fois the volume at zero pressure, CIs
a constant, and B s a temperature-dependent parameter (constant Under

ISO[S ﬁr?gnt?a)trr] lltl(éolpte Tait eguatron Wltn resp ?Ft 10 te E(erature ang

[essUre QIves t Wing expressions for the coefficient or expansion an
P he comp%esssrb lity coeffrc(T]entg) g
- «, + P0,(dInBI/dT) (6)
0 VoC/V(P + B) (7

where 0 34 X HD4deg %Hbscn t efer ovalues abtgreTaand
the “other parameters are as ern prev ous epressure ependence
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f the asstransn onisp ese te ra h|caII b Geenand inequation form
B 9{ Ibe an Saﬂo gprece y (?Z) ot

a] o? the Ta|(l] eqt#anon 0
%/L{Ccef H f ZCU eg erﬁremmet acr ?ate Wi, and 2 for poly-
aYaVyehtéPseaLa?h S ﬁe pressjj %pe”n%g” AU
Pn ab?e h \%a %? g ecte oraﬁ]o rene%?]ctlon with a
molecular weqhto 1930$%He value 1S co ratﬁetot ew% g
el e e
? ) ate Beratuzr)e 140° i or thev ﬁjes ofaaﬁ é%se ecte ngGees
vaIus Iat|onso the relative free v gumemﬁ ade at a tempera-
ture 0 40 C

Hpres?urew mcrlease until t Ume Was requce
e value of the relative free volume 10 23 atv=109 l1accor
|n og e(% yn aand Bconﬁtant atP = Othﬁ atl efreevo ume

ecreases muc éoo rz%gm ey resultin valugs of
gess re 1S Ipcrease reinforce the use of eq. (2) to describe
e pressure dependence of viscosity
TABLE 1l
Free Volume Parameters; for Polystyrene at T = 140°C

a X 104 BX 105 Pressure Relative free volume

M, cclg’ degio  Dars-: bars v Fp
1.000 5.34 6.84 0 0.05120 0.05120
0.993 5.02 6.40 100 0.04436 0.04818

0.982 4.48 5.67 300 0.03068 0.04313
0.971 4.05 5.10 500 0.01700 0.03908

0.962 3.70 4.63 700 0.00332 0.03575
0.953 3.40 4.25 900 0.03294
0.945 3.15 3.93 1100 0.03055
0.938 2.94 3.66 1300 0.02849
0.932 2.75 3.42 1500 0.02670
0.925 2.58 3.21 1700 0.02512

avg —0.927 ggata of Gee and Miller,27),
haol = 534 X 10-4(data of Geed).

CF, =fg+ aoi(T — Tgo) — BP; TgO 90°C,/, = 0.0245 (data of Williams2).
lFi =fg+ ai(T — Tg)

tie [e (an]e free volume is ost tdep ndent on the initial values 8f H
selecte h di erent va or these twop rameters found in tg
| ratur for gyrene Slcauesome chan e| he compute
r at|ve I Equation eIess vfe etter {es s In
%S aJ Lf]etvnano sin 3 P and ound| nthe, |terﬂttﬁe
a ectthe vaJues, o (I]here at|ve mever\(ht Consig rmH
Earameters Inyolved, th Oﬁ eFZ)an pﬂe;il_ ab\o e the most
onsistent and was Used in t ecali afion gre ente
Considering the results of Taole 1, the derived WLF expressmn s




CAPILLARY FLOW OF POLYSTYRENE 69

represe ted b ears valid for determinin u? e] ressnre den
ence vrsc flt gs ene For temperat ITtS .OF Viscas
an a are co stants for a ﬂrven stem.
However srnce a |s ressure- epen ent, Cowll va somew at wit rt)res
ure In t e av ra ressure rang S enco ntere In the presen n g/
ar\;/ are ges ve |ttIe an Was assigned a fixe vat#]
h ana lonn ress eran eS enco ntere Was less than t
van on rn srn% ere In the reraur
St he va eso (f zused In the a atronsr volvi (F
tetw styrenes._ The ure for btarnrn C2has heen (e
scré g ort rezz The n cessa&% zeros ear vrs 0Si tat tain Ci

tgrvmolecular Wel rese teeil ear er1 Ler0-
erv?cosr ta. were not a a or 70K olymer. Ia%ekcg
Ballman Ta 0o haye su |ent ze ear fa_for
Xs&yrene molecu v¥e th ermrt recrse acu ation 0
These values o eva te |n |ate range 0
etest tem eraure euse at nsrv ving the 670K

mer. e econsta ts rlve rom?ree volume
En %rn)eter? se?ecteg tsrom the data 0 W ramsZ-, ang Geenare also Included

anle |
TABLE I
WLF Parameters for Narrow-Distribution Polysytrenes
Molecular weight Gi c. 5/2.303/, fy/<*
20,400 144 36.2
600,000 16.6 158.2

16.13 41.67

Capillary Yiscometry

Capltl'2%:@235&%%?#%‘%% o ar&férec%‘“”a y qﬂ et

norm to analyze. How vr%r se eral Possl)eco anpe?rpesc | %%se

St a|
[t ressure losses at eentranceo ecaP
7 fIrst Bugg)este ftmean? |ermrnal th entrance’ 1oss 110
f %a rapo trono the lineay rela tween pressure an
o lameter ratio 0 anes emarhrss# ersat%ea)

trn proacht the ro F% |nvo e
rversu erssure MJ ns e same dliameter
erent ent t]ermthod S the \rant e ofre nng
ess ata or dete mrnatron the en correftron rIrppo an Ga
ste mea termrnrr}n astic enerﬂY |05%es Incur de rn
ri]g ar of viscoe nc uids. . “The several metnogs ? ionsr en[t
t nce 055S In tu ag low al |n)/olve the necessity of a linear rela
tion etween t(e Pne?sure [0 D ratio at ﬂrve ear ra\tes and
temperatures. - Complications nse when the relatiort Is no longer linedr.
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Sakiadis2has derived equ tronsf  determining the shear stres ndtwo
norma {ress erencesr the equilibrium flow of a oeneral Tluid t rou
lindrical tu resents a measurement of tfie axial re sure
|ut oninatu ern |c the pressure drop | non Inear. He also states
that t eresr ual pressure cannot be used dlirectly fo meastre orma s
sures, Avral et al. hve eas ed the ress re drstr ution along t

I for a c mmercr st rene. ressure rosa agrv
ear rata Sgrca a trfuale eratures %70 190,20 ? non-

|near an esaresr sure at (s exrt Thrs res dua pres-
SUr an |ts e ﬁtlQn t% extrudate |n are dl cus
oelcke et ah 2in thelr Stu 3/ hee ectso moec lar er ht distribu-
tion on }e operttes yst ne ot ne on |n ar ressyre
versu urve Utsrn treca anes 108 to g ore the
itata or the i hest D terr an VSIS and eliminat henon
eantYProb Bnas an 4|nthe|r scuss on tee ects of
molecula grehgtdrs ribution on owp[opertreso ‘r/)V %s%reg ;18
encPunter 2 non |near pres ure versus L/D' curves
analysis, t este might be due to h drostatr

McLuckie hds%ggqersg Sﬁusseche rlt%h[l ﬁnt FS Ue to eﬁas) res%
gre sure.  They st etha]tt e relaxatio ol éo [ Creates aneastrc
ack pressure which results in nonlingar benavior as L/D Increases.

RESULTS

The srtuatran in which ressure ma ?ﬁect he arent VISCOSI
hee drscus? and_an appr grate mode whrc pre ts the re%s%
Ren ence.q vrscosr anayz The problem 1 es re resente \
neantresa cfa[r%t la dltapotte rnt ormo
ot T |n|t|at est 0 1S oemte% F f
ecuar el to |ssam e 15 below the critical molecular ag
orc arn entan %X ene ear oxidative, and the h g
radation ene or the test con |t|on s1e b In_the ahsence of
ﬁressure ects t esamp is Newtonian and exnibits insignificant extru-

it fret%aaerr e e

ange 0
P 1S In a]garee ent wit L#res and c re%resent a
compansono Fcalcu te mea ure low rates g ‘ts re
nt me sured ?w tes and the solid es the ca\_ Bate

1 the calculated curve for the 8a[p ry with L/ exte s
ond the ndrcate noints, as r] Aonal orntO’r%soﬁsce Within
ex erimenta errr It |s Hn ossible to detect an% erence (f een tg
p ured and ca cu| ted tlow rates af the. two tempera uretslt catedl an
th e several.c anes used, Thrs nvrw% t lead to the Talse. conc t(sron

the maerra S Incompressible \er, as can e seen In Tanle |l
g afarcgaec agtgr y €. 3 small volume change Increases the viscosity
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Fig. 1. Comparison of calculated and measured flow rates for narrow-distribution,
low molecular weight, polystyrene (20.4K polymer): mw = 20,400, MwmMn <1. 06
at 140°C.

(L e e
9(%6 er teneﬂﬁun}wer omt af,the CUIVes exceee themm\l[t of
k/cm2fort el stru ent.  Simi

ar resu ts Were obtained at a tem-
per ture t0
ne of the most obvious manifestations of elastic energy storage in
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apillary flow is.the ohservation of extrudate swelling on exit from the
%)423 5 {uvrewotewor t{/lff rean%m ﬂeqﬁ the fremendous
r

reases (n the pressure erth stﬁar rate rndrcateg ure 3 should he
?OmrPame%wet reciable s}/vep] the extrudate. FHowever, no, Sig-
Ificant g | \yas observe t] test tem eratures of 140 ang 1()0
or any of the cgg aries at any s ela{ rate. asy dp Inent de en ence of
the ent ra ce | essures ear s tse trono the
ressure ata or ca arre wrt the s é/ﬁ) ratro erent dimen-
lons.  ThiS | rt serve In Figure 3, and thus It |s that entrance
0SSES are ne? ,8 depen ent ressure
Al ure4 Str testenonrn arB (e:ypltfor the | molec lar
vY]er tpo g/st}r (en atatempe tureof ecurvsarc Inear at ow
tﬁ thelr. extrapo ICeS end corlrectrons
165 shear rate IS increase h es ra ua ecome onlinear at
ratios. ?ortant tebe Ine rextra itron oft]esec
stil rn icates a small entrance ataweeno taken on the cap ahrg
tAo"tt |re£)drn 426asthe uncertarntres Involved are a large percentage of t
Fi re59sa lot Similar to Frgure4butfr14?]C It may be noted
thatthe nonlinear e ect IS more” prono nce ete raure IS ge-
Crease frrstaép earing at a shear ateo sec-1 ree rncreases
te ressure (or sts are evi en rnF ures 4 and 5 econcur
ent Sy Fxtru ate S (yve rs ne ean the tra olated end correc-
tions small.  The Indlicatio ore att crease In' pressure
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Fig. 4. Pressure required for flow at 160°C at various shear rates versus the length/di-
ameter ratio of several capillaries, 20.4K polymer.

ahove that re urr]ed for Newtonian flow Js nee ed 10 generate reater
strgsses 10 m? ehr e[ VISCOSI materral at the same rate. P
ce rge for calc Iaérn?t rncreas vrsriosw W using t WLF uation
ha gen described elsewhereland 15.0n eryreco sicered. T rr)re
sure r]enceo}r;th ass. transition te ature IS knownZ)Z/ and
used to calcul tet eJnT tnpres shr In T, can pe
Inserted Int teWLFe atron teres trn c %e rnvscosr 8
termined.  The stress necessa to ccommodate dny VISCosity eterm ne
T ?tres negessa to accommodate any vrscosw Increase’ can_then he
ated and applied as a correction to’the nonlinear ata In Figures 4

an

Eghe average ressrr]re used to cafulateashrft In Tqwas half thei
gressureﬁ ver the entire ¢ ary his assum lon Inyolv |tt
rro[ as the deviations from a ling Joressae gw Ited earller 223 are
small Resrdual ssures reported capr are neg igible com-
Eared with the to ess droéri reot agnitude o nolrma
fress enerate rfr he vrscosr ca cu at
as a Iron o ss re tsevera mtervas a cap arf¥
averaevrs?osg{ cuate In this mannrva sstan dl omt
VISCOS| ﬁ ed by using the mean va ueo t e pressure drop over the

entyre
H?rg tne pressure correction described earlier to the data in Figure
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L/D

Fig. 5. Plot as in Fig. 4, but for 140°C.

Corrected Pressure (bars)

Fig. 6. Flow data of Fig. 3 corrected for pressure effects,
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Fig. 7. Corrected pressure vs. length/diameter ratio of several capillaries at 1G0°C for
20.4K polymer.

Fig. s. Corrected pressure vs. length/diameter ratio as in Fig. 7, but at 140°C.



PENWETL AND PORTER
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Fig. 9. Flow data at 165°C in several capillaries for narrow-distribution, high molecular
weight polystyrene (670K polymer): Mw= 070,000, MwMn *1.06.
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enﬁrance t0ac # IS a Ve n¥ ex reqion, A}Pprema
gxéryn%til m“%g 8bserve or this polynter in cates astic energy stor-
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gntr s at eac %ar rate, Thea

%%peg to the curves o IggurH lgnﬁ e ass ure]Jd
arentwscosnywascacu ated }/ in edata F| ur an

IS Shown In |ure These aratlonohecrvem | at a shear

rate of 1 sec- sma and | cr ases With shear rate, Bturnsi

este at t eh| ests earr tes Or each capﬂlaxB/ are Just |f|e reca) 9
next| reme ms rrat 15 Inaccessile e er)ment yasin

cate yF|gure9 Tecap| ary avmgt fng L/D ratlo requires
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Fig. 10. Pressure required for flow at 165°C at various shear rates versus the length/di-
ameter ratio of several capillaries, 670K polymer.

Fig. 11. Data of Fig. 10 shifted by an amount which approximates the end correction.
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Fig. 12. Apparent viscosity vs. shear rate at 160°C for 670K polymer.
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toog nrncrease scosr Iswill then result in ressure corrc
tion are 100 arg ressure o\ gen ent VISCoS ests
ossrbh that the entr nceI es may also be pressure- de en
eans that the Cou tte Iossgt not e t esa er% rres equa
ameteJ Ebar ler ossr as acknowle the effect Was
ssumed to be smal ota pressue drops In these, tests.
o siering the resuItsr Jurel |s ma bea IMIting assumption.
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temperature-1 yBaIIman§ 8S|mon]9and Plazek an ORourlEg:’s ora



480 I'"EINIWELL AIND I'OUTER

L/D

Fig. 18. Corrected pressure vs. Iength/dlameter ratio for several capillaries, 070K
polymer at 165°C.
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Fig. 14. Pressure-corrected apparent vilsﬁcgs(i:ty vs. shear rate for 670K polymer at

cometer, su orted the idea that ressure OInfluenu I%the flow. Pres-
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Synopsis

Poly(ethyl methacrylate) and poly(methyl methacrylate) prepared by benzoyl per-
oxide-catalyzed polymerization were fractionated. The Fox-Flory constant K was de-
termined for these polymers by viscometry in several good and bad solvents. Applica-
tion of somle empirical methods for evaluation of K are also briefly discussed in relation
to our results.

INTRODUCTION

Viscometric, st ghudle%of hi vg i) mer solutions. af an?] above eFIor
temperature 9 have been widely (sed in determmn e Fox-Flo
stant K. Some ort emetho eterm|nat|ono o me surem nt%m
goo olvents erre Eewewe Cowie.1 ra |ve |tte wo
een done on ogFet l)él methac Ia PEMA %mﬁsand two ?1
mte[]est t(f c0 p un erture ensions Imet Pl
methacr ae nthlsg Per vvereportva ues

cometr J]ten Ivents anq MMA n5|xso dentsb various
extra atlon proce ood solvents, as well as b fect easure-
mentSat T = ea so nts ec ntly man em rical and semiem-
|r|ca etho or est|mat|on0 K ro VISC me []c meas rements In
000 S0 vents ave een ropos awg Ication of {

ata has b ﬁen attemé)te In ore 10

pirical methods agre

ese meghods to our
W far K values ont ame by em-
with those rom direct methods.

THEORETICAL
In the theory deyelo Flory and Fox and Kurata ef al. 33 the
intri st|]c wscg%l ’Iﬁj@ Ped toytﬁe Fo>% %stant K, mo ecuPar
weight M rodynamic expansion factor an
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M=% MI,3=i |\ s (1)
where § i a unlversal parameter and r(2denotes the unperturbed mean-

Sqare nd distance.
Lﬁ] t%ermog narnsm parameters x and 2 are defined &by
ZAIF|2|| 0

Wher Wﬁgs the change in energ% tﬂr the| forman? ke

number or'se ments e solvent molecule, an

qf an Onhke onilact
Pan
Ice coordlnatlon number, and

2= (VO (]) M* (33)
where
B = (2SVAF)(A - X) (30)
visthe (partial) specific volume of the polymer: Id is the molar volume of
esoﬁ nds pNeCA enotes vogadrp %ynumber Tn near XDa selo
actnra@? 52 zﬁr (P s2qen F“ t suare molecularra lU?E
or [inear po mes has Deen relate orz ny eore IC
and semle nca % at nota 3? Tq 4; Stock-
xnhan (t% Ivurat ndStockmayer 37 ' Berry3
ab- a3= 2(7*0* - xW'h @
where
= (2712 /283 (v2V iNa) (M/ A2 ()
3= 1+ 2 (6)
a3- a = (43X (79)
where
() -8a3(3ar+ )-§2 (7b)
= 2+ 0.3252 2<2< 11
eex ct relation be N and2|sst|I an open questio a
erq othe recent %?cat?onsltl LBare ote% to(ﬂhee c? a 3 ed volu ane
ectan tsrea on ut|on 0 ert|es eequ lons deve ?£ %ve
eenvv| R/use Wlt artial %c 0SS, hm| az% ﬁeexact relation be
een aad as not%e nfu esta IS (f r%at ,an a = aE
etoli} ars = a25que to Ivurafa an amak wa eatOO

ear 0 oue”to Norisuye et al Dhave been suogested.  In‘an
& WIE% rnnegsts% cvceu rta ? %ee 03 a, = l%%?gs and hence 3(/a uation of



FOX-FLORY CONSTANT 485

T A Hmu} it et
mga 3, zetc3 havgBeen Suggested. [7 ox an orygFF) obtame 2
VVIMIF = 1C;" + ICICTEM/,) 9
Kurata and Stockmayer®3J (K-S) arrived at;
= ICh + 0.363PB[(t,JA 3n]\] (10)
Stockmayer and Fixmand(S-F) and others derivedgl?
[r]Mh =K + 0.0UWM'] (19)
BerryBproposed:
([, )M*¥ = KI' + Q.mCtBWIM) ~v'(ill[,) (12
Besices these, several other equationse3proposed have. haq partial sugoess.
AccI di rdlin toai ﬁese e{g aﬁglﬁs {ﬁe valu 8 P?ﬁs o%v F%P[]orr: tL ulcr??er-
Cepts on the ordinates Ly ots of %quan d[ onte nd S|dever-
sus a function of M and [7on the right-hand sioe (see Figs. 2-5 3
EXPERIMENTAL

Polymers
Both PMMA and PEMA were prepare rization of the djstilled
monomers.at (| (tOOC wﬁh énz ylpeOX|e meUator Th% | mers
\N(i racti (Pnahed bg standar peC|p|t lon epcfce Ures using benz neaa
? vent an nfeﬁn ﬁsno soven Sult of two or tiiree repeat
ractl nat| ns 8/F MA fractions, were on-
ular wel ts go < Mw<1 PMMA ractlopsvver%

eltneermme ?{Q Qﬁis/lcomeflr?/ In b nzene at 30 u? %the e ahon
e ? an ofPEMA actions I methy

ethyl ketone at 23°C by using the relationy () = 283 X 10~3v,” R

Solvents

aIaR;l,a aoamyl ceta( B D. H L

% utxl brt%mde Rwdglee Cetale (B R. and
x faR ngf a;gt)% 2? [SFf-Ie nzﬁa 0 an Ce?cr de r<3 e%

0 Anal benzene jbh erc a, Mer
naaR nietﬁ) I-ln propg etoneZ ! Sl& aR umeﬁw gn hex
?ne 0|I|nﬂ gynge 60-60°C) we punﬁe proce ures and
reshly dlistilled before use,
Viscometry
coﬁg Hgt%elﬁglt%e U Coended Ievel]dnutlonI S/r%scometer Was %SztdwerTehge\t/é?
mmeé%wn% doﬂﬁy d|st|ﬂed water and were u eﬁ in making Knetic energy
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Fig. L. Plot of fgycvs. cand In i )r/cvs ¢ for PEMA, fraction Ib, in n-butyl bromide:
(Ai, Az, +3) e vs. ¢ at 42, 50, and 65°C; (Si, S2 53) to (In gt)/cvs ¢ at 42, 50, and
65°C.

corrections Where necessa The mrl ic VI was evaluated as an
averaggo thelnherc ts0 B can chv Sus con entL-
tion ¢ both Prap |ca X%n ast s%u8re ho The values
t\?/%extra ation gro ealures a? ﬁ 8 The temperature
the viscometric bath was controlled to £0.05
DISCUSSION

ne ox constant K may.be obtalned from viscosi da%a thrge
S. theta so vents 18,y direct measurem

§|n 00 ovents J]Zq JFeextra olation ro ues
CaIuatlo%s relating a, an an ) by cer a|nemp| ca an sem|emp|r|

metnods.
%A] atT = Othe jabil Ah%
measureme
S (lUe to poor so |I

K from [le

The mPst glrect stlmaeofK ﬁfrom 09
of the value bein ien ent ontm g
and In overcomln% experimental artficulti
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TABLE |

Intrinsic Viscosity Data at o for PMMA and PEMA Systems™*
log ‘A K
System 0,°C (He X 10) (MwX 10-5) K X 104
PMM A-p-xylene 50 0.683 0.533
0.644 0.487
0.620 0.455 4.9
0.602 0.421
0.562 0.352
0.491 0.320
PMMA-m-xylene 30 0.663 0.485
0.664 0.487
0.623 0.455 4.9
0.591 0.381
0.512 0.352
PMMA-isoamyl 50 0.634 0.445
acetate gggg 0.381 45
a0
PMMA-re-butyl 35 0.773 0.533]
bromide? 0.671 0.487
0.625 0.467
0.637 0.467
0.615 0.445 4.6
0.610 0421
0.592 0.415
0.574 0.381
0.352 0.257
0.248 0.100
PEMA-isopropanolb 36.9 0.942 0.641'
0.924 0.580
0.836 0.516
0.766 0.415 6.4
0.711 0.415
0.692 0.419
PEM A-n.-butanolh 0,668 0.386]
0.644 0.3851
0.602 3001 5.8
0474 223

alntrinsic viscosity [jj] in dl/g
bo checked by precipitation studles

olymer under theta conditions etc. Our values of [i7] as estimate
&ﬂéms ang Kramer éiots §F j 0ar accur te vﬂhjn +0.001 ql g}j
ever possible we h ? ectl X ?pr cIpjtation method
Involv % xtrapolation of 1/7 versus Vx Sr? ere TcIs t
critical soluti temgerta Hre ofla ﬁ g{n r fractio ﬁsolvent an
xrePresntsteau the molarvolume ? mertotatgfthei
ven eated S V\}gcﬁ enments ve 0 values 10 within £1
other syst ms, on Whic C|p|tat|on easurements Were not made Owas
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O s PR S
for systems f o %IC% T~0. Fven # meas [ ments oﬁ

exac t0 Ut at one o er the urac ?ﬁ(?ee nmtargt?rdee

é r]mmedlYJVO ir%ﬁv% rSUS M %s \yvou ot e3| -
n| |c ty ece or nee ﬁots th emgng r{;ect%/ ﬁ
zona @vyo s']owas(§|gt osmve opet In |g 5)0 asOFn e

bromice’s ex
recl |tab|on may IPess by ca 1C Resu‘]ts of [jilo, K Tab

sur
feor and PEMA are. glven
waﬁwo t e above Jimitations, our K values obtalm measurements
un e[ acondmons or PMMA are om arable v\% Tlt rature values: 26
es or PEAIA on the ofher han e at argert N those [e-
Eorte Chinal. B oex anation |saa| eat present for this |
exceIpt hattep |m|narr (¥v0 Ith other mixed solvent sys-
tes aorato semston ate that our K values ar h| er
se of Ch %p%l rth eg work on more tgeta szstemso
tlon of £ eexace 10 temperature ana solvent (single an or
could lead to any ce

(o
efinite conclusion

mixed etc.

K from [7]in Good Solvents

ThIS me}hod h{ﬁ thf merit th t the convenient lﬁol ofwsco
emg %yed or %oo sojvents Wlt (Jy Sn the exact re sargvong
nd a, andz are still not estah |se the vaues ofK a %tame a

g pest approxi ate Ut_Serve at eastasa 00 estimate of K, the aceu gcx
ng gr ter, t % OSGF 1510 0. Keepin | apgro Imat onsmv ve
V|e We ave osent eW| ely used f]ge
%gge SFI(% [gettl an es |mateo K Fr m
ture xtrapo atlon ved not muct meaning may be attached to ap-
TABLE Il
K Values of Poly(methyl methacrylate) by Measurement of [ at T * O
K X 104
From From  From
From S-F F-F Berry
No. Solvent e, °C A ) [vie plots plots  plots
1 m-Xylene 30 300 4.9 -
40.0-70.0 4.4 4.1
2 «-Butyl 3% 350 4.6
bromide 42.0-58.0 4.6 4.4 4.6
3 p-Xylene 5  50.0 4.9 -
60.0-70.0 4.6 4.6
4 [soamyl acetate 5 500 4.5 —
65.0-80.0 3.7-3-5 2.7-24
5 0-Xylene -3 40.0-70.0 - 44 4.1 —
6 Cyclohexanone -10 400700 — T 4-6 4-6
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Fig. 2. Kurata-Stockmayev plots for PMMA in »-butyl bromide at 35, 42, 50, and 58°C.

arent var|at|on of K with T, When K was evaluated from FJatT> 0
systems, the_extrapolation m thodsI ave val es of gtgar -
eto those tam atT too (In | at|ve paor 58 veﬂts
Inbtte Solv ents %/ ohexanong, a]l sofKa/ SFmeh
WWere Serthan th?seo tamed yot er met _ A systems,

Wat?at) ameét ealtr/]atluesy otPK In srpt?etnqs I&%ra i and s W?d o e0t
taine rmer Were i her 036 at0 Suc
tmnsweeoserve othersm soa wereatt ute to e fact t e
Rarent equations re nt]n aanbz ott o yI terytcr)] \r/1aues ot
tMazve sust\ﬁv« Io%s tocgenglg Wars at |0her %rz Crt/dovegt
ermterce tont eor hnate hence hig erK extrapolation to

0 1 s 850 e el U [tﬂemrsnet%od ytlglaed v(/\\ta(iues 0¥K

é Ve LS scattereﬁ
at [ >0 arée extrapolations are involved Various metho Simg not
predtct correctly, the small variations in K with temperature or solvent.
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Fig. 3. Fox-Flory plots for PMMA in m-xylene at 40, 60, and 70°C.

Values fKobtamegatT 0. may be understood,in ter ofthf compined
efrect soIven tem atur on K. The effect 0 tesovent |% %x
alne nont as|so emJuenc of the for ? P e nafure of t
gpln Te I@n %réler to rotation about the skeletal and other bonds

T e% ect Efwé)eratue 1S rather inter éestln ith Increase of %em

geratue fe (an l(f Tte ecreases (ue {0 agrea er freg-
0f 1o at| naound thes elefa nds On the other hand anl rease

Wlt temperature ag %(g |ainedsreaon the b ﬁSISO
rease reedom of rotation of the Sice cnains.  Our present knowled of
these effects loes not wgrrantt e se arat|onx)of solvent aan tempergiure
ects on K determined by viscosity measurements, even at

n
erature coe de t 0 K fom strgs <iraln measuremens or tﬁ
mI@mer 15 foun o {0 dqbonl erent |n magpitude but even

adof L e i, o e
%9'[ eniore mperature coeficient o

ect the te
ecenai rgtp and otﬁersﬁo tained the temperature coefficient of K
nl)van%ilons Ptrm IC Viscosity with temperature In a given solvent
d y making use of eg. (1
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Fig. 4. Stockmayer-Fixman plots for PEMA in re-butyl chloride at 40, 47, 54, and 61 °C.

dlgtr@_z . [ (5 (3 T
Y @2—)[6—)2—B—)] 1 (2%t - )
SVexado®

Hg;eéts aencdt IUeFre etlh% bulrS exe/ansg)n %oem_m%nts of sof]venﬁ]aq%g|%eﬂ]g%|¥s
Promﬁg?s|t¥nvc[)]v§wsg05| (liyatal ore olien (?n% e uncerﬁam
l6s | h actor 7 and the exact relatjon befween aand x a$ i agp

I\/fu" EoNa/]nson FK valles o%tame at T.= 0 Jor th

t|on3
mers PMMA an A indicates that the unperturbed dlmen3|oR %f
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o/ 02 0-3 05 0 6 [ OO
67 1~
Fig. 5. Berry plots for PMMA in cyclohexane at 40, 50, 60, and 70°C.
TABLE [

K Values of Polv(ethyl Methacrylate) by Measurement of [71 at T *

No.

WL PO —

10

Solvent
Isopropanal
ra-Butanol
[soamyl acetate
Ethyl acetate
Methyl ethyl ketone
Methyl »-propyl

ketone
Benzene
m-Xylene
»-Butyl chloride

»-Butyl bromide

0 °C
36.9

45
-17

-223

-99

-168

-13

From
T, °C
36.9
45.0
50.0
80.0
35.0
65.0
23.0
55.0
40.0
70.0
35.0
60.0
50.0
70.0
40.0
60.0
42.0

65.0 -

=
®

1o
oo I~
oo

K X 104

From

S

-F

plots

7.5

6.1
5.0
4.7
6.3
5.7
11.5
10.9
7.6
7.0
7.7

6
5.0
5.0
5.4
6.4
5.0
6.5

(B
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Eﬁ[\(AAa e sli htl%qea er than those of PMMA, probably because of the
ler sice gr f e latter,

K from [?)]e Obtained Empirically

Vanouse ical an dsem|emp| |c% ethodss eSted1624 631 for
F Jean ence K may be avea

at|ono ouce

se etho toourdata T es [V-VI, gei)an weco
att ese methods, t ou% rﬁ) rowde rea ofable estimates of
K an are sometlmes more convenient P?stems qvo VIP measurements
atasmg%e i era ure or seo 3)3|ng action of a polymer. For estl-

mation rlc |1euse
Me tox 0-AM (14)
where A2is the second viriaI coefficient,

-aCnf—

% 6. Plots of to] vs. k" tol2for U JPEMA, (A)fraction Ib (Mw= 14.45 X 10s) and
(B) PMMA fraction B5 (Mw= 9.42 X 105) in various solvents (O) n-butyl bromide;
(A) benzene; (A)isoamylacetate; (0) m-xylene.
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TABLE IV
K from Mark-Houwink Constants at 50°C
Polymer Solvent KmX 104 a K X 104
PMMA p- XYIene 4.68 0.50 4.7
PMMA Cyclohexanone 0.75 0.71 3.2
PEMA n-Butanol 5.80 0.50 5.8
PEMA n-ButYI bromide 1.35 0.67 4.3
PEMA m.-Xylene 1.35 0.67 4.3
TABLE V
[mo Obtained from [7] and k' for PEMA Systems
Tem-
perature,
Solvent °C  Fraction  c¢mija M 'S Mo
m-Xylene la 1382.0 2.250 0.30 0.826
70 [b 1202.0 1.782 0.35 0.806
Ia 822.0 1.230 0.30 0.452
Ethyl acetate 4 1159.0 2.000 0.35 0.905
6 1038.0 1,515 0.32 0.606
65 7 852.1 1.116 0.38 0.694
Isoamyl acetate la 1382.0 2.159 0.31 0.828
Ib 1202.0 1.519 0.37 0.744
70 d 829.9 1.030 0.29 0.362
TABLE VI
Comparison of [7]r and [7]e
Tempera-
Polymer Solvent ture, °C Fraction M* X 10 » M [»le
PEMA  »-Butyl bromide 42-65 b
Isoamyl acetate 50-80 14.45 0.95  0.84»,
»»-Xylene 47-61 0.85b
PEMA  »-Butyl bromide 42-65 Ic
»-Butyl chloride 47-61 10.05 1.00 -
»-Xylene 47-70
PMMA »-Butyl bromide 35-58 5B 9.42 0.40 0.44"
Benzene 23
PMMA o-Xylene 40-70 8B 6.93 0.40 0.41d
Benzene 35

“Measurement in ISOWO anol 9= 36.9°C.
bRao’s empirical met

“Measured in p-xylene, 0 = 50°C, and »»-xylene, 6 = 30°C.
dMeasured in p-xylene, 9= 50° C. and inm- butylbromlde 9= 35°C.

Bianchi %nd Peterlm]7 d i = KnMawith he arli HOUWIHk

onstanta o ollymer| soIv td creasmgwn mo ecl arwgg

or < 1(\)?1 nIzeg, l_?n exten re lon Qver nd
an reve nand Hoftyzer BBproposed the re at|on

M = 32#e(M/1000)° = K" i)



FOX-FLOUY CONSTANT 495

F

that the adreement is satisfacto
Kame h? ﬁSOSl‘i esteglane q ro ch for determinin ungert rhe
LT ’

the empirical equ

rom an aighcatmn of these equations to our data (Table V), we conclude

er from the Mark-Houwink paramter

tion:;
hie = hI{I — (1 —=2Kk)1% (169)
for asingle fraction of a polymer msever | solvents.

.Theo teig ?relatlonsﬁ y(fy gk ave been pro osedb Bhatnaggr,

Biswas, and (Gharpurey2an a8 Sa a24r VIEWEQ various
oretical equanonspang}f)roposed the Huggins constant ;

SEATY (aig,, . ()
wherelg ?hg r/ge éqg 00570 ang t ge emp?ascl%uerdvﬁ]g?sea: ;EGQred{)%gnndz
ge |ct unique value ofke mde?endentc; sovent and molec arwmﬁ
\J) qL Aﬁapg icatl er% §16a our data on PEAI E)TaEh

% at | 00 prevvelwnht éotal 3/
n ﬁatéhxv'vlﬁ'&e il e‘@%”ms?é“v sty at O r'é‘up?{‘amn St
0 ltjame rom plots o? [ij] versus HZCOU d be related tdp

Mr = fall05 (17
Eﬁlﬂkﬁktﬁ%ewf“’fﬁdecﬁ”nﬁ ;mE'erS”Snked’%z fia T BT Doy
¥° e | r%%Fo"QefMIMAA%d p%&l& m%ﬂrva\é'&&mé‘%

g)él We Wlt mtecores“ In Me%/ esos%{we ZBﬁtT-
mﬂ‘ a extriBoIat ns or |28 | otavaa eare ard%s
eerror rlnne]I tS rIn ort%g bet\';\/\é\’ere I I re%peecttl(\)/ei&e latter
Roor i ? or SF§l ?ots rat'ﬂe}/t

aving een eter Ine an Dy direct mea-
surentents at 9,
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Polymer Research Institute and Department of Chemistry,
University of Massachusetts, Amherst, Massachusetts 01002

Synopsis

Studies were made on films of copolymers of ethylene with 0.5 and 1.0 mole-% carbon
monoxide. The carbon monoxide ngpeared negligibly to affect the degree of crystallin-
Ity, meltlnq Pomt,_ mothoIo?¥, ana dynamic mechanical spectra. Infrared dichroism
showed that the orientation of the carbonyl groups was comparable with that of the crys-
talline CH. groups and indicated that the carbonyl ?rouR_s are af least partially within the
crystals.  This Is confirmed by x-ray measurermients which indicate an, expansion of the
a-xis spacing and by an appreciablé increase in_the height of the a dielectric loss Peak
which has been assigned to crystalline motion.  This a [oss peak moves to a lower tem-
Perature with mcrea_sm? carbonyl content, while the 5y dielectric loss Reak moves to higher
emperatures. ~ Activation energies of 25, 35, and 15kcal/mole for the @, fi, and y peaks,
respectively, were independent of carbonyl content and comparable with values for oxi-
dized polyethylene.

INTRODUCTION

This paper involves a studg of low-density polyeth%lene samples which
contain small amounts of carbonyl groups introduced by copolymerization
with ethylene. The purpose of ‘stud ,mq such samples was_twofold: (1)
the carbonyl groups provide a polar indicator of molecular motion and orien-
tation which max be observed from their dielectric relaxation and infrared
dichroism; (2) the properties of the sample may be slightly modified as a
consequence of the polar inclusion. o

Initial samples prepared by high pressure polymerization of ethylene and
co(g)olymerlzatlon of ethylene with carbon monoxide contalnlnﬁo. 0.5, and
10 mole-% carbonyl were kindly provided by Dr. J. E. Guillet of the Uni-
versity of Toronto, fo whom they were supplied by Tennessee Eastman Co.,

*Present Address: Department of Materials, Queen Mary College, University of

Lopdon, England. . o : .

]D?’resentg r(]gress: Department of Chemical Engineering, Princeton University,
Princeton, Ne\é/ Jersey. . - ,

J Present Address: © Department of Physics, University College, Cardiff, Wales, Great
Britain. _ This work was carried out while visiting the University of Massachusetts under
the N.S.F. Visiting Foreign Scientist Program.

§ To whom correspondgnce should be sént.
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ngsport, Term. _ Additional amounts were Rrowded by c_ourtes_Y of Dr. R.

L. Combs of the Tennessee Eastman Co.  They are idéntical with the sam-

ples studied in a recent publication by Heskins and Guillet . where they

Were reported o have a number-average molecular weight of 40,000 but were

BOt c#_aracterlzed with respect to Wweight-average molecular weight or
ranching.

,Comprgessmn-molded films of these samples were made at 150°C at 8000
psi.  The annealed samples (AS) were left to cool at the natural cooling rate
of the press.  The quenched samples (QS) were made by removal from the
gress after 3-4 min and immediately quenching in a Dry Ice-ethanol bath.

amples for dielectric studies weré compression-moldéd disks, 53 mm in
diameter and 2 mm thick, made by pressing at 150°C at a pressure of 15,000
psi for 30 min followed by cooling under pressure over a period of 3-4 hr.

The dquee of crystallinity of the samples used for dielectric studies was
measured by the Mathews x-rag method. and found to be 51% for the 1.0%
copolymer and 50% for the 0.5% copolymer.

LIGHT-SCATTERING PHOTOGRAPHS

The spherulitic nature of the samples was evaluated by using the photo-
%raphlc light-scattering technlciue and a He-Ne gas laser light source

ypical 11y patterns are presented in Figure 1 The AS films show small
“Cloverleaf” patterns indicative of Iar?e splierulites.  The QS films show no
well-defined maximum in the lobe of the cloverleaf but show a much larger
pattern. Thus it, gea_rs that while the AS films are definitely sP_herull IC
In structure, the QS films have only poom{ ordered spherulites and
probably a higher content of amorphous material.

DYNAMIC-MECHANICAL BEHAVIOR

. Dynamic-mechanical spectra were obtained on a Vibron direct reading-
viscoelastic SBectrometer for the 0% and 1.0% carbonyl AS films at a fre-
quency of 110 Hz. Data shown in Figure 2 indicates little difference be-
tween the two samples, both of which gilve results similar to those reported
by Takayanagi. for branched polyethylene.

CALORIMETRY

Plots of specific heat versus temperature obtained with a Perkin-Elmer
Model DSC IB differential scanning calorimeter are shown in Figure 3 for
0% and 1.0% carbonyl AS samples.” The weights of the two samples were
very similar, so that ‘the two plots may be compared with respect to the
area under the curves. Heats of fusion determined from the areas were
identical to within . %, |mpIy|n%,that the degree of crystallinity was essen-
tlallx the same for both types of Tilms. _

The meltln%pomt deﬁeresmon caused by the carbonyl in the 1.0% sample
was less than 0.5°C. A melting point dépression may be calculated by us-
ing Flory’s equations for arandom copolymer.

(17,) - (LITV) = —RIAHm\nX ()
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Fig. L Hv light scattering0 (patterns of polyethylene ethylene-carbon monoxide co-
golymerﬁlms: {%f annealed, 0% carbonyl; (B)yannealed, 1.0% carbonyl; (C) quenched,
% carbonyl; (D) quenched, 1.0% carbonyl.

: POR
i EHRERRY

Temperature (°Ci

Fig. 2. Storage and loss Young’s moguli as a function of temperature for a 0% and 10%
carbonyl AS sample at 110 lIz.
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Fig. 3. Specific heat as a function of temperature for 0% and 1.0% carbonyl AS sample.

where Tm is the melting temperature of the copolymer, Tm® is the melting
temperature of the Tpu_re crystalline homopolymer, R 1S the gas constant,
Arm s the heat of fusion, and x Is the mole*fraction of the crystallizable
component, in the copolymer.  This gives a Armof 1.4°C for thé 1.0% car-
bonyl copolymer, a value greater than the measured value bY an amount
exceeding experimental error _(¢0.5°C2. The equation neglects melting
point depression arlsm%from finite crystal size which would lead to an even
greater depression for the smaller crystals in the c,opoIKme{ sample.

~ The Flory equation is based upon the assumption that, impurities are re-
Jected,bzl the crystal, It is known that, carbonyl groups may be incorpo-
rated info the crystal lattice, and that ... ethyléne-carbon monoxide alter-
natm% copolymer has a crystal structure not greatly different from that of
Polye hylene, It is I_|ke(ljy that the formation of such a mixed crystal leads
0 & lower me,Itlng-Folnt epression than is predicted by the Flory equation.
More extensive calorimetric studies.of ethyleng-carbon monoxide copoly-
mers have been reported by Wunderlich, et ... who have also concluded that
the CO group is incorporated within the crystal lattice.

LATTICE PARAMETERS

Further evidence for inclusion of carbonyl roulos within the crystal comes
from precision measurement of the 200 and 110 lattice spacings of AS sam-
ples. * These were compared with an internal standard, of powdered AlQ.
dusted on the surface of the sample. The d S}Jacmgs of the 10%
carbonyl samples were ilreater than those of the 0% sample by A(200) =
0.004 £ 0.001 Aand Ag 10) = 0,0023 £ 0.0007 A, This corregponds t0 an
increase of 0.008 A in the a spacing and a change in the b spacing too small
to be observed. _ ,

Chatani et al . have reported lattice Ra_rameters for a series of polyke-
tones. . By mterpolatmg linearly from their results at 22% carbonyl con-
centration to 1.0% carbonyl, we calculate a0.007 A increase in the a Spacing
and a negligible increase”in the b spacing.  This represents satisfactory
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agreement and is consistent with the assumption that carbonyl groups are
included within the cr%sta,Is of our samples. A somewhat larger increase of
?.0%0 A is estimated Dy interpolation of the data of Wunderlich and Po-
and..

X-RAY LINE BROADENING

_The 200 giffraction from the 1.0% carbonyl AS sample shows a small but

5|%n|f|cant increase in breadth as compared with the base polgethylene.
This could be due to a reduction in size of the ordered regions, but as the
crystallinities are similar, it is almost certainly due to the lattice being
strained by the presence of the carbonyl %roups. An approximation to the
magnitude of this strain may be obtained by measuring the half-widths (the
width at_half height) of the ...% and . % samples, wi and wo, respec-
tively. Then, the breadth caused by the strain w's is

Wsz = W|* - WOz (2)

as the observed profiles are Gaussian to a good approximation. We can
then obtain a value for the root-mean-square strain Fer)J from

® = W, /{4tan ) (3)

where 6 is the Bragg diffraction angle. ~ This expression is not exact but will
give a good apP_rommatl_on if the ‘average crystal size is the same in both
samples. _We tind that in units of 26, Wi ="1.255° IF, = 1.225° so that
Ws=0.27° and (¢) = 0.08% strain in the direction perpendicular to the 100
plane.  No broadening of the 110 line was detected, indicating that strain
perpendicular to the ... plane is small.

INFRARED SPECTRA AND DICHROISM

A typical polarized infrared spectrum for the 1.0% carbonyl sample
stretched 1,6 times its unstretched length is given in Figure 4. "The spec-
trum contains the bands arising from the ethylene as well as the carbonyl
%%ps. }Ne shall devote our attention to the bands at 720 cm.. and at

cm-1.

The 720 cm. . hand arises from the CH. rocking of the ethylene sequences
having a transition moment perpendicular to” the chain axis ... At
higher resolution, this band is seen to consist of two components, one at 720
cm- . arising partly from a crystalline contribution with a transition moment
along the b crystal axis and “partly from an amorphous contribution from
chains with a series of four or more carbon atoms in the trans conformation. ..
The second component at about 730 ¢cm.. arises entirely from the crystalline
phase and has its transition moment along the a crystal axIs. o

The 1740 cm- . band arises from a carbonyl stretching mode.. with its
transition moment directed along the C =0 bond axis and”hence perpendic-
ular to the chain axis.  Splitting of this band dependent upon the location
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Fig. 4. Polarized infrared spectrum of at_l.O‘}/ocharbonyI (AS) sample with an extension
ratio of L16.

of the _?rou#) in the crystalline or amorphous phase was not observed. The
intensity of this band decreases with decreasing carqu{l content, and it s
not observed in the 0% carbonyl sample.  The hIFh intensity of this band
relative to that of the ethylene bands in a sample containing only ... %
carbon¥l is a consequence of the high, relative value of the transition mo-
ment of the carbonyl stretching vibration, N

It is noted from Figure 4 that both of the above bands exhibit greater
absorption for radiation Polanze,d perpendicularly to the stretching” direc-
tion in accordance with the assqnments,of the transition moments in di-
rections perpendicular to the ethylene chain.

The dichroism of a band is defined as

D = Q)
where A nand A + are absorbances,for radiation polarized parallel and per-
pendicular to the stretching direction, respectively. This'is related to the

orientation function/Mof the transition-moment vector M of the absorbing
group by 45

D —1/D +2)=/m (5)
where/ mis defined by
/m = [3<C052 fV>,, - |}/2 (6)

The angle Omis that hetween the stretching direction and M. o
If the transition-moment vector makes an angle a with the chain axis,
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then the orientation function of the chain axis is related to the dichroism by

f=cm— Lo+ 2 (7
Where
c= Do+ 2)/(D.- ()
and
D0= 20t a 9)

For the two bands in question, M is perpendicular to the chain axis, 0 D0
= 0andc = —. From the dichroism results, the calculated chain orien-
tation functions are plotted against extension ratios in Figure 5. It is noted
that, the orientation functions are relatively high and are similar for the
two bands, indicating a comparable degsr_ee of orientation of the portions of
the chain containing the two groups, Since the 720 cnr. band is known
to be associated with crystalline regions or hlghly trans amorphous re?mns
of the chain, this result Indicates that the carbonyl groups are similarfy lo-
cated. Thus itis likely that the carbonyl groups ar€ at least partly located
within the crystalline régions. .

Data reported by_Read and Stein.s on E_olyeth lene qontalmn% 2.0% by
welg]ht of acrylonitrile are also given in [?ure . It Is noted that while
the 720 cm- . band exhibits orientation simifar to that shown by the carbon
monoxide copolymer, the 1740 cm.. band orientation for the acrylonitrile

Fig. 5. Variation of the chain orientation function with extension ratio calculated
fromthe dichroism of the 720 cm-1 band and the 1740 cm-1 band of the 1.0% carbonyl
(AS) sample. Data of Read and SteinXfor these bands are also given.
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copolymer is appreciably lower, This may be a consequence of the car-
bonyl grro_ups oceurring prlmanIY in the amorphous phase in this latter
case. This seems likely since the carbonyl groups in the acrglon_ltnle
copolymer probably arise from thermal oxidation which may predominate
at chain ends or at Chain folds occurring in amorphous regions.

DIELECTRIC STUDIES

Oxidized low-density polyethylene was first studied dielectrically by
Oakes and Rohinson. ., who observed three relaxation regions comparable to
the mechanical a, 13 and - relations.  The origin_of the losses has been at-
tributed.s to the relaxation of carbonyl groups situated in the main chain
and produced b){ adventitious oxidation. _

Milling of polyethylene at temperatures above 150°C in the presence of
0Xygen produces a ?reater concentration of carbonyl grqups in the polymer.
%ar_nples treated in this way have been studied by Reddish and Barrie. and

uijnman z

e a peak was first assigned to the crystalline regions by Mikhailov..
who showed that the a peak is not observed for polyethylene of low crystal-
line content.  Annealed low-density polyethylene' doés show an a peak,
and it was also observed by Mikhailov that the P_eak moves to hlgh_er tem-
%erat_ures on annealing.  A.. important observation made by Reddish and

arrie was that the half-width of this peak was 1.75 decades and indepen-
dent of temperature. _Most amorphous polymers exhibit relaxations with
half-width between 17 and 2.5 decades; crystalline polymers have much
broader relaxation peaks, and a single refaxation process has a half-width of
1.14 decades.  The a peak of polyethylene, therefore, has a relatively nar-
row distribution of relaxation timés. "Recent experiments of Tuijnman.o...
and Booij. support the assignment of the peak to the crystalline fegions.

The activation eneagy for the a peak has been well characterized.. by a
number of workers and is about 25 kcal/mole, , ,

The (3 peak, by analogy with the mechanical (3 peak, is thought to arise
from the amorphous regions, but no specific proposed mechanism for the
process has yet been generally accepted. It is thought that, the process in-
volves motion of polymer segments containing side branches. -~ Estimates of
the activation energy of the process vary from 16 to 40 kcal/mole, but this
variance may be due to the confused nomenclature of the Past._ Sandiford
and Willbotrn.. obtained a value of 38 kcal/mole in both dielectric and
mechanical experiments. ,

The mechanical - peak can be separated into two companents, one from
the amorphous phase and one from the crgstalllne_ phase. _ The amorphous-
phase relaxation is thought to be of the SchatzKi.s.., or Boyer.. type or in
view of more recent work ., may reBresent the primary glass transition.
The crystalline-phase relaxation may be due to an endgrouP mechanism so-
One would expect the major part of the dielectric - peak to come from the
amgrph?us phase, owing fo the small concentration of endgroups relative to
carbonyls.
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Up to the present, dielectric experiments have been carried out on samples
containing carbony| groups due €ither to adventitious oxidation or ml||ln§1,
and it cannot be said that the ?roups are randomly Rlaced on the polyethyl-
ene chains and in the phases of the_polymer. ~ For this reason, it is useful to
obtain data from samples containing randomly_placed carbonyl groups as
well as to study the effect of well defined increasing carbonyl content on the
properties of polyethylene. T

The copolymers show a, /3, and - relaxations similar to those observed for
oxidized polyethylene samples. However in this case, the magnitude of the
a peak is much Qreater than in the adventitiously oxidized samples. ~ This
tends to confirm that, the a peak is crystalline in”origin as oxidation in the
interior of a crystal is not expected to any great extent.

EXPERIMENTAL

The apparatus.. consisted of a General Radio capacitance measuring
assembly Type 1G20-A.  The frequency range of this instrument was from
50 Hz to 10'kHz. A three-terminal Cell supPlled by Balsbaugh Labora-
tories (Type LD-3) was used in conjunction with the bridge.

Tem Ferature_varlatlon was achieved from room temperature to —130°C
by cooling the interior of the cell with _dr){_ nitrogen which had previously
been passed through a coil immersed in Tiquid nitrogen. . Different tem-
peratures were achieved by variation of the rate of flow of nitrogen gas.

Higher temﬂerature_s up to 100°C were obtained by heatmlg_the interior
of the cell with dry air which had been passed through a coil'immersed in
an oil bath. Variation of temperature was again achieved by altering the
flow of gas, as well as the oil bath temperature.

Experiments were carried out over the temperature range —130°C to
T 100°C and at frequencies of 50, 100, 200, and 500 Hz and 1, 2, 5, and 10
kHz on samples containing 1.0%, 0.5%, and 0% carbonyl groups.

RESULTS AND DISCUSSION

All the pol¥mers show relaxation reglons. For the polymers containin
1.0% and 0.5% carbonyl three distinct relaxations are apparent,  The 0%
polymer shows loss of very small magnltude in the regions of the a and .
relaxations, but these relaxations could not be measured accurately since the
tan 8 values were of the order of the experimental error.  The reasons for
this loss are probably (a) ester endgroups or (b) some partial oxidation in-
curred during molding.

Curves of tan 8 versus temgerature are shown for the 1.0% and 0.5%
copolymers in Figures - and 7, respectively, at frequencies of 100 Hz, 1
kHz, ‘and 10 kHz. Curves of tan 8 versu$ frequency for the a peaks of
both copolymers at various temperatures are shown in Figures . and 9,

It can be seen from Flgz_ures - and 7 that all three peaks vary in magnitude
with carbonyl concentration and that the a peak also varies in position.
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Fig. 6. Variation of the dielectric tan S with temperature for the 1.0% copolymer.

Fig. 7. Variation of the dielectric tan 6 with tem&erature of the 0.5% copolymer: (O)
10 KHz; () 1kHz; (X) 100 Hz.

a Peak

Figure 10 shows Arrhenius Plots of the a peak for both copolymers, ap-
parent points for the . % samples, and points obtained by other workers for
oxidized Bolyethylenes. Unfortunately, carbonyl concentrations were not
specified gotherworkers. o

As can be seen for the copolymers, as carb_on_YI content is increased the
relaxation moves to lower températures, A similar occurrence is ohserved.s
on gomﬁ; from hlgh-densm[/ to low-density polyethylene.  Also, other work-
erszo-zi_ ad observed that the relaxation moves to higher temperatures with
annealing. . _ _ .

These obsgrvations are all in agreement with the assignment of the peak
to the crystalline regions.



DIELECTRIC AND RHEO-OPTICAL PROPERTIES 509

Fig. 8. Variation of the dielectric tan Swith logarithm of frequency in the region of the a
loss peak for the 1.0% copolymer. Temperatures in °C are specified.

Fig. 9. Variation of the dielectric tan dwith I%garithm of frequency in the region of the a
loss peak for the 0.5% copolymer. Temperatures in °C are specified.

“The activation energies obtained by various workers have been in the re-
gion of 23-28 kcal/mole.  This work indicates values of ..... kcal/mole
obtained from frequency-plane maxima and 25 kcal/mole from tempera-
ture-plane maxima, ~ The plots appear to be linear over the two decades hut
there m?:y be a slight curvature upwards at higher temperatures.

Cole-Cole plots-. for the 1.0% copolymer at various temperatures are
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®), 1.0% copolymer, temperature plane;

Fig. 10. Arrhenius plots of the a-peak data: g
603 0% copolymer, frequency plane: 6® 0.5% copolymer, “temperature plane; (-?

5% copolymer, frequency plane: (A 0) “copolymer”: () low-density polyethyl-
ene;(])ﬁ19 p(t% high-dgnsityyp%Iyethyfen)e;]ﬁf9 (O)p my|lled higE-()iensity poly%tﬁylgne%

?lven,m,ngres 11and 12 These aPpear to indicate that as the tempera-
ure is increased, the distribution of relaxation times becomes narrower,
even to the extent of apProachmg a single relaxation time.  There is, how-
ever, the possibility that we may have Skewed-arc plots at the higher tem-
peratures as the paints available do not completely defing the arc.. Gen-
erally, there is a gefinite narrowing of the distribution of relaxation times as
the temperature isincreased. , o ,

This seems to imply that a variety of crystalline mechanisms is responsi-
ble for the dispersion and that as the temperature is increased many of these
disappear Ieavmq only the more stable of the processes. It is Suggested
that the less stable processes are associated with chain folds and |oops and
that the final process may he a combination chain-fold and chain-forsion
mechanism.  These suggestions are in line with experimental trends and
activation e,ner?,les. Itis useful to note that a n,arrowm? of the distribu-
tion relaxation times with increasing temperature is predicted by the barrier
theory of Hoffman. for a chain torsion-transition mechanism,
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Fig. 12 Cole-Cole plot for the a peak for the 1.0% copolymer at various temperatures.

8 Peak

The 8 peak appears as an intense shoulder on the low temperature side of
the a peak. It'is, in magnitude, about half the height of the a peak, in con-
trast {0 results of Mikhailov.,... in which the maimtude of the 8 peak was
always considerably greater than that of the a peak.

An activation eriergy of about 35 kcal/mole was derived from the results
which compares well with the valug of 38 kcal/mole obtained by Sandiford
and Willbourn s The value of activation energy of the mechanical 8 peak
for these copolymers has been obtained as 35-30kcal/mole.

The above 0Observations would seem to indicate that the dielectric and
mechanical 8 peaks originate from the same mechanism. The hlgh activa-
tion energies suggest that the motion involved is very hindered and could be
due to motions in the amorphous phase between laniella -..-s

7 Peak

~ This Peak Is reasonably sharp in the tem{)erature plane but very broad
in the frequency plane (see Figs. 13 and 14). Activation energies were
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Fig. 12. Cole-Cole plot for the a peak for the 1.0% copolymer at various temperatures.

Fig. 13. Plot of tan 5vs. temperature for the 7 peak region of the 1.0% copolymer.
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Fig. 14. Plot of tail 5vs. logarithm of frelquency for the y peak region of the 1.0% co-
polymer.

1/T x 103

Fig. 15. Arrhenius plols of the y peak data for both copolymers.

found to be 14.3 kcal/mole for the 1.0%, copolymer and 14.1 kcal/mole for
the 0.5% copolymer. . The peak also shifted to higher temperatures as the
carbonyl content was increased (see Fig. 15).
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This seems to suPport the su?gest_lqnzg\gs that the - arelaxation in poly-
ethylene is related to_the glass fransition. However, perhaps a more rea-
soriable exPIanatlon Is that the amorphous region becomes more tightly
bonded as the concentration of polar groups increases, thereby causing the
. arelaxation to occur at higher temperatures.  This would therefore appear
to support the assignment of the dielectric . peak to the amorphous reﬁlon.

It is possible that the relaxation may be the amorphous equivalent
of the clr_){stallme relaxation and may be due to motions of a —CH.—CIT—
CO—CH.—CHo—section of the chain. _ _

All of the results are consistent with the location_of carbonyl groups in
both crystal and amorphous regions. The crystalline and dielectric loss
peak shifts to lower temperatures while the - "peak shifts to higher tem-
peratures with increasing carbonyl content.  Since the a loss peak is most
certamlz primarily of crystalline origin, it seems likely that the . dielectric
loss peak comes from an amorphous contribution.

This work was supported in part by a contract with the Office of Naval Research
and in part by a grant from the Petroleum Research Fund of the American Chemical
Society.
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Scattering of Light by Deformed
Disordered Spherulites

R. S. STEIN and T. HASHIMOTO, Department of Chemistry and Polymer
Research Institute, University of Massachusetts, Amherst, Massachusetts 01002

Synopsis

The change in the light-scattering patterns upon deforming two-dimensional disordered
spherulites 1s shown to arise from four effects occurring upon stretching: El) the chanﬂe
in shape of the spherulite, (2) the change in avera%e orientation of the optic axes of the
scattering volume elements, 1{3) the change in deviat ion of the optic axis orientation angle
from its average value, and (4) the change in the distance over which this deviation is cor-
relalted.d The effects of these contributions upon the experimental scattering patterns are
analyzed.

Introduction

_The change in light scattering patterns upon deforming perfect spheru-
lites has been considered in two- and three dimensions.... The theories are
based upon a model of affine deformation of an anisotropic sphere (or
circle) to an ellipsoid (or elllrpse) and lead to predicted scattering patterns
which change shape with deformation in @ manner which is approximately
in agreement with experiment.  The results are somewhat dependent upon
the assumptions concerning the way in which the optic axes of the aniso-
tropic elements constituting the spherulite change their orientation as the
spherulite is deformed. o o

It has been observed that the scattered,mt_ensn?{ from theru,Iltes_ IS
superimposed on a background intensity which is believed to be primarily
associated with the imperfect arrangement of crystalline lamellae con-
stl_tutm? the spherulite..  Such background scattering has been observed
with deformed spherulites.. and has been subtracted from the exgerlmental
data to facilitate comparison with the spherulite deformation theory. It
IS our feelln% that this background scattering conveys important informa-
tion about the internal rearrangement of the spherulite so that its study is
warranted. Measurements may be made under conditions (azimuthal
scatte,rln? angle u =, ° or 90 for 11V scattering) where the spherulitic
contribufion vanishes in which case the experiment yields direct informa-
tion about the hackground. Such measurements are quite pertinent in
studies of the d¥namlcs of spherulite deformation where It is believed that
the time scales Tor the spherulite deformation itself and the rearrangement
of internal structure are different.
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A theory for internal randomness of undeformed two-dimensional
spherulites’has been proposed in which optic axes are permitted to deviate
from their ideal orientation in a manner described by an internal orienta-
tion correlation functions Two simple cases, in which disorder in only
the radial or only the tangential direction of the spherulite occurs, ¥|eld
results that correspond to' the experimentally observed deviations trom
perfect spherulite scattering. =~ ,

In this paper, a similar analysis is carried out for the effect of disorder on
the scattering from deformed Spherulites,

Calculations

Consider a two-dimensional spherulite with the optic axes a Iyln(]; in
the rtw)lane of the spherulite at an angle d to the radius (Fig. 1). The plane
of the spherulite lies perpendicular to the incident beam. The analyzer
IS assumed to be perpendicular to the incident beam as in a previous
paper. The angular coordinates of the radial vector r to a gtl)ven scattering
element are r and a.  The Hv scattered amplitude is given'by.

E,v =K CoSpjN 0sin[2(a+ 3] cos [fe(r-s)|dr (1)

where, as before . oS p. = €08 o/[C0S. d + 3|n263|n2p]g|/s,dand_ p are the
scattering angles; k = 2ir/\; s = So —3j, where S, and "3l are unit incident
and scattered ray vectors; Nois the density of scattering material at POS"
tion r in the spherulite; K is the product of a number of physical constants
and the hirefringence of the spherulite.  Upon deformation of the spheru-
lite, this becomes

EHv = K coSpif N{r', a") sin [ (a" + /3)] cos [[c(r-s)]dr  (:)

where the primed quantities designate the deformed state. The scattering
density N{r', a') iS.generally a function of position in the spherulite, as is
the angular orientation of the optic axis with respect to the radius.

As before. . we shall assume an affine deformation such that all parts of
he spherulite deform with the same strain with an extension ratio A in

Z

Fig. 1 Coordinates of optic axes within a two-dimensional spherulite.
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the stretching direction (vertical and ?arallel to the direction of polarization
of the incident light) and X in llie transverse direction. It is usual but
not necessary to assume that these spherulite extension ratios correspond to
the sample extension ratios.  This affine deformation results in the follow-

ing transformations..
r' = r[Xzz Slnz at X C0S a]”' (3)

S X sin a
SN2 = Dsina + A cos ae @

and

_ X cos a
058 = NX.sina + X. cos. a] o

It is then convenient to define an angle - such that
X Sin fi )

== X sinen + Xa 008. e
and
_ X C0S n
@57 = BVstr- 0+ X coss pfA ()
and a variable q such that
g = krsing [X.sin.p+  cos. X! -)

In which case, we have
fe(r'-s) = q COS A 9)
where o = a — .. It also follows that rdr = (R-/X-)qdq, where
X —kR SiN6 P Sin.n + X. COS: %1

and R s the initial d(undeformed) radius of the spherulite. _

We shall also adopt the assumption of case | of the previous paper.
that the total density of scatterm? material remains constant at every
point_ within the spherulite so thal Novdrda = N (a’, r')r'dr'da'Upon
substituting egs. (38-(9) into eq. (2) one obtains
E,v= Kt FX f2 [B(a) cos 23 + C(a) sin 23] X

00S s C0S \p]dipgdy (o)

Where
K\ = I/,K €0S p,No(RZX 2

R(a) = XXSin2a/[%.Sin.a + X. C0S. 4] (12)
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and
C(a) = (X2C08:a - X.Sin.a)/[X.sin.a + X.cos.a]  (12)

Case of Angular Disorder

We shall assume that at a %iven_polar angle a' within the deformed
spherulite, the Oftlc-aXIS anPIe t is independént of r and hence of ¢. In

this case, eq. (10) may be infegrated over'q, b being held constant.  Let us
define a function/(if") by
f(4) = 5 Ja_x*o cos[g cos t]qdg
cos [Acos ] —.  sin [X cos \p] k)
X €05 \p]2 X C0S b

Then eg. (10) becomes /
t
ez K [ s 2+ cy s 2IME (1)

If ft is constant, this integral may be evaluated numerically to give results
equivalent to those previgusly published (for ft = ) for uniform spheru-
lites, Numerical integration can also be carried out Tor the case where ft
is-a function of a in the deformed state. _ o

The case of interest here is that where there is heterogeneity in ft in the
deformed state. As in the earlier paper . we shall adopt the correlation
function approach involving squaring eg. (14) prior to integration to obtain
for the scattered intensity

IHr = XX/ f\;”: O/fd: [B(m) cos 213/ + C(«0 sin 2ft]
[B(a2 cos 2ft' + C(a sin 2fo]f(\pi)f(ipi)rhpi(hpt
= KgKSlh +h + /5] (15)
where

/»2t i*2ir

= o e B (DB (2 €05 - Ft' 005 2613(ip)(ip. aiplaipi  (LC)

h

/»24 f*x2

TR (N[T:DC(ai)C(aa sin 2ft'sin 2ft/(N)I(M) #i. . (1)
and
s = fom Tifi, B(ai)C(ad cos - ft'sin 2ft7(M)/("0)#i. - (18)

We may now assume, as hefore, that ft' = ft/ + Aft'whereft/ is the aver-
age value of ft" in the deformed state at the angular location corresponding
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to oi, and A0/ is the fluctuation from the average at this position. Then,
we have

c0s 20/ cos 20/ = cos 200i' cos 200 cos (2A0/) cos (2A0/)
+5in 200/ Sin 002" Sin (2A01) sin (2A0/)
—2 sin 200i" cos 200" sin (2A0/) cos (2A0/)  (lit)

Xow if
A2 = A0/ - A0/
it follows that
cos (2A01") cos (2A0/) = cos. (2A0/) cos (2A0i/)
—sin (2A0/) cos (2A0/) sin (2A0i2) (20)

~ We shall adopt the previous assumptions that (.) the fluctuation A X2
Is independent of A0/ and (Zf) positive and negative fluctuations of AQi/
are equally probable. ~ Thus, for a given \o\ and S Eq. (20) becomes

(cos (2A0/) cos (2A0/))g>G= (cos. (2A00)/., (cos (2A0i2))",g (21)
Similarly, it follows that
(sin (2A0/) sin (2A0,,,- ... = (sin. (2A01"))g (cos (2AMR)NG (22)
and
(sin (- AX) cos (2A0/))g>G = o (23)
We shall now define a correlation function
G(\pi, 0) = (cos (- Ak,))orrs

= ((" M
Then, eq. (19) becomes
(cos (20/) cos (20.')Vi<h = [cos 20m cos 200" (cos. (2A00)", +
sin 20,/ sin 20Q (sin. (2A0i))*%.]G(I'd (25)

(24)

and similarly,
(sin (20/) sin (%-"))*,,= [sin20d sin 20d (cos. (2AQi))"
d + €05 (:00) €0S (-0 @) (Sin. (- A/))]G("i,"id  (26)
an
(sin (o) €OS (:0/))g > = {sin 200 €S-0 @ [(COS (- AT))*,

- (sin. (2A0,0)* }G(A, *u) (27)
~ The evaluation of the integrals 7i, 72 and 7. then depends upon the way
in which quantities such as 0o/, (sin. (2A0/)) and G(\pi, \v? aepend upon
angular position within the spherulite. Let us consider first a simple case
where 00 = Ooand is independent of position within the spherulite.  Then
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for the simple case where = ,, the integrals become
_ 5(a])B(a2 (cos. (2ABIV. X
LA # L. (&)

iz = Of\k: fl/i":o C(a,)C(«2 (sin. (2Aft))ri X
f(,h)f(f0)G (4/\ 4n)(IP\IPi (o)

and . = 0. The integration next depends upon the way in which terms
like (sin. (2A/3i"))o depend upon \pi and ”PO-” the functional form of G{4i,
\pu). A simple ‘assumption to study first is that where the angular de-
pendence of disorder is not affected by the deformation so that these terms
are independent of \p\, in which case

i = (05, QAN) Fo g (IIGMIIGELIAN . (30

2 = (Sin. (2Aft)> a0 fM:OC(ai)C(aZ)f(h)f(h)G (tn)dhdh (31)
One may assume that G(\pn) may be represented exponentially as in the
previous work so that

o)

G{\pw) = exp {—\inl/c\ (32)
where ¢ is_an angular correlation distance. It is noted that w2 =
|Tif/1_e ju_antlté/ |\pn\ is defined such that if |12 > ir, its supplement (2t —

'|21 IS USG '

If disorder is dependent upon deformation, quantities like (in. (2A/))*i
depend uPon position_ within the spherulite. ~ A simple assumption is an
ellipsoidal variation with the angle a

(cos. (2A/MV, = Tl + a sin. cn) (33)

s0 that (cQs. ﬁZA/V)) increases from [. in the %olar part of the sRheruIit_e to
<ol + <inthe equatorial part.  When «= 0, this reduces to the previous

Case,
Similarly, the correlation distance varies with a so that as a simple

assumption
G(71, 712) = eXp j_‘7|2‘/C(1 + PSIﬂz Cﬂ)} (34)

These equations may then be used in the evaluation of the integrals in
es. 528) and (29), where a and,Ba[e parameters describing the €tfect of
orientation on the random contribution to the scattering. These param-
eters each vary with elongation,

Results

Calculations of H v intensities for various values of the parameters have
been carried out by using the CDC 3600 computer of the University of
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Massachusetts Research Computln? Center.  The calculations were made
for uniaxial deformation at constant volume so that .. = Xand X = X',
Values of the undeformed s%herullte radius RO = 3y. and. wavelength of
light in the medium X = 0.364 n were chosen (corresponding to the” mer-
cury green line in air Xu= 0.546 n with refractive index n = 15). The
angular disorder correlation distance ¢ was assumed to be independent of
an,(l;le and elongation and was taken to be 0.7 ir radians. The proportion-
ality constant AVAZIQOSZPZ was arbitrarily set at 106 The values of
arameters corresPondmg 0 the various figures are summarized in Table .
he intensity contours are indicated by numbers which are related to rela-
tive intensities as shown in Table II.

TABLE | _
Summary of Parameters for Scattering Calculations
% Figure Comments

Contour diagrams
Contour djagrams
Contour diagrams

8 Dependence

Contour Diagrams
Contour Diagrams
Contour Diagrams
Contour Diagrams
Contour Diagrams

8 Dependencé at * = (°
8 Dependence at n = 90°

=
>

OO UTO O O OW—IOD
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o TABLE Il
Designation of Constant-Intensity Contours

Contour no. Relative intensity

P OHELRW Y -

It is seen from a comparison of the undeformed Per_fect two-dimensional
spherulite pattern of Figure 2 with the patterns of Figure 3 for the unde-
formed disordered spherulite that, as has previously béen pointed out s the
effect of disorder is to give a “tennis-racket” type pattern with a build-up
of mt_ensn% toward the center of the pattern as disorder increases of a type
described y Kawali, et al . This is further seen in the plot of Fiqure 4
for the variation of Intensity’ with 6. The absolute intensity of scaftering
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Fig. 2. Hv scattering pattern corresponﬂingl_tto an undeformed perfect two-dimensional
spherllite.

Fig. 3. Intensity contour diagram for an undeformed spherulite (X, = 1.0) for various
gaglue(scgotheOm?ean-square orientation fluctuation parameter g0\ (a) g, = L0; (P g0 =
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Fig. 4. Variation of scattering intensity with 8 for an undeformed SBheruIite witli o=
0.9 for azimutnal angles of 0° (90°), 45°, and 30° (60°).

tends to decrease with increasing disorder. For the perfect spherulite.
the scattered intensity is zero at o = . and at all values of 6 alongn = .
and 90°.  For the disordered spherulite, there is a build-up of intensity at
these values of i~ _

The next set of figures are for the case of a spherulite deformed by an
eIonqatlon ratio % = 15. In Figures 5a and 56, a = 0 designateS an
angular variation of (cos. (23p,-. which is independent of direction in the
film. . The disorder parameter in Figure 5a is 0.8 while it is L0 in Figure 56.

|t is seen that the patterns undergo a characteristic change in shape with
deformation as has been previously pointed out . with the intensity maxima
moving toward higher values of x and 6. For the undeformed spherulite
the maximum occurs at » = 45° and 6 = 4.4° while at an elongation ratio of
15, it occurs atn = 60° and 9 = 4.5 for o = L10. It is Seen that with
increasing disorder, as g0 goes from ... t0 , ., the pattern assumes a more
“deformed tennis racket agpearance with an increase in intensity at
small values of 9 and at » = 0° and 90°. _ o

The effect of an angular dependence of (cos. 2Aft? IS seen in Flg_ures 5
and 5d, where a is allowed to assume values of —0.2 and —0.5 while <ais
kef)t constant at 1.0. The variation of (cos. 2Aft") corresponding to these
values of a is shown in Figure 0.  These negative values of < correspond to
spherulites in which the Qisorder is greater in the lateral region than the
polar region.  Figure e corresponds to. 90 = 0.5 and a = 1.0 which, as
shﬁwn I|_rt1 Figure o, is where the disorder is greatest in the polar region of the
spherulite.
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5F|g 5, Scatterm mtensny contour dmgrams of a deformed spherulite with \s =
n

d(@)g=08anda="0no an?ular ependence of fluctuation amplitude and for
gO = 10 Wwith angular _Opendence of fluctuation amplitude characterized by values of
of (6) 0, (c) -0 5 and (g)forgd= 05and & = 10.

Fig. (i. Variation of <cos2 with_a correspondi 0q to go =10 and =0 01
—0.2, =03, —04, —05and forgp = 05 with a = 10.
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Fig. 7. Variation of scattering intensigf with 6 for a deformed spherulite (Xs = 15
at azimuthal angle = Ofor ga= 10and (1) =0, Ka= 01 (3)a=—02 (4
ata=-0.3; (5)a=-04; %)a: -0.5.

It is noted that the F? and d at which the maximum scattering occurs is
rather insensitive to the disorder parameters. As the amplitude of the
orientation _fluctuations becomes larger in_the equatorial regions of
the spherulites, there is a buﬂd-uR,of Intensity in the polar region of the
scatterin %attern_ (atfi = 0°).  This may be séen in Figure 7, representing
a ?Iot of the variation of Hv scattered Intensity with'd at fz = +° for a
de ormed,sHherullte with % = 15 <0 = 10 and a changing from 0 to
—0.5, which may be compared, with Figure ., showing the correspondmg
variation in the "equatorial r_eqlon of the scattering pattern at x = 90°.
The chant[}es in the equatoria reglon of the pattern are more complex.
The effect of such angular dependence of disorder is greater at x = 0°
and 90° than at the p_corresPor]dlng to the intensity maximum. _

Slmllarlly, a comParlson of Figures 5b and 5e_reveals that an increase in
the amplitude of the orientation fluctuation in the polar region of the
spherulite leads to a pronounced increase in intensity at the equator of
the scattering pattern (at m = 90°).

Exlnerlmental scattering patterns from deformed polyethylene. more
closely resemble theoretical patterns like Figure 5c, suggesting that larger
fluctuations accur in the equatorial region ofthe deformed spherulite.

In these calculations, the angular correlation distance was kept constant.
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azimuthal angle ji = 90° for ga=" 1.0 and the same values of a as for Fig. 7.

An angular variation of this is expected to have effects similar to those
produced by an angular variation of the amplitude of the fluctuation.
Also, it has been assumed that the avera?e optic-axis tilt angle, do, is
mdelpendent of the angle a in the deformed sfate. - A more thorough analysis
would allow do' to vary with a, perhaps in the manner of the empirical
equation of van Aartsen et al.. Thesg additional variations are not in-
cluded in this paper because of the desire to avoid introducing an unman-
ageable number of empirical parameters.

Conclusions

The introduction of nonrandomness into the theory of the scattering
from deformed spherulites produces changes in the predicted scattering
patterns analogous to those predicted for” undeformed spherulites. The
disorder results in an increase in scattered intensity as small values of the
scatterin an?Ie 9 as well as nonzero intensities atn = o ° and 90°. The
relative effect on the intensity at /z = . ° and 90° depends upon the a_nﬁular
dependence of the amplitude and correlation distance associated with the
fluctuations from orientational order within the spherulite. The experi-
mental observations of scattering patterns from stretched polyethylene
mdlcaﬁe thlatt a greater degree of disorder occurs in the equatorial part of

e spherulite.
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A. M. RUIVE,* J. T. HUNTER, and R. D. FLANAGAN, Department of
Chemistry, University of the Witwalersrand, Johannesburg,
Republic of South Africa

Synopsis

Dilatometrie and calorimetri studies have been. made of the fusion process of linear
polyethylene crystallized by stirring xylene solutions at elevated temBeratures. It IS
shown that the melting point of thé crystals increases rapidly from 1395°C to 145°C
in the crystallization temperature range of 100-103°C and levels off to 146 + 0.5°C
provided that very slow heating rates are employed. ~ Stirrer-crystallized samples treated
with fuming nitri¢ acid show higher crystalline contents. Comparison of their enthalpies
of fusion and melting points ndicate that higher molecular order along? the fiber axis is
assoclated with higher crystallization temperatures.  This is in general agreement with
corresponding results of other modes of crystallization. The attack of fuming nitric
acid on stirrér crystals is characterized by weight-loss curves similar to those of dilute-
solution crystals ‘and hulk polyethylene.” The" linear molecular weight dependence on
time of exposure to nitric acid sugigests_ that the oxidation proceeds mainly from the chain
ends at a constant rate for samples stirred in the lower crystallization range, but an in-
creased rate is observed for a sample stirred from xylene at 105°C. It is suggested that
the lamellar overgrowths, most evident at low crystallization temperatures, are epitax-
lally attached tothe fiber axis, whereas the smaller crossbandln?s observed at higher
crystallization temperatures are possibly made up of elements of chains that are Only
partly incorporated in the highly ordered fibrous core.

Introduction

The formation of fibrillar polyethylene crystals, as originally reported
by Pennings and Kiel . has been the subject of study by several workers
during recent years. The fibrils are formed by stirring solutions at tem-
Peratureszu - above the pr_emf)ltatlon temperature, by ultrasonic cavitation.,
hrough heterogeneous Ziegler-Natta catalysis ..., in some extruded melts .
and in cr)(_stalllzed melts Of polyethylene-paraffin mixtures .. It is now
well established that the chain axis of the fibrils is preferentially oriented
parallel to the fiber axis. Further evidence of the fibrillar character is
provided by electron microscopic studies, which show the fine details of the
structures and their dependence upon the crystallization temperature -

When crystallized from xylene solutions in'the 94-99°C range, the fibers

*Present address; Department of Materials Science, University of Virginia, Char-
lottesville, Virginia 22901,
531
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show under the electron microscope central ribbonlike filaments onto
which lamellalike platelets are attached in a dense, more or less regular
array. By treatment with fuming nitric acid the fibrillar nature is easily
destroyed, and debris consisting of lamellar units only is obtained after a
sufficiently long time of exposure _

The properties of these fibers, when crystallized from xylene at about
100°C or higher are 3|gn|f|cantI)( different. Here, the lamellar units are
much less pronounced.” The relatively smooth fibers afdJear to be con-
structed of cross-banded structures, approximately 200 -400 A wide, an_ngi
a fine central core.  This core can be observed directly when the materia
is selectively dissolved after treatment with fuming nitric acid. The
oxidation_appears to leave the structures seemingly unaltered, but close
examination shows that much of the amorphous matérial between the cross-
banding has been removed and the finer elements stand out more clearly.
The core is very resistant to the nitric acid, and little bre_akage 0CCUrS as a
result of the oXidative attack until just before the oxidation has been com-
pleted. . _ . N

The electron microscopic ohservations and results from fuming nitric
acid treatment and selective dissolution provide the evidence on which
the morphological concept of solution-stirred fibrils is based, viz., at crystal-
lization temperatures under 100°C, lamellar platelets of dimensions com-
?arable to dilute-solution single crystals are attached at reqular intervals
0 a central core consisting Bredomlnantly of folded chains, At crystal-
lization temperature above 100°C the core consists of extended chains and
much smaller overgrowths of folded chains with interlamellar tie molecules.
Considerable support for this concept is provided by the giel-permeatlon
chromatographic studies of Willmouth €, al. These authors exposed
fibrils, stirred at 100°C, to fuming nitric acid for various treatment times.
Their chromatograms show peaks at large elution volumes corresponding
to single traverse lengths of the molecule, and two folds thereof, in agree-
ment with the striation periods as measured from the electron micrographs.
In addition, a persistent tail at low elution volumes, indicative of the
presence of high molecular weight material, can be identified with the re-
sistant, extended-chain core as Su %ested by the electron mICYOSC_ORIC stud-
ies.  Thus, the dual character of the fibrils has been well established, and
all the major experimental features can be satisfactorily explained by this
model. Closer examination, however, reveals some difference in detail
which may be a consequence of variation in cr¥_stalllzat|on temperature.
First, it is'well known that considerable fractionation occurs over the whole
crystallization temperature range. Pennings.has reported.. a strong de-
péndence of intrinsic viscosity on crystallization temperature.  Although
a difference in molecular weight does not necessarily imply a difference in
morphology, several experimental results on other crystalline Polymer
s%/stems seem to indicate that molecular weight plays a3|?n|f|can role in
the kinetically controlled nucleation . .. Second, the melting behavior of
carefully annealed fibrils shows a marked dependence on crystallization
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Fig. 1. Melting temperature as a function of crystallization temperature for linear
?olyethylene crystallized from xylene solutions at very slow heating rates. The meltmg
1e£n3perat513re of the sample stirred at 102°C was earlier found to”lie between 142 an
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The fusion curves from the DSC show ver s Ilar, single peaks without
shcihl ersﬂ? %hesm ples otﬁy\?etf] re and after coolin Pm the meiJ
Ony e or oxidized sample wass mewhat ta rt an it fu5|n
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Enthalpies of Fusion and Melting Temperatures of Nitric Acid-Treated
Polyethylene Crystallized by Stirring"

Sample Sample
M-95 M-105
Recovered after oxidation, % 54 42
AH* of unoxidized material, callg 45.3 48.5
AH* of oxidized material, callg 53.7 56.8
AH* of oxidized material after coolmF
and recrystallization from melt, callg 50.1 49.3
Tmof oxidized material, °C v 136
Tmof oxidized material after coolmg
and recrystallization from melt, °C 125 1315

“ Data not corrected for instrument lag and oxygen content.
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AT = 2aaTn/tAHU (1)
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cooll gromtem elt. notr stalrz mtoa e]c arc sta esa e

olrmen lons btanewmor ocwr 0% Ished with a er

|te srzesawc ains e erg v& f 1panesr an am ron

These smaller crystallites wil show ower AH* v usan met at lower

temrf ratures m greement with our exgerrmenta m%

Although these resultss p subsh ntial evidence Tor the. existence of
mcreasn rerc stall sr es with Incre sr crystallization tempﬁra

tUres, t do not a ow an estrmae o crysta |tr1 SIZeS as t

actgay occur In our_unoxidized sampef T ow m tm omt

OXI 'Zﬁd sample M-105 |n (cates urte clearl %oxr nto

;ysta Ine rF lons has alre L}/gro essed, congl deral artrc ar

Perrmenta groce ure.  Stugies on oxriirze es rcov red a er

Various times fexpﬂsure 0, ltrl acid will not on VI GGVI Ence OT
the crysta SI? In‘the u OXI |ze materr ﬁ) V€ acce

ure

ut o
an estimate O the excess re e mv vedb th mt rfaces 0 te
various samples.  Qur resu ts mp es M- 5 Ml 2 and M-105 are
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OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO
Fig. 2. Plots of percentage weight loss vs. time of eﬁ)osure to fuming nitric acid for
samples M-95, M-102, and

Igown inFi ur 2. \Wwhere the ge[centa ewer ht loss | |otted %%a st time
F P (fure umrneq NItrIC, s % there |sa
Inea) ecrease In twrt fime fora s slop ebern slngrney
stegper or M95t 2 After s r s e bec
vrrtua ara The strn as mpleted a er 25
28\ [T, re trv ely, The re rsa 0 are at er srmr ar
injtial stﬁ)rrse of thec e |s r mear decrease
Wel gt time. Tesoeof escon ar tecurverssm er
than that 0 hl Irst part, sr nr |c t Re the corr T%
Parts or samples M-85 and M ng es of slo er erP
0SS curve mdrﬁateachan ec sta mepo eb‘ues steoxhat
{ oceeds from the surface ernter It IS fe 0 assume. that a
eamo hous m terral bee ested at t ernfectro 0ints an
that from there 0 erat IS representative 0 e CIysta
ime %}ﬂnf SlsTa ar rc(g)nc s(r)%qs e d angnsrom onservations on” oxi-
ZFhe In |aﬂ¥aeof el tL Ia] roer ors Zfe 95 tHan for M- W%O%]
the rati berng ame as that of Werght the Inflections, wiic
?cc r after apout the sa e%%rerroid of time. This can be Interpreted as

rther ex errmer}al evl vor of the assu'rrg# ntr]at e amor-
ousre NS are Tirst access| Ibeacrdasars their ovrrerde Sity.
A ert amorP ouS mater een remove t%rate of wer% 0SS |s
Fuce to Psp oxrmatri esamev e, teposr 1S F

ection orn ne content o ju hlrf and 1% 1S calcu ed

or S M-102, respective ese values are some
OWer t nthose ca?crﬁa ed on'the basis ¥h fS

mrner‘i fom.cilor %trrc CALIeEN w?rér%ntgzlﬁl?(? ; %ronfasr Btel}

samples. s Plots of the molecular weights mples agarnst time
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Fig. 3. Viscosity molecular welghts vs. time of exposure to fuming nitric acid for oxidized

samples M-95, M-102, and M-105.

osure tp nitric acl resown in Figure 3_for the r
R e <

amorR

ous maten
[ Weig

i DE IE0
ts were calculated by Tung’s equation,

[Veesin, TC = 586 X 10~41f 07
derlv%d for fr é Ctio sobt ed fractlona %JWYECIpI atlon

or a sa extr 00
StIO ure

are optain

are predominantly attacke

out the lattice

on' remain con tant throu S
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= —an+ ... 0
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Ig ts In |gure3 e o
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38 outte ame

we|§hN|ossdurm |rst2hro ex fure 0 au Pnd
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B ﬁ t% Inearity o H YgtsmFl
K%nsn N this motec rwe|gtran F%
p| and or sag}oe
rphous re sare more accessile to aci
p10 gjgelve e aauon subsg uen

ﬁﬁﬂergham thaé 95 and M-102, which
510 audix oxidation products are
ogy A non
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than t
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Y
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m %t nea tyIn. thee
0 ervdmoecuar gtra e Sl eststattech

h 1f acesaq that t
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eraeo 0X10@-
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more effective
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ouldbeobserved for aL caseswhe th oxrd tive attackrncl ed effect] ve
arnc trn even If this occrrrrg att c stalljte su aces

mrtte careexpenment] ata, arthcu In the re lon of lﬂ
ex osure mes oes not ruet 1S OUt: utt e fac hatt |es én err One

nd 3 ultimatel extra te to the s twse or omplete
oesntstgagport fsos g/ A ea Int strar tlines o ure3
would be observed I t ra trotn amaQr rBec ar weigh com
ponﬁnt Were com Iete be the mat rraI had been | gste
r)%erﬁ at|? 0%tea or sample M-105 seems coptradictory to th
ex ecﬁatr that on (% 1 planes ar accesﬁhle 0 8x%atrveﬁ ttack an
that the occurrence extendedc an ¢ st Ites, an therewith Increase
resistance. to nitric gcr beco smorer astecry tallization tem-
Eergture is increased,  In actual pr ctrc th egra ation pro-
o8 sreIatweIg aS see IsoT le | )g brous characte an
me] mor |ca etar ersrstsu Iteo atron IS almost com ete
epr t}h serv erence In oxidation {ate can tf?
X e]x% arne tebasrso difterence In dimensionality of the di
sro mec

erar |ncrease Itrng erature at Iea% artl ue o lar er
s{zes an %er diffe ncer susceptr umrng n|
efctr sso utro %sta]h ation t erature In"Xylene
|s |ncreased qo {0 105 C f ?rconc usion’ that
major .mo hoo |ca can es, not 0 serve In t e eectro mrcroscoe
occur in s fe ure an%e A:or cin the rc
ossible tha thecoss andin ofrelatrve %no moecular ?
aerral ealea)% 9 nto t ec ntral Core, |ch consrsts 0
moecuar L9t ateria mcrasrv\% ecaro as the crystalliza-
hon temperat crease h I (xant %melt pornt
afs t ver rowth can be disso Vﬁd sg fively e same
as for M ar rL Qnt ! lization af
tem ratures ana outlZCwo revente |a nucea |o
o s ute oec ut inste ter%

d t e cross andings are
eements of C hat ?re oniy f gﬁgg)or ere

artl ey O{ncor oraied In
central core, T rs would exg l0es t t)op Jach
ance o se ectrve 1550 utron erore an

remen
|0s)t(t|ca|(t)he Increased resist

An estimate of the crmstal\rne drmensron the drrectron of the ctﬂarn
axes can hwe made Rlotstn me th t the infle
tron In t IYve oss cu S Sl naf set o eoxr trve atta

onte sa oecu [ 00 can he derrve for sample

o t’” loataniey rrte Fesla
ecu ar We %t S 0 %aSSOO are ?un fo[ hiro and ?g

res ctrve [ﬁ we calcyla etemolecu ar

ts accordin s%n ?he r%a?r vaérres accur ere lon_between the
|ntr SIC VIScosity and moIe%u ar vr/grgh rfue toC lang.5> However, these
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oIecuIar we hts are avera% Rf tge various ¢ staII ne components anH
a: Imensions o?the ar&@ec{/esfuat stas W

row nformanon
tln peraw onse uent on of t
|nte ree ene m tm rel ITES USt awalt gerl-
menta ver|f|cat|on nt the ntra core can e Isola ted In" sufticient
quan |y
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Wraidet Frocdedric Bietsin Riyahjare

L A VERMEULEN,* H. J. WINTLE, and D. A NICODEMO,
Department of Physics, Queen’s University, Kingston, Ontario, Canada

Synopsis

Photoeurrents developed in polyethylene in the wavelength range 360-180 lim have
been measured. The action spectra show features which can be related to the corre-
sponding features in the absorption spectrum, and in addition there is electron injection
from the metal electrode at a wavelength determined by the electrode material. The
trmte deFendence of the response indicates that a long-lived space charge is formed in the
materia

INTRODUCTION

Photoconductio rn 0Iyeth ne has een[ ortii under uItravrolet
illuminationi2 an ere? ntg/ for white [l umrnatron,a4 T
revrous work in the ultravio etrgronwascarrre outi % rn% rnes rom
mercury arc sp%ctrum and m ? Ra] or rrrer
%teXf(tcLosetotesurfaceo etyf Isin ddrﬂontot re
otoconduction. _In or etr o% ore more fu Brocesses
ace ave Investi atedt toglectric be vro |¥ srng
monq hrgmatrc rgrt in.the ne trav ol tre lon 360 d hav
corr%ate our res és it he no sorﬁrr 3 rum oft smaterral
We have discovere att ere is noth e ence e J6S onse
and an eIe?tron In ectron at Wae ng %overne “eeectro
ese results are relevant to fhe photodegradation an esarceecrrrca
Th f tt f dat the stat t
tion properties of the materra

EXPERIMENTAL

Materials

ol e erernrrr Sﬂr%r%'r!d"fot]h@"Jé‘é?té?“%‘ﬁw
: nfrles Were ava aa ut the results 0 tarnefr WWere

The matfrrah
[ attention to be ocussed on only one material in one

ensity polyet
i%SS?S %n
SU |clently complex
thickness at this stage.
*0On leave from Department of Physics, University of the Witwatersrand, Johannes-
burg, South Africa.
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Apparatus

8,}/eth3/ ne s ecrmer(rjs vv%re cut from the roll with a minimum of
han n wash? wit Freon TF s8|vent t0 remove surface grease
emrtra S arent sn erelec r%des f]n in |ametgr Were evaporated on to
|o rYene Leten m u[rte a vacuum chamber
srmr artot %t used by ear |erwor r]stman betvveen Uar rrnlgos
ontact to esr ver eIectro s on the spe aﬁewrt a Soft
utto agnet wnich were gate to elimingte the ossr
er ntial Wark functions |vr rise ospurrouso tvo
on rérecrtroneneta X e?n gontact yste an vacuum chamber sys em
IV r 8
T@e vacg mce ﬁr’r\r‘ber \Was Rrovrd ét ith a Chance- Prlh]n%]on OWL glass
|n ovvso % tespe Ime cou rbl mrHated Wit onoehro atic
ulraviolet lignt from'a aLﬁC and Lom mtensr mono romator
WIth a Xxenon"arc source 8ratrn Was ariven ey ?nc ronoHs m?tor
and scanne t ran efro nm. Asg ctral"band wicth of 10
mwasnorma em oye Ul nrtro%r} pwasrncorgor(aﬁ Into
prevent con natro  QIfus

evacu ms the specimens 10
-0l vagv ressure cou be reduce to 3 X 10-storr, Ar]I
ea ncaYv%bsoark%ﬁts ggt‘rtaem egat#]rée sured. with a Cary 1501 spectro
Ehot; (r)rrrTeteerrSandpt e pPotocurrents wit Iverth\iey 003, loB and 610C
otoej %trrc emission from the metallic parts of th sg en envj ron
ment da the contact system ave rise to asp rious effect cou
recor ed even ntheabenceo ecrmen |nt e vacy m e, s
Paratseect ell mat spra rn a_Teflon SKin onto the
lor theva uum champer and b oven IIt esr aI nal carryl gleads
\%It Te onsﬁ g ettr In the course’o the nt rnve lon, fréquent
ecks were made to ensure that the apparat se ect remain rnsrgnrf icant.

RESULTS
The earch fo hotoel trrc fects |n r[) ethylene in Lact coveredt
esr er PO hyle esa dwrc specrmen
ve are sens tive 1 rvroet I A t\‘oee
e{; thevsrb egron ntehrnn [u avoet
ect a vvere tere fromt % that ra rn rared errect
Con | T r]

IH] n greater detar drn 5 0 ganaka and Inurshmané
Partndgea Averyoand are reported elsewnere. o

Action Spectra

TWo successrve tron s ra ob aingd in air with the rIIumrnated
[]ode 6{nosr Ive ? ownr ure ese spectra,are not correcte or
riation of lamp mntensity with wavelength. ~ The dark current Is of
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Photon Erergy (6V)

Fig. 1. Plot of two successive Fhotocurrent action spectra for 1-mil polyethylene film.
[lluminated face at +90 V.

the order of LfA  The illumi natl nwasrunfom 360 nm to ISOpm at a
Sweep rate 0 0?2 nmﬁec T ep otocurre as been jg)tted as function
of th%reeneefga/urethel umination. In apre Iminary su IVISION We recog-

nize t
X |sata| extending from IesathfanBMtho46+ 02eV. Its
0 ent IS most rerom nent In, the TI st spectrum obtained from an
ﬁ ene speume The sensitivi F|s region |ssef|men an
Isto gen Snt many Specimen the eature’1s too small to be ob-
Seny |ns congl and su seg et action Spectra.
Jsar}mterme a]t feature VY]Ith Its thresholﬁi at46 £ 026V,
leaeatur ove{aeépmgvxg ¥atener eslesstnan 5.06V.
ereIa Ve he ts of the Y'and Z eaturesa some what from s f'
men, but the sso are re sentat|veo every hundre 3| E
act|ons tra ontaine en seume% t var)g
nesseso ectro ematena 0 t|ca sor ce %a Ver ;n ere%
R]ma abscirptlon measurements mt e range 0
rh Ilar act} r}]speetrg ar obtamed mvacuo Qafter due aﬂo nce for
eabsor ance of the windo ﬁ ospheric pressure, and when the
vac um am eris ressunse with helium, nltrolg N, Or OXY! (ﬁ
CP Ben S In eactPn s(eectrum in. the. dlirection of the
aﬁ)g % t tger 15 parallel t0 the Incigent OlIIHmlrianon e, with
t rnt| mt ace atapPsmve otentia an({ ec romefler con-
ecﬁ Lofl ac ace or theeec 0 Mnnef fof (f ront face and
the back face atﬁnega ve (%entla th the Illumjnated face ataneﬂ
tive épotent|a there ds recti |cat|0n in tha t%actlonsechrum In this
Fear an order aﬁmtu e sma erE nn th { rrang-
n}em a]hou h this is a ditficu maH t]o estali IS quantlgatlveg eca[
ﬁ hsto de;&endence ISCUSSE this moae ?

appen tnat the current measured In the external circurt apparently
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arra.rrrarrr R i, T
osifive. By using two elec rometrers an (?atrn ower SURE %s vvehave
gatablrshe i that %Jese results refer to conauction acyoss, t

ckness 0
ethecrmen and 0o not have any significant contribution from sU a
currents

Time Depencence

The action spectru IS Ban en% wthatr ma nrtu edec[)eases In Suc-
ceffrve Wee BSGr1 ehavior, the Spectra_havi numeri-
a}eywte ?oo al car assed qurin SWeen.
T \err th e numoer, from exg h
ments ¢o ucte i Fnequ ? nergy Inci ent urin
svvri]g WWe have ehen able to estanlis } tthel\ﬁro er uantrtY to consider
?] rri Iprocal ¢ gsen itivity AD % Ich Increases linearly wit
the total cose deposit assownrn Figur

Fig. 2. Graph showing the linear dependence of the incremental dose per unit charge
[AD/Q F)] against the total ultraviolet dose incident upon the specimen.

Aftﬁer I7avrn§rgr|re sPecrmen resting IH th%dark with the voltage a%)lred for

Perro 5 0f Sev nutes or morg charge passe ﬁ? h ras Its
Arrtraa ut then on succeeding sweeps it again falls in the manner
escribe

Ambient Effects

B y Figure 2,
A co dsrdﬁrable decrease in the m nrtude of the action s ectrum
0 serve en golng fromvacuum (3 X 10, rtorr) to at |c am | nt
hown in Fiqure 3 A nu ber of swe sesta ren of
{ % versrés urve In vacr1 %enrn ?yste to ecreases
one.orcler ofg]agnrrh % houah the Yenera treg |sstrh preserved
ee ect 15 reversible” wit limitations Imposed by the' transient
benavior noted ahove.
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Fig. 3. Atmospheric quenchrn% effect. The charge per sweep Q{n& is plotted a%arns
sweep number. The experiment was begun at a pressure of 2 X 10~4torr. Between
sweeps 3 and 4, the vacuum chamber was opened to the atmosphere.

Onest (eadrn stalien on ecrmeP urlrbrated rseveral days

helium showe ?ower ecre the charge “ran SN ma
for ramPrent On reg %crn%]t elium with pitro en a mt e arg
chrr|m| W{]tothat recorded Tn Fi ur 3too§;3ace nd a therreductrn

Ith he |urrernattm%snﬁmgerpd not reB 0 lce XY decreassealrjeesnr} trr%

ecause the specimen had l)y now a[)sorbe significant quantities of f
MOre reactive (ases.

Other Treatments

We have sornvestrga ed hot rhgold and alumi numase ectrode mate jals.
The main c anges ret at Wit mrnum”t}e pea moves OWer
energres Artrgn t|t [emains mtesame e, but the / a

ea |s
i et
gt expostlre s recovered wit mae S Asimilar [apid recove
|s S0 anserved with go electrodes In the |n ared region of the spectru
and Is HOt un %rs oog

avef ecte soxre séperi( ens to a hexane soak of several mra fes
duratrfon or rter Such a soak leaches ?ut ‘oxication [%oéucts an
ound infflience on hoth the o trca absorption a

ﬁ ermolg nes
ecr i As far as the gl trrcal prog rties are concer
are ke é etvvo BCts, ar uctron In"thy cor%centratron 0 d’ nrza
centers r ctron |nt concentration 0 t[ g Ition,
Ereatment In co 415a arent remques, static ele trrfrcatro 8 vve
elieve a simi ardrsc re Ceurs soh inan onrea |n ur tha%
ﬁ]enerrate mtote er 617 |s to anc te (D utrono

peak and tor cr aset etota charge mrecte as shown In Figure 4,
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5 6
o Energy " (6V)

Fig. 4. Normalized spectra of charge sensitivit {mcrdent?charge passed per unit incident
energy? as a function of photon energz (A, Egs ectra from the same specimen before
and after_hexane treatment, respectively; ) corresponding optical absorption
curves. The labeled eatures are drscussed in the text,

A snmewhat similar i |miJrov ment I r solution was found to occ
entewarmrngwase between travoIe Swee In num ero
ases have” exposed Specl enst |n rare ra |at|o 160 un wave
eh Oqt etween successive ultr vro et exposyres.  The materras
H lectric respon mthrsh a[e ra ero utvvehve not heen to
etect any nrar r effect on the ultraviolgt res onseater an Injrare ex
sure t] U tlme ependence would cause gny varlation of less than
/oof taIutravro et response to eobscure

Normalized Spectra

The action spectra have been n malrzedb |vr th obs ed
ghotocurrentb 71 o y gﬁ ?due aiv

hoton mcr ont 0 aye

i be gma e absor anceo ewrn ronthsrlv
ectro cpmng out ﬁroce U Ve heve assumed),
Sent:(e ter NOW dgr - that tocurrent 5 rop 0[tronaltI
incident Irg Intensity, “The n el as a felative
uantum-efficienc £versus the ener %ua] fo the

er of element car e% apoare transgort dacrosst |8 £ss
tesnecrmen Der Inci en oton. . 11t erorS in £are compo olI fom
(NCEFATIES I 0Ur MeAsUrEnts of t D otocurrent exp 580 elC0le
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Photon Energy (&)

Fig. 5. Effect of changing the electrode material. Normalized spectra of charge
sensitivity fai,, (charqe passed per unit absorbed energy) as a function of photon energy.
Three different metals (Al, An, and Ag) were employed in the form of semitransparent
evaporated films.

e s ey

Ing, an
g et torsnrfitrrtt W
OUt Ut Tlux 170 C throu

or.a

0 tor WEre ass 35@ |caaf A
In ur]ex errr]ter}ts \\e have a Olor noreql efrects tt Ight scatter
Into Vaqmﬁe rom the surroundin % varrat lons of the“ambient ab-
sor tron the presiure IS varieq. = The ra of £1n our measu emeBts

om 10 1 10 10-5 elementa ar es rdent hton an

ourva ues torFe correct rt rnn %

uantume crenceso crmn orea ter heaesokare
shovvn Lezt toget rwrt e absorption of the o 3/ ]ge efore
and after th exane So hese absorép on mea urements con rm that

our materra 5 comparable t er Wor er
Ive theprru ntum e ICIencles %)rl specimens wrt e three

%erente ctrgode mate

DISCUSSION

hotoelectric response of polyethylene is quite complex, but some of
the Qea?ures In the actl%n specrp urx can be acc unter? rFrg)r n a refatrvely
simple manner.

The Y Feature (4.6-5.6 eV, Silver Electrodes)

This js labeled y when the action spe tru is normalized with respect to
the Inciclent , rntensrty It rncP Ucles the range o% excrtatron% the
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' centers in the optical absorption spectrum, (curve i0. 4) of oI
?ene h B 3 e H Jefrr?e %

7
eth contamrn xidation prooucis thasa d th
at X6 + ThIS IS tﬁ hotoeIectrrc functron o lIver,
ﬁhrnht |s eveo ment Mhe Conse enceo ce gs,
otgelectric em sr N of elect ons the sr ver Hwernto polyethyl-
ene. Th eenergetrcso eIectronp otoirjection requrre atoa

Ew . Ex*. (IA. Eg)<

where / » is tl.e kfunctron ot the eIectrooes E#the Incident quantum
ener n é tat nrzatron ener ene Egt ntrrn |c

olyet
er Ea r6goyet0y ene_ mUt\t}nz {ﬁ avafl%]regp Id orr%h

mrect nofeectron moth conu%to en 0

eV ou hthlrsvavesoul bemo t taer 0 dce nt
b%a etal-Insulator contact] ea senceo Severe ben nr%

ands, we qurre

ave more than enough excitation energy to satrs this

ment,

ﬁonrzaéron of the 7' Centers, The7 absorption is due to one or more of
the ox| atronprotducts jn polyethylene.

The existence 0 g %tornj ction 1 supoorted bev the obse aron that th ﬁ
ﬁtfrcen% IS Increased actor of 4 after a hexane soak (F A

eached out someta m |mpur| 16S and thus en nced-the maoro
scopic monility. |\/Ior pot e tact that with ajuminum e
trodes %t rso e t039eV and now lies outside the
rangeot ?sorp |on BaK.
Inrzathono 7.-centres 1S alsp contrrb tin to he hotoconductron
causet ere 1S still an e cé nthssBectr af hotor SJectron

e energies. IS avoide mume

aluminu maectron IS an rero J e more |ent a
|on|za 0N process Wen ctroge

ere sare e theerrecres

aP ear fo e of simi arma tH Wecan eet wrt ver

htéo sesinlr:eI er4 It gh tnecgte hg accﬁv%ne o ngthreort?a OUted e of

HPe sr‘ver mrectrgh pea!< an?in his must also he ascrrbgd 0 |on|zat90n o%he

ﬁe drfference betvvee % mrples soaked, in hexane n% thosg no

t eated J” Icates 3 complex e a\]no ernesce ce a0soy trono
eo%< at on ro ucts.n po en have eer(ntu (vPartrr %ﬁ

ou ttese im ur 1S can e remove sfa |s |s

soso eotrc sor tronsetra

correspo to ona otlons ectra or a er oakrn curves

|n ction e mcreases ou n |cat|n at tra

ave een remove OWeVer, overtersto es ec rumt

OVera sensrtrﬁatronb a] o rather sma er than4 ot at thee ance

ent due rem traps has been offset byt eremovalo Some
pt not aP of the |on|saI Rrpurrtres giving rise to photocarriers. A
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S| |I artraI rerr}?v% of | ﬂ]urrtres as been rePortedb Boustead ﬁnd

%ar es elr war onemi;l tentativel sugﬁestt at
ecrrr rsare rOLb Iar ere |o ﬁ

}lrn the crysta

re coming from ansor lt n the henzql acr Iorhte In fhese re
|etra rn arises from the arom trc resjdues which provige the b of
theaso Inthe y" region. onrzat)on arising mteenerg%
sorbed byt ese resrdusca not, nowever eruIe Oll, Srncete noe
rem?ve XW)O aﬁro at qurte modest temrgeratu[]esntﬂ e Increase In
e]so ution 0f ¥ and Z after warming also points to thelr influence on the
photoconduction process.

The Z Feature (BEx*> 5.6 6V)
Light is stronaly ahsorbed in_this region of the spectrum, as.is shown b
gt e Syondly RN o e |

R trirttat?lre?tigg% :

of the absorption 0 rioub
Wﬂet re ma be S0 con[p %utron fro eac!t e uritjes, we believe

n?to ctrrcres onseo ours eresuﬁoa rr)trono otﬁns
mt emate 1al, fo 3/an lonization process Suc a
0Cess mrPht be exgected {0 be phot nic, but hav en unable to
ake satisfactory measuyements o [€S onse afu nctro ter te%
ec use o Inte er e om the tra lent be avror Eectr ns, free

SUC YOCESS m eex e ted tO e present In FTO res%rve? decreasin
cen ratron In |n mor ee[ﬁ) in 0 the ter fa e r U H
USIOH curr nt COFTG 10 eCtI’OH rom front to oft

Specimen. 0 srte [ 1S ONSErve flhISS Bsts t &tt &re
dy 0€ an etfrcren [% ?proces at the TOI]tS aCe, nrrng e

([f con entrat Qn I'O Utl rm243 own 1N 1eep

|rec

ge 0 t 1S trr ud IVE J1e 0 adrﬂgsrort cur[]ent With a

reein wrt H In practice.  The fact é IS feature
greserves t% s egéarrt g IS redtﬁed in ma rtrtu \/\(II]?P
xternal field'is reversed s also consistent with our stigg tron ofa ITTuSIon
[DrOCESS,
g. 6. Qual epre f the f | n co f f th
d X he specim F f tX =0, back surf x=d
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The X Feature (34 eV < Ex*< 46eV)

The fegtureX becomes a]andftrn the normalized spectra ft appears to
erelaé Jo loniz trrfn of eftcentresot%o tica asor tion ectrurﬂ
ﬁ oxidize [p )éet eng. Prt?fteft a0s Ptronr mova ewrt
exane tre ment Trs lﬁt raction asom% ert e amorphous
rer? %nso { emat ra Part assocrat h e crystalline regions |
unaffected by the hexane treatment, as |st e sha eoft ensrn?p rtrnn
? the nor arze actl r] Spectrum.. opﬁe%ue tZ Some f

eafure ma)( eattnbuta oronrzatror} fer assoc e spec# call
wrt line Xe ene ecanr ocearor orteaeaur
re org ar U toH)resent mode or %hex ature at this stag;ut

eene |nvove IS |n trleory Sulticl nt or otornject onto CCUF
errre ar na Ure 0 t afure clear evr enceo |nject|on

In eatlire lead u stod counteyjrs sr%
IHne tra srent% enavior |T stra rP %ure "can be accounted for by
anEIovrtc orRogrn Ze ovich) equation

(D + b)/(DO+ h) =expla((? - Q,)}

where D is the total dose (%rs thet tal charge asseﬂ and bDQ and Q0
arecnstants The pIrc on |st atoces Ane are as been |ntro
(i He motion o urtperc arge |s |b|te reTs causete
earlier ¢ [)e IS not trans erred across the specimen from ec {rode to
the other, DUt rather orm% aﬂaﬁecare 1he e setu fhis s ce
charge will act In a sen et [eve I charge r fion.

[eCove on resting an sen/ tion o |sc arge With gold electro es

suppor arge hypothesis.
ee ect gF engandy Ertrogen J)resentsa roblem, Th% ilibratio
hme or ours ecimens 1S a outes% much shorter Ehant uratrog
eexpenrn sothe gas content sam e Ca awas be assume
e the equilibrium concEntration. nthe on g‘r Rcrmnrrra rate
In air gIves an action sgectrum ulte com arable 1o t atotag
Bcuu V\%cerntt at the charge ransferre er SWeen, %W a s more
rupt the asr pres L One |g t ascribe’ tin Sha lor {0 a
efficient tra P carrrers when the as 15 present.  On the
en elt e Or nitrogen Met |nothe vacuum sgstem fo

li er
|ngv cuum Irra |at|on t IC%UGHC ﬁ ICh qccurs is ver n[%aipr toawr:

In a

subsequent spectra which are similar in shape but h
ﬁose obqarned fter { esame number of exp sBres In arr We nber tnat
rocesses giving rise toc ere eareﬁ]esame naIIcases ut that
an ev oree clent tra |s d during t uenc | gnornera jon,
wrt etfect In h grs remove

emo MINESCE ce the_quen
un eronI %(Pes(p gp ?9 \;GSSt ani forr), erﬁeresrhon es {0 Iium-

ation at 3 fixed & a unctro of time In the manner qu-
ne by Heljne tro rocessan couple d h E]e revErsrbIe
ehavi run er change In pressure and the occurrerice of the Elovitch type
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o[ equation, provrde ﬁtrong circumstantial evidence that gas adsorption also
ay an importan role

|h S not oss le to make an unequivocal |dent|f|c tron of the nat) [e of
te %%e %arrrer excrted |n these experiments. (r]arHer ? ItIES

ich have gen measureq gar re Ver Pwan erma ?/ctr
Iate ~2za0and It has been |n erred from the ther um]rnescence k a
ctrons are the. carriers.a. 1he guenc mg ﬁ ect 0 ? ie e eﬁtrvey
ru S OUt OXVGen ronsascrrrers even though the n utrﬁ ecule ea

ditrusion coetficient morS an agequate to dccount, served mo eIrS

rt
fles |ntera 9e1 #1 rim -SeC. Itr S oSS! ?eto ﬁon truct mo
In Whic n% are the mobile carpiers.  However, It 1S ari?see 0
enez an

0 has aneectron affinity of 0.33 eV In polye
vrmh s |e {0 ac

as an electron trap, or perha 5 VEN nace for cen-

vvh E nch a hole- hotocurrent in this mat rra Whereas in an ra(he
ich 1s known to fe

ghotocurre t33'34&S |s ex ected.

In our |
made the ass tront ate tro S are rnvo eso ICES are
genere ec rons a $ otornecte electrons rom the
ted ect ns ree rrn Cn[rh |n srnet

enerrlr of excrtatron se ere esst an./ ich s the un
men sorption edge 0 tﬁ Ie ) srnce there 1S nﬁ evidence ot
exciton absor tronr oe n(e tt ese energres;ssthecarge carriers
are not 9en ra|t An ecomposition, as f]” aﬂthrac ne. ﬁ

cog entration of electrons durin rnatron esort wavelen
as heen ostu t haete strrbu |on in |uree ThIS
Erct eCszmuar e|t twﬁ %a |d tmtetnesrgl US on en%t Irnenech r ea\c/%rrrLer 1S
(Ii H) vrnt IS te drh rﬁth D the diffusion
on ant e Iifetime of the cha eriarrrers |s Bo zma n’s constant, T
2R/solutetmperature and g ctronrce arge. %f 1041
-S£C an Fow rsmupPer Imit for 1 = 07§ecgrre L « 100
ereas the thic ness OF our specimens is 25 X 10:s ¢m, 5o the re-

q %drtron |se satrsfred

ork has_recent rt)ub IShed b Branse al.z.0n ghotocurrents in
mers Thelr work contains a number of rather srnhl I measurements
ear 1o be at varian e WIth our resuf g ISCrepancies
are at thelr curr ts are ar est wr th the | umrnaé ace ne atre
ath 3nsrtrve g curren re opserved a wa\r n
one than 31 er electrodes that undgr steanlz H

flor ¢ errcu[]rents f thh i ean come steae( I tha
?reasrn Wit T ectrodefe are semb anspa 1e}nt me

elr
tr&t%s art’%rtt?(tn A ?conbflt i eCtsrr?ejcerrhSen,raS y mt%%crn%

e the resence 0 0 en Increases {
SSIOﬂ ave COﬂSG

Oqap etweens ecimen and electroge the WCO clusively that t
€aljn Wlt OtOCOH uction |nt mer tWI th the €

omgar In thep ymer WI astream 0 nergyeectrons sent rom
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the front electrode bg external photoemrs?ron The fact that their rear
electroge is not a mitter accounts for (‘g Their lowest reported
current |33X10 |Ieth currentsfwed ctintpe X feature are a H
order of ma nrt de 5m gtarrses 10 t? er seﬂsrtrvr

maXPe caq rne more the electrical noise evest an eeI crometer
jF” 100, errme s sho ace ar e s)W [eC0Ve
C

tsatrIIueratron Ve ti it Binks
gsnotr ICate such e ecsg evels tolSmW Ht t sun er
Eulse i r}t con |t|oni ﬂi( ich the Ipt ns Z IS roug ?b

strmate rom their blank ce currentg b sgornt éc app d?raerse Itt erea

rwan Itative rather tPana Ualitative difference
rent radeo [Qol X Ate or o ﬁhe some ﬁ erent mannerg
rmen nducted. Itisc ﬁrt at the electron yie
rnt extern otoemrs |0Hexper|ment53zrsmu? larger than In our eln
e mterna P otoeml)lsron oceurs Tr electroge drre]ct
rnto tP 0ymer:-s We are thus able to observe the e ect Impurities ha
on+ otoconduction, bot asrtraps and as SoUrces or carriers.
resentwor reports t fe srmsureme ts of the ylt []avrolet Photo
|on act ons trumchpo yetnylene, eexerte arﬁe ca rrer IS
9 W' carinot entirely rule out other S
tece anu of different regrons int eresgonse ﬁn mae
ntatrve assrgnmentsot ese to the core gon mgretursrnt eotrc[a
absorption sg ctrum. In addition, we have Ident flon pea
IS ear th [)trrth I ex errmental WOrK IS required t %arr the re érve
photochemical oeg-

roles .0 [)eversr e physical processes anotI |rreversrg
racation before detailed mechanisms can e presente
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ellowship, while another (L. A.'V.) has received a travel award from the South African
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SonarE Mibionin Riyoyndhlaer

IST and A PETERLIN, Camjlle Dreyfus Labgratory,
Researc]ﬁ] TCrEmge InstftAl]te Researcfl Tr?ang'e Parknyort r&%a 21109

Synopsis

The proton spin-lattice relaxation times (I\) of melt-crystallized, solution-crystallized

and solid-state-polymerized polyoxymethylene (POM) wiere measured between —60 and
--1500C. The three types of samples each have a Pronounced T\ minimum near room
temperature which is a hl(t;h frequency manifestation of the y process. From the
quantitative dePendence of the relaxation intensity on crystallinity as well as from the
absolute magnitude of the relaxation times, it is concluded that the y process in POM
arises from hindered rotation of noncrystalline chain segments. The relation between
the relaxation times and the Ion? period indicates that these noncrystalline seﬁments
constitute disordered lamellar surface layers, the thickness of which depends on thermal
history of the material. The temperature dependence of the motion of the relatively
thin surface layers of solution crystallized POM is quite straightforward. The'y J)rocess
in the bulk-crystallized material involves cooperative motion, however, leading to
temperature-dependent kinetic parameters.

INTRODUCTION

Polyoxymoth |? P? d|spl]a%/s multiple rel at|on rocesses asq
Q}/ (?e |cs eYeﬁ ese relaxat) on ave rbexten Ve
?\W/I Fe r}]c lelectric loss tec ni ues and by wice-line
Po temlp% ewre a relaxation 1s. as oclated wit motmn in
H sallme regn mv?va]%xro fation and trans at|ono the
elical’ chain seg ents. 17 k 11 relaxatio P]rocess 15 generall ob
served above rq mtemperature Though the |tens my 15 known o be
sensitive tq mmstuhe and thermal historysas well as.co oromer content o
hh Eelaxanon ec amﬁm for this gro ess 1S, uncertain. e axat*on
as been most t oroug ly mvesﬂg te avmg een measure overa %
guencg range ecacles the qualitative e% ence 8
nt re t|on Intensity..on den3| epy rocess has heen attp e
motJon In nonc st hne regjonS.s Proposed mechanis s or this d
relaxatjon mc a orﬁ ?us ass-rupbe transmgn 1011
refaxagion on raered lamellar surfacesz or In defects w | the
crystals. » From ectnc |oss measurements It appears. t atIth ot%

re axation f]S a com OSIte P ?CGSS avmg companents somate
the amorpnous ana Crys alline regions-azs ~ Two adaitional relaxations

*Presented in part at the Meeting of the American Physical Society, Dallas, Texas,
March 1970.
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have recently been eortedt a very lo em erature (48°K
ec aritcal \yss maxt UMss an Chlt\éh -frequency t’t\t{e ectric Jtuspergton I?t

Rn]atlvel 3wsyste naic |nve t| attons ofrelaxa lon effects in onmers
aveben ade b zm cs |n atttce reaxaton times
revIous Work on po rP %/ as nown hattes -[attice
eI atton eso r ex atned moto of a rela-
sma racflon of .chain Seqments. s en the spin

géﬁt lon mechanism |cb cou §s t%e mohgle antqq (Mmo |Ie sp|ns § vgry
lent, the observed relaxation time in the polymer is given by oz

\Tx=XITr 0

ere Xmis the fractton f nuclear spins, whase mation IS re] onnB |e for the
reaﬂttg H |st|e|ntnn5| rel t|0n t|me ft n
A enas onterg ative motiona tﬁ ne honn clel
and on the inernuclear hstance Forterm ¥ ctivated mationl, F\mis
tem eraHr een dent, avm a minimum Value when te averaﬂ
motiona rqu Js 00 g EatheNMRfeauencrv Thus, from the
b er?ture ependence of the 0 ?erve sgn attice Ia6<eat” th mo
rtain chain seqmen ar uncgion grougs can r}
Ifjon, teabso ut%va ue.of 7\ enables one to estimate then mber 0

mo lle Seqments IVe rise to the re ﬁxa lon. .
Traﬁp lers et al. zzhvesownéhattW Trminimum abserved. in POM

ﬁroun room temperatur |% ﬁlate 0t rocess In thgsm terial.
ave Investigate t e 73 enavior In POM samples of wi ery var mg

reparations and thermal history.  The observed reI tion effects hav
Beehatnterprete?ﬂn terms o th r%rphoqogy ote the mate?t(eﬂ
EXPERIMENTAL

Methods

uIs tﬁ aratus has been de cribed rewous%< Al th
am es Ia asm%Ie éax onentta glnltttce rer attn an
the relaxation |m remas red by the gtuu chni he re axatton
fImes Were per ect rever |beW|thr ect tem era
Den5|t|e re t|ne by the ortatt ntec n| Pe with i Uld
mlxtureso ene an or eth leng. enonc n
ons @ — were cu at atwo taase mode W|t tec gta
en |t)i cmazan theamor hous densit

eno oteP M samples reevauateycfdb a }tn Bragg’s
awto the wangexrayscatterain maxima, {}appy 8 &

Samples

All the POM samples except sample F repared from Delrin 500
(Du Pont), having g numoe P averaBe mo ecula)r ﬁeairght Mn of approx-
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mately 40,000, Att [ the repar tve treatmg #s outlined belew ab?eé

undg %fs atmnt]t%\e”a nnea in quts/‘. éjg i %Ir?rrtr?gt)mosgﬁeafa
Ided film
« mmhick) in'ice water.,

amr%e Was orme yquenchrngamo ten, compression-m
Sample B epared by cooling a 1-mm compression-molded film from
the me?ta Iy@rﬁip Y (00 pess !
17%@@ %resu ted from annealing the quenched film (sample A) at
IeD IS0 ern]g e¥c stallized t141°C from a 0.05% aolut
terin

hexan J%er tesrngecrystal mat was dried Under
mwma
% gsresulted from annealing the single-crystal mat (sample D) at

C Under vacuum to eliminate twinnip

epared by the solid-state_polymerization of trioxane
negw’:{ﬁ,qbe [6Te rr% 08 exende\i ‘warn POtP/ly ematerraﬁ Was an-
The c aracterrstrcs of these samples are summarrzged inTable .

_ TABLE 1
Physical Properties of POM Samples

Sample Description Po glcm3 1 —m L,k
A guenched 1.406 0.32 138
B lowly cooled 1437 0.20 185
C Annealed 1.444 0.17 230
D Single crystals 1.462 0.11 125
E Annealed single crystals 1452 0.14 190
F Extended chain 1.475 0.06 —
RESULTS

The temperature de enden%e of the_proton sgrn -|attice relaxation ratri
I/TlrntePO mples Js shown In F uresl The ex errment]a
Values 0 1T|h or the dpecr en (sam eBg e e nsrstentgr
% reat anto anp eCan

en omitted

ot

[es eo clarl | six of the P Msam 8 E1%yapron?unce re-
atro maximum near roomtemrr)erat]pre SINI |n tha ?ome %ge I\f t\ﬁ
terma |vate tion attains a fre ue gara etot
re uenc MHz rnt ese expe |ment321 ature region.
|ss rom ureltha e Inte srt |s re iatron centere at
1d6 IS gens| [ |t eo te relaxation
entjcal ortet ukc stallize P Ies Tereaxa on
rate IS greatest In t e specime wrtg ][ Iowe estrn
seqmen al motion. In I| densi Ole ?rent |sordered re
0o Tymer Sresponsbefor e observe fion.
he POM ‘single-crystal and exten ed chain samples, desprte therr ap-
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T(0)

Fig. L Ten’werature dependence of the spin-lattice relaxation rate for bulk crystallized
0) quenched, (— ) slowly cooled, and (A) annealed specimens.

T(C)

Fig. 2. Temperature dependence of the spin-lattice relaxation rate for POM: (0) single
crystals as grown, (A) annealed, and (O) solid-state-polymerized POM.

recjably differens morpholoaies hve elaxation curves essentiall
Ejmla 0.1 aeo*th ﬁ#f@w Ia sampes In ada‘ %he ua|h¥
tive densi pe dence of t ere nméensny 2 measure |¥
maxima o the re axat|on CUIVeS, |s o owed by samples D, dF
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wall differences do_ exist, however, in the shay eof We relaxation cupves.
Egerqture of the’ reIaxatlon mathunﬁ or.the single crys ﬁ[vz eaa

rown ). 15 some 20°C higher than that in K-Cryst
9e0|me R 1S°Imp |es that t%e eraemo\%ﬁl #ﬁf amr}éegments
0se. motion 5 5

9|ves nse to the rIeIaxatl rwso sefvabl %ntesln
sta|s e fow- temgerature 3 atlon s for the sindle
f stalg (sample [?8 and. extended-chain POM (sample F) are some 30%
e e “29&” i ekmgt h .n%eg FgeerE”net”t o IEE SO
asvwlllB a|s usse |n th ynext sectlon Itm E{p f\nﬁ)eh
tem eratures E are quite SI ?r After annealin
n&g crystals am eE oth the tem Tratur Ahe maximum an tg
tem ratur sI pr ac the Valies found In melt-crystallize
Bse eer Jelﬁxatlon CUNVeS are summarized . in
abe Its ou erem mbere that the ggpﬁrent activation energies
el (? % ureg 2 are 10 low, as the relaxation peaks are
roadened by a distribution of correlation times.»

Spin-Lattice Relaxation of POM
Slope, kcal/mole
Low High

Sample  (U-meq #&C *  Tmex @y temperature  temperature
A 9.58 15 54
B 3.40 15 54 3.1
C 3.00 15 54 3.1
%) 2.15 35 3.1 3.5
245 24 4.8 3.0
T 0.58 ~25 3.4 -

The roq nee metr ? {he rela>iat|on curve for the extended-
chalns mple F ISt ou t 10 résult from a relaxation nﬁchamsmorlgmatmg
In the crystalling regions.  ThiS Interference contributes about?
sec-1 10 ereaxt|o ratea OVe room temperature an is virtually un-
observable n samp esA

DISCUSSION

The s in-lattice relaxation maximum in ﬁOM bem% considered n this
wor sprev u%’y been associated with the Llaxa lon ound In
ec anlc%l electric loss experiments.z “The re ?] nwa
sowr] %ur 3 confi rmsthsassg [nent te qints for H] eh
ljzed and as- rownsmgec COIPCI B quit vve WI'[ the loci 0
lelectric lo simflar samples.  Neitne t\{]ery wea}f<

[
reaxat|o orte sta mearela ation | onserva fa
quency or} e NM ryexperlment It 15 rea |ze8 that the \ocaﬂon of t¥1
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10

103/ T (°K*)
Fig. 3. Relaxation map for POM: (----)from dielectric loss data ou bulk -crystallized
samples,Lwith exFerrmentaI oints from (0) Read and WilliamsDand (~°) Williams; &
(— )for (AI) single cr/{stals and (A) solid-state-polymerized POM;5 (¢
bulk-crystallized and (

m |mum 1S ubéect to rather small systemathc differences which de-
en ont gge} n\asure ent grirelectrrc [ Mec anrca)n and the tech-
% Used (1sochrona therm )112 reIaxatr nma nFr%ureS
tere? e heen comgre from rs rona eIectrrc é)ss Ima
as data of this Be are most comp ete and correspond to the const
g %errrr]c élre]%xatﬁ%rr?erﬁa | tss en that arent activation en
fortheyprocessrnm It? IOst Irze POM rs gﬁlﬁp rat re- eene
decreasin from 60 kca eat ca mo aﬂeroom
emperat re. Certain aut rs haeatérrbuted X ur\iatureo e relaxa-
flon | mg to%tem erature gepenaent |str|buérono [ axtron IMes, an
assertt at the tr eac IVatlo energP/ can be rrve only from |ﬁot erma
? rg Ima. 1027 era?rrt]ca evrew the. |tera§ re, We have r‘]on
dlex attecurvatureo e soll IrRe In rgure refec
transrtron of semicrystalline POM, has enoserve ao
e|r 8 and. measurements o t[her _S%Xpangren ese ata
gh transition tem erature M Ich agreesve\y
1 Sa“ezeéemdaeraS e at warzrc e7reTaxatron as beén ohse
ne low-temper. turerg ation in the POMsrnrg crystals _gtthe ott]er
hand, § vvsr]o charac errstr so a Iass transiti %
dpcirsot tro mt |s |s CQIT ate with the Jower- re Uenc)
ectric ata Ka |z |e a B anArr en|us ex ression Wrt actl-
aﬁron enerqy of 12 ca 0 Include nFr re3are he ata f
Idass Tor 30l stai merrzed POM. W have not otte our resut
ﬁrtesrmr ar ggmtp a5 e re un ertain o gh exattem%ratureo
gmaxr It 15 certarn iera
In IC&UFE metrc parame ersver%es mifar tot seo th srn Iec stal

8eo[ onvenience, the low-temperature re onr three
types 0 | be referred to as the 7 refaxation or t e7process The

points for
) solution-crystallized specimens (this work).
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different klnetlﬁs of this reIax gan in bulk-crystallized POM asop osed Bo

solution-crystallized and  solig-state-polymeri ad seumens
stantlated% thet erature ncg PF In Flcaures 1an

peratur dee a%ﬁ at|o Drocess In sam esdﬂr
Cisin |cae erenc e eente temReratur an oYvL
ger\rggeraturesoa . 1{e relaxation e fort st
Ver, 1S mmet ric, reflecting t ecnstanc Muon
ENerqy over t etm erature. ra? ecove ence of t
temperature or the si %rg/ ?18 and % |q-state-po menzed
PPMa reeSWJ teo?servat I0n t %elocmt tr|c maxima
of thes matenaso er ag 0, { temperatuhes Fam les
ﬁ]E are virtually 1denti fact that the two 7-relaxatjon

|, re
et Yb‘%aaaatem e Ly
Esmte?me late between that of the melt-crystallized POM and of the Single
}e r&saﬁ WBe een th na}ure of the 7. relaxation an(]is 8Ie moy-
I gasu ePn°Vr¥tseb%?ﬁ3§ e
crysé Ize ﬁt{onc staﬁﬂzdar} sohiipstate olymerized POM:612:14
P] *Uon theh ative Intensities of the axaﬂc()ﬁ alitatively a relewhh
tPse ound In this studY (%xamme tbs tren raore %uantlla
[ axatlon m%ensﬂwsF tth samples given by th

tsIn

Floures 1and 2 are nction of the nonc ta[flne con%
Fi JJ It }or the Qulk- st Ilzed and ﬁ tlorac staﬂ]ze(q
esa fa VEr osetoastra| eo unlt T onstrates
me ta motion resp Ile o |s re atlon IS 350 |ated W|th
3 euetre |0nso P M T aaxatlon rate ortg i<
%t%mernﬁ?r@g orsslr?0 uson 10 LEe |eutemﬁ ncIt I%a L|jr|1teerp b ﬁg IS
not negllglb In this maPenaﬁ and thus the o serve(? sperSIattlce re(igxatlon

Fig. 4. Dependence of the maximum relaxation rate on noncrystalline mass fraction



hme IS mcre ed, A similar effect has been noted in extended-chain,

| st
gﬂti{ rtt/ the tvvo t]taase crgstallrne amorphous model was assumed in
calcu atn \enon rgetallr ractions in F ure4t Inearity. qf the
? erimeital points d snot in |tse rove that the relax aégno grnateg
rmmotro amé)rp 0US Chain Segm nts the mot|?n c? e assOciate
Y\/I any gensity-ceficient

regions,” Inclu W&c stal gefects. Y. re-

%xatrono served In these errmfnts I nonet eIess vanrs ma
pothetr oo/ocrysta ine sami) The |entical result is obtarrled
srmrl ots he mec anrcal 0 rntensrtres aximum Iog{%r IC
ecreme % ruma erefore It eassume ou&
ut the re |n er of IS |scussron that the v relaxation In POM results
rom a_s nge motional é)fr 0ess.  Some aut 5131 eargiue on the
asls of sgrnmetra/ e 1sochronal loss pea ﬁatt 1S 16 axatron IS
sugerpr%srtron fwo.0r more ¢o 5) onents. . From t resen% esults an
% McCrum, It IS arfparent th tt e vario scom onents ey Indee

XIst, have aR oxrmataytesame s H ne v\% fnt Cases 0
nearg ene an P ! grotrr Worget tyene |ch re known to
ave osr e mechanica |eIectrrct Peratur re tions,
erefx fon mtensrt}r extra oates to a wt value mtel h of 100%
sta nrtZ zig IS not the case wit . aps the various
f aﬁ%ﬂe& Cr?#r gln Se resolved by very low frequency, Iowt mperature re-
etvvo ase model howe er Is supported by the absolute value of the
4 oQmed %'t ; k

?bservedr at{on fimes.  IF it'is asslme Ie 7 relaxation resu
rom motion of all the amorphous segments, eq. (z can be rewnitien &

Ute=(L- m)7y"

2
ere, the fractio of mobile rotonswhrch relaxes the entrr%sam le s %rve
tenonc%/star’ Ine.mass ract on 1 —am From the

gaaﬁ Ie axatron rates oed in Foure 4, eeweﬂme aﬁy de-
rrve Ue 0 grees urtevve the value of

IMSEC, ca Iate |so met Egrrg er orn% Indere
rotation a outa xe 4 |s ee ent IS0t Considere
serrolus asthe echs 0 %drstrrbﬁrtro Rrre atron i es ar]d extra: parr
drpo ar interactions have been ne ecte]d ént 1S extremeg rmﬁa

re strr %en fest 0 the deeI e?tg]?arlrggkgr

morpnglogy 0 By adoption of the s
Bo[ (tt %It Ic tecrﬁta(fpne core t@the ameI ae are Se aratﬁ
3/ ||sordere su ace ggers evolume raction noncrystallini
sample can be expresse

)

- @« =1L

Inthr%ex ession /. g ice tlie thickness of drs?rdered surface Ia R/er and
Eong ero racterrﬁs} i(the amellar structure.  Aftey ac-
countrng or-the smal ?ca 20% S ifference between mass and volume
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(h stallrnrtres substitution of eq. (3) into eq. (2) yields the expression (4)

fne relaxation:
T = (Palp)litint n
t

It ca eseen thate predrctst at her |axation rate depends on hg
atro the uarr \/Tarres an5/ofor sam esAFan
ence 06S not%ensr

n Fiqure 5 the dafa are otted in accordance with e
fort e?xteﬁwde ch ns mﬁ eF somrged St IS not%xé

e) }ed he

erlal Is gescr be The qpen cirg s 't ethree
sh Ized. PO Ees a rt In 10% 0 asthar orﬂe paﬂﬁrng
e origin, as 0-phase lamellar made
allized 0 anne daroun 1/0-175°C, and wo

g%lij ENS \NGTG%&C C&St
(EUS GGW) tO ave |m llar val ue l1 ﬁ qi]rte aﬁgarentt att

ata for the singl stasas on]n In term f
e lam ar m yﬁ tion, tnis. Impli est at t Isrere % urface
ta rom 'solution at 141°C are srﬁnr(ircantﬁt mne

erso
hose orm Igher temp eratures rane | single
sat 165°0, the sur‘gela era aren tly thicke sasrann%ateg by the
ward and't the 5to ard the r]efor e melt:crys-
rze erncre on annealrn 15 also reflecte |n an
rncrea tg esu ce ae as the em eratures
6015(: aue N orsi tgs esle; Rﬁrn as #g)e/
ge %W%szggfzjgfﬂ t-C stafz(f $ 1Aor%

gl ecrysta oan, and 17 A ortea nealed single Crystals. ~ This

Fig. a. Relaxation rate as a function of reciprocal long period for (O) bulk-crystallized
and (<) solution crystallized POM.
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dependence of the surface-[ayer th| kness and mobility on thermal h|
gctl araﬁels the behavmtl of bu k- crystaIer éy solution-crystal |zerg

It |s befieved that these dtﬁerenfurface Iay]e thi dcgne(?ses are rresdp 5|bIe

for the two 7-relax thﬂ CUrves In red S rs
@ gﬁt {0 COﬂSIStO (- at ve tl tjyi

In Jte &r stals are t
J In en ermall ny ac |vat t|o
be describe i/acassma

re |ve ordere se ments on%hese U ces Ca
Arr en sexr35| W|t temp ratuemeen ent_parameters, givin
netot str ash ontereaxatt he thicker s
the aIzed me aearec mpo ottn erlame Iarttemo cu
aswe ascanensan large, irreqular folos, ~ These re |onsmor
rse eanamo 0US Staté; the ottonso the me |th|nte
coop ean d yesult | he curved soli orte7pro ess In
F| ur Mane erma have, nofed that many solution-
e, Bty R e
semmens ynt 058 esmwhmche megﬁaneiscp?loslsgsasseouC 0 Je
ass. transition in. bulk-crystal |ze sam les, the conc de th at a
ansition alsp exists In theSingle-Crystal preparations.  The present s
shovvs that this argument ca not applied to POM single crystals

QfMesnuatton with the xtended chain sa gIeFts less flear From the

erature |t|on and wtemperatures ﬁ %the relaxation ¢ e|n
aﬁ ast equ att\te corres onde ce efween noncrysta

the e axatlonsre qure tsge Ptton occurnn
|n thts materia rtot (f describe ove orte amellar P

IS I
there are presumam no fold surfaces or fie mol cu S |n the exten
chatnsampe IttJS tempting to associate mottonot chal enswn h
groces 614 | thFlP esetT1 result are to be ex atne g IS mo

on reac es { etw mg (ionc usion at some 10 150 repeat ts are
assoclage betermtna 5 me ts xtene -chain
molecule ﬁvmq an esttmated molecular 053 11 IS more

et L

e
t t(]ls m tf)on ongmates in dﬁ%rt?ere lons within the
E%St A Icated by the anisotropy of the die
5

S, s IS In C loss maximum
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Rooomatsin Shge Rivna Saans

G. McGIBBON, A J. ROSTRON, and A SHARPIES, Invere.sk Research
Internatjlona I\/Iusselburétt Mlt?lotﬁ\an Ecotl 3

Synopsis
tilnts mm
“Z%t“?g“ B tﬂ@ttttt%%’g :

INTRODUCTION
It is now well establtsEed tha relativel htﬁt electrtcal co ductiv Mttes can

he observed In certain class mer us o ene, which IS a
|ca COﬂJ gaat (Pouaﬁ%ond 3;mer has rt/cf t% ca 1?~4
tecaetra omgex orme e ente 0
1meth 2|ny ridiniu lon an tror;ﬂ eIect on accept th
Ino |me ne has a simil rvaue p grso
lch 1S meant (ncom exe %% 0 oub ondls In
ema| chain, are typica msul tors E and stru tures ave %n
ropo to acc t ort Wsma ark currents wnich, can #)eo-
0rr\[/]elngolyet ene |tse of example, has a conauctivity of 10-18
Inan e |erP er3however |twasnevertheless shovvn that S|gn|f|cant
creases Incyrrent can b eoserYe tnavweran of sme pP
e& ﬁre iradi |t‘t<ultraV| tli ht (%ptc ﬁ Apo er i
tlcn ow ark current ens I6s of 20na |cat|
|c Increase oca 10°DA/cm2in t iPresence fu ravi }
radlatlon ro mer W|h|nten3|t|es the order of a few m
cHt educe att con uctlon prfoce35| tronlc and that the
ar e carrlers arlse i otoemlssm eee rodes Ith a
§4r0n ra aretswereectr orexampet te ect ceases at ca
loooe IS |veege orsllver 1t'is proba
conduct|V|ty nvin Mers recenty reported Dy

also eaccounte tg(] echanism.
1S paper It |s oWn that, a much more restricted r@

ne |m
ggtherdp otocurrents, w pfo ?ﬁ %59\ ; aﬁt

)(mer35caﬁ show even
pt SOMe Cases quite i z1 currents ¢an also rtsmg
fom Charge carrlers whicn are eect%nc in nature.  The results reporte

© 1970 by John Wiley & Sors, Inc.

able that.the photo-
y Kryszewski et al.4can
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are am}ed rimari fv t t]aracterlzmg these Ottrsted(é)ect d eff%cts in broa(}

rms number Mers rAde falle the W%jen‘if
(Fe eurrgnts en V0 liness ht mh nsity, wave g be
Iscussed In a later pa%ermre ation t0"possi emchanlsms

EXPERIMENTAL
Sample Preparation

Th | || studied in film f thickne
SRS LR

C
[e Inc r| on, Were In fact enera" Ut as Jt
F that the conductl egt ? Eartlc ar
Y)V eld stren gths6tee S Can
er to enable comparisons to be ma eW|tht ee

es ang sources are listed in Table I.

ol EVJOU? est

Ttel’laS 50 ﬁWIC at [0

conﬁu'%t?d o
e

The sa

ﬂectromcaﬁy

Sources of Polymers thegan(]"é/ethod of Film Preparation
Souree Film

lof. PR T o &ét‘““%f” g

etone 9

Pont Ehanl 0m
\@re]o \7 Frromm ormstgllﬁl]on
B850 flm
Itb Ltd WESS
I 0L Dressed nim

Poly(trimethylene oxice) ~ Fro: |n . Film
Polyfethylene inline) [S} Cast from agueous solLtion

[
=

l\to attem Awas made to e|ImIP te impurities, ||th the %xce tion of the
S0 re Fre the [aboratory-cast tesence?<
res| ua so vent 8e Was foun to e | ﬁortant In determining dar
con me ri hhlﬁno COUrse wastPartlc [arly true or the eo Water

In poly(vin Conse olvent was e eattn
o ItS ase cewascgf n%d%yt euseo erentl therma

In Yacuo a

analysis

The electrocles in e?eral were formed by evaporafing silver o to e%:h
ide of the P gmer om urculareeesro BS, 3.0M In"area.

%Cﬁnﬂ{]“ (;t] trawgrsn Isemltrans arent and fransmj dYOA) of th

sion maximum). None OW merrr%7
colore the smaﬁ rerc]uctton in t?ansmttted ignt i te%sny
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occur was accountable for in terms of reflection and scattering, at least
ahove 250 nm,

Light Sources

The standard sources of Irght used were gs, foll Tne ultr‘avrolet
urcevvas mercy Rposrtrone 13 om from t “n
eoveraIrntensrt wale mW/¢m2 and since the %Jger enveoeote
am Was re oved he enerqy emiss ne rom nmto 10 Pwave
engths. _ LI n%; fom thrs s% [ce IS effectiv Bcausrgé%phot emission Into
vaclu fro silver, a We Hte energy below 340 hm (corresponding

tOt EP 00 mrssrv é %UF%
nnereeavv'ttt ik ﬁiter b o o e ration %tearbl(’d'Fea'Ssmd
P hotoem) SSIOﬂ rom SaYﬁI' and \%Itﬂ a Water CEﬂ {0 remov VCF%II‘G e C{he

erntensrt [ﬁolgrmer film was 10 mW
s ctra range of t g ener ?9
% eriments wit thic ontrans aren IvreIe trocles onthe

acr esta!rshewiS that ea‘:}n tejrms 15 radra
trgn Was nqu |g|9ble an coudnot account ort %bserve photogftects

Current Measurements

The currents resulting from the applied voltages usuaII 120 re
determine macef srmjar to that r?&%ﬁed rR e ous V)AIYV%
measurements Were made In a vacuu (-3 tor emeasur

mg Instrument wes a Vv rbron 33C electrometer, capaEIe of detectrng cur-
rents down to 10~4A

RESULTS
Control Experiments

In revrou wok on hotoc [rents in srmPIe polymer sys-
ems ﬁop N tatteso ce ofttlechﬁde Cariers Is eIr f-
acrn ectro roduces e ectr ns otoemission.

9esés tcon |dewt])tecres oudbe ta enr epreparatron of this eIe%
In hreFNroriuch Jesul sare to be o ame

rht acm eIectro [ aredb oratr nof
silver to ; &raspT e re [0 ucrgﬁ

orm a semitransparent film
%%:)cess estab shed% eter%rnrn t otoemr Sive current In

Senc %/mer rom Silver eposr on uartz Mradratrng
roucgiJ rt standard utravrolet ?/ rﬂ ource

ent ermrne vacuo Wrt a Prass ano Istant,

und stan zrngnthe con tronsh e evg orator re-
ro uc esrlver ers could arn Sﬁ rP otoemissive currenta
ncrease amaxr um wrt mcreasrn ss nd then decrease
owing toteprogressrve attenuation ft gt ytesver At the
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e A ey
esrpng a{r IClen ?IR rs[cﬂ)wvaUﬁrsacc%H ﬁ
SR RO e A
transfer toPh %n vrtyce an so artraI%/ oxrdrze g

extent, owever

con amrnatron apg ar {0 OCCU {0 reas na onsta
%&ot%c%rrec%sr OUv\i ce toa tO 0 2 T ese Curents

ent - acr atrve an a

avo ta %2 %rvas orma se ssrve currents
wer\%ouqn I epnento voIt

bac ectrodewasc fe wrt ?]ver Ia er and irradi-

ateq through a semitransparent ront eectrode OfoemiSsIve currents
cou?d gr Eservers P th) § %ack electrode was nggatrvely charged, wit

cury ntfevesa ton I

N polyet Vene? (F)\Aﬁtrck was used as aPoIZmer control and
foate on one side with thrck silver and on the other with semrtrané arent
af a hotocurrent was observed on rra atron with the t]an ara'u
violet rr}rceoSXlOdI) wrt ontej& acrngeec—
tra rt Pdreverse the urr nt was2X 10-10A  These f
sults were taken after 100 sec otocurrents were a[ﬁtgroxrmate
constant ecorres ondl 8 cur ents under these conditions, we
ﬁa although e rrents contrnued to decrease over a period 0
our1 in wa tYrve absorption curr

re foun

wrhthrc Ures U to prcaf ?awrdera

rncIudrngI) ?ﬁ] tho'yg‘try[t%s

es es rn the 2 %e po gi
yen yett] rephthala tr 5 a]cet fe poIX
met t/h) gvrn %Iorr %(vrnypyrro idiong,and
support the findl ngs eported In the previous paper.
Dark Currents and Ultraviolet Photocurrents in More Highly
Conducting Simple Polymers

fe Cphotoeﬂ‘ects for the POl mers listed in the revrouss C on aItho
significant a(re not hr(e] ehcoureof more cent herch
f rerHs and in som case? hrg dark_curr nts e e In a
Fnte |um ero rmglepo mrsaarnwrt travi rgtasteso rce
0 \t/rénu at eras aag oo art?fl or these and also™for some other
1& h:%t s/x materrais In Table lfare srrgple P merswhrch showmrrﬁ
her otocurrents than those listed in t ﬁ) Vious S cron Gener%
ot curr ntﬁ are at least two ord ers ar%er an aﬁldrtront
ﬁp : eban photocurrent of 10 Ising from photoemissio

eeec rofle
The observed dark currents were iny rab%/ time-dlependent, ovvr
% sorpt on currents. rto rY

Eart {0 _contributions ro n] the reversl
tate currents were eventually obsen/e OWeVer, ater <104sec in
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Ultraviolet Photoewirents and [Lrpl%gnents ina Range of Polymer ilms

e aH%‘FktBtt”e (%”et‘%“sééi%

Wi t uonde) 2
g t .

bf’hotC%ﬂJrrent Cfired po?s total current in the presance of light

vm Iquon and oI vinyl alcohol).  The values for these thre
Eo ﬁn are at east thréJ ;derg htg/ er tnan tptose (iLiJSETVed In typtca(i
at|n p%ﬁmers loure for on |s articular ?/ |g
One 1oss rse that |o sport IS eﬁn nsible for f‘té
onduction rocss a |s reaso astt ree m]rs are Inc de
or com ar so Poy ee OXI tn ethylene OXI
r |ous nest I|s ntca cttngp mers an
e |n sho even ar n|c on ct|V|t

Bm |s¥hat arge g otoeftects are uﬁFe 0] occ rm (ft e}r e arL
con uct|V|t a Tro |on|cc 0 carr ts tnes %tt ree ymers
can rom Ta e t]o sbow neg |b eo en-
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